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Antiandrogen-Induced Ferroptosis
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ABSTRACT
◥

Androgen receptor (AR) inhibition by androgen deprivation
and/or antiandrogen administration is the mainstay therapy for
advanced prostate cancer. However, most prostate cancers ulti-
mately become resistant to these therapies, indicating the impor-
tance of identifying mechanisms driving resistance to improve
patient outcomes. Here we demonstrated that acute treatment with
the antiandrogen enzalutamide (ENZ) decreased glutathione (GSH)
production, increased lipid peroxidation, and induced ferroptosis in
prostate cancer cells. Consistently, meta-analysis of transcriptomic
data linked the androgen-AR axis to metabolism-related biological
processes, including lipid metabolism. The cystine transporter gene
SLC7A11 was a key AR target, and full-length AR (AR-FL) trans-
activated SLC7A11 transcription by directly occupying the
SLC7A11 promoter and putative enhancer regions. AR variants

(AR-V) preferentially bound the SLC7A11 enhancer and upregu-
lated SLC7A11 expression, thereby conferring resistance to ferrop-
tosis induced by ENZ treatment. However, this effect was abolished
following downregulation of AR-Vs using the dual CBP/p300 and
BET inhibitor NEO2734. These findings reveal ferroptosis induc-
tion as an anticancer mechanism of antiandrogens and SLC7A11 as
a direct target gene of AR-FL andAR-Vs. AR-V-mediated SLC7A11
expression represents a mechanism coupling ferroptosis resistance
to prostate cancer progression.

Significance: Upregulation of SLC7A11 can be induced by
androgen receptor variants to inhibit antiandrogen-induced pros-
tate cancer cell ferroptosis and to drive castration resistance in
prostate cancer.

Introduction
Ferroptosis is a unique form of cell death that is biochemically and

morphologically distinct from other types of cell death such as
apoptosis, necrosis, autophagy, and pyroptosis (1–3). Ferroptosis is
known to be caused by lipid peroxidation and intracellular iron-
mediated membrane oxidative damage induced by cystine
depletion (4–6). Solute carrier family 7 member 11 (SLC7A11) is a
subunit of the cystine/glutamate antiporter system Xc� and is the
major transporter of extracellular cystine (7–9). Cystine depletion
or treatment of chemicals such as erastin, which blocks SLC7A11-

mediated cystine uptake, triggers ferroptosis (3). Intercellular cystine is
rapidly converted to cysteine, which subsequently serves as the rate-
limiting precursor for glutathione synthesis. Glutathione peroxidase 4
(GPX4) utilizes reduced glutathione (GSH) to decrease lipid peroxides
to lipid alcohols to protect cells against membrane lipid peroxidation
and inhibit ferroptosis (10, 11). It is well established that cell death
plays important roles in tumor suppression (12, 13). Ferroptosis can be
regulated at epigenetic, transcriptional, posttranscriptional, and post-
translational levels. Activation of ferroptosis results in inhibition of
certain cancer types including prostate cancer (14). The roles and
regulatory mechanisms of ferroptosis in prostate cancer progression
remain poorly understood.

Prostate cancer is the leading cause of cancer-related mortality in
men in Western countries. Androgen receptor (AR) is the critical
transcription factor that is required for normal prostate
development (15–17). AR also plays a pivotal role in prostate cancer
development and progression. Androgen signaling pathway inhibition
is only effective in AR-positive prostate cancer, and hormone na€�ve
patients with prostate cancer have benefitted largely from androgen
deprivation therapies (ADT; refs. 18, 19). However, most prostate
cancer cases eventually progress into castration-resistant prostate
cancer (CRPC). The underlying mechanisms remain elusive, and it
is unclear whether castration resistance is related to deregulation of
ferroptosis in prostate cancer.

AR variants (AR-V) have been implicated in the development of
CRPC (20, 21). AR-Vs can be derived through mechanisms such as
intronic polyadenylation-coupled alternative splicing of the AR
gene (22, 23). AR-Vs encode various truncated AR proteins partially
or completely lacking a functional ligand-binding domain in the C
terminus (20). Increasing evidence indicates that AR-Vs are con-
stitutively active in the absence of androgens or in the present of
antiandrogens, thus promoting prostate cancer progression by
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Figure 1.

AR antagonists promote ferroptosis in prostate cancer cells.A–I, LNCaP and C4–2 cells treatedwith vehicle (mock) or ENZ, vehicle (mock) or ARV110, or transfected
with nonspecific shRNA (shNS) or AR-specific shRNAs (shAR#1 and #2). At 48 hours after treatment, cells were subjected to measurement of lipid peroxidation by
C11-BODIPY staining and flow cytometry (A–C), and measurement of intracellular levels of GSH (D–F) and LDH (G–I). Experiments were repeated three times
independently and similar results were obtained. J–L, Cell viability in LNCaP and C4–2 cells cultured in regular or cystine-low (2 mmol/L) medium in the presence or
absence of Ferr-1 and treated with vehicle or ENZ (J), ARV110 (K), or infected with lentivirus expressing nonspecific shRNA (shNS) or AR-specific shRNAs (L) for
72 hours.
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conferring antiandrogen resistance (21, 24, 25). Previous studies
have shown that androgen deprivation or treatment of antiandro-
gen such as enzalutamide (ENZ) induces AR-V expression in
prostate cancer cells in vitro and in vivo (22, 24).

In this study, we identified the SLC7A11 gene as a bona fide
transactivation target of AR in prostate cancer cells. Inhibition of
the AR by ENZ impaired GSH production and sensitized prostate
cancer cells to ferroptosis by repressing SLC7A11 expression.
However, sustained expression of AR-Vs in ENZ-treated cells
drove SLC7A11 expression and thereby promoted castration-
resistance due to ferroptosis inhibition. Cotreatment of CBP/
p300 and BET dual inhibitor NEO2734 inhibited AR-V expression
and overcame resistance to ferroptosis and ENZ in prostate cancer
cells.

Materials and Methods
Cell lines, cell culture, plasmids, and chemicals

LNCaP, 22Rv1, and HEK293T cell lines were purchased from the
ATCC. C4–2 cell line was purchased from Uro Corporation. LNCaP,
C4–2, and 22Rv1 cells were cultured in RPMI1640 cell culturemedium
(Corning) containing 10%FBS, together with 100mg/mL streptomycin
and 100 U/mL penicillin. HEK293T cells were cultured in DMEM
cell culture medium (Corning) containing 10% FBS, together with
100 mg/mL streptomycin and 100 U/mL penicillin. Cells were cultured
in incubator with 37�C and 5% CO2. All cell lines were authenticated
by short tandem repeat profiling and tested as Mycoplasma free.
FLAG-AR expression vector was generated as described previous-
ly (26). To generate HA-SLC7A11 expression vector, SLC7A11
cDNA was amplified by PCR using indicated primers (SLC7A11-F:
50-CGGTCGACCATGGTCAGAAAGCCTGTTGTGTCCA CC-30,
SLC7A11-R: 50-CAGCGGCCGCTTATAACTTATCTTCTTCTGG-
TACAACTTCC AGTAT-30) and subcloned into the pCMV-HA
vector. Ferroptosis inhibitor Ferr-1 and deferoxamine (DFO) were
obtained fromCaymanChemical. ENZ andBavdegalutamideARV110
were obtained from TargetMOL. dihydrotestosterone (DHT) was
purchased from Selleckchem. Z-VAD-FMK was obtained from
MedChemExpress. NEO2734 was kindly provided by Epigenetix
Inc. The activity of NEO2734 in inhibition of BET as well as CBP/p300
bromodomains was initially confirmed with the BROMOscan plat-
form (DiscoverX/Eurofins; ref. 27).

Prostate cancer patient samples
Prostate cancer specimens used for IHC were obtained from

the tissue registry of Mayo Clinic. The studies were approved by
the Institute Review Board of Mayo Clinic. All specimens were

de-identified from patient information. All participants provided
written informed consent. This study was conducted in accordance
with the guidelines and tenets of the Declaration of Helsinki.

Transfection and stable cell-line generation
Lipofectamine 2000 transfection reagent (Thermo Fisher Scientific)

was used to transfect prostate cancer cells with siRNAs. Lentivirus
transduction system was utilized to generate stable cell lines with
specific gene knockdown. PEI was used to transfect shRNA plasmids
together with lentivirus package plasmids (PSPAX2 and PMD2.G)
into HEK293T cells. Forty-eight hours after transfection, supernatant
containing viruses was collected, filtered, and utilized to infect indi-
cated cells. Polybrene (8 mg/mL) was added to the viral supernatant to
increase the infection efficiency. Forty-eight hours after infection,
culture medium was replaced with fresh medium, and puromycin
(1 mg/mL) was administrated for cell selection. Sequence information
of siRNAs and shRNAs is provided in Supplementary Table S1.

Lipid peroxidation assay
Cells were incubated in a 60mmdish containing 5mmol/L BODIPY

581/591 C11 dye (Cayman, 27086) for 25 minutes. Cells were washed
with PBS, trypsinized and subjected to flow cytometry analysis using
flow cytometer as described previously (28).

Western blotting and IHC
Detailed information regarding antibodies used forWestern blotting

and IHC is provided in Supplementary Table S2. For Western blotting
analysis, cells were lysed inmodified RIPA buffer (50mmol/L Tris-HCl
pH 7.4, 1% Nonidet P-40, 0.25% sodium deoxycholate, 150 mmol/L
NaCl, 0.1% SDS, and 1mmol/LEDTA) supplementedwith 1%protease
inhibitor cocktail. Protein concentration was determined using DC
protein assay reagent (Bio-Rad). Cell extracts were supplemented with
10% DTT (Thermo Fisher Scientific) and boiled at 95�C for 3 minutes.
Samples were subjected to SDS-PAGE (Bio-Rad) separation, and the
gels were further transferred to nitrocellulose (NC) membranes
(Thermo Fisher Scientific). After transferring, the NCmembranes were
blocked in 5% nonfat milk (Bio-Rad) for 1 hour at room temperature
and incubated with the indicated primary antibodies at 4�C overnight.
Next day, the NC membranes were washed with 1� TBST for 10
minutes three times and incubated with matched secondary antibody
for 1 hour at room temperature. The membranes were washed with 1�
TBST for 10 minutes three times. Finally, the signals were developed
with SuperSignal West Pico Luminal Enhancer Solution (Thermo
Fisher Scientific) on autoradiography films (HyBlot CL).

For IHC staining, prostate cancer patient specimens and xenograft
tumor sampleswere fixed by formalin and embedded in paraffin. Four-

Figure 2.
Genome-wide analyses link AR to metabolism-related biological processes. A, Heatmap showing expression of genes downregulated (left) and upregulated (right)
by DHT treatment relative to mock in LNCaP cells cultured in medium containing charcoal-stripped serum (CSS). B, GO enrichment analysis of the 415 upregulated
genes [log2 (fold change)> 1] using the tools from theGSEAwebsite (https://www.gsea-msigdb.org/gsea/msigdb/human/annotate.jsp). Top 10 annotation clusters
are shown according to their enrichment scores [�log10 (P value)].C,Diagram showing the role of SLC7A11 in the context of ferroptosis regulation.D,UCSCGenome
Browser screenshot of RNA-seq data showing SLC7A11 expression levels in LNCaP (GSM2432771 vs. GSM2432769) and C4–2 cells (GSM2432783 vs. GSM2432781)
cultured inCSSmediumand treatedwith orwithoutDHT (10nmol/L) for 24 hours.E andF,qRT-PCR (E) andWestern blot (F) analysis of SLC7A11 expression in LNCaP
and C4–2 cells treated as in D. G–I, UCSC screenshot of RNA-seq data (G) showing SLC7A11 expression levels in LNCaP cells (GSM6132392 vs. GSM6132398) treated
with or without ENZ (10 mmol/L) for 72 hours and qRT-PCR (H) andWB (I) analysis of SLC7A11 expression in LNCaP and C4–2 cells with the same treatments as inG.
J and K, Western blot (J) and qRT-PCR (K) analysis of SLC7A11 protein (J) and mRNA expression (K) in LNCaP and C4–2 cells infected with lentivirus expressing
nonspecific shRNA (shNS) or AR-specific shRNAs for 72 hours. L and M, qRT-PCR (L) and Western blot (M) analysis of LuCaP35 xenograft tumors from male mice
(n¼ 5mice/group) treatedwith shamcastration or castration for 1week.N,Thedot plots showing the comparisonof expression levels ofAR (left) andSLC7A11 (right)
between primary tissues and correspondingmetastatic prostate cancer patient samples (GSE32269).O, The scatter plots showing the positive correlation between
AR and SLC7A11mRNA expression in GSE32269 dataset. P andQ, Representative images (P) and quantitative data (Q) for SLC7A11 protein IHC staining in a group of
primary tissues (n ¼ 20) and metastatic CRPC samples (n ¼ 20).
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micrometer-thick sections were cut from the samples and mounted
onto slides. Antigen retrieval and immuno-staining were performed as
described previously (29). IHC staining was scored based on the “most
common” criteria. Staining score ¼ staining intensity � staining
positivity. Staining intensity was graded into four categories: 0, 1, 2,
and 3. Specifically, 0¼no staining, 1¼weak staining (staining obvious
only at�400), 2¼medium staining (staining obvious at�100 but not
�40), and 3¼ strong staining (staining obvious at �40). For staining
positivity, 0 ¼ no positive cells, 1 ¼ 10% or less of positive cells, 2 ¼
11% to 50% positive cells, 3 ¼ 51% to 70% positive cells, 4 ¼ 71% or
more positive cells.

Biochemical experiments
To assess intracellular GSH concentration, GSH assay (Cayman

Chemical) was performed according to manufacturer’s specifications.
In brief, cell lysate supernatant from indicated treatments were reacted
with monochlorobimane to generate a highly fluorescent product that
can bemeasured using excitation and emissionwavelengths of 380 and
480 nm, respectively.

To assess cytotoxicity, LDH assay (Eton Bioscience) was performed
according to the manufacturer’s introductions. In brief, LNCaP and
C4–2 cells were cultured in 6-well adherent plates treated with ENZ or
AR PROTAC ARV110 (1 mmol/L) for 48 hours. Lactic acid from
indicated culture media was oxidized by enzyme reactions to yield
color product, which can bemeasured at 570nm for colorimetric assay.

Transmission electron microscopy
Indicated prostate cancer cells were fixed with 2.5% glutaraldehyde

in phosphoric acid buffer for 2 hours, followed by after fixation in 1%

osmium acid for 2 hours. Cell sections were dehydrated in ethanol and
embedded in acetone. The sections (50–60 nm) were stained with 3%
uranium acetate and lead citrate. TEM images were captured using the
transmission electron microscope (JEM-1011).

Quantitative reverse transcription and PCR
Total RNAwas extracted from cells using TRIzol reagent (Ambion)

and reversely transcribed into cDNA using the GoScript Kit (Pro-
mega). The SYBRGreenMix (Bio-Rad) and CFX96 Real-Time System
(Bio-Rad) were utilized to conduct the real-time PCR according to
manufacturer’s instruction. Expression of ACTB housekeeping gene
was used as an internal control, and data were present as mean � SD.
Sequence information for primers used for qRT-PCR is provided in
Supplementary Table S3.

Quantitative chromatin immunoprecipitation PCR
Chromatin immunoprecipitation (ChIP) experiments were per-

formed as described previously (22). In brief, chromatin was cross-
linked for 10 minutes at room temperature with 11% formaldehyde/
PBS solution added to cell culture medium. Cross-linked chromatin
was sonicated, diluted, and immunoprecipitated with Protein G-
plus Agarose beads (Bio-Rad) prebound with antibody at 4�C
overnight. Precipitated protein–DNA complexes were eluted, and
cross-linking was reversed at 65�C for 16 hours. DNA fragments
were purified and analyzed by qPCR. qChIP-PCR data were ana-
lyzed as % input after normalizing each ChIP DNA fraction’s Ct
value to the input DNA fraction’s Ct value. Sequence information
for primers used for qChIP-PCR is provided in Supplementary
Table S3.

Figure 3.

AR promotes SLC7A11 expression at transcriptional level. A,Meta-analysis of ChIP data of transcription factors that potentially bind to the SLC7A11 gene locus using
the online-based platformCistrome software (http://dbtoolkit.cistrome.org).B andC,UCSC screenshot of ARChIP-Seq showingARoccupancy at the SLC7A11 loci in
LNCaP and C4–2 cells cultured in CSS medium and treated with or without DHT (B), and qChIP-PCR analysis of AR binding at the SLC7A11 promoter and enhancer
regions in LNCaP andC4–2 (C) cellswith the same treatment as inB.D and E,ARChIP-Seq occupancy profiles at the SLC7A11 loci in C4–2 cells treatedwith orwithout
ENZ (D). qChIP-PCR confirming AR binding at the SLC7A11 promoter and enhancer region was abolished in C4–2 cells (E) with the same treatment as in D.
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Bioinformatic analysis
The raw reads of RNA-seq were aligned to the human genome

reference (hg19) using STAR 2.7.10. The bam2wig.py in RSeQC was
used to transform the bamfiles towiggle format, whichwas transferred
to bigwig format to be visualized in the UCSC Genome Browser.

MTS cell proliferation assay
Cell proliferation was measured using MTS assay (Promega)

according to manufacturer’s instruction. Briefly, cells were seeded in

a 96-well plate with a density of 1,500 cells per well. At the indicated
time points, 10 mL CellTiter 96R Aqueous One Solution reagent
(Promega) was added to cells. After incubating at 37�C incubator for
2 hours, cell growth was measured in a microplate reader with
absorbance at 490 nm.

Colony formation assay
Cells were resuspended in fresh culturemedium, seeded in triplicate

with a density of 2,000 cells/well for 22Rv1, 1,500 cells/well for LNCaP

Figure 4.

Role of SLC7A11 in AR-mediated prostate cancer cell growth. A–D, LNCaP and C4–2 cells transfected with shNS or shSLC7A11 and stable cell lines were used for
Western blot analysis (A), MTS assays (B), and colony formation assays, followed by photographing (C) and quantification (D). Three biological replicates were
analyzed. ERK2was used as a loading control. E–H, LNCaP cells were infectedwith lentivirus expressing the indicated shRNAs or expression vectors for 72 hours and
subjected to Western blot analysis (E), MTS assays (F), and colony formation assays, followed by photographing (G) and quantification (H). Three biological
replicateswere analyzed. I–L, LNCaP cells infectedwith lentivirus expressing the indicated plasmidswere treatedwith or without ENZ and subjected toWestern blot
analysis (I), MTS assays (J), and colony formation assays, followed by photographing (K) and quantification (L). Three biological replicates were analyzed.
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and C4–2 in six-well plates, and cultured under normal growth
conditions for 10 to 14 days. Colonies were washed three times in
PBS, and fixed with 4% paraformaldehyde for 0.5 hours. The colonies
were further stained by 0.5% crystal violet for 1 hour and washed with
water twice to remove the crystal violet. The number of colonies in each
well was counted using an inverted microscope.

Generation of xenografts and PDX tumors and drug treatment
The animal studies were approved by the Institutional Animal Care

and Use Committee at the Mayo Clinic. C4–2 xenograft experiments
were performed as described previously (26). Briefly, C4–2 cells
(3 � 106) were mixed with Matrigel [in 50 mL of 1 � PBS plus 50 mL
of Matrigel (BD Biosciences)] and injected subcutaneously into
the right flank of 6-week-old male mice. After xenografts reached a
size of�200mm3, animals were randomly divided into two groups for
treatment with vehicle or ENZ (10 mg/kg daily). 22Rv1 cells (3� 106)
were mixed with Matrigel [in 50 mL of 1� PBS plus 50 mL of Matrigel
(BD Biosciences)] and injected subcutaneously into the right flank of
6-week-old male mice. After xenografts reached a size of �100 mm3

and animalswere randomly divided into different groups for treatment
daily with vehicle, ENZ (10 mg/kg), ARV110 (5 mg/kg), NEO2734
(10 mg/kg), or combination of ENZ and NEO2734. Treatments were
administrated 5 days per week by intraperitoneal injection and tumor
volumes were measured using a digital caliper. LuCaP35 PDX was
provided by E. Corey from the University of Washington. For the
LuCaP35 PDX study, PDX tumors were divided into small pieces

(�1 mm3) and injected subcutaneously into 6-week-old male mice.
After xenografts reached a size of�200 mm3, animals were randomly
divided into two groups. One group was treated with sham castration
and the other groupwas castrated surgically. After 1week, tumorswere
harvested and proceeded for Western blot and qRT-PCR.

Statistical analysis
All data are presented as the mean � SE from three or more

independent experiments. Differences between two groups were ana-
lyzed using unpaired Student t test. Survival curves were obtained
using the Kaplan–Meier method, and the log-rank test was used to test
the difference in survival curves. P values <0.05 were considered
statistically significant.

Data availability
The next-generation sequencing data from The Cancer Genome

Atlas (TCGA), Stand Up To Cancer (SU2C), and Neuroendocrine
Prostate Cancer (NEPC) cohort were obtained and analyzed via
cBioPortal (https://www.cbioportal.org/). The microarray data from
the primary and mCRPC cohort were obtained from the Gene
Expression Omnibus database with the accession number GSE32269.
All data supporting the findings of this study are available within the
article and the Supplementary Information files. The relevant reagents
such as plasmids are available from the corresponding authors upon
request. All other raw data are available upon request from the
corresponding authors.

Figure 5.

SLC7A11 attenuates ferroptosis induced by AR antagonist. A–C, C4–2 cells infected with lentivirus expressing the indicated shRNAs and/or expression vectors and
cultured in regular or cystine-lowmedium (2mmol/L) for 48hours and subjected toMTSassays (A),measurement of intracellularGSH levels (B), anddetection of lipid
peroxidation by flow cytometry after C11-BODIPY staining (C). Three biological replicates were analyzed. D, C4–2 cells treated as indicated were subjected to
transmission electron microscopy. White arrows, mitochondria with obvious cristae. Red arrows, shrunken mitochondria. Scale bars, left, 2 mm; right, 500 nm.
Experiment was repeated three times independently with similar results. E and F, Representative images (E) and quantitative data (F) for IHC staining of 4HNE in
C4–2 xenograft tumors in mice treated with or without ENZ for 20 days.
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Results
AR inhibition suppresses GSH production and promotes
ferroptosis in prostate cancer

Androgen ablation has long been documented to induce cell death
such as apoptosis in the normal prostate and prostate cancer (30).
Prostate cancer is a malignancy having a high-rate lipid metabo-
lism (31). We therefore sought to determine whether AR inhibition
induces lipid peroxidation and ferroptosis in prostate cancer cells. As
expected, inhibition of AR by ENZ decreased expression of KLK3, a
well-studied AR target gene in both LNCaP and its castration-resistant
derivative C4–2 cells (Supplementary Fig. S1A). Notably, ENZ treat-
ment increased lipid peroxidation in these two cell lines (Fig. 1A).
Similar results were obtained by treatment with either ARV110, a
degrader of full-length AR (AR-FL; ref. 32) or two independent AR-
specific small hairpin RNAs (shRNA; Fig. 1B and C; Supplementary
Fig. S1B–S1D). Both pharmacologic inhibition and genetic depletion
of AR also decreased GSH but increased soluble enzyme lactate
dehydrogenase (LDH) levels, indicating the compromise of cell mem-
ber integrity in LNCaP andC4–2 cell lines (Fig. 1D–I). Treatmentwith
ferroptosis inhibitors such as ferrostatin (Ferr-1) or iron chelator

(DFO) but not apoptosis inhibitor (Z-VAD-FMK) largely blocked
ENZ-induced loss of cell viability (Supplementary Fig. S1E–S1G). In
contrast, treatment with the ferroptosis inducer erastin largely
enhanced cell viability inhibition induced by ENZ, ARV110, or AR
shRNAs (Supplementary Fig. S1H–S1J). To further validate these
observations, we cultured LNCaP and C4–2 cells with regular or
cystine-low medium and measured cell viability. We demonstrated
that decrease in cystine concentration reduced viability in LNCaP and
C4–2 cells and this effect was largely enhanced by ENZ, ARV110, or
AR shRNAs (Fig. 1J–L). Notably, cystine reduction-induced cell
viability loss was reversed by Ferr-1 (Fig. 1J–L). Together, these data
indicate that AR inhibition induces ferroptosis in prostate cancer cells.

Identification of SLC7A11 as an androgen-induced gene
To define themolecularmechanism bywhich the androgen-AR axis

regulates ferroptosis in prostate cancer cells, we performed meta-
analysis of RNA-seq data generated from LNCaP cells cultured in
androgen-depleted (charcoal-stripped serum or CSS) medium and
treated with or without DHT (33). We found that lipid metabolic
process genes were among the top groups of genes upregulated by
DHT [log2 (fold change) ≥ 1; Fig. 2A and B). Importantly, meta-

Figure 6.

AR-Vs promote SLC7A11 expression and suppress ferroptosis. A, UCSC screenshot of ChIP-seq data of AR and H3K4me1 showing AR occupancy and the level of
H3K4me1 at the SLC7A11 gene locus in 22Rv1 cells in which endogenous AR-FL and AR-Vswere specifically knocked down individually. B, qChIP-PCR confirming the
binding of AR-FL and AR-Vs at the SLC7A11 promoter and enhancer regions in 22Rv1 cells. C and D, 22Rv1 cells transfected with nonspecific siRNA (siNS), siRNA
specific for AR-FL (siAR-FL), and siRNAs specific for AR-Vs (siAR-Vs, including siAR-V1, V3, V4, and V7) and cultured in CSSmediumwere subjected toWestern blot
(C) and qRT-PCR (D) analysis. ERK2 was used as a loading control. E and F, 22Rv1 cells transfected with indicated siRNAs and cultured in regular or cystine-low CSS
medium in the presence or absence of Ferr-1 were subjected to MTS (E) and FACS analysis (F) after cells were stained with propidium iodide (PI).
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analysis of RNA-seq data suggests that SLC7A11, a known ferroptosis
inhibitory gene (Fig. 2C), is a putative androgen-upregulated gene
(Fig. 2A andD). Androgen regulation of SLC7A11mRNA expression
was further validated by qRT-PCR and Western blot analysis in both
LNCaP and C4–2 cell lines (Fig. 2E and F). In contrast, RNA-seq
analysis showed that SLC7A11mRNA expression was downregulated
by ENZ treatment in LNCaP (Fig. 2G), and this result was further
confirmed by qRT-PCR andWestern blot analysis in LNCaP andC4–2
cell lines (Fig. 2H and I). Furthermore, we found that knockdown of
ARby two independent shRNAs also decreased SLC7A11 expression at
both protein and mRNA levels in LNCaP and C4–2 cells (Fig. 2J
and K). Although DHT or ENZ treatment had no obvious effect on
mRNA expression of GPX4, another key regulator of ferroptosis
(Supplementary Fig. S2A–S2C), DHT increased and ENZ decreased
GPX4 expression at the protein level (Supplementary Fig. S2D and
S2E). These findings are consistent with a previous report that cystine
uptake caused by upregulation of SLC7A11 only increases GPX4
protein synthesis, but not GPX4 gene mRNA expression (34), indi-
cating that antiandrogens regulate ferroptosis via modulating expres-
sion of both SLC7A11 and GPX4, two key regulators of ferroptosis.
Both qRT-PCR and Western blot analyses further showed that
SLC7A11 expression was significantly downregulated in hormone-
sensitive LuCaP35 patient-derived xenografts (PDX) after castration
of mice (Fig. 2L and M; Supplementary Fig. S2F–S2I).

AR signaling plays a central role in prostate cancer progression and
aberrant AR mRNA expression positively correlates with shorter
disease-free survival of TCGA patients (Supplementary Fig. S2J).
SLC7A11 expression was higher in prostate tumors compared with
matched normal prostatic tissues in the TCGA cohort (Supplementary
Fig. S2K). SLC7A11 level was positively associated with AR expression
in TCGA prostate cancer specimens and higher SLC7A11 expression
correlated with shorter survival of patients (Supplementary Fig. S2L
and S2M). SLC7A11 expressionwasmuch lower inAR-negativeNEPC
samples (35) compared with AR-positive CRPC samples (Supplemen-
tary Fig. S2N; ref. 36). To investigate SLC7A11 expression in CRPC, we
analyzed the microarray data (GSE32269) from paired primary pros-
tate cancer and metastatic CRPC samples (37). We found that expres-
sion of both AR and SLC7A11 mRNA was higher in CRPC samples
compared with primary tumors (Fig. 2N) and that SLC7A11 also
positively correlated with AR expression in this cohort (Fig. 2O). We
further performed IHC analysis of SLC7A11 protein expression in
patient samples. We confirmed that SLC7A11 level was higher in
CRPC samples compared with primary tumors (Fig. 2P and Q).
Together, the results from cultured cell lines, PDX tumors and patient
samples reveal that SLC7A11 is a target gene transcriptionally upre-
gulated by the androgen signaling.

Identification of SLC7A11 as an AR-binding target gene
Consistent with gene expression data, meta-analysis of chromatin

immunoprecipitation sequencing (ChIP-seq) data of specific tran-

scription factors, including those highly relevant in prostate cancer
such as AR, p300, FOXA1, and FOXA2, revealed that AR was one of
the top 20 transcription factors with a strong potential to transactivate
expression of the SLC7A11 gene (Fig. 3A), suggesting that upon
activation AR might regulate SLC7A11 expression by directly binding
to this gene locus. In support of this notion, analysis of the AR ChIP-
seq data we generated previously (38) revealed that DHT treatment
markedly increased AR occupancy at promoter (P) and non-promoter
[e.g., putative enhancer (E)] regions of SLC7A11 locus in both LNCaP
and C4–2 cell lines (Fig. 3B). Androgen-induced AR binding in these
genomic regions was further confirmed by qChIP-PCR in these two
cell lines (Fig. 3C). In contrast, ENZ treatment abolished AR occu-
pancy at the SLC7A11 gene locus (Fig. 3D and E). These data indicate
that AR promotes SLC7A11 expression through occupancy at different
regions in this gene locus and AR binding can be abrogated by
inhibition of the androgen/AR axis.

AR inhibits ferroptosis through upregulation of SLC7A11
SLC7A11 imports extracellular cystine into cells for glutathione

synthesis in the cytoplasm, and GPX4 utilizes glutathione to detoxify
lipid peroxide to protect cells from ferroptosis (28). To investigate
the impact of SLC7A11 on prostate cancer cell growth and survival,
we performed MTS assay and showed that SLC7A11 depletion
significantly suppresses cell growth (Fig. 4A and B). In contrast,
SLC7A11 overexpression significantly increased cell viability in dif-
ferent prostate cancer cell lines (Supplementary Fig. S3A and S3B).
Colony growth assay further demonstrated that SLC7A11 knockdown
decreased colony numbers compared with control cells (Fig. 4C
and D). Furthermore, we showed that restoration of SLC7A11 in
AR-depleted cells largely restored cell viability (Fig. 4E–H). Impor-
tantly, forced expression of SLC7A11 overcame, at least in part, ENZ-
induced inhibition of cell viability and growth (Fig. 4I–L). AR
depletion-induced loss of viability in LNCaP and C4–2 cells cultured
in cystine-low medium was reversed by restored expression of either
AR or SLC7A11 (Supplementary Fig. S4A–S4D).

We further demonstrated that AR depletion-induced inhibition of
cell viability and reduction in GSH cellular level were reversed by
forced expression of SLC7A11 (Fig. 5A–C). Transmission electron
microscopy (TEM) analysis revealed that ENZ-treated C4–2 cells
exhibited shrunken mitochondria with increased membrane density,
a morphologic feature of ferroptosis in comparison to control cells
(Fig. 5D; ref. 28). Because ferroptosis is characterized by overproduc-
tion of lipid peroxidation, we performed 4-Hydroxynonenal (4HNE)
IHC analysis to determine lipid peroxidation levels in C4–2 xenograft
tumors treated with or without ENZ. We demonstrated that ENZ
treatment largely decreased tumor volume and SLC7A11 expression
but induced 4HNE level in C4–2 xenografts (Fig. 5E and F; Supple-
mentary Fig. S5A–S5C). These data suggest that ferroptosis is respon-
sible, at least in part, for AR inhibition-induced cell death in vitro and
in vivo.

Figure 7.
Dual inhibitor NEO2734 cotreatment overcomes AR-V-mediated resistance to ferroptosis and ENZ in prostate cancer. A–C, 22Rv1 cells treated with vehicle or
different doses of NEO2734 for 24 hourswere subjected toWB (A) and qRT-PCR analysis ofAR-FL and AR-V7 (B), and SLC7A11mRNA expression (C).D, 22Rv1 cells
treated with vehicle or different doses of NEO2734 for 36 hours were subjected to the detection of lipid peroxidation by flow cytometry after C11-BODIPY staining.
E–G, 22Rv1 cellswere treated as indicated and subjected toWB analysis at 48 hours posttreatment (E), colony formation assay after 12 days of treatment followed by
colony photographing (F) and quantification (G).H–J, 22Rv1 cells infected with lentivirus expressing empty vector or HA-SLC7A11 and stable cells were subjected to
WB analysis (H) and treatedwith vehicle or ENZ plus NEO2734 followed by colony formation assay for 12 days. Colonieswere photographed (I) and quantified (J) at
the end of treatment. K–M, Mice with 22Rv1 xenograft tumors were treated with the indicated drugs and tumor volumes were measured at the indicated
time points (K) and tumors were photographed (L) and weighted (M) at the end of drug treatment (day 21). Data shown as mean � SD (n ¼ 6 replicates/group).
N–P, Representative images (N) and quantitative data for IHC staining of 4HNE (O) and SLC7A11 (P) proteins in 22Rv1 xenograft tumors.

Androgen Receptor Variants Inhibit Ferroptosis

AACRJournals.org Cancer Res; 83(19) October 1, 2023 3201



AR-Vs suppress ferroptosis by inducing SLC7A11 expression
AR-Vs, which either partially or completely lack a functional ligand

binding domain, confer constitutive AR activity and AR signaling
inhibitor resistance in prostate cancer (20, 39). We have shown
previously that AR-Vs bind to and transactivate a unique subset of
genes that are related to cell-cycle transition and cancer progres-
sion (40). 22Rv1 is a known ENZ-resistant cell line, which expresses
AR-Vs (39).We found that ENZ treatment failed to suppress SLC7A11
mRNA expression in 22Rv1 cells (Supplementary Fig. S6A). By
analyzing the AR-FL and AR-V ChIP-seq data in 22Rv1 cells we
generated previously (40), we found that AR-FL bound to both the
promoter and enhancer regions [indicated by high enrichment of
histone H3 lysine 4 monomethylation (H3K4me1), an enhancer
histone mark] in the SLC7A11 gene locus in 22Rv1 cells; however,
AR-Vs preferentially bound to the putative enhancer regions
(Fig. 6A). AR-FL and AR-V binding in this locus in 22Rv1 cells
was further confirmed by qChIP-PCR (Fig. 6B). Previous studies
suggest that expression of AR-Vs, but not AR-FL confers ENZ
resistance in 22Rv1 cells (41). In agreement with this report and our
finding that ENZ treatment failed to abrogate AR-V occupation and
suppress SLC7A11 expression in 22Rv1 cells (Supplementary
Fig. S6A and S6B), AR-FL knockdown had little or no effect on
SLC7A11 expression in 22Rv1 cells cultured in androgen-depleted
medium whereas AR-V knockdown largely decreased SLC7A11
expression at both mRNA and protein levels (Fig. 6C and D).
These data suggest that AR-Vs play a pivotal role in upregulating
SLC7A11 expression in ENZ-resistant 22Rv1 cells. Importantly,
under androgen depletion conditions, AR-V ablation largely sen-
sitized 22Rv1 cells to ferroptosis induced by low concentration of
cystine (Fig. 6E and F). These data suggest that AR-Vs promote
SLC7A11 expression to suppress ferroptosis, thereby contributing to
ENZ resistance in prostate cancer cells.

CBP/p300 and BET dual inhibitor NEO2734 overcomes
AR-V–mediated ferroptosis and ENZ resistance in prostate
cancer

Our previous studies show that NEO2734, a dual inhibitor of CBP/
p300 and BET proteins largely decreases AR-FL protein expres-
sion (26, 27). Given that AR-FL and AR-Vs share the same regulatory
elements [such as the promoter and enhancer(s)] of the AR gene (39),
we sought to determine whether NEO2734 also inhibits AR-V expres-
sion. We treated 22Rv1 cells with different doses of NEO2734. We
demonstrated that NEO2734 inhibited expression of AR-FL and AR-
vs. at both mRNA and protein levels (Fig. 7A and B). Different from
ENZ treatment (Supplementary Fig. S6A), NEO2734 treatment sup-
pressed SLC7A11 expression in 22Rv1 cells (Fig. 7C). NEO2734
treatment also increased lipid ROS in 22Rv1 cells (Fig. 7D). Co-
treatment of NEO2734 and ENZ substantially reduced 22Rv1 cell
viability (Fig. 7E–G). Most importantly, the effect of dual treatments
was largely reversed by restored expression of HA-SLC7A11 (Fig. 7H–
J), suggesting a pivotal role of SLC7A11 downregulation in mediating
the cell viability loss induced by treatment with NEO2734 and ENZ.
We also treated 22Rv1 xenograft tumors with ENZ, ARV110,
NEO2734, and the combination of NEO2734 and ENZ. Compared
to each individual treatment, coadministration of NEO2734 and
ENZ resulted in much greater inhibition of tumor growth, stronger
suppression of SLC7A11 expression, and higher level of the lipid
peroxidation indicator 4HNE (Fig. 7K–P). These data indicate that
the CBP/p300 and BET dual inhibitor NEO2734 can inhibit AR-V
expression and AR-V-mediated resistance to ENZ and ferroptosis in
prostate cancer in vitro and in vivo.

Discussion
AR-targeted therapy remains the mainstay treatment of advanced

prostate cancer in patients. Androgen ablation triggers apoptotic cell
death in both normal prostate glandular epithelial cells and androgen-
dependent prostate cancer cells (30, 42), and ADT-induced prostate
cancer cell apoptosis has been implicated in regression of prostate
cancer in patients (43). Ferroptosis is a formof cell death that is distinct
from apoptosis and is an iron-dependent cell death induced by lipid
peroxidation on cell membrane. Notably, a previous study suggests
that ferroptosis induction can be a novel therapeutic strategy for the
treatment of advanced prostate cancer (14). In this study, we provide
evidence that antiandrogen treatment or AR protein depletion
decreased cellular level of GSH and induced ferroptosis of prostate
cancer cells. Specifically, we show that AR inhibitory agents suppress
expression of SLC7A11, an essential negative regulator of ferroptosis.
Our current studies hence reveal ferroptosis as a new form of cell death
induced by AR ablation therapies (Fig. 8, left).

Our studies in cell lines, PDX tumors, and patient samples show
that SLC7A11 is an androgen-regulated gene. By analyzing the AR
ChIP-seq data, we demonstrate that DHT treatment induces AR-FL
occupancy at both the promoter and enhancer regions of SLC7A11
gene locus. This observation is corroborated by the finding that ENZ
treatment eliminated AR-FL occupancy in prostate cancer cells. Our
data reveal that SLC7A11 is a bonafideAR target gene and importantly,
our findings also provide a plausible explanation as to why acute
androgen ablation or antiandrogen treatment induces ferroptosis.
Intriguingly, we provide evidence that AR-Vs also occupy at the
SLC7A11 gene locus although it appears that AR-Vs preferentially
bind to the enhancer region. Importantly, we show that SLC7A11
expression is primarily regulated by AR-Vs under androgen depriva-
tion conditions in AR-V-expressing prostate cancer cells. We and
others have shown that androgen depletion or antiandrogen treatment
induces AR-V expression in prostate cancer cells in vitro or xenograft
tumors in vivo (22, 24). On the basis of the previous findings and those
from the present study, we envisage a model wherein AR targeting
therapies induce AR-V expression, which in turn drives SLC7A11
expression in a manner independent of androgens, thereby contrib-
uting tumor progression by suppressing ferroptosis (Fig. 8, right).
We provide further evidence that the effect of AR-Vs on SLC7A11
expression and ferroptosis resistance can be therapeutically targeted by
the CBP/p300 and BET dual inhibitor NEO2734, although such effect
of NEO2734 can be mediated, at least partially by other targets in
addition to AR since this compound can also inhibit the growth of AR-
negative prostate cancer cells.

Intriguingly, it has been reported previously that ENZ treatment
increases SLC7A11 expression in LNCaP cells (44). It is well known
that growth of LNCaP cells is highly sensitive to androgen levels and
the LNCaP cell line can evolve into different cellular states depending
on the cell culture conditions. Indeed, a number of androgen refractory
LNCaP sublines have been derived when LNCaP cells are cultured in
various androgen-depleted medium (45, 46). Given that androgen
deprivation induces expression of AR-Vs (22, 24) and that AR-Vs can
induce SLC7A11 expression in androgen depletion conditions as we
demonstrated in the present study, it is not surprising that ENZ
treatment increases SLC7A11 expression when AR-V expression is
induced.

In summary, we demonstrate for the first time that antiandrogen
therapy decreases GSH level, elevates lipid peroxidation, and induces
ferroptosis. We identify the cystine transporter gene SLC7A11 as a
bona fide AR target gene. Notably, both AR-FL and AR-Vs can
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transactivate SLC7A11 gene through direct occupancy at the SLC7A11
promoter and/or enhancer regions. Antiandrogen therapy induces
ferroptosis by blocking the regulation of SLC7A11 expression by
AR-FL; however, this effect is abolished by subsequent induction of
AR-Vs. Most importantly, we show that cotreatment of the CBP/p300
and BET dual inhibitor NEO2734 restores antiandrogen-induced
ferroptosis by blocking the undesired expression of AR-Vs. Thus,
blocking AR-V-mediated inhibition of ferroptosis represents a new
tactic to overcome ENZ resistance in CRPC.
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