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Abstract

Promoter hypermethylation of tumor suppressor genes (TSGs) is a hallmark of prostate cancer
(PCa) development and holds promise as a diagnostic and prognostic biomarker. Through global
methylation analysis of benign prostatic hyperplasia and PCa tissue samples, we identified dual
oxidase 1 (DUOX1), a member of the NADPH oxidase family, as a methylation-driven TSG involved in
PCa progression. Elevated DUOX1 expression is associated with improved disease-free and
progression-free survival in PCa patients, emphasising its clinical relevance. Mechanistically, we show
that de novo DNA methyltransferases (DNMT) -3A and -3B mediate DUOX1 promoter-
hypermethylation, while the androgen receptor (AR) represses DUOX1 transcription by forming a
negative chromosomal circuit through an enhancer-bound AR-H3K27ac-BRD4 axis. Genetic
perturbations or pharmacological interventions with demethylating agents, anti-androgen therapies,
or BET inhibitors relieve this repression, leading to increased DUOX1 expression. Functional
restoration of DUOX1 in AR-positive PCa cells exhibited strong anti-proliferative and anti-metastatic
effects by enhancing extracellular ROS production and reducing AR expression. Furthermore, DUOX1
re-expression selectively activated the cellular glucuronidation pathway, disrupting androgen
signalling. Collectively, our findings establish DUOX1 as a methylation-driven, AR-regulated tumor
suppressor and a promising biomarker for early diagnosis and targeted therapy in prostate

adenocarcinoma.
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Introduction

Prostate cancer (PCa) is a complex disease that affects millions of men globally and is the
second most commonly diagnosed cancer among men [1,2]. If PCa is diagnosed and subsequently
treated at an early stage, the overall survival of patients with low to intermediate risk of recurrence
usually exhibits a favourable outcome [2]. Key genetic alterations in PCa include fusions of TMPRSS2
with ETS family genes, amplification of the c-Myc oncogene, deletion/mutation of several tumor
suppressor genes (TSGs) - PTEN and TP53 and in advanced stages of PCa, mutation of the androgen
receptor (AR) [3-7]. PCa is typically diagnosed by monitoring serum prostate-specific antigen (PSA)
levels followed by transrectal ultrasound (TRUS) guided prostate biopsy [8]. However, these methods
lack specificity and sensitivity, especially for detecting aggressive or recurrent PCa, leading to
suboptimal management. Treatment for localized disease includes radical prostatectomy or ablative
radiotherapy, while patients with advanced stages of PCa are treated with radiotherapy along with
androgen deprivation therapy (ADT) with or without the combination of chemotherapy [9,10].
Importantly, advanced PCa often progresses despite androgen withdrawal, known as metastatic
castration-resistant PCa (mCRPC), which results in significant morbidity and mortality [2,9].
Additionally, recurrent PCa remains another major problem largely due to lack of clinical symptoms
and tumor-specific biomarkers during early stages of the disease. Identification and validation of early
diagnostic biomarkers are thus imperative for effective PCa management.

Aberrant DNA methylation plays critical roles in PCa development [11,12]. Promoter
hypermethylation of tumor suppressor genes (TSGs) has emerged as a promising mechanism for
diagnostic and prognostic biomarker discovery [11]. Restoring the expression of these genes offers
potential therapeutic strategies, particularly for aggressive PCa. Several methylation-driven TSGs
implicated in PCa risk have been identified. These include GSTP1, RARB, CDKN2A, RASSF1A, SCGB3A1,
APC and HIF3A [13-19]. In addition, many genome-wide association studies (GWAS) along with large
integrative multi-omics data identified novel CpG sites and genes, contributing to PCa development

[20-22].
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Dual oxidase 1 (DUOX1), a member of the NADPH oxidase (NOX) family, is involved in diverse
biological processes, including reactive oxygen species (ROS) generation, hormone synthesis, and cell
proliferation [23]. The NOX family encompasses seven members — NOX1-5, and DUOX1-2 [23]. In
addition to the well-characterized NOX-domain accountable for ROS production, DUOX proteins
contain an extracellular peroxidase domain, sharing sequence homology to myeloperoxidase and
lactoperoxidase enzymes [23]. Altered ROS production has been implicated in numerous pathologic
conditions [24]. Increased ROS levels largely contribute to cancer progression and apart from
mitochondrial ROS, NOXs represent the main sources for ROS production in redox regulation of cell
signalling cascades [23]. Notably, most of the NOXs are significantly elevated in multiple cancers [25-
27], elucidating the increased ROS levels in tumor background compared to the normal counterpart.
Unlike other NOXs, DUOX1 expression along with its maturation factor DUOXA1 is frequently depleted
due to promoter hypermethylation in several solid cancers [28-31]. For example, DUOX1 silencing
promotes epithelial-to-mesenchymal transition (EMT), cancer stem cell properties, and invasiveness
in lung carcinoma [30]. Moreover, elevated DUOX1 expression in hepatocellular carcinoma is strongly
correlated with overall patients’ survival [28]. However, DUOX1 depletion in various cancers seems
paradoxical since cancer cells are usually characterized by elevated ROS levels [23]. Indeed, several
studies suggested a potential role for DUOX1-derived H,0, in some cancers. For example, one study
demonstrated that ionizing radiation mediated DUOX1 induction plays a crucial role in radio-induced
thyroid cancer [32]. Although the significance is not clear, another study demonstrated that ROS can
maintain the expressions of DUOX1 and DUOX2 in human neuroblastoma cells [33]. DUOX1 may
therefore exhibit distinct functions in tumorigenesis, contingent upon specific cell type and stage of
cancer. To date, there is limited and inconsistent evidence directly linking NOX family members,
particularly DUOX1, to PCa pathogenesis. For instance, one study reported that DUOX enzymes
contribute to maintaining intrinsic ROS levels in PC3 cells, thereby promoting AKT signalling and

resistance to apoptosis [34]. Conversely, a separate report demonstrated elevated DUOX1 expression
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in DU145 cells, although such high expression is also detected in the immortalized prostate epithelial
cell lines, EP156T and RWPE1 [35].

The present study was initiated with an aim to identify methylation-driven TSGs associated
with PCa risk. Our genome-wide methylation analysis identified DUOX1 as a novel candidate TSG with
significantly elevated promoter hypermethylation in PCa compared to benign prostatic hyperplasia
(BPH) patients’ tissue biopsy samples. Increased DUOX1 expression predicts a favorable prognosis in
PCa patients. Besides promoter hypermethylation, DUOX1 is transcriptionally repressed by an
enhancer-bound AR-H3K27ac-BRD4 axis, coordinating a negative chromosomal loop. Restoration of
DUOX1 expression displays robust anti-proliferative and anti-metastatic effects through excessive ROS
production and downregulating AR expression. Moreover, re-expression of DUOX1 deregulates
glucuronidation, a major metabolic pathway that controls active androgen levels in the prostate.
Collectively, we mechanistically validate DUOX1’s role as an AR-regulated and methylation-driven TSG,
offering insights into its potential as a biomarker for early diagnosis and targeted therapy in PCa

management.
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Materials and Methods

Ethics statement

The study was approved by the Institutional Review Board of Institute of Post Graduate Medical
Education & Research (IPGME&R), Kolkata, India (Memo No. Inst/IEC2015/473). Written informed
consent was obtained from all participants and all methods in this study were performed in

accordance with the ethical principles founded in the Declaration of Helsinki.

Subject recruitment and specimen collection

A standard TRUS-guided 12-core prostate biopsy with subsequent histopathological analysis was
carried out in patients with abnormal serum PSA level (>4.0 ng/ml). All cases included were newly
diagnosed patients without any prior treatment before surgery. Individuals with clinical evidence of
prostatic lesions receiving radiotherapy and/or undergoing androgen deprivation therapy (ADT) were
excluded. ‘Discovery cohort’ containing 8 benign prostatic hyperplasia (BPH) and 8 PCa formalin-fixed
paraffin-embedded (FFPE) tissue biopsy samples were subjected to Methyl Array. ‘Validation cohort’
containing freshly frozen 8 BPH and 8 PCa tissue biopsy samples were subjected to RNA isolation

followed by qPCR analysis. Clinical characteristics of both sample cohorts are described in Table S1.

Nucleic acid extraction from tissue samples

FFPE tissue biopsy samples from the ‘discovery cohort’ were obtained as 10 um sections mounted on
non-charged glass slides. Genomic DNA was extracted using the standard phenol-chloroform method,
as previously described [36]. The quality and quantity of the extracted DNA were assessed by agarose
gel electrophoresis and by measuring the A260/280 ratio using the Synergy H1 Multimode Microplate
Reader (BioTek Instruments, Inc., USA). ~300 ng of DNA from each sample was used for genome-wide

methylation analysis.
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For the ‘validation cohort’, needle biopsy tissues were homogenized, and total RNA was isolated using

the RNeasy Mini Kit (Qiagen) according to the manufacturer’s instructions.

Global methylation profiling

Genome-wide DNA methylation profiling of all 16 samples was performed using the Infinium
MethylationEPIC v2.0 BeadChip (lllumina, Inc.) following bisulfite conversion with the EZ DNA
Methylation Kit (Zymo Research). The Infinium MethylationEPIC v2.0 BeadChip is an array-based
platform that interrogates over 850,000 CpG methylation sites across the genome. Following bisulfite
treatment, DNA samples were amplified, fragmented, purified, and hybridized onto the EPIC BeadChip
according to the manufacturer’s instructions. The arrays were subsequently washed and scanned
using the lllumina HiScan System. Signal intensities and raw methylation B-values were extracted using
[llumina’s GenomeStudio software. Quality control filtering was applied to remove probes with signals
derived from two or fewer beads or with detection p-values greater than 0.01. Signal intensities were
then normalized, and background correction was performed using negative control probes to obtain
reliable methylation B-values. The B-value for each CpG site was calculated as the ratio of the
methylated probe intensity to the total probe intensity, ranging from 0 (completely unmethylated) to
1 (fully methylated). All downstream data processing and analysis were conducted using the RnBeads
package in R. Raw methyl array data along with the corresponding downstream analyses are

presented in Dataset S1.

Bioinformatics analysis
All raw sequencing reads generated from high-throughput sequencing pipelines were initially assessed

for quality using FastQC (http://www.bioinformatics.babraham.ac.uk), which confirmed the absence

of significant quality issues. All publicly available datasets used in this study are tabulated in Table S2.
The Cancer Genome Atlas (TCGA) data analysis: 450K DNA-methylation and RNA-Seq data from TCGA

database were analyzed using Shiny Methylation Analysis Resource Tool (SMART; http://www.bioinfo-
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zs.com/smartapp/) and the University of ALabama at Birmingham CANcer data analysis portal

(UALCAN; https://ualcan.path.uab.edu/).

Bulk RNA-Sequencing (RNA-Seq) data analysis: Raw FASTQ files of transcriptomic datasets were
downloaded using unique SRR accession numbers and processed via the Galaxy webserver

(https://usegalaxy.org/). Downstream analyses were performed using appropriate tools available

within the platform. Data visualization was carried out using GraphPad Prism v8 and Microsoft Excel.
Single-cell RNA-Seq (scRNA-Seq) data analysis: Publicly available scRNA-seq datasets were processed
using the Galaxy webserver. Raw expression matrices, along with feature and barcode files, were
imported and converted into h5ad format for downstream analysis. Quality control filtering excluded
low-quality cells based on low gene counts, high mitochondrial transcript proportions, or abnormal
total read counts. The filtered data were normalized and log-transformed, followed by identification
of highly variable genes. Dimensionality reduction was performed, and Uniform Manifold
Approximation and Projection was used for visualization. Cell clustering was conducted using the
Leiden algorithm based on a nearest-neighbor graph. Differential gene expression analysis was
performed using the Wilcoxon rank-sum test, with p-values adjusted using the Benjamini-Hochberg
procedure. Cluster-specific marker genes were identified and visualized using UMAP projections.

Chromatin immunoprecipitation sequencing (ChlP-Seq) data analysis: Raw FASTQ files from ChlIP-
Seq experiments were extracted from SRA files and aligned to the human reference genome (Homo
sapiens GRCh37) using default parameters. Resulting BAM files were analyzed for peak calling using
MACS?2. Processed data were visualized using the Integrative Genomics Viewer (IGV, https://igv.org/).
DepMap cell line data analysis: Gene expression data for PCa and immortalized prostate epithelial

cell lines were obtained from the DepMap Expression Public 25Q3 (https://depmap.org/portal/).

Correlation analyses were performed using GraphPad Prism v8. The extracted gene expression profiles
from the DepMap dataset are provided in Table S3.
450K methylation array data analysis: DNA methylation datasets were retrieved from multiple

studies available in the NCBI Gene Expression Omnibus (GEOQ) portal
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(https://www.ncbi.nlm.nih.gov/geo/). B-values were extracted directly from series matrix files.

Relevant probes corresponding to genes or CpG sites of interest were selected, and data were
compiled using Microsoft Excel. Graphical representations were generated using GraphPad Prism v8.
Bisulfite sequencing data analysis: Publicly available bisulfite sequencing datasets were reanalyzed

using the ChIP-Atlas (https://chip-atlas.org/). Data were processed through the platform’s standard

pipeline to generate genome-wide DNA methylation profiles. Differentially methylated regions were
identified using default thresholds, and results were visualized using IGV.

Microarray data analysis: Microarray datasets were obtained from the NCBI GEO portal. Normalized
expression values were extracted from series matrix files, and probes corresponding to genes of

interest were selected. Expression data were compiled and visualized using GraphPad Prism v8.

Cell lines

LNCaP (CRL-1740), DU145 (HTB-81), and MyC-CaP (CRL-3255) were obtained from American Type
Culture Collection. Lenti-X 293T cells were procured from Takara Bio Inc. LNCaP cells were cultured in
RPMI-1640 medium (Gibco), whereas DU145, MyC-CaP, and Lenti-X 293T cells were maintained in
DMEM (Gibco). All cell lines were grown in media supplemented with 10% fetal bovine serum (FBS;
Gibco/Avantor) and 1% penicillin—streptomycin solution (Gibco), and maintained at 37°C in a
humidified incubator with 5% CO,. All cell lines were routinely screened for mycoplasma
contamination using the LookOut Mycoplasma gPCR Detection Kit. Cell line authentication was
performed by short tandem repeat (STR) profiling. Detailed information on all cell lines used in this

study is provided in Table S4.

Western blot (WB) analysis
~2.0 x 107 cells from each experiment were harvested, washed with ice-cold 1x PBS
(Gibco/Invitrogen), and lysed in 500 pL RIPA buffer (Thermo Fisher Scientific) supplemented with 1x

protease inhibitor cocktail (Abcam). Cell lysates were subjected to intermittent vortexing for 15s at 5
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min intervals to ensure efficient lysis. Total protein concentration was determined using the Bradford
assay (Bio-Rad). Protein samples were then mixed with 4x Laemmli buffer (Bio-Rad) and denatured by
boiling at 95°C for 7 min. Equal amounts of protein were resolved by SDS-PAGE and subsequently
transferred onto nitrocellulose membranes (Bio-Rad). Membranes were blocked with 5% non-fat milk
in 1x TBS and then washed with 1x TBST. The blots were incubated overnight at 4°C with appropriate
primary antibodies. The following day, membranes were washed with 1x TBST and incubated with
appropriate infrared-tagged/DyLight secondary antibodies (Thermo Fisher Scientific) for 1 hour at
room temperature. After final washes with 1x TBST, protein bands were visualized and quantified
using the Odyssey Infrared Imaging System (LI-COR Biosciences). A complete list of primary and

secondary antibodies used in this study is provided in Table S5.

Real-time quantitative PCR (qPCR)

~1.0 x 107 cells from each experimental condition were harvested for total RNA isolation using
PureZOL RNA Isolation Reagent (Bio-Rad) according to the manufacturer’s instructions. Approximately
1 pg of RNA was reverse transcribed into cDNA using the iScript cDNA Synthesis Kit (Bio-Rad). The
quality and quantity of nucleic acids were assessed using the Synergy H1 Multimode Microplate
Reader (BioTek Instruments). gPCR was performed using iTaq Universal SYBR Green Supermix (Bio-
Rad) on the CFX Connect Real-Time PCR Detection System (Bio-Rad). Unless otherwise specified, each
reaction was performed in triplicate. Relative gene expression levels were calculated using the 2724¢T
method and normalized to internal control genes (GAPDH, B2M or ACTB). All experiments included
technical triplicates and were repeated at least three times independently. A complete list of primers

used for gPCR analysis is provided in Table S6.

Cell viability assays

Cell viability was assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

(MTT) dye reduction assay (Sisco Research Laboratories). Briefly, ~1 x 10* cells suspended in 100 pL
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medium were seeded into 96-well tissue culture plates (Corning Inc.) and treated with the indicated
compounds — 0-8 uM DNA methylation inhibitor 5-Aza-2'-deoxycytidine (Aza; Merck Sigma-Aldrich), 3
MM DNMT3A inhibitor DY-46-2 (MedChemExpress), 1 uM BET bromodomain inhibitor JQ1
(MedChemExpress), or 1 pg/mL doxycycline hyclate (DOX; MedChemExpress) for induction of DUOX1
expression. 24-72 h post-treatment, 10 puL of 5 mg/mL MTT solution was added to each well, followed
by incubation for an additional 4 hours at 37°C. The medium was then carefully removed, and the
resulting formazan crystals were dissolved in 150 uL DMSO with incubation for 15 min. Absorbance
was measured at 570 nm using a microplate reader (Thermo Fisher Scientific). Each experiment was

performed in triplicate. After background subtraction, results were expressed as mean cell viability.

Colony formation assays

~5 x 10* LNCaP and DUOX1 stably expressing LNCaP (LNCaP-DUOX1) or MyC-CaP (MyC-CaP-DUOX1)
cells were seeded into 6-well tissue culture plates (Corning Inc.) containing complete media and
incubated at 37°C. The culture medium was replaced every 48 h with 4 uM Aza for LNCaP cells, or with
1 pg/mL DOX for LNCaP-DUOX1 and MyC-CaP-DUOX1 cells, in the presence or absence of 5 mM N-
acetyl-L-cysteine (NAC; Merck Sigma-Aldrich). After two weeks of incubation, cells were fixed with 4%
paraformaldehyde (Merck Sigma-Aldrich) at room temperature and stained with 0.5% (w/v) crystal
violet solution (Merck Sigma-Aldrich). Plates were scanned using the Odyssey CLx Imaging System, and
relative colony numbers were quantified using Imagel. For additional quantification, stained colonies

were destained with 10% (v/v) acetic acid, and absorbance was measured at 550 nm.

Measurement of intracellular reactive oxygen species (ROS)

~1 x 10* LNCaP cells were seeded into 96-well tissue culture plates and either left untreated (DMSO
control) or treated with 4 uM Aza or 1 pug/ml DOX for 48 h. For androgen deprivation experiments,
LNCaP cells were serum-starved for 48 h in medium supplemented with 5% charcoal-stripped serum

(CSS; Thermo Fisher Scientific), followed by treatment with 20 uM AR antagonists —enzalutamide
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(MDV3100; Enza; MedChemExpress) or bicalutamide (Bica; Merck Sigma-Aldrich), for 72 h. LNCaP cells
stably transfected with a DUOX1 expression construct under a DOX-inducible promoter were treated
with 1 pg/ml DOX for 48 h. Intracellular ROS levels were measured using the cell-permeable
fluorescent probe 2',7'-dichlorofluorescein diacetate (DCFH,-DA; MedChemExpress). Following
incubation with 20 pM DCFH,-DA for 30 minutes at 37°C, fluorescence intensity was measured using
the Synergy H1 Multimode Microplate Reader (BioTek Instruments), with excitation at 485 nm and
emission at 528 nm. All experiments were performed with at least three independent biological

replicates.

Lentivirus mediated knockdown (KD) of DNMT3A

Lenti-X 293T cells were transfected with pGIPZ-Sh-Control or pGIPZ-Sh-DNMT3A constructs along with
lentiviral packaging plasmids pMDG and psPAX2 using the calcium phosphate (CaPQ,) transfection
method, as previously described [37]. The transfection medium was replaced with complete growth
medium after 12 h. At 48 h post-transfection, lentivirus-containing supernatants were collected,
filtered through a 0.45 um membrane (Corning), and used to transduce ~5 x 10> LNCaP cells in the
presence of 8 ug/mL polybrene (Merck Sigma-Aldrich) to enhance transduction efficiency. Following
transduction, cells were selected with 1 pg/mL puromycin (Merck Sigma-Aldrich) in complete RPMI-
1640 medium for 7 days to establish stable KD LNCaP cells. The oligonucleotides used for DNMT3A

knockdown are listed in Table S6.

ChIP-gPCR analysis

ChIP-qPCR was performed as previously described [37]. Briefly, 1 x 107 cells were cross-linked with 1%
(v/v) formaldehyde (Merck Sigma-Aldrich) for 10 min at room temperature. Cross-linking was
guenched by adding 125 mM glycine (Bio-Rad) for 5 min at room temperature. Cells were washed
with ice-cold 1x PBS and lysed in lysis buffer (50 mM Tris-HCl pH 8.1, 10 mM EDTA, 1% SDS, and 1x

protease inhibitor cocktail). Chromatin was sheared to an average size of ~200-500 bp using the
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Bioruptor Plus Sonicator (Diagenode) with 20 cycles of 30 s pulses on ice. A 10% aliquot of the sheared
chromatin was saved as input control. The remaining chromatin was diluted 10-fold in
immunoprecipitation (IP) dilution buffer (16.7 mM Tris-HCl pH 8.1, 1.2 mM EDTA, 167 mM NaCl, 1.1%
Triton X-100, 0.01% SDS, and 1x protease inhibitor cocktail) and subjected to IP using 5 ug of specific
antibodies or corresponding IgG controls with magnetic Protein A/G beads (Abcam). Following
immunoprecipitation, complexes were sequentially washed with low-salt, high-salt, LiCl, and TE
buffers. Protein-DNA complexes were then eluted in elution buffer (100 mM NaHCOs, 1% SDS) at 55°C
for 15 min. Cross-links were reversed by treatment with proteinase K (New England Biolabs). ChIP DNA
was purified using the QlAquick PCR Purification Kit (Qiagen) and subjected to gPCR analysis. Data
were normalized to input DNA and expressed as a percentage of input. Primer sequences used for

ChIP-gPCR are provided in Table S6.

Transient transfection

For WB and luciferase based promoter analysis assays, LNCaP or DU145 cells were seeded at ~50%
confluency in 100 mm tissue culture dishes or 12-well plates. Cells were transfected with the
appropriate plasmids using jetOPTIMUS transfection reagents (Polyplus Transfection) according to the
manufacturer’s instructions. Cells were harvested 36-48 h post-transfection and processed for protein

expression analysis or luciferase activity assays.

sgRNA-mediated gene knockout (KO)
Single guide RNAs (sgRNAs) targeting AR, BRD4, and FOXA1 were designed using the Synthego CRISPR

Design Tool (https://www.synthego.com/products/bioinformatics/crispr-design-tool) and

subsequently synthesized by Integrated DNA Technologies. The oligonucleotides were annealed and
cloned into the Bbsl restriction site of the pSpCas9(BB)-2A-Puro (PX459) V2.0 plasmid (Addgene).
LNCaP cells were transfected with sgRNA-expressing plasmids using jetOPTIMUS (Polyplus

Transfection) according to the manufacturer’s protocol. Stable KO LNCaP cells were established by
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selection with 1 ug/mL puromycin (Merck Sigma-Aldrich) in complete RPMI-1640 medium for 7 days.
KO efficiency was validated by WB analysis. The oligonucleotide sequences used for targeting AR,

BRD4 and FOXA1 are provided in Table S6.

Androgen stimulation and deprivation

For androgen stimulation, LNCaP cells were serum-starved for 48 h in phenol red-free RPMI-1640
medium (Thermo Fisher Scientific) supplemented with 5% charcoal-stripped serum (CSS), followed by
stimulation with 10 nM 5a-dihydrotestosterone (DHT; Merck Sigma-Aldrich) for 72 h. For androgen
deprivation experiments, LNCaP cells were serum-starved under the same conditions and

subsequently treated with 20 uM Enza or Bica for 72 h.

Confocal microscopy

LNCaP cells grown on glass coverslips in 24-well culture plates were fixed with 4% paraformaldehyde
(Merck Sigma-Aldrich). Cells were washed with 1x PBS, permeabilized with 0.1% Triton X-100 (Merck
Sigma-Aldrich) in PBS for 10 min, and blocked with 5% BSA (Bio-Rad) in PBS at room temperature for
1 h. Following blocking, cells were incubated with appropriate primary antibodies overnight at 4°C.
After washing with 0.05% Tween-20 in PBS (PBST), cells were incubated with Alexa Fluor-conjugated,
species-specific anti-mouse or anti-rabbit secondary antibodies (Thermo Fisher Scientific) for 1 h at
room temperature. Nuclei were counterstained with 4',6-diamidino-2-phenylindole (DAPI; Bio-Rad)
for 30 min. Cells were washed three times with PBST and mounted using antifade mounting medium
(Merck Sigma-Aldrich). For mitochondrial reactive oxygen species (ROS) analysis, ~5 x 10* LNCaP-
DUOX1 cells were cultured to ~70% confluency on 35 mm glass-bottom dishes (Thermo Fisher
Scientific) and treated with 1 pg/ml DOX for 48 h. For live-cell imaging, Hoechst 33342 and MitoSOX
Red (Thermo Fisher Scientific) were used according to the manufacturer’s instructions. Fluorescence
images were acquired using the Leica DMi8 Confocal Microscope and processed with Leica Application

Suite X (Leica Microsystems). In selected experiments, fluorescence intensities were quantified using
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Imagel. A complete list of primary and secondary antibodies used for immunofluorescence (IF)

analysis is provided in Table S5.

Generation of constructs for promoter analysis

AR-binding (chr15: 45139468-45140299; 832 bp) containing single androgen response element (ARE)
and non-binding (chr15: 45130940-45132013; 1074 bp) regions within the DUOX1 locus were
amplified and cloned into the pGL3 promoter vector (Addgene) at the Mlul and Bglll restriction sites.
A mutated ARE was generated by assembly PCR and cloned into the pGL3 promoter vector using the
same restriction sites. In addition, a DNA-binding domain (DBD) mutant of AR (ARADBD) was
generated by assembly PCR and subcloned into the pA3F expression vector using BamHI| and EcoRI
restriction sites. All primers were synthesized by Integrated DNA Technologies. Sequences of the
constructs were verified by Sanger dideoxy sequencing performed by Eurofins Genomics India. Primer
sequences used for cloning and mutagenesis are provided in Supplementary Table S6. Details of all

constructed plasmids are provided in Table S7.

Luciferase-based promoter assays

Promoter activity was assessed using the Dual-Glo Luciferase Assay System (Promega) according to
the manufacturer’s instructions. Briefly, LNCaP cells were seeded at ~50% confluency in 12-well plates
(Corning Inc.) and transiently transfected with pGL3 Promoter Vector constructs containing wild-type
androgen receptor (AR) binding sites using jetOPTIMUS (Polyplus Transfection). For androgen
stimulation, cells were serum-starved for 24 h and subsequently treated with 10 nM DHT for 24 h in
phenol red-free RPMI-1640 medium supplemented with 5% CSS. For androgen deprivation, cells were
serum-starved for 24 h and treated with 20 UM Enza or Bica for 24 h. Similarly, DU145 cells were
seeded at ~50% confluency and co-transfected with pGL3 promoter constructs containing wild-type
(WT) or mutant (Mut) AR binding sites, or AR non-binding regions (NB), along with increasing

concentrations of flag-tagged AR or ARADBD expression plasmids. At 48 h post-transfection, cells were
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harvested, washed with 1x PBS, and lysed in 100 pL of 1x passive lysis buffer (PLB). Subsequently, 20
ulL of lysate was mixed with 100 uL of luciferase assay reagent (LAR), and Firefly and Renilla luciferase
activities were measured using the Synergy H1 Multimode Microplate Reader (BioTek Instruments),
following a 5 sec delay and a 10 sec measurement window. Firefly luciferase activity was normalized

to Renilla luciferase activity for each sample.

Generation of DUOX1 expressing stable cell lines

The DUOX1 cDNA (NCBI RefSeq: NM_017434.4) cloned into the pCMV3 vector was obtained from Sino
Biological. The DUOX1 coding sequence was re-amplified and subcloned into the pLVX-TetOne-Puro
(Takara Bio) at EcoRI and BamHI restriction sites. For generation of stable cell lines, Lenti-X 293T cells
were transfected with pLVX-TetOne-Puro-DUOX1 in the presence of pMDG and psPAX2 packaging
plasmids using CaPO, transfection method. At 48 h post-transfection, lentivirus particles were
collected and ~5 x 10° LNCaP or MyC-CaP cells were transduced in the presence of 8 ug/mL polybrene.
The culture medium was replaced the following day, and puromycin selection was initiated 72 h post-
transduction to establish the stable cell lines. Inducible expression of DUOX1 was validated by WB and

gPCR analyses in the presence and absence of DOX.

Cell proliferation analysis

LNCaP wild-type and DUOX1-stably expressing LNCaP or MyC-CaP cells were seeded into each well of
12-well plates and either left untreated or treated with 1 ug/mL DOX for 3 days. Cell proliferation was
assessed by determining viable cell numbers using the 0.4% trypan blue exclusion assay (Thermo

Fisher Scientific) with an automated cell counter (Bio-Rad).

Cell cycle analysis

Cell cycle analysis was performed as previously described [37]. Briefly, LNCaP cells stably expressing

DUOX1 were either left untreated or treated with 1 pg/ml DOX. After 48 h of treatment, cells were
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washed with 1x PBS and fixed in ice-cold 70% ethanol (Merck Sigma-Aldrich) for 30 min at 4°C, with
ethanol added dropwise under continuous vortexing to prevent cell clumping. Cells were then washed
twice with 1x PBS. Fixed cells were then treated with staining buffer containing 5 pg/ml propidium
iodide (PI; Merck Sigma-Aldrich), 40 pg/ml RNase A (New England Biolabs), and 0.1% Triton X-100 in
PBS for 30 min at room temperature. Samples were analyzed using the S3e Cell Sorter (Bio-Rad). Cell

cycle distribution data were processed and analyzed using FCS Express v6.

Apoptosis assay

Apoptosis analysis was performed as previously described [37]. Briefly, LNCaP cells stably expressing
DUOX1 were either left untreated or treated with 1 pg/ml DOX. After 48-72 h of treatment, cells were
gently trypsinized, collected by centrifugation at 1800 rpm for 5 min, and resuspended in 500 pL of 1x
annexin V binding buffer. Cells were stained with 5 pul each of FITC-conjugated annexin V (BioLegend)
and Pl for 5 min at room temperature in the dark. Annexin V binding and Pl staining were analyzed
using the S3e Cell Sorter (Bio-Rad), and data were processed using FCS Express v6. For fluorescence
imaging, a subset of stained cells was further analyzed by microscopy. Nuclei were counterstained
with Hoechst 33342 for 30 min at room temperature, followed by three washes with 1x PBS. Cells
were mounted using antifade mounting medium. Images were acquired using the Zeiss AXIO Observer

Z1 and analyzed with ZEN software (Carl Zeiss).

Wound healing assay

LNCaP cells stably expressing DUOX1 were either left untreated or treated with 1 pg/ml DOX. Cells
were grown to confluence in 6-well plates, and a linear scratch (~2 mm) was created across the
monolayer using a sterile pipette tip. Detached cells were gently removed by washing with 1x PBS.
Wound closure was monitored over a period of 72 h using a phase-contrast microscope. Wound

closure was quantified using ImageJ software by measuring the wound area at each time point relative
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to the initial wound area at 0 h. The percentage of wound closure was used as a measure of cell

migration.

Transwell migration assay

Cell migration was assessed using Transwell Boyden chambers with 6.5 mm diameter polycarbonate
membrane inserts with 8 um pore size (Corning). LNCaP cells stably expressing DUOX1 were either left
untreated or treated with 1 ug/ml DOX to induce DUOX1 expression. After 48 h of treatment, cells
were trypsinized, counted, and 1 x 10° cells were resuspended in serum-free RPMI-1640 medium and
seeded into the upper chamber of the inserts. The lower chamber was filled with RPMI-1640 medium
supplemented with 30% FBS as a chemoattractant. Following incubation for 48 h at 37°C in a
humidified incubator with 5% CO,, non-migrated cells on the upper surface of the membrane were
gently removed using a cotton swab. Migrated cells on the lower surface were fixed with 4%
paraformaldehyde and stained with 0.5% (w/v) crystal violet. Representative images were captured
using an Axio Observer Z1 microscope (Carl Zeiss). For quantitative analysis, stained cells were
destained with 10% (v/v) acetic acid in distilled water, and absorbance was measured at 550 nm using

a microplate reader.

Tumorsphere formation assay

Parental or DUOX1-overexpressing LNCaP cells were seeded at a density of ~3.5 x 10 cells per well in
ultra-low attachment 6-well plates (Corning). Cells were cultured in serum-free DMEM/F12 (Gibco)
media supplemented with 1x B27 (Invitrogen), 20 ng/ml epidermal growth factor (EGF; Invitrogen), 10
ng/ml fibroblast growth factor (FGF; Invitrogen), 2 mM L-glutamine (Invitrogen), and 100 U/ml
penicillin-streptomycin (Gibco) at 37°C in a humidified incubator with 5% CO,. Primary tumorspheres
were collected after the initial growth period, mechanically dissociated into single-cell suspensions by
gentle pipetting, and reseeded in fresh sphere-forming medium under identical conditions to evaluate

self-renewal capacity. As required, cells were subsequently treated with vehicle control (DMSO), Enza
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or DOX by direct addition to the culture medium. After 10 days of culture, tumorspheres were
quantified based on number and size using phase-contrast microscopy, and representative images
were captured. For downstream analysis, tumorspheres were harvested and processed for total RNA

isolation.

Detection of extracellular hydrogen peroxide (H,0;)

Extracellular H,O, production was quantified using the Amplex Red Hydrogen Peroxide/Peroxidase
Assay Kit (Thermo Fisher Scientific) according to the manufacturer’s instructions. Parental or DUOX1-
overexpressing LNCaP cells were either left untreated or treated with 1 pug/ml DOX to induce DUOX1
expression. After 48 h of treatment, cells were harvested and resuspended in Krebs-Ringer phosphate
glucose (KRPG) buffer (145 mM NacCl, 5.7 mM sodium phosphate, 4.86 mM KCI, 0.54 mM CaCl,, 1.22
mM MgS0,, and 5.5 mM glucose; pH 7.35). For the assay, 1.5 x 10* cells in 20 pl KRPG buffer were
added to 100 pl of reaction mixture containing 50 UM Amplex Red reagent (10-acetyl-3,7-
dihydroxyphenoxazine) and 0.1 U/ml horseradish peroxidase (HRP) prepared in KRPG buffer, in pre-
warmed black 96-well plates (Greiner Bio-One). In the presence of HRP, Amplex Red reacts with H,0,
in a 1:1 stoichiometry to generate the red-fluorescent product resorufin. Following incubation at room
temperature for 30 min in the dark, fluorescence intensity was measured using a Synergy H1
multimode microplate reader (BioTek) with excitation at 550 nm and emission at 590 nm. Background

fluorescence from no-H,0, control reactions was subtracted from all readings.

Cell death reversal by N-Acetyl-L-cysteine (NAC)

Cell death and its reversal by the antioxidant NAC were assessed using fluorescent dyes Hoechst
33342, sulforhodamine B (SRB) and PI. LNCaP and MyC-CaP cells stably expressing DUOX1 were
seeded at a density of 1.5 x 10* cells per well in 96-well plates (Corning). Cells were either left
untreated or treated with 1 pg/ml DOX to induce DUOX1 expression, in the absence or presence of 5

mM NAC. 48 h post-treatment, cells were incubated with Hoechst 33342, SRB or Pl according to
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standard staining protocols. Fluorescence intensity was measured using a Synergy H1 multimode
microplate reader (BioTek) at the following excitation/emission (Ex/Em) wavelengths - Hoechst 33342
(350/461 nm), SRB (565/586 nm), and PI (535/617 nm). Relative fluorescence units (RFU) were used
to assess changes in cell viability and cell death, and the extent of NAC-mediated rescue was calculated

relative to DOX-treated samples.

RNA sequencing and data analysis

LNCaP cells stably expressing DUOX1 were either left untreated or treated with 1 ug/ml| DOX for 48 h
prior to RNA isolation. Total RNA was extracted using the RNeasy Mini Kit (Qiagen) according to the
manufacturer’s instructions, and RNA quality and integrity were assessed by gel electrophoresis prior
to library preparation. ~1 ug of total RNA per sample was used for library construction using the
NEBNext Ultra Il Directional RNA Library Prep Kit (New England Biolabs), following the manufacturer’s
instructions. Libraries were sequenced on an lllumina NovaSeq 6000 platform to generate high-
throughput paired-end reads. Raw sequencing reads were subjected to quality assessment using
FastQC. Adapter sequences and low-quality bases were trimmed using Trimmomatic (v0.35). The
processed reads were aligned to the human reference genome (Homo sapiens, GRCh37) using
Bowtie2 (v2.7.12) with default parameters. Gene-level read counts were obtained using
featureCounts (v2.0.3). Differential gene expression analysis was performed using the limma-voom
(v3.58.1) package in R. Genes with a log, fold change > 1 or < -1 and a P-value < 0.001 were considered
significantly differentially expressed. Functional enrichment analysis of differentially expressed genes
was carried out using the DAVID v6.8 web server. Gene Ontology (GO) terms were extracted from the
annotation clusters to identify significantly enriched biological processes and pathways. All analyses
were performed using default parameters unless otherwise specified. Raw RNA-Seq data along with

the corresponding downstream analyses are presented in Dataset S2.

Dihydrotestosterone (DHT) ELISA
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Extracellular DHT levels in conditioned media were quantified using a competitive DHT ELISA kit
(FineTest) according to the manufacturer’s instructions. LNCaP cells stably expressing DUOX1 were
cultured in RPMI-1640 medium supplemented with either regular FBS or CSS. Cells were subsequently
treated with 1 pg/ml DOX to induce DUOX1 expression. 48 h post-treatment, culture supernatants
were collected by centrifugation at 2500 rpm for 5 min at 4°C. A total of 20 pL of each supernatant
was used for the ELISA assay. DHT levels were measured at 450 nm using a microplate reader,
following the competitive ELISA protocol. DHT concentrations were calculated based on a standard

curve generated using known concentrations of DHT provided in the kit.

Statistical analysis

Unless otherwise specified, data are presented as mean * standard deviation (SD) from at least three
independent biological replicates (n > 3). Statistical analyses were performed using GraphPad Prism
(v8) or Microsoft Excel (2021). For comparisons between two groups, unpaired two-tailed Student’s t-
test or Welch’s t-test (for unequal variances) was applied as appropriate. For comparisons involving
more than two groups, ordinary one-way ANOVA followed by Sidak’s or Tukey’s multiple comparisons
test, or two-way ANOVA where applicable, was used. In cases where data did not meet parametric
assumptions, the non-parametric Kruskal-Wallis test was employed. A p-value < 0.05 was considered
statistically significant. Statistical significance is denoted as follows - p < 0.05 (*), p < 0.01 (**), p <

0.001 (***), and not significant (ns).
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Results
DUOX1 is a methylation-driven potential biomarker for prostate cancer

Several biased and unbiased genome-wide methylation studies have previously reported
promoter hypermethylation of TSGs in PCa [13-19]. To identify methylation-driven genes associated
with PCa risk in a more stringent manner within an Indian population, we performed global DNA
methylation profiling using the Infinium MethylationEPIC 850K BeadChip array on a prospective
‘discovery cohort’ comprising 8 benign prostatic hyperplasia (BPH) and 8 PCa tissue biopsy specimens
(Figure 1A). Among the 1,51,730 promoter-embedded CpG sites corresponding to 22,255 genes,
probes exhibiting 220% difference in B-value between PCa and BPH were considered for further
analysis (Figure 1A-B). This filtering yielded 23 differentially methylated genes with statistical
significance determined by FDR-adjusted p < 0.05 (Figure 1A, C).

Cross-comparison with TCGA prostate adenocarcinoma (PRAD) datasets for promoter
methylation (SMART, UALCAN) and gene expression (GEPIA2, UALCAN) refined the candidate list to
11 hypermethylated genes (Figure 1A, D). Among these, DUOX1 exhibited one of the most significant
with highest degrees of promoter hypermethylation in PCa relative to BPH (Figure 1D, E). Consistent
with its promoter hypermethylation, gPCR analysis of RNA isolated from an independent ‘validation
cohort’ containing 8 BPH and 8 PCa tissue biopsy specimens revealed significant downregulation of
DUOX1 transcripts in PCa samples compared to BPH (Figure 1F).

DUOX1’s role in cancer is complex and context-dependent, acting as a tumor suppressor in
some settings by inhibiting cell growth and promoting cell cycle arrest [28,30], while in others
contributing to tumor progression [32,33]. However, to date, its precise role in PCa pathogenesis
remains largely unclear. TCGA analysis demonstrated DUOX1 expression was significantly
downregulated in most of the solid cancers including PCa (Figures S1A and 1G). Consistent with our
850K methyl array results, reanalysis of 450K methyl array data from the TCGA PRAD cohort and two
publicly available datasets of normal and metastatic prostate tissues demonstrated significant

promoter methylation of DUOX1 gene (Figures 1H and Figure S2A-B). Pearson correlation analysis of
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TCGA PRAD data revealed a strong negative association between DUOX1 promoter methylation and
its expression (Figure 11), which was further evident with increasing age in PCa patients’ samples
(Figure S1B-C). Despite substantial inter- and intraobserver variability, the Gleason score remains one
of the most important tissue-based prognostic markers for PCa patients [38,39]. DUOX1 expression
was significantly downregulated with increasing Gleason score 6-10 in TCGA PRAD samples (Figure
S1D), indicating that DUOX1 expression could be utilized as a prognostic biomarker for PCa patients.
DUOX1 functions as a protein complex co-assembled from the catalytic DUOX1 and the auxiliary
DUOXA1 subunits [40]. DUOX1 and DUOXA1 genes are located on chromosome 15q15-21 in a
complex, bidirectionally arranged locus (Figure S3A). Pearson correlation analyses demonstrated that
DUOX1 and DUOXA1 expressions were tightly linked (r = 0.951, p < 0.0001) in TCGA PRAD samples
(Figure S3B). Moreover, similar to DUOX1, DUOXA1 expression was similarly regulated by promoter-
methylation in TCGA PRAD cohort (Figure S3C-E).

While overall survival (OS) remains the gold standard, composite outcomes such as
progression-free survival (PFS) and disease-free survival (DFS) are increasingly used as surrogate
primary endpoints in cancer research and clinical trials [41]. In advanced stages of PCa patients, such
as mCRPC, PFS is frequently utilized as a primary endpoint due to challenges in accurately evaluating
0S [42]. Kaplan-Meier analysis demonstrated that TCGA PRAD patients’ cohort with elevated DUOX1
expression was associated with better PFS and disease-free survival (DFS) (Figures 1J and S1E).
However, there was no significant correlation of DUOX1 expression with OS of PCa patients (Figure
S1F). Overall, the data indicate that the methylation status of the DUOX1 gene could be a suitable

indicator of PCa development.

Inhibition of DNA-methylation enhances DUOX1 expression and cell death in androgen-sensitive
PCa cells
The concordance of elevated promoter hypermethylation and reduced expression in

independent patients’ cohorts suggest that DUOX1 may function as a methylation-driven TSG in PCa,
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warranting further mechanistic investigation in cell line model. To this end, we first checked DUOX1
expressions in different prostate cell lines (n=12) using DepMap portal. Based on differential DUOX1
expression levels, we chose two cell lines —androgen-sensitive LNCaP and androgen-refractory DU145
cells. DU145 represents CRPC model with very low or undetectable AR expression [43]. DepMap cell
line analysis revealed that DUOX1 expression was markedly downregulated in AR-positive LNCaP cells
as compared to AR-negative DU145 cells (Table S4). Both WB and gPCR analysis further validated
differential DUOX1 expressions in LNCaP and DU145 cells (Figure 2A-B). Next, to determine whether
promoter methylation can regulate DUOX1 expression in these two cell lines, we first reanalysed 450K
methyl array data. The results demonstrated that poorer DUOX1 expression was due to greater
promoter methylation in LNCaP cells as compared to DU145 cells (Figure 2C). To corroborate this
notion, LNCaP and DU145 cells were treated with 4 uM decitabine (5-aza-2'-deoxycytidine; Aza), a
hypomethylating agent, for 48 h and subjected to gPCR and WB analysis (Figure 2D-E). In contrast to
DU145 cells, Aza treatment resulted in an increased DUOX1 expression in AR-positive LNCaP cells at
both transcriptional and translational levels (Figure 2D-E). Reanalysis of microarray data of Aza treated
multiple PCa lines — LNCaP, DU145 and 22Rv1 further confirmed that DUOX1 expression is indeed
controlled by promoter hypermethylation (Figures 2F and S4A-C). However, there was no significant
change in promoter methylation pattern of AR gene among LNCaP and DU145 cells or AR expression
at least at the transcription level in post-Aza treated various PCa lines (Figure S4A-E).

Previous studies suggest that Aza treatment can induce cell death in both AR-positive and AR-
negative PCa cells [43]. It has been proposed that Aza can be utilized in treatment regimen in patients
with hormone-refractory and chemoresistant PCa [44, 45]. Aza-mediated elevated DUOX1 expression
prompted us to examine cell death in these two PCa cell lines. As compared to DU145, LNCaP cells
were significantly more sensitive to Aza-mediated cell death (Figure 2G-H). Aza treatment further
demonstrated decreased colony formation ability and increased intracellular ROS generation in AR-

sensitive LNCaP cells (Figure 21-J).
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De novo DNA methyltransferase enzymes are responsible for DUOX1 promoter hyeprmethylation
DNA methyltransferase (DNMT) enzymes transfer methyl group from S-adenosyl-L-
methionine to the 5’-position of cytosine residues in DNA. There are four members in the DNMT
family, which includes DNMT1, DNMT3A, DNMT3B and DNMT3L. Although not fully understood,
DNMT1 is generally considered to be involved in maintenance DNA methylation, whereas DNMT3A
and DNMT3B primarily mediate de novo DNA methylation. DNMT3L, a DNMT3-like protein lacking a
catalytic domain, promotes DNMT3A and DNMT3B mediated de novo DNA-methylation [46,47].
Considering their strong involvement in the development of various cancers including PCa [47,48], we
first checked the expression of all three major DNMTs among various prostate epithelial cell lines in
DepMap portal as well as in TCGA PRAD patients’ samples (Figure 2K-L). DepMap data of six prostate
adenocarcinoma cell lines (PC3, DU145, LNCaP, VCaP, MDAPCa2B and 22Rv1) demonstrated that
DUOX1 expression was negatively correlated with both DNMT1 and DNMT3A but not with DNMT3B
(Figure 2K and Table S4). In TCGA PRAD samples, DNMT1 and DNMT3A transcripts were markedly
more abundant than DNMT3B; however, DNMT3A and to a lesser extent, DNMT3B, were significantly
upregulated in the malignant cohort (n = 497) relative to normal samples (n = 52), while DNMT1
remained unchanged (Figure 2L). WB and gPCR analysis of all three DNMTs revealed that in contrast
to DU145, LNCaP cells had significantly higher DNMT3A and DNMT3B expressions at both protein and
transcript levels (Figure 2M-N). Aza treatment significantly declined all three DNMT protein levels in
LNCaP cells (Figure 20). Reanalyses of RNA-Seq data of decitabine/Aza-treated C4-2B, a castration-
resistant sub-line derived from LNCaP cells [49], revealed significant upregulation of DUOX1 transcript
without affecting RNA levels of both DNMT3A and DNMT3B (Figure S4F). A similar phenomenon was
also observed in gPCR analysis of Aza treated LNCaP cell (Figure S4G), indicating that Aza deregulates
both de novo DNMTs by acting on their protein levels. This led us to hypothesize that increased
DNMT3A and DNMT3B expressions at protein level might negatively regulate DUOX1 transcription in

LNCaP cells.
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Next, we sought to determine whether DNMT3A or DNMT3B is directly involved in regulating
DUOX1 expression in PCa cells. Given that DNMT3A is expressed at higher levels than DNMT3B in
LNCaP cells, we first performed shRNA-mediated knockdown of DNMT3A (Figure 2P). DNMT3A
depletion resulted in a substantial increase in DUOX1 expression in LNCaP cells (Figure 2P).
Interestingly, DNMT3A knockdown also led to a significant upregulation of DNMT1, possibly reflecting
a compensatory response (Figure 2P). To further corroborate these findings, we utilized a non-
nucleoside inhibitor, DY-46-2, which specifically targets DNMT3A activity [50] (Figure 2Q). Consistent
with DNMT3A knockdown, DY-46-2 treatment markedly increased DUOX1 expression and induced cell
death (Figure 2Q-R). To further validate, LNCaP cells were transiently transfected with either DNMT3A
or DNMT3B expression vectors and subjected to WB analysis (Figure S5A-B). Ectopic expression of
both DNMT3A and DNMT3B resulted in reduced DUOX1 expression (Figure S5A-B).

Our 850K methyl array consists of total 15 CpG probes in the DUOX1 promoter region within
1.39 Kb from the transcription start site (TSS) (Figure 2S). To further confirm the DNA-methylation
pattern within DUOX1 promoter, we reanalysed 5-mC ChlIP-Seq data in LNCaP cells (Figure 2T). The
results demonstrated a strong 5-mC peak at the DUOX1 promoter region (Figure 2T). Reanalysis of
genome-wide bisulfite sequencing of LNCaP and DU145 cells demonstrated that DUOX1 promoter
region was profoundly methylated in LNCaP cell as compared to DU145 (Figure 2U). To validate
whether DNMT3A or DNMT3B is associated with the methylation of this region, we designed two ChlIP-
gPCR primer sets (Figure 2V-X). ChIP-gPCR analysis using specific antibodies against all three DNMT
members demonstrated that DNMT3A and to a lesser extent DNMT3B were significantly recruited
onto the DUOX1 promoter region in LNCaP but not in DU145 cells (Figure 2V-X). Overall, our results
established that DUOX1 is a methylation driven TSG, whose expression, at least in part, is controlled

by DNMT3A and DNMT3B mediated promoter hypermethylation.

AR suppresses DUOX1 expression in PCa samples and cell line models
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AR is a critical driver of normal prostate growth as well as PCa development [51-54]. AR can
function as both a transcriptional activator and a repressor, thereby impacting PCa development [55-
57]. Depleted DUOX1 expression in AR-positive LNCaP cells prompted us to examine a potential link
between DUOX1 and AR expression in PCa patients. Hierarchical clustering of top 150 RNA-Seq
datasets of TCGA-PRAD cohort demonstrated that DUOX1 expression was negatively correlated with
AR (Figure 3A). Next, we stratified prostate epithelial cell lines (n=12) available at DepMap portal
based on high and low AR expression levels (Figure 3B and Table S4). The cells with higher AR
expression exhibited a significantly lower expression of DUOX1 and contrariwise (Figure 3B). A similar
trend was also detected for DUOXA1 in both TCGA PRAD and DepMap samples (Figure S6A-B).
Likewise, another independent clinical RNA-Seq dataset demonstrated a decreased expression of
DUOX1 and DUOXAL1 transcripts in more advanced stage aggressive PCa as compared to BPH samples
(Figure S6C). Since TCGA-PRAD data are derived from bulk RNA-Seq, the observed inverse correlation
may be confounded by tumor heterogeneity. To address this, we analyzed single-cell RNA-Seq (scCRNA-
Seq) data from prostate tumor samples (Figure S7). In both low- and high-grade PCa tissues, DUOX1
expression was enriched in normal prostate epithelial cells but markedly reduced in tumor epithelial
cells, whereas AR expression showed the opposite pattern (Figure S7). Taken together, our results
established a robust inverse correlation between AR and DUOX1 expression during PCa progression.

To further validate this association, LNCaP cells were knockout (KO) for AR using two specific
sets of sgRNAs (Figure 3C). The efficiency of KO was validated by WB analysis (Figure 3C). Intriguingly,
KO of AR markedly enhanced DUOX1 expression (Figure 3C). In contrast, ectopic expression of GFP-
tagged AR expressing construct in AR-negative DU145 cells significantly declined endogenous DUOX1
expression at both protein and transcript levels (Figure 3D-E). Reanalysis of RNA-Seq data of siRNA-
mediated AR knockdown (KD) in LNCaP, VCaP and 22Rv1 cells showed analogous increased DUOX1
transcript (Figure 3F). Likewise, reanalysis of RNA-Seq data of hormone stimulated VCaP cells with
androgen analogue, R1881, displayed decreased DUOX1 expression, while AR inhibitor, enzalutamide

(Enza), treatment significantly enhanced DUOX1 expression (Figure 3G). Although pharmacological
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inhibitors for AR - Enza and bicalutamide (Bica) have been extensively used for the treatment of both
locally advanced non-metastatic and metastatic subgroups, Enza demonstrated significantly better
outcomes in patients with mCRPC [58,59]. In agreement to this, Enza and Bica treatment in LNCaP
cells substantially increased DUOX1 expression at both protein and RNA levels (Figure 3H-I). As
expected, Enza and Bica treatment also significantly enhanced intracellular ROS levels in LNCaP cells
(Figure 3J). Enhanced DUOX1 expression in LNCaP cells in response to anti-androgen treatment was
further validated using IF analysis (Figure 3K). Taken together, our findings demonstrated that AR
signalling negatively regulates DUOX1 expression and draws attention to AR antagonists mediated

upregulation of DUOX1 in PCa.

AR represses DUOX1 expression via direct binding to its regulatory region

AR regulates gene expression through binding to androgen-response elements (AREs) located
within the promoter and enhancer regions of target genes [56,57]. To examine whether AR directly
regulates DUOX1 transcription we reanalysed AR ChIP-Seq data in LNCaP and VCaP cells (Figures 4A
and S8A). ChIP-Seq analysis confirmed specific AR recruitment onto an intragenic enhancer region of
DUOX1 gene (Figures 4A and S8A). We further examined AR recruitment on DUOX1 gene in another
dataset comprising normal prostate and PCa tissue samples (Figure S8B). As compared to the normal
counterpart, a significant AR enrichment was observed onto the putative enhancer element of DUOX1
in PCa cohort (Figure S8B). To determine the presence of AR binding sites in this enhancer region, we
scanned for the presence of AREs in the ~10 kb downstream of transcription start site (TSS) comprising
of the entire DUOX1 gene using JASPAR software [60]. One single p-value corrected (p<0.05) putative
ARE (AGGAACAATCTGTGC) was identified within the corresponding ChlP-Seq signal of positive DNA
strand (Figure 4B-C). Next, to confirm AR binding on the DUOX1 enhancer region, we performed ChlIP-
gPCR for AR in androgen stimulated LNCaP cells (Figure 4D). To this end, we designed ChIP-qPCR
primers for one AR non-binding region (NB site) close to the DUOX1 promoter as a negative control

and two overlapping AR-binding regions (sets 1 and 2) containing the putative ARE (Figure 4B). Upon
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androgen stimulation, a significant enrichment for AR-binding using both primer sets was observed,
while no binding was observed in the NB region of DUOX1 gene in androgen stimulated LNCaP cells
(Figure 4D). Specific primer set for AR binding region on KLK2 promoter [61] was used as positive
control in ChIP-gPCR analysis (Figure 4D).

Upon androgen stimulation, specific AR recruitment onto DUOX1 enhancer region, further
prompted us to examine AR signalling-mediated transcriptional repression of DUOX1 (Figure 4E). To
this end, we amplified the AR-binding region containing ARE and subsequently cloned into pGL3-
promoter vector and subjected to luciferase reporter assay in LNCaP cells (Figure 4F). While androgen
stimulation resulted in a sharp reduction in the luciferase activity, a significant increase in the
luciferase activity was observed upon anti-androgen treatment with either Enza or Bica (Figure 4F).

FOXA1 is a pioneer factor for AR-regulated enhancer [56]. Moreover, FOXA1 recruits LSD1-
CoREST complex at the AR regulated enhancers and suppresses basal transcription of the AR target
genes through H3K4 demethylation [62]. Reanalysis of ChIP-seq data of DU145 cells stably expressing
a ligand-binding AR mutant (Q640X), which is unable to interact with FOXA1, showed similar
enrichment at the DUOX1 locus overlapping that of wild-type (WT) AR. In contrast, AR mutants C562S
and G568W, which lack DNA-binding ability but retain the capacity to interact with FOXA1, showed no
binding at the DUOX1 enhancer region (Figure 4G). Reanalysis of ChIP-Seq data in VCaP cells, together
with ChIP-gPCR validation in LNCaP cells, demonstrated that FOXA1 recruitment to the DUOX1
regulatory region is dependent on AR occupancy in androgen-stimulated PCa cells (Figure S9A-B). In
contrast, no variance in AR occupancy profiles onto DUOX1 regulatory region was observed upon
FOXA1 knockdown in androgen stimulated LNCaP cells (Figure S9C). Moreover, reanalysis of RNA-Seq
of FOXA1 KD in LNCaP and VCaP cells showed no change in DUOX1 expression (Figure S9D-E).
Consistently, FOXA1 overexpression or KO in LNCaP cells failed to modulate DUOX1 expression (Figure
S9F-G). Collectively, these findings indicate that FOXAL1 is dispensable for DUOX1 regulation, while AR

DNA-binding activity is critical for controlling DUOX1 transcription.
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To further validate AR direct recruitment and transcriptional suppression of DUOX1, we
performed luciferase reporter assay in DU145 cells transiently transfected with three different DUOX1
enhancer constructs containing WT ARE, mutant ARE and AR non-binding (NB) site in the presence of
increasing concentrations of flag-tagged AR (Figure 4H, I). A dose-dependent decrease in luciferase
activity was observed in cells transfected with the WT ARE construct, whereas no significant change
was detected with either the mutant ARE or AR non-binding constructs (Figure 4l). To further assess
the requirement of AR DNA-binding activity in DUOX1 repression, we generated a flag-tagged AR
construct lacking the DNA-binding domain (ADBD; residues 559-664) (Figure 4J). Luciferase-reporter
assays revealed that, in contrast to WT AR, the ADBD mutant failed to suppress the activity of the WT
ARE reporter construct in DU145 cells (Figure 4K). Collectively, these findings demonstrate that the
DNA-binding ability of AR is essential for its recruitment to the DUOX1 regulatory region and the

subsequent transcriptional repression of DUOX1.

AR-associated H3K27ac-BRD4 complex forms a negative loop to suppress DUOX1 expression

To delineate the transcriptional network governing AR occupancy at the DUOX1 regulatory
region, we reanalysed publicly available ChIP-Seq datasets for PCa-specific TFs, chromatin modifiers,
and histone marks across multiple AR-positive PCa cell lines (Figure 5A). Reanalysis of ATAC-Seq data
in DHT-treated LNCaP cells demonstrated increased chromatin accessibility at the AR binding region
(Figure 5A), suggesting that DUOX1 transcription may be regulated via androgen-induced recruitment
of specific TFs and histone modifications at the DUOX1 intragenic AR binding region. ChIP-Seq profile
further revealed that the AR binding region coincided with RNA polymerase Il (RNA-Pol Il) and the
epigenetic reader BRD4 peaks upon androgen stimulation in AR positive LNCaP and 22Rv1 cells (Figure
5A). Additional ChIP-Seq datasets confirmed that pharmacological inhibition of AR in VCaP cells or
siRNA-mediated AR knockdown in 22Rv1 cells markedly reduced RNA-Pol Il recruitment at the AR
binding region (Figure S10A), indicating that AR engages an active enhancer complex to mediate

DUOX1 transcriptional suppression.
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BRD4, a member of the bromodomain and extraterminal domain (BET) family, associates with
chromatin through recognition of acetylated histones, acting as a ‘reader’ that recruits transcriptional
machinery to regulate gene expression [63-65]. Among these modifications, BRD4 is closely linked to
H3K27ac, a hallmark of active enhancers, and is essential for maintaining enhancer activity [66-68].
Moreover, BRD4 directly interacts with AR and is critical for sustaining AR-driven transcriptional
programs [69]. Given that H3K27ac-enriched enhancers serve as key chromatin sites for BRD4
recruitment [68], we hypothesized that H3K27ac-mediated recruitment of BRD4 to the DUOX1
enhancer facilitates AR-dependent transcriptional reprogramming. Consistent with this hypothesis,
ChIP-Seq analysis in LNCaP cells revealed strong H3K27ac signals at the AR enhancer region even in
the absence of androgen stimulation (Figure 5A), suggesting a pre-established chromatin landscape
conducive to BRD4 binding. ChIP-gPCR assays further validated androgen stimulation induced both
H3K27ac and BRD4 enrichment at the AR binding site in LNCaP cells (Figure 5B-C).

Pharmacological inhibition of BRD4 is known to disrupt AR binding to AREs [69]. Small-
molecule BET inhibitors (BETis), such as JQ1, competitively displace BET proteins from acetylated
lysines on histones and TFs, thereby attenuating oncogenic transcription and reducing cancer cell
viability [70,71]. Indeed, BETis have emerged as promising therapeutic agents, particularly in advanced
PCa and CRPC [71-73]. Consistent with this, JQ1 treatment in LNCaP cells significantly upregulated
DUOX1 expression at both protein and transcript levels (Figure 5D-E) and concomitantly reduced cell
viability (Figure 5F). Similar to AR inhibition, JQ1 treatment markedly decreased RNA-Pol Il occupancy
at the AR binding site (Figure S10A), likely disrupting the AR transcriptional complex to relieve DUOX1
repression. In contrast to DUOX1, several oncogenes are transcriptionally activated by BRD4 [73,74].
For instance, BRD4 enhances MYC expression to promote PCa cell proliferation [73,74]. Reanalysis of
RNA-Seq data revealed that BRD4 depletion via siRNA elevated DUOX1 expression, while AR and MYC
transcripts were concurrently suppressed (Figure 5G). To further confirm BRD4’s role, LNCaP cells
were subjected to BRD4 KO using two sets of sgRNAs (Figure 5H). WB analysis verified that only sgRNA

set #2 effectively ablated BRD4 expression, which correspondingly led to a marked increase in DUOX1
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protein levels compared with control and non-functional sgRNA set #1 (Figure 5H). Consistent with its
functional significance, BRD4 expression is significantly elevated in PCa [76]. Reanalysis of TCGA-PRAD
patient sample and DepMap PCa cell line datasets revealed a strong negative correlation between
BRD4 and DUOX1 expression (Figure S10B-C).

H3K27ac plays a crucial role in PCa pathogenesis, with a substantial proportion of PCa
heritability localized within H3K27ac-marked genomic regions [76]. Intriguingly, reanalysis of H3K27ac
ChIP-Seq datasets from normal prostate tissue, primary PCa, and CRPC samples revealed a
redistribution of H3K27ac peaks, from the DUOX1 promoter region in normal prostate to the
intragenic AR binding region in both PCa and CRPC samples (Figure 51). A similar pattern of H3K27ac
peak redistribution was also observed in PCa cell lines (LNCaP and VCaP) compared with normal
primary prostate epithelial cells (PrEC) and the non-tumorigenic, immortalized prostate epithelial line
RWPE-1 (Figure S10D). While independent treatment with Aza or Enza enhanced DUOX1 expression,
combined treatment with Aza and Enza did not further increase DUOX1 levels and cell death beyond
those observed with individual treatments (Figure 5J-K). Moreover, Enza-mediated restoration of
DUOX1 expression occurred through specific downregulation of AR, thereby reducing its recruitment
to the DUOX1 regulatory region (Figure 5J). The shift in enhancer-associated acetylation reflects a
reprogramming of chromatin activity during PCa progression, favouring H3K27ac-BRD4-AR driven
transcriptional networks over DUOX1 expression (Figure 5L). Together, these findings indicate that
the H3K27ac-BRD4-AR axis establishes a repressive circuit on DUOX1, and restoration of DUOX1

expression may disrupt AR-dependent transcriptional programs and inhibit PCa cell proliferation.

Restoration of DUOX1 expression elicits antitumor effects through ROS-induced apoptosis and AR
suppression

Given that DUOX1 expression is transcriptionally repressed by the H3K27ac-BRD4-AR axis, we
next examined the functional impact of DUOX1 restoration in PCa. To this end, DUOX1 cDNA was

cloned into a doxycycline (DOX)-inducible lentiviral vector and stably expressed in two AR-positive PCa
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cell lines, LNCaP and Myc-CaP (Figures 6A and S11A). The Myc-CaP cell line was originally derived from
a prostate tumor in a transgenic mouse that had not undergone hormone ablation [77]. Upon DOX
induction for 48 h, DUOX1 expression was robustly upregulated in both cell lines, as confirmed by WB
and gPCR analyses (Figures 6B-C and S11B-C).

Steady DUOX1 expression markedly reduced cell proliferation, viability and colony formation
ability (Figure 6D-F and S11D-F). DOX treatment alone had no detectable effect on cell proliferation
or viability of parental LNCaP cells, confirming the specificity of the inducible system (Figure S12A-B).
Cell cycle analysis using Pl staining revealed that DUOX1 induction led to an accumulation of LNCaP
cells in the sub-G1 phase (Figure 6G), suggesting apoptotic DNA fragmentation and hypodiploid
content. Consistently, microscopy and flow cytometry analysis of annexin V/PI dual staining further
confirmed enhanced apoptosis following DUOX1 restoration (Figures 6H and S13). During intrinsic
apoptosis the executioner caspases — caspase 3 (Casp3) and caspase 7 are activated by caspase 9
(Casp9) mediated cleavage, which in turn cleave PARP1 producing 89 kDa and 24 kDa fragments that
serve as hallmark of programmed cell death [78,79]. Apoptotic induction was additionally validated
by cleavage of Casp9, Casp3 and PARP1 in DUOX1-expressing LNCaP and Myc-CaP cells (Figures 6l
S11G). Studies suggest that enhanced DUOX1 activity in primary fibroblasts elevates ROS levels,
leading to increased early apoptotic markers such as cyclin-dependent kinase (CDK) inhibitor p21
expression, thereby negatively affecting wound healing [80]. Transcriptional activation of p53/TP53
and its downstream effector p21/CDKN1A in LNCaP-DUOX1 cells (Figure 6J) provided additional
mechanistic evidence linking DUOX1-mediated ROS production to apoptotic signalling.

Previous studies suggest that DUOX1 depletion promotes EMT in lung adenocarcinoma cells
[30]. In agreement, ectopic DUOX1 expression in LNCaP cells suppressed mesenchymal characteristics,
as indicated by weakened cell migration (Figure 6K-L). DUOX1-mediated reduction in cell migratory
ability was assessed using scratch wound healing (Figure 6K) and transwell migration assays (Figure
6L). In addition, compared to control cells, restoration of DUOX1 expression in both LNCaP and Myc-

CaP cells led to a marked loss of mesenchymal markers - B-catenin (B-Cat), vimentin (Vim), and Snaill,
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accompanied by a significant upregulation of the epithelial marker desmoplakin (DSP) (Figures 6M
S11H). These findings suggest that DUOX1 restoration inhibits EMT and may therefore limit PCa
metastatic progression.

Low-to-moderate ROS levels generally promote EMT, whereas excessive ROS can inhibit EMT
and trigger apoptosis [81]. As DUOX enzymes are major sources of extracellular H,0, generation [82],
we next assessed both intracellular and extracellular ROS in LNCaP-DUOX1 cells (Figure 6N-0). DOX-
induced DUOX1 expression markedly increased total intracellular ROS and extracellular H,0, (Figure
6N-0), while only DOX treatment alone had no effect on parental LNCaP cells (Figure S12C-D). Because
NOX family enzymes and the mitochondrial electron transport chain are interlinked ROS sources [84],
we examined mitochondrial superoxide levels using MitoSOX and observed a significant increase
following DUOX1 induction (Figure S14), suggesting a feed-forward amplification of ROS production.

The relationship between ROS and AR expression in PCa is context-dependent. While mild to
moderate ROS levels enhance AR signalling, excessive ROS suppresses AR transcription and translation
[84-87]. We hypothesized DUOX1-induced ROS accumulation could modulate AR expression and its
oncogenic activity (Figure 6P). Indeed, DOX-induced restoration of DUOX1 expression in LNCaP cells
markedly reduced AR expression at both protein and transcript levels (Figure S15A-C). In contrast, DOX
treatment alone had no effect on AR expression in parental LNCaP cells (Figure S15D-F). Increasing
concentrations of extracellular H,0, significantly downregulated AR expression in a dose-dependent
manner (Figure S15G), suggesting DUOX1-mediated H,0, production may influence AR expression. To
determine whether the downregulation of AR expression was indeed a consequence of DUOX1-
mediated ROS accumulation, LNCaP-DUOX1 stable cells were pre-treated with the antioxidant N-
acetylcysteine (NAC) prior to DOX mediated DUOX1 expression (Figure 6Q). NAC administration
markedly reversed DUOX1-induced apoptotic signalling, as evidenced by the disappearance of cleaved
Casp3 and PARP1 bands in WB analysis (Figure 6Q), confirming the ROS dependency of DUOX1-

mediated apoptosis.
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Superoxide dismutase 2 (SOD2) is an antioxidant enzyme that catalyzes the dismutation of
superoxide radicals (0,") into H,0, and molecular oxygen (0;). The resulting H,0, is subsequently
decomposed by catalase (CAT), another key antioxidant enzyme, into water (H,0) and O, [88,89].
However, neither DUOX1 restoration nor NAC pre-treatment had any effect on SOD2 or CAT
expression (Figure 6Q). Glutathione peroxidase 4 (GPX4) serves as a crucial regulator of lipid
peroxidation and ferroptosis [90]. Notably, DUOX1 has recently been shown to inhibit GPX4 in
laryngeal squamous cell carcinoma cells [91]. Consistent with this, DUOX1 overexpression in LNCaP
cells markedly reduced GPX4 expression, which was reversed upon NAC pre-treatment (Figure 6Q).
DUOX1-induced, ROS-mediated apoptotic induction and its reversal by NAC treatment prompted us
to further examine whether NAC could also rescue cell viability. Consistently, NAC pre-treatment
significantly rescued DUOX1-induced loss of cell viability and clonogenic capacity of LNCaP and MyC-
CaP cells (Figures 6R-U and S11I-J). To corroborate DUOX1-induced ROS-dependent cell death and its
reversal by NAC, cell viability was assessed using three complementary approaches - Hoechst 33342
staining for viable nuclei (Figure 6R), SRB assay to quantify total protein content independent of
metabolism (Figures 6S and S111), and PI staining to identify dead or dying cells with compromised
membranes (Figure 6T).

AR signalling and PCa stemness exhibit an inverse relationship, as loss of AR expression is
associated with enhanced stem-like features and therapy resistance [92,93]. To determine whether
DUOX1-mediated AR depletion could influence PCa stemness, we examined the expression of cancer
stem cell (CSC) markers using the sphere formation assay in DUOX1 stably expressing LNCaP cells.
gPCR analysis revealed DUOX1 overexpression following DOX treatment significantly increased the
expression of SOX2, KLF4, and NANOG (Figure S16A-B). Consistent with previous reports [93], Enza
treatment also transcriptionally activated the same set of CSC markers (Figure S16C-D). Collectively,
these findings indicate that while DUOX1 restoration exerts potent antitumor effects through ROS-
dependent apoptosis, AR suppression and EMT reversal, DUOX1-mediated AR depletion may

concurrently enhance CSC properties.
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DUOX1-driven transcriptomic rewiring impairs glucuronidation pathway in PCa

Hitherto, our findings support a model in which the H3K27ac-associated BRD4-AR complex
represses DUOX1 expression to sustain AR-dependent oncogenic signalling, whereas restoration of
DUOX1 counteracts this axis by suppressing AR activity and its metastatic potential. To delineate the
DUOX1-mediated ROS-driven transcriptional network underlying PCa pathogenesis, we performed
RNA-Seq analysis of LNCaP cells with or without DUOX1 induction following 48 h of DOX treatment
(Figure 7A-B). Consistent with previous observations, global transcriptomic profiling also revealed a
marked downregulation of AR expression upon DUOX1 re-expression (Figure 7A). Gene Ontology (GO)
enrichment analysis further identified cellular glucuronidation (G0:0052695, p = 0.0000396) as the
most significantly downregulated biological process in response to DUOX1 restoration (Figure 7C),
suggesting that DUOX1-driven redox signalling may reprogram metabolic and detoxification pathways
critical for PCa progression.

Given that glucuronidation plays a central role in androgen metabolism and clearance [94],
we next explored whether DUOX1-mediated suppression of glucuronidation pathways could influence
androgen signalling dynamics in PCa. Transcriptomic profiling revealed significant downregulation of
multiple UDP-glucuronosyltransferase (UGT) family members, including UGT2B-7, -15, -17, -11 and -
28 following DUOX1 induction (Figure 7D). UGT2B-7, -15 and -17 catalyse the glucuronidation of DHT
and other steroidal metabolites, thereby modulating intracellular androgen availability and protect
the androgen-sensitive tissues from deleteriously elevated hormone concentrations [95]. In contrast,
although relatively little is known about UGT2B11 and UGT2B28 compared to other UGT2B family
members, these enzymes have been suggested to heterodimerize and inhibit androgen-metabolizing
UGT2B enzymes, thereby preventing androgen inactivation and clearance [95]. In agreement with
these findings, reanalysis of RNA-Seq data from TCGA PRAD cohorts revealed a significant
downregulation of UGT2B7 transcripts, while UGT2B-11 and -28 expressions were significantly

elevated in tumor samples (Figure 7E, F). Pearson correlation analysis of TCGA PRAD data revealed a
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weak but significant negative association among DUOX1 with UGT2B-11 and -28 expressions (Figure
7G), which was further validated by gPCR analysis in DUOX1 stably expressing LNCaP cells (Figure 7H),
reinforcing the link between impaired glucuronidation and DUOX1-associated transcriptional
reprograming of AR signalling. ChIP-Seq data in DHT stimulated LNCaP cells demonstrated enriched
AR signals on the promoter region of UGT2B-15, -17,-11 and -28 genes (Figures 7l and S17). Reanalysis
of transcriptomics data of androgen stimulated and deprived LNCaP cells revealed in contrast to
UGT2B-15 and -17, AR positively regulates UGT2B-11 and -28 expressions (Figure 7J-K). ChIP-gPCR
analysis further validated that AR was significantly enriched onto the promoter region of UGT2B28
only in response to androgen stimulation in LNCaP-DUOX1 cells (Figure 7L). However, DUOX1
overexpression upon DOX treatment markedly attenuated AR recruitment (Figure 7L), thereby
suppressing UGT2B28 transcription (Figure 7H). Consequently, DHT-specific competitive ELISA
demonstrated that DUOX1 overexpression in LNCaP cells growing in normal media significantly
enhanced DHT clearance (Figure 7M). Similar experimental set up of DUOX1 stably expressing LNCaP
cells growing in media supplemented with charcoal stripped serum (CSS) did not show any detectable
DHT (Figure 7M), further validating DUOX1 mediated DHT clearance from PCa cells. The deregulated
expression profile of UGT2B members upon DUOX1 restoration suggests impaired androgen
conjugation capacity, which may disrupt the feedback control of AR signalling and thereby affecting

PCa pathogenesis (Figure 7N).
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Discussion

PCa progression is driven by a complex interplay of genetic, epigenetic, and transcriptional
alterations that converge on key oncogenic pathways, particularly AR signalling [7,11]. Among the
various epigenetic regulations, aberrant DNA methylation has emerged as a critical driver during PCa
development [11,12]. In this study, we identify DUOX1 as a methylation-driven tumor suppressor
biomarker whose repression is governed by coordinated epigenetic and AR-dependent transcriptional
mechanisms.

Consistent with previous reports highlighting promoter hypermethylation as a hallmark of TSG
inactivation in PCa [13-19], our genome-wide methylation profiling of BPH and PCa patients’ tissue
biopsy samples, coupled with analysis of TCGA dataset, identified DUOX1 as one of the most
significantly hypermethylated genes in PCa. Reduced DUOX1 expression is associated with more
aggressive disease, characterized by higher Gleason score, and poorer survival, underscoring its
potential as a biomarker of PCa progression and adverse clinical outcome. DNMTs act as DNA-
methylation writers that negatively regulate transcriptions of multiple TSGs, thereby contributing to
cancer development, including PCa [47,48]. Among the three major DNMTs, DNMT1 functions
primarily as a maintenance methyltransferase, methylating hemimethylated DNA during replication,
whereas DNMT3A and DNMT3B serve as de novo methyltransferases that establish new methylation
patterns on previously unmethylated DNA [46]. Both DNMT3A and DNMT3B are frequently
upregulated in PCa and contribute to disease progression, metastasis, and the emergence of CRPC
through epigenetic silencing of TSGs. Notably, loss of DNMT3A or DNMT3B is associated with global
hypomethylation, whereas DNMT3B overexpression promotes hypermethylation in multiple cancer
types [46-48]. In line with these observations, our study demonstrates that DNMT3A and DNMT3B act
as key regulators of DUOX1 promoter hypermethylation and transcriptional repression. Our findings
reinforce the established role of DNMTs in cancer-associated epigenetic remodeling and further

implicate de novo DNMTs as critical determinants of DUOX1 silencing in PCa.
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Beyond epigenetic silencing, our findings uncover a direct role for AR in repressing DUOX1
transcription. AR signalling constitutes a central regulatory axis in both normal prostate physiology
and PCa development [51,52]. Deregulation of the AR signalling cascade drives the transition from
localized disease to CRPC, where AR activity is paradoxically sustained despite hormone deprivation
therapy [52-54]. Although anti-androgen therapy remains first-line treatment for advanced disease,
therapeutic resistance inevitably emerges, underscoring the persistent reliance of tumor cells on AR-
driven transcriptional programs. Importantly, accumulating evidence indicates AR exhibits context-
dependent functions, acting not only as a transcriptional activator but also as a repressor, thereby
shaping PCa pathogenesis [55-57]. Herein we identify DUOX1 as a novel target of AR-mediated
transcriptional repression. Our findings demonstrate that AR directly occupies an intragenic regulatory
region within the DUOX1 locus and suppresses its expression in a DNA-binding-dependent manner.
FOXA1, a pioneer transcription factor, is known to facilitate AR chromatin access by promoting
chromatin decompaction and modulating AR binding dynamics [56]. Moreover, FOXA1 reduces AR
availability to specific ARE sites by expediting AR binding to several low affinity ARE sites located within
the proximity of FOXA1 binding sites, thereby affecting tumor progression when both AR and FOXA1
concentrations are in equilibrium [56]. However, our findings indicate that AR-mediated repression of
DUOX1 occurs independently of FOXA1 recruitment. The consistent inverse correlation between AR
and DUOX1 expression across clinical and cell line datasets, and our experimental systems further
supports the physiological relevance of this regulatory interaction. Collectively, our results expand the
current understanding of AR signalling by revealing its role in repressing a redox-regulating gene,
thereby contributing to PCa progression.

Further mechanistic investigation into androgen-induced, AR-dependent deregulation of
DUOX1 transcription uncovered an enhancer-mediated repressive circuit involving H3K27ac and
BRD4. H3K27ac is a well-established marker of active enhancers and promoters, facilitating
transcription by promoting an open chromatin configuration and distinguishing active regulatory

regions from poised or inactive genomic elements [66,67]. Notably, H3K27ac has been implicated in
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PCa pathogenesis, with a substantial proportion of disease-associated regulatory elements residing
within H3K27ac-marked regions [76]. Our findings suggest that, during PCa progression, H3K27ac
occupancy is redistributed from the DUOX1 promoter to AR-bound enhancer regions, thereby
promoting BRD4 recruitment and reinforcing AR-mediated transcriptional repression of DUOX1.
BRD4, a key epigenetic reader of acetylated histones, regulates oncogenic transcription by recruiting
transcriptional machinery to active chromatin regions [63-65]. In particular, H3K27ac-enriched
enhancers serve as major platforms for BRD4 binding and activity [68]. Consistent with this,
pharmacological inhibition of BRD4 has emerged as a promising therapeutic strategy in advanced PCa
and CRPC, in part through disruption of AR chromatin binding and transcriptional activity [69-72]. In
line with this, our model suggests that the H3K27ac-BRD4-AR axis establishes a repressive chromatin
environment at the DUOX1 locus, effectively silencing its expression while simultaneously promoting
AR-driven oncogenic programs. In addition to AR, BRD4 positively regulates MYC transcription [73,74].
Our results also demonstrate that BRD4 inactivation specifically downregulates MYC expression.
However, whether MYC contributes directly to DUOX1 repression warrants further investigation.
Accumulating evidence indicates that DUOX1 is frequently downregulated through promoter
hypermethylation across multiple solid malignancies, including breast, hepatocellular and lung
carcinomas [28-31]. Consistently, our pan-cancer analysis of TCGA datasets revealed significant
downregulation of DUOX1 in half of the examined tumor types, including PCa, supporting its role as a
putative tumor suppressor. Functionally, restoration of DUOX1 expression in PCa cells exerted
pronounced anti-tumor and anti-metastatic effects, primarily through modulation of redox
homeostasis. As a member of the NOX family, DUOX1 generates ROS, particularly extracellular H,0,,
thereby contributing to redox-dependent signalling [23,82]. Emerging evidence suggests that DUOX1-
derived H,0, plays context-dependent roles in tumorigenesis. For example, radiation-induced
upregulation of DUOX1 has been implicated in thyroid carcinogenesis by sustaining oxidative signalling
under genotoxic stress [32], whereas in neuroblastoma cells, ROS have been shown to maintain

DUOX1 and DUOX2 expression, suggesting a feedback loop between redox signalling and DUOX
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enzyme regulation [33]. These observations collectively highlight the context-specific and
multifaceted role of DUOX1 in cancer biology. In line with this, our data demonstrate that re-
expression of DUOX1 in PCa cells leads to increased ROS production and induction of apoptosis,
consistent with the well-established dual role of ROS in cancer, wherein low levels promote survival
while elevated levels trigger cell death [85]. AR-mediated suppression of DUOX1 therefore likely
contributes to maintaining a pro-tumorigenic redox balance. Notably, moderate ROS levels have been
reported to enhance AR signalling, whereas excessive ROS can suppress AR expression [85-87],
supporting the existence of a feedback loop in which DUOX1-derived ROS negatively regulate AR
activity. To our knowledge, this study provides the first evidence that DUOX1 functions as a negative
regulator of AR signalling in PCa. In addition to redox regulation, DUOX1 appears to influence
androgen metabolism. Our transcriptomic analysis revealed that restoration of DUOX1 alters the
expression of UGT2B family members involved in androgen inactivation and clearance [94,95].
Notably, UGT2B11 and UGT2B28 can heterodimerize to inhibit androgen-metabolizing UGT2B
enzymes, thereby sustaining intracellular androgen availability [95]. These findings support a model
in which DUOX1-mediated modulation of the glucuronidation pathway disrupts androgen
homeostasis and attenuates AR-driven tumor growth.

Beyond its role as a biomarker, our findings support DUOX1 as a therapeutically actionable
target in PCa. Restoration of DUOX1 expression through inhibition of de novo DNMTs and/or
disruption of the H3K27ac-BRD4-AR axis, may represent an effective strategy to counteract AR-driven
oncogenic programs. Notably, DNA-methylation inhibitors such as azacytidine and anti-androgens
such as enzalutamide are already in clinical use or under evaluation for PCa treatment [44,45,58,59].
Moreover, BET bromodomain inhibitors targeting BRD4 have demonstrated significant anti-tumor
efficacy in preclinical models of CRPC [70-72]. Interestingly, our results demonstrated that combined
epigenetic and AR-targeted interventions did not produce additive effects on DUOX1 expression

compared to individual treatments, suggesting convergence on a shared regulatory pathway.
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Consistent with this notion, prolonged azacytidine treatment has been reported to restore AR
expression and sensitize AR-negative PCa cells to hormonal therapy [45,96].

Despite the mechanistic framework established in this study, several important questions
remain unanswered. The precise molecular determinants governing AR-mediated transcriptional
repression at the DUOX1 locus require further investigation. Emerging evidence suggests that
hyperactive AR signalling reshapes the PCa transcriptome, in part through widespread modulation of
alternative splicing, thereby contributing to disease progression and resistance to anti-androgen
therapies [97]. In this context, our preliminary bioinformatic analysis indicate that AR recruitment to
the intragenic DUOX1 locus may promote alternative splicing events, potentially generating an N-
terminally truncated DUOX1 isoform lacking a portion of the peroxidase domain required for H,0,
production. The functional consequences of this putative isoform, whether inactive or tumor-
promoting, warrant further in-depth investigation. Furthermore, the dual role of ROS in mediating
both tumor-suppressive and tumor-promoting effects suggests that the impact of DUOX1 reactivation
may be highly context-dependent [81,85]. In addition, AR signalling and PCa stemness exhibit an
inverse relationship, with reduced AR activity linked to enhanced stem-like features and therapeutic
resistance [92,93]. Consistent with this, our findings indicate that both DUOX1 restoration and anti-
androgen treatment may promote stemness-associated phenotypes. Collectively, our findings
highlight the complexity of the AR-DUOX1 regulatory axis and further emphasise the need for carefully
designed therapeutic strategies.

In summary, our study positions DUOX1 at the nexus of epigenetic regulation, transcriptional
control, and metabolic reprogramming in PCa, underscoring its potential as both a clinically relevant
biomarker and a therapeutic target. While our findings provide a mechanistic framework linking
DNMT3A/3B- and AR-driven repression to redox signalling pathways, further validation in in vivo
models and larger, well-characterized patient cohorts will be essential to establish the translational

relevance of DUOX1 in PCa management.
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included in the manuscript and supporting files. The original data of western blot and gPCR analyses

are available under the supplemental material category.
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Figure 1. Global methylation and TCGA analysis reveal DUOX1 as a methylation-driven biomarker
for prostate cancer (PCa). (A) Workflow outlining genome-wide methylation profiling of ‘discovery
cohort’ comprising of 8 BPH and 8 PCa biopsy samples using the Infinium MethylationEPIC 850K array.
(B) Pie chart depicting promoter-embedded CpG sites in 850K methyl array. (C) Box plot showing
differential promoter-embedded CpG sites between BPH and PCa samples (p < 0.05, FDR < 0.05). (D)
Cross-comparison of 850K methyl array with TCGA-PRAD datasets identifying 11 hyper-methylated
genes in PCa samples. (E) Box plot depicting increased DUOX1 promoter methylation in PCa compared
to BPH in the 850K methylation array from the discovery cohort. (F) Violin plot showing reduced
DUOX1 expression in PCa relative to BPH, as determined by gPCR analysis in the validation cohort. (G)
RNA-Seq analysis showing DUOX1 mRNA expression in normal and tumor samples from the TCGA-
PRAD dataset. (H) 450K methylation array data depicting DUOX1 promoter methylation levels in
normal and tumor samples from the TCGA-PRAD dataset. () Pearson correlation analysis between
DUOX1 promoter methylation and gene expression in the TCGA-PRAD dataset. (J) Kaplan-Meier
survival analysis of patients stratified by high and low DUOX1 expression in the TCGA-PRAD dataset.
Data were presented as the mean * SD, n > 3 biological replicates. Significant differences were shown
(*** p<0.001).
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Figure 2. DNMT3A/3B-mediated promoter hypermethylation represses DUOX1 expression in
androgen-sensitive PCa cells. (A) Western blot (WB) analysis of whole cell lysates (WCL) from LNCaP
and DU145 cells. (B) qPCR showing relative expression of DUOX1 and GAPDH in LNCaP and DU145
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cells. (C) 450K methyl array data (GSE62053, GSE66872 and GSE54758) showing DUOX1 promoter-
methylation in LNCaP and DU145 cells. (D) gPCR showing relative DUOX1 expression in 4 uM 5-Aza-2-
deoxycytidine (Aza)-treated LNCaP and DU145 cells for 48 h. (E) WB analysis of WCL from LNCaP cells
with or without 4 uM Aza treatment for 48 h. (F) Reanalysis of microarray data (GSE25346) showing
DUOX1 expression in LNCaP cells upon Aza treatment for 24-48 h. (G) MTT assay showing reduced
viability of LNCaP compared with DU145 cells following Aza treatment with increasing concentrations
(0-8 uM) for 24 h. (H) MTT assay showing reduced viability of LNCaP compared with DU145 cells
following 4 UM Aza treatment for the indicated time points (0-3 days). (I) Colony formation assay
showing decreased clonogenic potential of Aza-treated LNCaP cells. (J) DCFDA assay showing
increased intracellular ROS in Aza-treated LNCaP cells. (K) Heatmap showing expression profiles of
DNMT family members (DNMT1, DNMT3A, and DNMT3B) along with DUOX1 in DepMap RNA-Seq data
from prostate cell lines (n = 12). Box plots (right) showing Pearson correlation between DNMT
expression and DUOX1 levels in prostate adenocarcinoma cell lines (n = 6). (L) Heatmap and box plot
showing expression of DNMTs in TCGA-PRAD RNA-Seq dataset. (M) WB analysis showing expression
profile of DNMT members in LNCaP and DU145 cells. (N) gPCR showing mRNA expression profile of
DNMT members in LNCaP and DU145 cells. (0O) WB analysis showing expression of DNMTs in LNCaP
cells with or without 4 uM Aza treatment for 48 h. (P) WB analysis showing the effect of DNMT3A
knockdown (KD) in LNCaP cells stably expressing either control (Sh-Con) or DNMT3A specific (Sh-3A)
Sh-RNAs. (Q) WB analysis showing the effect on LNCaP cells after 48 h treatment of vehicle control or
3 uM DNMT3A inhibitor DY-46-2. (R) MTT assay showing reduced viability of LNCaP cells following 3
MM DY-46-2 treatment for 48 h. (S) Pictorial representation of 15 CpG probes utilized in 450K and 850K
methyl arrays within DUOX1 promoter region (red, probes for both 450K and 850K arrays; blue, probes
specific for 850K array). (T) ChIP-Seq profile (6SE66039) showing enrichment of 5-methylcytosine
(5mC) at the DUOX1 promoter region in LNCaP cells. The lower panel illustrates the DUOX1 gene
structure, along with the positions of ChIP-qPCR primer sites (Site 1 and Site 2). (U) Bisulfite
sequencing profiles (GSE86832 and GSE42790) showing the distribution of hypermethylated (red) and
hypomethylated (green) regions across the DUOX1 gene locus in LNCaP and DU145 cells. (V-X) ChlIP-
gPCR analysis showing enrichment profiles of (V) DNMT1, (W) DNMT3A, and (X) DNMT3B at the
DUOX1 promoter in LNCaP cells. Data were presented as the mean + SD, n 2 3 biological replicates.
Significant differences were shown (*p < 0.05; ** p < 0.01; *** p < 0.001; ns, not significant).
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Figure 3. Androgen receptor (AR) signalling negatively regulates DUOX1 expression in PCa. (A)
Heatmap showing RNA-Seq expression profiles of AR and DUOX1 in primary PCa samples from the
TCGA-PRAD dataset (top 150 samples with high AR expression). The corresponding box plot (right)
showing the inverse correlation between AR and DUOX1 expression. (B) Heatmap showing DUOX1
expression in DepMap prostate cell lines (n = 12), stratified based on AR expression levels. (C) WB
analysis of WCL from LNCaP cells expressing the indicated sgRNAs. (D) WB analysis of WCL from DU145
cells transiently transfected with GFP or GFP-AR expression plasmids. (E) gPCR analysis showing
relative expression of AR and DUOX1 transcripts in DU145 cells transiently transfected with GFP or
GFP-AR expression plasmids. (F) Heatmaps showing relative mRNA expression of AR and DUOX1 in
RNA-Seq datasets from control and AR knockdown conditions in LNCaP and VCaP cells (top;
GSE223024) and 22Rv1 cells (bottom; GSE80741). (G) Heatmaps showing relative mRNA expression of
KLK2 and DUOX1 in RNA-Seq datasets of VCaP cells following androgen stimulation with R1881 (top;
GSE71797) or androgen deprivation with enzalutamide (Enza) (bottom; GSE95413). (H) WB analysis of
WCL from LNCaP cells following androgen deprivation with Enza or bicalutamide (Bica). (I) qPCR
analysis showing relative DUOX1 expression in LNCaP cells following treatment with Enza or Bica, as
in (H). (J) DCFDA assay showing increased intracellular ROS levels in LNCaP cells following treatment
with Enza or Bica. (K) Immunostaining of AR (green) and DUOX1 (red) in LNCaP cells following
treatment with Enza or Bica. Nuclei were counterstained with DAPI. Scale bars, 5 um. Dot plots of the
same data (right) showing quantification of AR and DUOX1 corrected total cell fluorescence (CTCF).
Data were presented as the mean * SD, n > 3 biological replicates. Significant differences were shown
(*p <0.05; ** p<0.01; *** p <0.001).

53| Page



1447

1448
1449

1450
1451
1452
1453
1454
1455
1456
1457
1458
1459
1460
1461
1462
1463
1464
1465

Figure 4
A chip-seq (6sE83860) — D  cupgpcrp:ar)
g7 J AR|| 0-20TNE Site 300TSetn
€ ol o o Lo e e w. . |O|S
7 = 0.157 2.254
- AR|Z|S ¢ i
& Q o ] T |
odoo = - _|@'  Eoa 1.50
=3 A - N
DUOXT et 0.051 ns | 0.751
B AGGAACAATCTGTGC (ARE, p<0.05) [_T
o
[] [ o 0.00 0.004 g
i " 5 =
NB site ARE Set:1 Set:2 3.00 Set-2 0.04 KLK2 =
C  ArBindingmott—— [ ARBinding Region (set 1+2) =
—— ]
A2 A SV40p Luciferase ¥
8 a
£ 4] 200 2
@ - CA IV o 4 =
123456789101112131415 £ 150 ;
leotide position 2
.5 ns
E i G B9 e °
0 2 S FEF G
e 3, 50 EtOH  DHT EtOH  DHT
| 0 H AR Binding Region (Set 1+2)
o
& AGGAACAATCTGTGC Luciferase
Mut .
G AGAAGTAATCTATGC Luciferase
ChIP-Seq (GSE47987) Non-bindinﬂ Reﬁion ‘NB site!
g 20 1 ARWT]|w0 Luciferase
o H
& ol e ov g dens b — o oot é I Luciferase Assay.
320 AR-Q640X]|3 T”’ WT ‘Mut NB site
é 0 l [y ‘. A a 3..125- H ns
e 3
=20 1 AR-C5625|| S § 1007 )
© @ <« s
08 gl i et e A b i e o ki e N i ik i it el | 8 @ TR >
> > =}
g 20 AR-G568W|| 5 N
é Dl oo s S s o it i el b B S i AL AR AL, R T S < e 257
e e e e e I o
DUOX1 — | P |
J AR Luciferase Assay Flag-AR Flag-AR Flag-AR
1 550 624 706 919 KT 120 Filflg — -.” - P”
N NTD H LBD C 1
> I le
AR-WT bab Flag 3 GAPDH|~ == =] =
N € 3 DU145
< AR
AR-ADBD Flag & o o 0
' 3 o & & AR-WT
« N- i i © Flag 2
NTD: N-terminal domain & AR mAR‘ﬂDBD

DBD: DNA binding Domain
H: Hinge region (with NLS)

0
LBD: Ligand binding domain o ]
; ig inding i \\0‘} "6‘90

AR

Figure 4. AR directly binds to an intragenic regulatory region to repress DUOX1 transcription. (A) AR
ChIP-Seq tracks (GSE83860) in LNCaP cells showing AR occupancy at an intragenic enhancer region
within the DUOX1 locus following androgen stimulation with dihydrotestosterone (DHT). (B, C)
Schematic representations of (B) the DUOX1 gene locus highlighting the predicted androgen response
element (ARE), and (C) the AR-binding motif obtained from the JASPAR database. (D) ChIP-qPCR
analysis confirming androgen-induced AR binding to the DUOX1 enhancer region using two primer
sets (1 and 2), but not to the non-binding (NB) site. Primers targeting AR binding at the KLK2 gene
locus were used as a positive control. (E) Model illustrating androgen-dependent AR enrichment at
the DUOX1 gene locus and its potential role in regulating DUOX1 transcription. (F) Schematic
representation (top) of the DUOX1 luciferase reporter construct containing the AR enhancer region
with the predicted ARE. Bar plots (bottom) showing luciferase reporter activity in LNCaP cells following
DHT stimulation or treatment with Enza or Bica. (G) ChIP-Seq profiles (GSE47987) showing AR
enrichment at the DUOX1 gene locus in DU145 cells overexpressing wild-type (WT) AR, the
constitutively active ligand-binding mutant (Q640X), or DNA-binding mutants (C562S and G568W). (H)
Schematic representation of luciferase reporter constructs containing the DUOX1 wild-type (WT, red),
mutated (Mut, grey) ARE sites (altered residues shown in black), and an AR non-binding region (NB,
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blue). (1) Bar plots showing luciferase reporter activity in DU145 cells transiently transfected with
increasing concentrations of flag-tagged AR expression construct, in the presence of WT or Mut AREs
and the NB region, as shown in (H). (J) Schematic representation of key structural domains of AR and
the cloning strategy for wild-type (AR-WT) and a DNA-binding domain (DBD)-deleted mutant (AR-
ADBD) in a flag-tagged expression vector. (K) Bar plots showing luciferase reporter activity in DU145
cells transiently transfected with AR-WT or AR-ADBD expression constructs, as shown in (J), in the
presence of WT ARE. Data were presented as the mean * SD, n 2 3 biological replicates. Significant
differences were shown (** p < 0.01; *** p < 0.001; ns, not significant).
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Figure 5. H3K27ac-BRD4 complex establishes a repressive chromatin circuit to suppress DUOX1
transcription. (A) ATAC-Seq (GSE205885) showing chromatin accessibility, along with ChIP-Seq tracks
depicting enrichment of RNA polymerase Il (RNA Pol Il; GSE43253), H3K27ac (GSE114737), and BRD4
(GSE94013) signals at the intragenic enhancer region of the DUOX1 locus. (B, C) ChIP-gPCR analysis
showing androgen-induced enrichment of (B) H3K27ac and (C) BRD4 at the AR-bound DUOX1
enhancer region in LNCaP cells. (D) WB analysis showing restoration of DUOX1 expression in LNCaP
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cells following treatment with the BET inhibitor JQ1. (E) gPCR analysis showing relative expression of
the indicated transcripts in LNCaP cells following JQ1 treatment, as in (D). (F) MTT assay demonstrating
a significant reduction in viability of LNCaP cells upon JQ1 treatment. (G) Heatmap showing RNA-Seq
analysis (GSE139230) following BRD4 knockdown, indicating increased DUOX1 expression
accompanied by suppression of AR and MYC transcripts. (H) WB analysis of BRD4 knockout in LNCaP
cells using two independent sgRNAs, showing increased DUOX1 expression upon efficient BRD4
depletion. (1) Reanalysis of H3K27ac ChIP-Seq datasets from normal prostate (GSE130408), primary
PCa (GSE120742), and CRPC (GSE188173) samples, demonstrating redistribution of H3K27ac
enrichment from the DUOX1 promoter to the AR-bound enhancer region during disease progression.
(J) WB analysis showing DUOX1 expression in LNCaP cells following treatment with azacytidine (Aza),
enzalutamide (Enza), or their combination. (K) MTT assay showing a reduction in the viability of LNCaP
cells following treatment with the indicated drugs, administered either individually or in combination.
(L) Working model illustrating DNMT3A/3B-mediated promoter hypermethylation and the H3K27ac-
BRD4-AR-dependent repressive loop at the DUOX1 enhancer, along with reversal of this repression
upon pharmacological inhibition. Data were presented as the mean % SD, n > 3 biological replicates.
Significant differences were shown (*p < 0.05; *** p < 0.001; ns, not significant).
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Figure 6. Ectopic

DUOX1 expression in LNCaP cells suppresses proliferation and metastasis while

promoting apoptotic cell death through extracellular ROS production. (A) Schematic representation
of the generation of a doxycycline (DOX)-inducible DUOX1 stable expression system in LNCaP cells
(LNCaP-DUOX1). (B) WB analysis validating DUOX1 protein expression in DOX-treated LNCaP-DUOX1
cells. (C) qPCR analysis confirming inducible DUOX1 expression upon DOX treatment in LNCaP-DUOX1

cells. (D) Cell prol
LNCaP-DUOX1 ce

iferation assay using the Trypan Blue exclusion method showing reduced growth of
lIs upon DOX induction over time (0-3 days). (E) MTT assay showing decreased cell

viability of LNCaP-DUOX1 cells following DUOX1 induction over time (0-3 days). (F) Colony formation
assay (CFA) demonstrating reduced clonogenic potential in DUOX1-expressing LNCaP cells upon DOX
induction, with quantification of Crystal Violet staining at 550 nm (right panel). (G) Flow cytometric

analysis of cell cy

cle distribution indicating increased sub-G1 population upon DUOX1 expression in
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LNCaP cells. (H) Immunofluorescence staining with propidium iodide (PI, red) and FITC-labeled
Annexin V (green) demonstrating increased apoptosis in DUOX1-induced LNCaP cells. Nuclei were
counterstained with Hoechst 33342 (blue). Scale bars, 5 um. (I) WB analysis showing cleavage of
apoptotic markers - Caspase-3, Caspase-7 and PARP upon DUOX1 induction in LNCaP cells. (J) gPCR
analysis showing increased expression of TP53 and CDKN1A transcripts in DUOX1-expressing LNCaP
cells. (K) Wound healing assay demonstrating reduced migratory capacity of DUOX1-expressing LNCaP
cells upon DOX induction, with quantification (right panel). (L) Transwell invasion assay showing
decreased invasive potential in DUOX1-expressing LNCaP cells, with quantification of Crystal Violet
staining at 550 nm (right panel). (M) WB analysis showing differential expression of EMT markers upon
DUOX1 induction in LNCaP cells. (N) DCFDA assay demonstrating increased intracellular ROS levels
following DUOX1 expression in LNCaP cells. (O) Amplex Red assay showing elevated extracellular H,0,
production upon DUOX1 induction in LNCaP cells. (P) Schematic model illustrating DUOX1-mediated
ROS generation, downstream apoptotic signaling, and potential regulation of AR activity. (Q) WB
analysis showing differential expression of the indicated proteins in DUOX1-expressing LNCaP cells in
the presence or absence of N-acetylcysteine (NAC). (R-T) Cell viability assays showing NAC-mediated
rescue of cell death in DUOX1-expressing LNCaP cells using (R) Hoechst 33342 staining, (S)
sulforhodamine B (SRB) assay, and (T) Pl staining. (U) CFA demonstrating restoration of clonogenic
potential in DUOX1-expressing LNCaP cells following NAC treatment, with quantification of Crystal
Violet staining at 550 nm (right panel). Data were presented as the mean + SD, n > 3 biological
replicates. Significant differences were shown (*p < 0.05; ** p <0.01; *** p <0.001; ns, not significant).
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1644

1645 Figure 7. RNA-Seq analysis reveals DUOX1 overexpression profoundly deregulates glucuronidation
1646  pathway in androgen sensitive LNCaP cells. (A) Volcano plot depicting differentially expressed genes
1647  (DEGs) from bulk RNA-seq analysis of LNCaP-DUOX1 cells with or without DOX treatment (n=2),
1648  highlighting significantly upregulated (red) and downregulated (blue) transcripts. (B) Heatmap

60| Page



1649
1650
1651
1652
1653
1654
1655
1656
1657
1658
1659
1660
1661
1662
1663
1664
1665
1666
1667
1668
1669
1670
1671
1672
1673
1674
1675
1676
1677
1678
1679
1680
1681
1682
1683
1684
1685
1686
1687
1688
1689
1690
1691
1692
1693
1694
1695
1696
1697

showing hierarchical clustering of top 250 DEGs (p < 0.001, |log,FC| = 1) between control and DUOX1-
overexpressing LNCaP cells. (C) Gene Ontology (GO) and pathway enrichment analyses of top 10%
DEGs, showing the top five significantly enriched pathways (p < 0.05); upregulated (red) and
downregulated (blue). (D) Heatmap showing differential expression of five UDP-
glucuronosyltransferase (UGT2B) family genes in control and DUOX1-overexpressing cells. (E)
Heatmap showing differential expression of five UGT2B gene transcripts in normal and tumor samples
from the TCGA-PRAD RNA-Seq dataset. (F) Bar plots showing expression of UGT2B11 and UGT2B28 in
normal and tumor samples from the TCGA-PRAD RNA-Seq dataset. (G) Pearson correlation analysis
demonstrating an inverse relationship between DUOX1 and UGT2B11 or UGT2B28 expression in the
TCGA-PRAD RNA-Seq dataset. (H) qPCR analysis demonstrating reduced UGT2B11 and UGT2B28
transcript levels following DUOX1 expression in LNCaP cells. (I) AR ChIP-seq tracks (GSE117430) in
LNCaP cells showing AR occupancy at the promoter regions of UGT2B11 (top) and UGT2B28 (bottom)
following androgen stimulation with DHT. (J, K) Heatmaps showing relative mRNA expression of five
UGT2B family members in RNA-seq datasets of LNCaP cells following (J) androgen stimulation with
R1881 (GSE71797) or (K) androgen deprivation with enzalutamide (Enza; GSE250422). (L) ChIP-gPCR
analysis demonstrating androgen-induced AR recruitment to the UGT2B28 promoter exclusively in the
absence of DUOX1 expression. (M) Competitive ELISA for DHT showing increased extracellular DHT
upon DUOX1 expression in LNCaP cells cultured in normal medium, whereas no detectable DHT was
observed under charcoal-stripped serum (CSS) conditions. (N) Schematic model illustrating DUOX1-
mediated disruption of glucuronidation pathways and its potential impact on androgen metabolism
and AR signaling in PCa cells. Data were presented as the mean + SD, n 2 3 biological replicates.
Significant differences were shown (*p < 0.05; ** p < 0.01; *** p < 0.001; ns, not significant).
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