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Abstract

Lethal prostate cancer (PCa) is a genetically heterogeneous disease characterized by evolving androgen receptor
(AR) signaling, eventually culminating in castration resistance. The tumor suppressor gene BRCA1 has multiple
functions that include secondary processes cooperating with its main function as a caretaker of genomic integrity.
BRCA1 is often mutated in breast and ovarian cancer, but BRCAT mutations are also associated with PCa, although
they are less frequently observed. Most PCa patients do not, however, carry BRCAT mutations, and interestingly, it
has been shown that BRCA1 expression is enriched in castration-resistant PCa. In this study we elucidated the
prostate tissue-specific role of the BRCA1 protein. Although the regulation of DNA damage response genes has been
studied in PCa, comprehensive analyses of BRCAT regulation in the context of androgen signaling are lacking. Our
results indicate that BRCAT is dynamically requlated by AR signaling and that activation of AR via its natural ligand,
dihydrotestosterone, represses BRCA1 expression. Our analyses both in vitro and of patient samples and mouse
xenografts showed that BRCA1 expression was induced and sustained after androgen deprivation. Moreover, we
observed that oxidative stress-related pathways were regulated by BRCA1 in PCa cells and that androgen deprivation
therapy-induced activation of BRCA1 supported the function of NRF2, the master regulator of antioxidant defense,
and a known interactor of BRCA1. Impaired NRF2 activity, in the absence of BRCA1, decreased growth in a 3D
environment. Our findings shed light on the functional role of BRCA1 protein in PCa and suggest that BRCAT is
regulated by the evolving AR signaling state during PCa progression. Thus, AR-mediated suppression of BRCA1
accumulates oncogenic alterations in the early phases of PCa tumor progression and safeguards from excessive
reactive oxygen species (ROS) when upregulated during androgen deprivation therapy.
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Introduction

BRCAI is a tumor suppressor that supports genomic
integrity via its central role in DNA damage response
(DDR), where it is specifically involved in the repair of
double-strand DNA breaks by homologous recombina-
tion (HR) [1]. Therefore, when BRCA1 function is lost,
somatic oncogenic alterations are more likely to become

incorporated in the DNA, consequently inducing carci-
nogenesis or cancer progression [1]. In addition, BRCA1
functions as a transcriptional factor and part of a
ubiquitin ligase complex and has pleiotropic roles in
cells pertaining to the cell cycle, centrosome function,
and the immune system [1,2]. In keeping with the con-
nection to various essential functions, as well as the role
in maintaining genomic integrity, BRCAI knockout is
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embryonically lethal, BRCA/ germline mutations are
heterozygous, and BRCAI somatic mutations require
the presence of an accompanying mutation such as p53
[1,2]. BRCAL also prevents the degradation of the master
regulator for antioxidant response, nuclear factor erythroid
2-related factor 2 (NRF2) [3-5]. This secondary effect
cooperates with the tumor suppressor gene function by
protecting cells against reactive oxygen species (ROS),
thereby supporting genomic integrity [5].

DDR genes are frequently mutated in prostate cancer
(PCa), with alterations observed in up to 20-30% of
castration-resistant PCa (CRPC) cases [6-8]. Most
mutations target BRCA2 and BRCAI mutations and are
only found in 1%-2% of patients [6,7,9-11]. Previous
preclinical studies have demonstrated an interplay
between androgen receptor (AR) signaling and DDR in
PCa[12-16]. However, the results are contradictory, and
the interpretation of these findings remains complex. For
instance, while influential work in the field has
suggested that AR activation promotes DDR, data from
major PCa patient datasets appear to paradoxically indi-
cate that BRCAI expression is enriched in CRPC
[13,17,18]. Adding to this complexity, the antiandrogen
enzalutamide decreases BRCA1 expression in preclini-
cal models [13]. Importantly, the regulation of BRCA1
protein by AR by its natural ligands or by androgen dep-
rivation (AD) has not been reported. Most studies have
instead relied on a limited number of synthetic androgens,
AR inhibitors, or small RNAs instead of systematic phys-
iological approaches, or they have reported effects on DDR
genes but excluded BRCAI [12-16].

Here, we characterized the regulation of BRCA1 by
AR signaling using a panel of cell lines, patient samples,
and a mouse xenograft model of AD therapy (ADT) and
studied the implications of this regulation by exploring
the tissue-specific role of BRCAI protein in PCa. We
discovered that AR activation is a repressor of BRCAI
transcription, and conversely, BRCA1 expression is
sustained in response to AD. Furthermore, we showed
that PCa hijacks a BRCA1-NRF2 regulatory axis to
implement an antioxidant response against ROS gener-
ated by AD, enabling PCa progression.

Materials and methods

Ethics approval

The use of patient tissue material was approved by the
Ethics Commiittee of the Hospital District of Helsinki and
Uusimaa (84/13/03/00/2014; §3 30.01.2015), the Hospital
District of Southwest Finland (number T206/2014), and
the National Supervisory Authority for Welfare and Health
(VALVIRA, 8008/06.01.03/2014).

Cell culture and treatments

PC-3, VCaP, LNCaP, and 22Rvl cells (ATCC,
Manassas, VA, USA) were cultured in the presence of
1% penicillin—streptomycin solution (Sigma-Aldrich,
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St. Louis, MO, USA), except during the experiments,
routinely tested to be mycoplasma-free and checked for
authenticity, as previously described [19].

AD was performed using phenol-red free media
containing 5% charcoal-stripped FBS (Gibco, Waltham,
MA, USA; AD media [ADM]). Normal culture conditions
were used as controls for deprivation experiments and are
referred to as control media (CM). Dihydrotestosterone
(DHT; Sigma-Aldrich) and R1881 (Sigma-Aldrich) were
used to stimulate AR after incubation in ADM for 48 h by
incubating for 24 h prior to lysis unless specified otherwise.
Cell proliferation (confluence) in a 2D culture was moni-
tored in real time forup to 72 husing IncuCyte S3 (Sartorius,
Gottingen, Germany) 24 h after transfection. MTS cell via-
bility assay was done as previously described [19].

RNA interference and transfection

Transfection was performed using Silencer® Select
siRNA oligonucleotides (Ambion, Austin, TX, USA),
which are listed, together with the percentage and type of
Dharmafect reagent (Horizon Discovery, Waterbeach,
UK), in the supplementary material, Table S1 as previously
described [19].

Organotypic 3D growth assays

PC-3 and LNCaP cells were grown in 3D as previously
described [19]. The multispheroid average area was
measured using 10 wells from each condition using the
IncuCyte S3 multispheroid analysis software (Sartorius).
Cell recovery solution (Corning® Cell Recovery
Solution, Sigma-Aldrich) was added following the man-
ufacturer’s protocol to extract the organoids from the
basement membrane matrix prior to lysis.

Cell lysis and immunoblotting

Cells were lysed and western blotting was performed as
previously described [19]. Equal amounts of 30-100 pg
of total protein from the lysate supernatants were ana-
lyzed. The antibodies used are listed in the supplemen-
tary material, Table S2.

RT-qPCR

The isolated RNA was concentrated, and its purity and
concentration were assessed before cDNA synthesis, fol-
lowing the manufacturer’s protocol. RT-qPCR was then
performed using TagMan™ Fast Advanced Master Mix
(Thermo Fisher Scientific, Waltham, Massachusetts,
USA). The TagMan™ Gene Expression Assay (FAM)
probes used in the assay are listed in the supplementary
material, Table S3. Additional details are provided in the
Supplementary Materials and Methods.

Murine VCaP xenografts of early ADT response

VCaP xenograft sections were generated according to a
previously described protocol and permissions [20].
Subcutaneous tumors were grown for 4 weeks, and sur-
gical castration was performed. The mice were
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sacrificed either 2 days (Cas 2D) or 5 days (Cas 5D)
after castration. The Intact group, serving as the
noncastrated control, was sacrificed 5 days after the sur-
gery in the treatment groups. Tumors generated under these
conditions were collected and fixed in formalin, followed
by sectioning and sample preparation.

Immunohistochemistry (IHC) and digital image
analyses

Tissue sections from patient samples in a tissue microarray
and from tumor xenografts were deparaffinized with
xylene (3 X 7 min) and rehydrated in absolute ethanol
(2 x 2 min) and 96% ethanol (2 x 2 min), followed by
three washes with distilled water. Antigen retrieval was
performed in citrate buffer (pH 6) using a microwave for
7 min at 600 W, 7 min at450 W, and the sections were left
to cool down for 20 min. For pBRCA1 and yH2Ax
staining, antigen retrieval was performed using a
decloaking chamber (Biocare Medical NxGen, Pacheco,
CA, USA) for 20 min. After three washes with distilled
water, sections were blocked with 3% hydrogen peroxide
for 10 min at room temperature (RT), washed with
Tris—HCl buffer, followed by pre-protein blocking in anti-
body diluent for 10 min at RT, and incubated using anti-
bodies and concentrations specified in the supplementary
material, Table S2 for 60 min at RT. After washing with
Tris—HCIl buffer, the sections were incubated with second-
ary antibody for 30 min at RT and washed again with
Tris—HCI buffer. DAB (Immunologic, WellMed BV,
Duiven, the Netherlands) incubation was washed with
distilled water after 10 min at RT, and the sections were
counterstained with Mayer’s hematoxylin (Sigma-
Aldrich) for 1 min at RT, followed by washing with dis-
tilled water, dehydration twice in 96% ethanol, twice in
absolute ethanol, and three times in xylene.

Slides were scanned using a Pannoramic P1000 slide
scanner (3DHISTECH, Budapest, Hungary). Xenograft
whole-tumor sections were measured for total tumor
area in QuPath v0.4.4 (open-source software available
from https://qupath.github.io/) using a pixel classifier
after refining the area analyzed using manual segmenta-
tion. Areas with strong staining were detected using a
QuPath pixel classifier. For patient samples, two
researchers independently performed manual scoring.

In silico analyses

The effects of R1881 on BRCAI and KLK3 (which
encodes prostate-specific antigen [PSA]) mRNA expres-
sion in LNCaP cells were analyzed using the GSE50936
dataset [21]. Expression data (log2) were downloaded
from the R2: Genomics Analysis and Visualization
Platform (http://r2.amc.nl).

Differentially expressed genes were analyzed from
the GSE162225 [22] dataset containing RNA-seq data
of sh-control and sh-BRCA1 samples of LNCaP cells.
Sh1-BRCA1 (rn = 3) and sh2-BRCAI1 (n = 3) samples
were pooled and compared to sh-control (n = 3) sam-
ples, and the data were downloaded from the GEO2R
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platform at https://www.ncbi.nlm.nih.gov/geo/geo2r/.
Volcano plots of differentially expressed genes were
generated with VolcaNoseR [23] at https://huygens.
science.uva.nl/VolcaNoseR/ using an FDR/adjusted
p-value <0.001 (Benjamini—-Hochberg) and log2 fold
change >1 as the threshold for statistical significance.
The lists of the top 500 downregulated genes (supplementary
material, Table S4) were compared to the Molecular
Signatures Database (MsigDB) (v2024.1) Gene Ontology:
Biological Processes (GO:BP), Hallmark and Oncogenic
gene set collections at https://www.gsea-msigdb.org/gsea/
msigdb to identify significant overlaps with gene sets
(p <0.05, FDR < 0.05).

Data of genetic alterations of BRCAI, association of
expression with clinical features, coexpression analyses
of PCa patient and patient-derived organoid datasets,
and survival analyses of patients were extracted from
cBioPortal at https://www.cbioportal.org/.

Statistical analysis

Statistical analyses were performed using R Studio
(open-source software available from https://www.
posit.co/) and GraphPad Prism 10.1.2 (GraphPad
Software, San Diego, CA, USA). Data extracted from
cBioPortal v4.1.9 were generated using the default
methods. Spearman’s rank correlation coefficient was
used to analyze correlations. Two-tailed unpaired
Student’s #-test or Mann—Whitney U test were used for
comparisons between two groups. Analysis of variance
(ANOVA) test was used to analyze the differences
between the means of more than two groups.

Results

AR activation by DHT and R1881 represses BRCA1
transcription

In this study we used the PCa cell lines VCaP (AR-
amplified, 7P53-mutated, TMPRSS2-ERG fusion),
LNCaP (AR-mutated, CHEK2-SNV, PTEN loss),
22Rv1 (AR splice variant, BRCA2-mutated, ATM-SNV,
TP53-mutated, TMPRSS2—-ERG fusion), and PC-3 (AR-
negative, PTEN loss) [24]. Thus, three AR-positive cell
lines with different AR signaling statuses were used.
To study BRCA1 protein levels in response to AR acti-
vation, we first pretreated the highly AR-responsive VCaP
cell line with AD mimicking conditions for 96 h. During the
last 24,48, and 72 h of this period, we further stimulated the
cells with different DHT concentrations (0.05-10 nm), and
all cells were lysed at the 96-h timepoint. DHT treatment
increased the levels of AR transcriptional target proteins
PSA and FKBPS5 at concentrations between 0.5-10 nm
(Figure 1A,B). In contrast, BRCA1 protein was
downregulated in a dose-dependent manner. As a readout
of DNA damage, YH2 Ax was downregulated, particularly at
later timepoints. Another essential HR protein, Rad51, was
also downregulated. These results suggested that unlike the
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protein products of AR target genes KLK3 and FKBPS5,
BRCA1 and Rad51 expression levels were downregulated
in contrast to previous reports of AR activation inducing
DDR gene expression.

Stimulation of AR signaling was performed similarly
in LNCaP cells (Figure 1C,D). As expected for a cell line
with a lower degree of AR amplification, PSA and
FKBPS5 responses were less extreme, yet highly dose-
dependent, while the trends matched the results with
VCaP cells for all readouts, and only Rad51 reached
significance. These results imply that, unlike known tar-
get genes, the HR proteins BRCA1 and Rad51 were not
upregulated after stimulating the AR with a natural ligand.

We also examined the correlation between BRCAI
and AR transcriptional target mRNAs in PCa patient,
patient-derived organoid, and patient-derived xenograft
datasets [6,9,18,25-27] (supplementary material,
Figure S1A,B). The datasets showed a trend of negative
correlation, further supporting a possible repressive
function of AR activation over BRCAI.

Next, we wanted to determine how AR activation
mediated BRCA1 downregulation. BRCA1 seemed to
be oppositely regulated at similar doses and timepoints
as the upregulated AR targets, suggesting that BRCA]
was regulated by AR activation at the transcriptional
level. To test this, we performed RT-qPCR in VCaP
cells subjected to 10 nm DHT or vehicle after AD and
observed downregulated BRCAI mRNA levels in
response to AR stimulation (Figure 1E). Synthetic
androgen R1881 (1 nm) also downregulated BRCAT in
VCaP cells in a comparable manner to DHT (Figure 1F).
Similarly, significant reductions were observed in
LNCaP cells (Figure 1G,H). A response in BRCAI
mRNA to R1881 was also observed by analyzing a
published RNA dataset [21] (supplementary material,
Figure S1C). This suggested that AR activation
repressed BRCAI by suppressing its transcription.

AD induces DNA damage and activates BRCA1 in
PCa cells
We used media supplemented with a steroid-free serum to

deprive AR of its ligand in order to mimic ADT. As
expected, VCaP and LNCaP cells showed downregulation

of PSA, while 22Rvl, with high AR-V7 expression,
retained PSA expression (Figure 2A-D).

We observed upregulation of total BRCA1 in VCaP
and LNCaP cells under AD conditions, suggesting that
AR-mediated repression of BRCAI was abolished upon AD
(Figure 2A—C; supplementary material, Figure S2A,B). In
contrast, this effect appeared transient in the LNCaP cells,
but sustained in VCaP cells. In 22Rv1 cells with no clear
PSA response to AD, BRCAI1 levels were constant,
suggesting that BRCAI remained repressed by constitutive
AR-V7 activation (Figure 2A,D; supplementary material,
Figure S2C). This supported the conclusion that BRCA1
protein levels are linked to AR activity. We observed
upregulated yH2Ax and cleaved caspase-3 levels in all cell
lines, notably also in the 22Rv1 cell line (Figure 2A-D).
We also observed increased levels of phosphorylated
BRCA1 (pBRCA1) [28] in all cell lines, indicative of its
activation. This suggested that the regulation of BRCAI
activation was separate from the regulation of its expres-
sion and might have been induced by AD-related DNA-
damaging processes in PCa.

Rad51 was observed to have a trend of downregulation
in all cell lines, reaching significance in VCaP and 22Rv1
cells (Figure 2A-D). This suggested that Rad51, unlike
BRCALI, did not have a simple inverse correlation with AR
activation.

S6 and Akt, as readouts of the PI3K-Akt/mTOR
signaling pathway involved in the regulation of cell
growth, survival, and protein synthesis, showed an initial
surge of phosphorylation in response to AD, but were
strongly dephosphorylated at later timepoints in VCaP
and 22Rvl1 cells (Figure 2A-D; supplementary material,
Figure S2A-C). Not surprisingly, this pattern was not
present for Akt and barely detectable for phosphorylated
S6 (pS6) in LNCaP cells, where constitutive Akt activation
due to PTEN loss likely limits further phosphorylation.

Taken together, our results demonstrated that BRCA1
levels were induced in conditions that showed PSA
decrease, further supporting the idea that AR activation
mediates the repression of BRCAL levels. Also, YH2AX,
cleaved caspase-3, and pBRCA1l were induced by
AD in all cell lines independently of PSA response.
This suggested that AR regulates BRCAI expression,
while BRCA1 phosphorylation appeared to be initiated

Figure 1. BRCA1 and Rad51 expression is repressed by AR activation. (A) Representative western blotting of BRCA1, Rad51, PSA, FKBPS,
YH2Ax, and B-actin (loading control) expression in VCaP cells treated with DHT (0.05-10 nm) for 24, 48, and 72 h after preincubation in ADM
for 96 h before lysis. Vehicle (methanol) and ADM (96 h) were used as controls. (B) Bar graphs depicting pooled western blotting densitometry
results of three independent biological repeats in VCaP cells. Statistical comparisons were performed relative to ADM. (C) Representative
western blotting of LNCaP cells treated with DHT (0.1-10 nm) for 24 h, and 48 h after preincubation in ADM for 96 h before lysis with vehicle
(methanol) and ADM (96 h) as controls. (D) Bar graphs depicting pooled western blotting densitometry results of three independent biological
repeats in LNCaP cells. (E) Bar graphs depicting relative expression of BRCAT and KLK3 (gene encoding PSA) mRNA by RT-qPCR in VCaP cells
subjected to ADM for 72 h or DHT (10 nw) for 24 h after 48 h of ADM. (F) Representative western blotting and bar graphs of BRCA1, PSA, and
loading control expression in VCaP cells subjected to 72 h of ADM, 24 h of DHT (10 nw), and 24 h R1881 (1 nwm) treatments after 48 h of ADM.
Vehicle (methanol and/or ethanol) were added to wells not containing DHT and/or R1881, respectively. (G) Bar graphs depicting relative
expression of BRCAT and KLK3 mRNA by RT-gqPCR in LNCaP cells subjected to ADM for 72 h or DHT (10 nwm) for 24 h after 48 h of ADM.
(H) Representative western blotting and bar graphs of BRCA1, PSA, and loading control expression in LNCaP cells subjected to 72 h of ADM,
24 h of DHT (10 nm), and 24 h R1881 (1 nw) treatments following 48 h of ADM. Control wells that did not receive DHT or R1881 were treated
with the corresponding vehicle (methanol for DHT and ethanol for R1881). The mean and SD from three experiments are represented as bar
graphs (*p < 0.05, *p < 0.01, and **p < 0.001 as determined by Student's t-test).
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primarily by DNA-damaging processes, indepen-
dent of AR.

ADT induces DNA damage and BRCA1
phosphorylation in murine VCaP xenografts

To assess the reproducibility of our findings in vivo,
we used a murine VCaP xenograft model of ADT
(Figure 3A). Tumor volume and PSA were measured
weekly, and after sacrifice, tumor weight as well as
tumor tissue section area were measured. As expected,
trends suggesting tumor regression and concurrent PSA
decline were observed in response to ADT (supplemen-
tary material, Figure S3A,B), suggesting that reduced
AR may lead to cell death in xenograft tumors (supple-
mentary material, Figure S3C,D).

Next, we performed IHC on xenograft tumors
using YH2Ax, pBRCAI, Rad51, and pS6 antibodies
and measured relative areas of strong positive staining
(Figure 3B). We observed induced yH2Ax, increased
pBRCAI, decreased Rad51, and decreased pS6 based on
the staining of the VCaP xenografts from day 2, matching
our earlier VCaP cell results (Figure 2A,B), indicating that
these proteins were indeed regulated in vivo (Figure 3C,D;
supplementary material, Figures S3E and S4A). Samples
from day 5 showed similar trends, albeit with greater
variability, which may have resulted from the most
severely affected cells perishing by this later timepoint.
A massive sudden DNA damage event, if inadequately
resolved, would likely have resulted in cell death.
Consequently, the surviving cells at later timepoints may
have become enriched for unaffected cells, potentially
contributing to the observed variability. Importantly,
pBRCALI staining negatively correlated with PSA, fur-
ther evidencing that AR activity is inversely associated
with BRCA1 (Figure 3E). Interestingly, the correlation
was also evident when analyzing the intact group
separately, suggesting that BRCA1 regulation by AR
activity was significant already without intervention
(supplementary material, Figure S4B). Taken together,
these data supported our finding that AD induced DNA
damage and increased BRCA1 activation.

ADT induces expression and phosphorylation of
BRCA1 and increases DNA damage in clinical PCa
specimens

We further investigated whether the protein expression
of BRCAI1, pBRCALI, and YH2AX is altered in clinical
PCa tumors upon ADT, similar to our in vitro and in vivo
models. Paired samples from 11 PCa patients before (all
primary tumors) and after ADT (64% from metastases,
64% CRPC, Table 1) were analyzed by IHC using the

antibodies against BRCA1, pBRCAI, and yH2Ax
(Figure 3F; supplementary material, Figure S5). Based
on scoring of IHC staining, BRCA1, pBRCAI, and
YH2Ax were upregulated post-ADT in all cases except
one, suggesting that DNA damage and active phospho-
BRCAI1 became enriched post-ADT and may have con-
tributed to the development of resistance to ADT.

AD induces BRCA1 together with the antioxidant
transcription factor NRF2

We investigated previously published transcriptomic
data from BRCAI-silenced PCa cells [22]. To assess
which processes were potentially lost during BRCA1
repression and promoted during BRCA1 activation, we
focused on genes downregulated in BRCAI-silenced
cells (Figure 4A—C). We observed that the differentially
expressed genes showed the highest association with
gene sets relating to biological processes and hallmarks
that already had an established association with BRCAI.
Notably, the number one oncogenic gene set associated
with changes seen in this PCa cell line was a set of
NRF2-regulated genes [29,30] (Figure 4C). AD has been
suggested to increase the expression of antioxidant
markers and ROS in PCa cells, which is linked to cas-
tration resistance [31,32]. We hypothesized that ROS
could, in part, be linked to the observed BRCA1 phos-
phorylation as a universal response to AD because the
BRCA1 phosphorylation site activator ATM is also directly
activated by ROS [33]. NRF2 is a well-attributed master
transcription factor for antioxidant synthesis [5,34]. BRCA1
was previously reported to regulate NRF2-dependent anti-
oxidant signaling by physically interacting with NRF2 and
promoting its stability and activation [3-5]. Here, we
observed that 5 days of ADM upregulated both BRCAI
and NRF2 expression (Figure 4D). Furthermore, ADM-
induced BRCA1 expression was blocked upon NFE2L2
(NRF2) knockdown (Figure 4E). These data suggested that
NRF2 was indeed involved in BRCAI regulation in
response to AD.

The BRCAT-NRF2 regulatory axis regulates PCa cell
spheroidal growth

Next, we examined the effects of modified BRCAI
expression in PCa cells. We chose to use siRNA for
gene silencing, given its ability to partially retain protein
expression, thereby protecting cell viability from the
complete loss of essential functions of BRCA1. After
silencing BRCAI, no difference was observed in the
viability of LNCaP cells in 2D culture (Figure 5A);
however, a 54.5% smaller size was observed for
LNCaP cell spheroids (Figure 5B-D). In AR-negative

Figure 2. AD induces DNA damage and cell death in PCa. (A) Representative western blotting depicting expression of key HR components, AR
targets, and markers of PI3K-Akt/mTOR signaling, DNA damage, and apoptosis with loading control expression in VCaP, LNCaP, and 22Rv1
cells subjected to ADM (0.25-24 h) along with control (normal culture media, CM). (B-D) Bar graphs depicting pooled western blot
densitometry results of three biological repeats. The mean and SD from three experiments are represented as a bar graph (*p < 0.05,

*p < 0.01, and **p < 0.001 as determined by Student’s t-test).

© 2025 The Author(s). The Journal of Pathology
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Table 1. Baseline characteristics of the patients.

Age (years) at initial diagnosis of prostate cancer

Median (range) 58 (54-79)
Gleason score at initial diagnosis of prostate cancer (n, %)

7 4 (36)

8 3(27)

9 4 (36)
PSA (pg/l) level at primary diagnosis

Median (range) 13 (3.9-57)
Initial treatment (n, %)

ADT + RT 3(27)

Surgery + ADT 6 (54)

ADT only 2 (18)
Time since start of ADT to post-ADT sample (months)

Median (range) 66 (18-107)
Other hormonal treatments after ADT (n, %)

AR inhibitors 11 (100)

Abiraterone 1(9)
Origin of post-ADT sample (n, %)

Prostate (TURP) 4 (36)

Metastasis 7 (64)
Clinical castration resistance at post-ADT sample (n, %)

CRPC 7 (64)

No? 4 (36)
Metastases® (, %)

None 1(9)

Bone only 2 (18)

Lymph node only 1(9)

Bone + lymph node or visceral only 6 (54)

Visceral 5 (45)

Abbreviation: ADT, androgen deprivation therapy; CRPC, castration-resistant
prostate cancer; PSA, prostate-specific antigen; RT, radiotherapy; TURP, trans-
urethral resection of the prostate.

“Relapse after ADT but no CRPC at the time of post-ADT sample.

°At the time of post-ADT sample.

PC-3 cells, BRCAI knockdown had no significant effect
on confluence of cells in 2D culture, but the spheroids in
3D were 84.5% smaller (supplementary material,
Figure S6A-E), similar to LNCaP cells. Taken together,
this suggested that the function of BRCA1 was more
important for PCa cells in the 3D culture context,
enriched with ROS [35,36].

Interestingly, silencing NFE2L2 reduced spheroid
size in the LNCaP cells, similar to silencing BRCAI
(Figure 5E). Moreover, silencing of BRCAI in LNCaP
cells downregulated the protein products of NRF2 target
genes, NQO1 and FTHI, in 3D culture (Figure 5F). In
PC-3 cells, silencing of BRCAI equally led to
downregulation of NRF?2 targets, as well as NRF2 itself
(supplementary material, Figure S6F). These results
suggested a bidirectional regulatory axis for BRCA1
and NRF2 in PCa cells.

Whereas BRCA1 is well known to be mutated in PCa
and is among the PCa predisposing DDR genes, we
found that amplified BRCA I was also observed at similar
rates compared to mutations across published cohorts
[6,7,9,11,37,38] (Figure 5G). Furthermore, we found
that neuroendocrine PCa (NEPC) features were more
common in patients with high BRCAI expression levels
in metastatic CRPC [6] (Figure 5H). This and the fact
that BRCA1 was expressed in all widely used PCa cell
lines suggested that BRCA1 expression is still prevalent
in non-BRCA1 mutated PCa.

We examined BRCAI expression in public patient
datasets and found that high BRCAI expression was
correlated with shorter progression- and disease-free
survival in TCGA and MSK cohorts, respectively,
whereas the effect on overall survival was not signifi-
cant in TCGA [18] (Figure 51J). Furthermore, we
found that high expression of BRCAI and several
known NRF2-regulated genes are associated with
worse overall survival in metastatic CRPC patients in
the SU2C dataset [6] (Figure 5K; supplementary mate-
rial, Table S5) [6]. Taken together, these data suggest
that high BRCAI expression is prevalent in progressing
PCa. The frequencies of BRCAI mutations were low in
the analyzed cohorts, and consequently, the low
BRCA1I groups do not represent the aggressive pheno-
type of genomic BRCAI loss. Therefore, it is plausible
that the observed survival correlations were a conse-
quence of AR activation-mediated modulation of the
BRCA1-NRF?2 regulatory axis. Thus, we conclude that
the tumor suppressor gene BRCAI is expressed and
activated by ADT for its antioxidant properties
and repressed during hyperactive AR signaling, puta-
tively exacerbating progression via the loss of its tumor
suppressive function (Figure 6).

Discussion

Preclinical studies in PCa have suggested that AR sig-
naling regulates DDR [12-16]. However, findings from
these studies are in part contradictory, and the regulation
of BRCA1 by natural ligands of AR or ADT has not been
reported [12-16]. Moreover, the low frequency of BRCA
mutations observed in PCa compared to the high frequency
observed in other HR-prone cancers, such as breast and
ovarian cancer, remains unexplained [10]. Therefore, we
sought to systematically characterize the regulation of

Figure 3. BRCAT1 expression is retained and phosphorylated in response to ADT. (A) A schematic figure representing the sample generation
process of Intact, Cas D2, and Cas D5 VCaP mice xenograft tumors. (B) A schematic figure representing the analysis pipeline in QuPath for
scoring the IHC staining. (C) Boxplots depicting the percentages of strong IHC staining of pBRCA1, Rad51, and yH2Ax in VCaP xenograft
tumors (ns = not significant and *p < 0.05 as determined by Mann-Whitney U-test). (D) Representative images of IHC staining in VCaP
xenograft tumor. High-resolution versions of the images shown are provided in the supplementary material, Figure S4A. (E) Scatterplots
depicting Pearson correlation between PSA concentration (ng/ml) and the percentage of strong IHC staining of BRCA1 in VCaP xenograft
tumors. (F) Representative IHC staining and scoring of yH2Ax, pBRCA1, and BRCA1 from PCa samples obtained from the same patients before
and after starting ADT (representative images shown, total n = 11 patients, *p < 0.05 and **p < 0.01 as determined by Student's t-test).
High-resolution versions of the images shown are provided in the supplementary material, Figure S5.

© 2025 The Author(s). The Journal of Pathology
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BRCAI by AR and explore the functions of BRCAl
in PCa.

Our results demonstrate that AR activation by ligand
mediates the repression of BRCAI transcription. The

inverse correlation between AR activation and BRCA1
expression was further reinforced by our mouse xeno-
graft data and in silico analyses. BRCAI has been
suggested to be repressed by Id4, the E2F family of
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Figure 6. PCa uses AR to repress the BRCA1 tumor suppressor
function and to hijack the BRCA1-NRF2 regulatory axis in ROS
defense. A schematic diagram depicting how the alternating states
of AR activation, dynamically regulated by PCa progression and
response to ADT, result in reduced caretaker activity of BRCA1 or
improved ROS defense via the modulation of BRCA1-NRF2 regula-
tory axis in PCa.

transcription factors, Slug, and microRNAs [39-42].
This suggests that the AR may regulate or interact with
these or other yet-unidentified repressors or that it
directly represses BRCAI. The frequency of BRCAI
mutations found in breast and ovarian cancer is high
compared to other cancer types. This has been hypothe-
sized to result from other tissues not surviving without
BRCAI1 expression [43]. Our finding demonstrating that
BRCAI is repressed under AR activation provides a
rationale for the hypothesis that the AR-driven PCa
repression may transiently impair the tumor suppressor
function of BRCA1, thus supporting the accumulation of
oncogenic alterations. Therefore, the already impaired
tumor suppressor gene function would provide no selec-
tive pressure toward somatic BRCAI mutations. On the
other hand, we found that ADT activates BRCAI to
defend against ROS, which may, in turn, select against
somatic BRCAI mutations.

Interestingly, ADM induced DNA damage and apo-
ptosis, while simultaneously increasing BRCA1 expres-
sion or phosphorylation independently of AR activation.
This suggested that BRCA1 phosphorylation might be
more sensitive towards other AD-induced processes,
such as ROS. Alternatively, the putative dephosphory-
lation or inhibition of BRCA1 phosphorylation may
require the nuclear localization of domains that are
absent in non-full-length AR-V7 present in 22Rv1, as

S Sriraman, V Virtanen et al

full-length AR remains cytoplasmic during AD.
Furthermore, we demonstrated that AD similarly
induced both BRCA1 and NRF2, and silencing BRCA
or NFE2L2 resulted in a reciprocal downregulation in
specific conditions such as AD, organoid culture, or AR-
negative cells, which suggests the involvement of ROS.
AD induces ROS-mediated oxidative stress, and BRCA1
regulates and interacts with NRF2 [3-5,33,34]. Our data
revealed that the BRCA1-NRF2 regulatory axis is active in
PCa and potentially hijacked by CRPC to defend against
toxic ROS.

Patient data suggested that high BRCAI expression
was linked to a poor prognosis of PCa patients. High
BRCAI levels were also found to be associated with
neuroendocrine PCa features. Interestingly, a recent
patient-derived organoid study showed increased DDR
gene expression in neuroendocrine PCa samples, which
suggests that AR independence is linked to the increased
function of some DDR genes [26]. This complements our
finding that, while BRCAI appears to be suppressed in
association with AR activation in AR-driven PCa, its
expression remains unaffected in less AR-dependent PCa.

In conclusion, our study sheds light on the role of the
tumor suppressor BRCA1 in PCa. Inherited BRCAI
mutations are associated with a predisposition for
aggressive PCa, but most PCa patients still carry intact
BRCAI. We demonstrate that AR mediates BRCAI
repression and that ADT activates, rather than sup-
presses, BRCA1 expression in PCa. Thus, we propose
that BRCAT1 plays two distinct roles in PCa when not
mutated: first, as a repressed tumor suppressor, thus
putatively promoting tumorigenesis and progression
and, in the later stage, through ADT-mediated activa-
tion, to protect tumor cells against ROS by inducing
NRF2 and its targets.
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