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Androgen receptor monomers and dimers
regulate opposing biological processes in
prostate cancer cells
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Most prostate cancers express the androgen receptor (AR), and tumor growth
and progression are facilitated by exceptionally low levels of systemic or
intratumorally produced androgens. Thus, absolute inhibitionof the androgen
signaling axis remains the goal of current therapeutic approaches to treat
prostate cancer (PCa). Paradoxically, high dose androgens also exhibit con-
siderable efficacy as a treatmentmodality in patientswith late-stagemetastatic
PCa. Here we show that low levels of androgens, functioning through an AR
monomer, facilitate a non-genomic activation of the mTOR signaling pathway
to drive proliferation. Conversely, high dose androgens facilitate the forma-
tion of AR dimers/oligomers to suppress c-MYC expression, inhibit prolifera-
tion and drive a transcriptional program associated with a differentiated
phenotype. These findings highlight the inherent liabilities in current
approaches used to inhibit AR action in PCa and are instructive as to strategies
that can be used to develop new therapeutics for this disease and other
androgenopathies.

Androgens, acting through the androgen receptor (AR), are
involved in the development of the male reproductive system,
manifestation of secondary sex characteristics at puberty, and
establishment and maintenance of reproductive function1. They are
also key regulators of metabolic homeostasis and processes
required for normal skeletal/bone integrity and muscle develop-
ment/function2–6. Dysregulated responses to AR/androgens are a
pathogenomic feature of prostate cancer (PCa)7. The primary
androgen, testosterone (T), is synthesized de novo in the Leydig
cells within the testes and can be transformed to the higher affinity

androgen dihydrotestosterone (DHT) by any of three genetically
distinct 5α-reductases (SRD5A1-3)8,9. A long-standing question in
developmental biology is how and why some phenotypic responses
inmales require only low levels of Twhereas othersmore associated
with differentiated phenotypes require higher levels of this hor-
mone or exposure to DHT10. Similarly, the response of prostate
tumors to androgens also differs as a function of dose11,12. These
observations suggest that AR-expressing cells must possess
mechanisms that enable them to recognize and respond differently
to different levels of androgenic ligands13,14.
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In contemporary models of AR action/pharmacology it is posited
that in the absence of ligand, AR resides in the cytoplasm in an inactive
formbound to a largemulti-factor heat-shockprotein (HSP) complex15.
Upon binding an agonist, the receptor undergoes a conformational
change that results in its displacement from HSPs and subsequent
dimerization. The dimeric receptor then enters the nucleus, interacts
with specific androgen response elements (AREs) located within the
regulatory regions of target genes, and recruits functionally distinct
coregulators to positively or negatively regulate target gene
transcription16. Whereas this model is similar to that described for
other nuclear receptors (NRs), there are important differences in how
AR interacts with its attendant coregulators. For most NRs (a) agonist
binding enables the formation of the primary coregulator binding
pocket (activation function-2; AF-2) in the ligand binding domain of
the receptor, enabling it to interact with coregulators that contain
specific LXXLL motif(s)17–20 and (b) subtle differences in the structure
of bound ligands can alter the shape of the AF-2 pocket allowing dif-
ferential engagement of coregulators21,22. AR does not contain a clas-
sical AF-2 pocket, but rather agonist binding results in the formation of
a shallow hydrophobic pocket (in a similar region to the AF-2 pocket of
other NRs) that enables an intramolecular interaction with an FXXLF
motif at the amino terminus of the receptor or with cofactors that
contain an FXXLFmotif23–30. A recently completed cryoEM structure of
an AR agonist-coregulator complex on DNA revealed that two mono-
mers of AR (each forming an intramolecular N/C terminal interaction)
dimerize forming an asymmetric coregulator binding surface that
accommodates one molecule each of a p160 coregulator (i.e., SRC-3)
and p30031. In this dimeric complex, the FXXLF binding domain within
AR is engaged in the formation of an N/C terminal interaction and is
not available to interactwith FXXLFmotif containing proteins24.Within
the confines of this inferredmechanism of action, it is unclear how AR
actions can be supported by extremely low levels of systemic or
intratumoral androgens in patients with PCa and conversely how
treatment with high-dose androgens is an effective strategy in patients
with late-stage disease32–37. Defining the molecular basis for this para-
doxical pharmacology was the primary objective of this study.

Using a combination of genetic, biochemical, and chemical
approaches, we show here that different doses of the same androgen
alter the relative abundance of ARmonomers and dimers/oligomers in
cells and that these different forms of the receptor participate in dis-
tinct signaling pathways to exhibit unique biological activities. Thus,
the oligomerization state of AR constitutes a biosensor that enables
cells to recognize and respond in a distinct manner to different levels
of the same hormone.

Results
Proliferative responses to different doses of androgens occur in
a non-linear manner
As a starting point, we revisited and confirmed the longstanding
observation that low-dose (LD) androgens (modeling the hypogonadal
state) stimulate and high-dose (HD) androgens (modeling the eugo-
nadal state) inhibit the proliferation of AR-positive PCa cell lines
in vitro when tested in media where serum androgens have been
removed (Fig. 1a, b)38,39. In fetal bovine serum (FBS) containing media,
which contains endogenous androgens and other growth factors, we
determined that HD androgens effectively inhibit proliferation
(Fig. 1c, d). The synthetic AR agonist R1881 was used for these initial
studies, although T and DHT function similarly (Fig. S1A, B). Non-linear
dose responses to T (Fig. 1e) or DHT (Fig. 1f) were also observed in vivo
in the LNCaP and VCaP (Fig. S1C) xenograft models of PCa.

To explore the molecular mechanisms underlying the biphasic
response to androgens, we performed RNA-seq in both LNCaP and
VCaP cells following treatment with vehicle or increasing concentra-
tions of androgens (from LD to HD) for 24 h. This analysis revealed
striking non-linear dose-dependent differences in gene expression

profiles. Notable were a group of mRNAs that encode proteins
involved in cell proliferation (E2F targets, G2M checkpoint e.g., E2F1)
and c-MYC biology, all of which were induced in response to LD
androgens and inhibited by HD androgens (Figs. 1g, h and S1, D, F and
G). In contrast, the classical AR target genes (e.g., PSA) were strongly
induced in a linear manner in response to HD androgens (Figs. 1g, h
and S1E). Using the Nanostring nCounter platform, we evaluated the
expression of 327 AR-regulated genes identified in the RNA-seq ana-
lysis and confirmed their biphasic gene expression pattern in response
to androgen dose in VCaP cells (Figs. 1i, and S1H). Similar biphasic
responseswerenoted in LNCaPcells (Fig. S2A). Importantly, androgen-
induced expression of LDmRNAs also resulted in a substantial increase
in the expression of their corresponding proteins (e.g., E2F1 and
FOXM1), and thiswas coincident with increased phosphorylation of RB
(Fig. 1j). The expression of PSA was only observed in HD androgen-
treated cells, and under those conditions, a dramatic downregulation
of E2F1 and FOXM1 expression and a complete loss of RB phosphor-
ylation was observed (Fig. 1j). Importantly, intratumoral levels of PSA
increase in a linear, dose proportional, manner to androgens whereas
tumor growth in the same animals exhibits a biphasic response
(Figs. S1C and S2B). Thus, AR-expressing PCa cells/tumors have an
inherent ability to recognize and respond differently to different levels
of androgens.

Androgen-dependent proliferation of PCa cells is uncoupled by
dose from canonical AR transcriptional activity
To identify molecular events responsible for the non-linear pro-
liferative responses to androgens, we performed an unbiased
genome-wide survey of changes in chromatin accessibility with the
goal of identifying potential cis-acting elements enriched in LD
versus HD treated PCa cells. To this end, we performed an assay for
transposase-accessible chromatin using sequencing (ATAC-seq) in
both VCaP and LNCaP cells following treatment with vehicle, or
increasing concentrations of androgens for 24 h. In this manner, a
total of 7810 and 104,198 high-confidence differentially accessible
peaks were identified in androgen versus vehicle-treated VCaP and
LNCaP cells respectively (Fig. 2a–d). Surprisingly, no significant
peaks (when compared to vehicle) were identified in the chromatin
isolated from VCaP cells treated with lower doses of androgens
(Fig. 2a, c), which achieved significant proliferative responses (0.01
and 0.03 nM) (Fig. 1b), although the RNA pathway for E2F targets is
clearly upregulated at these doses (Figs. 1h, i, and S1D). Increased
differentially accessible sites in VCaP cells were only present at a
dose of 0.06 nM R1881 (535 up and 33 sites down) and all but 3 of
these sites, were common to HD (10 nM R1881; 6293 up and 1514
down sites) (Fig. 2a, c). In LNCaP cells, changes in chromatin
architecture could be detected at all R1881 doses tested (0.03, 0.06,
0.1, and 10 nM), however, most of the sites identified were common
to HD (10 nM R1881: 103,408 sites; 73,415 up and 29,993 down) and
the magnitude of the peaks followed a classical linear response
relationship (Fig. 2b, d). Motif analysis of differentially accessible
peaks observed only in HD (10 nM R1881) or common to both HD
and LD treated VCaP (0.06 nM), or LNCaP (0.03, 0.06, 0.1 nM) cells
(Fig. 2a–d) showed that, as expected, AREs, FOXA1 and HoxB13
binding sequences were among the top enriched motifs (Supple-
mentary Data 1 and Supplementary Data 2). These results are con-
sistent with previously published reports and serve as validation of
the ATAC-seq data40. Specific to LNCaP cells, a subset of uniquely
enriched peaks was observed in response to LD treatments (428 up
and 361 down sites; Fig. 2b, d). These sequences were also found to
be enriched for AREs, FOXA1, and HoxB13 motifs (Fig. 2b, d and
Supplementary Data 1 and Supplementary Data 2), however, no
biological pathways were associatedwith these sites. The chromatin
architecture in genes that comprised the classic Hallmark Androgen
Response revealed peaks the magnitude of which followed a
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classical linear response relationship (Fig. S3A). A more focused
analysis of Hallmark E2F targets, (expressed in response to LD
androgens (Fig. S1D)), importantly, failed to identify any significant
differentially accessible chromatin sites specific to LD androgen
(Fig. S3B). Further, as opposed to the classical AR-regulated genes
(e.g., PSA, FKBP5, and STEAP4), analysis of the genomic tracks of
select genes induced in response to LD androgens (i.e., Hallmark

E2F targets E2F1; CDC6 and FOXM1), did not show any changes in
chromatin accessibility when evaluated 50 kb upstream or down-
stream of the transcription start site (TSS) (Figs. 2e and S3C). Thus,
we conclude that whereas AR is required for the proliferation of PCa
cells in response to LD androgens, the results from our ATAC-seq
analysis suggest that in the presence of LD androgen, AR is likely
acting in a non-canonical manner to facilitate proliferative
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responses as opposed to the well-described classical model of HD
androgen action.

Androgen-dependent proliferation of PCa cells and interaction
of AR with chromatin are uncoupled by androgen dose
The observation that low-dose androgens did not induce any sig-
nificant changes in chromatin accessibility (Fig. 2) was surprising
given that at these concentrations upregulated E2F target gene
expression and cell proliferation were apparent (Figs. 1b, h and
i and S1D). Thus, a genome-wide ChIP-sequencing (ChIP-seq) study
was conducted in both VCaP and LNCaP cells with the goal of
assessing AR binding at the enhancers of genes encoding proteins
that were responsible for the non-linear (proliferative and growth
inhibitory) responses to androgens. In this manner, a total of 39,621
and 53,871 high-confidence differentially bound sites were identi-
fied in androgen versus vehicle-treated VCaP and LNCaP respec-
tively (Fig. 3a–d). In concordance with the ATAC-seq data, no
specific differentially bound sites were identified in VCaP cells
treated with the lowest doses of androgens (Fig. 3a, c), even though
these doses promoted a significant proliferative response (0.01 and
0.03 nM) (Fig. 1b) and upregulated the RNA pathway for E2F targets
(Figs. 1h, i, and S1D). Sites at which AR was bound differentially in
response to 0.06 nM R1881 (5245 up and 2 sites down) were all
common to HD androgen (10 nM R1881; 37,591 up and 2025 down
sites) in all but 4 sites (Fig. 3a, c). Similarly, in LNCaP cells, fewer AR
binding peaks were detected in chromatin isolated from cells trea-
ted with lower doses of androgen (0.06 and 0.1 nM R1881; 13,843 up
and 10 down); however, all but, 85 of the sites identified were
common to HD hormone (10 nM R1881: 53,786 sites; 52,249 up and
1537 down) and the magnitude of the peaks followed a classical
linear response relationship (Fig. 3b, d). Consistent with previously
published reports, motif analysis of differentially AR bound peaks
observed in response to HD (10 nM R1881), or common to both HD
and LD treated VCAP or LNCAP cells, revealed AREs, FOXA1 and
HoxB13 binding sequences as the top enriched motifs40. A focused
analysis of the genomic tracks of select classical HD-regulated genes
(e.g., PSA, FKBP5 and STEAP4) revealed peaks where the degree of
AR binding followed a classical linear response relationship
(Figs. 3e and S4). However, a similar analysis of the genomic tracks
of select genes which we have shown to be induced in response to
LD androgens (e.g., Hallmark E2F targets E2F1; CDC6 and FOXM1),
did not show any changes in AR bound peaks sites specific to LD
androgen when evaluated 50 kb upstream or downstream of the
TSS (Figs. 3e and S4). Thus, the results from our ChIP-seq analysis
suggest that the degree of AR-binding to chromatin does not cor-
relate with the expression of genes required for proliferation but
does correlate with the expression of more classically regulated AR
target genes (e.g., PSA) in HD conditions.

Androgen-dependent proliferation of PCa cells does not require
AR dimerization
The results of our RNA-seq, ATAC-seq, and ChIP-seq analysis do not
support the established canonical model of AR action, where it is
posited that a high fractional saturation of the receptor is required to
enable the formation of AR homodimers, nuclear translocation, cor-
egulator recruitment and transcriptional regulation of target genes41.
Thus, it was difficult to explain how biological responses to androgens
could occur in LD conditions (low fractional saturation). At odds with
this model of AR action, our data suggested that AR dimers may not in
fact be required for cell proliferation. To probe this pharmacology
further, we first confirmed that the proliferative response to LD/HD T
and DHT in VCaP cells were similar to what we described for R1881
(Fig. 4a). Subsequently, a quantitative cell-based NanoBiT assay was
developed andused to evaluate ARdimerization as a function of ligand
exposure42. To this end SmBiT-AR and LgBiT-AR chimera were
expressed in HEK293 cells enabling a quantitative, real-time, assess-
ment of the effects of ligand and dose on receptor dimerization
(Fig. 4b). Importantly, minimal, if any dimerization of ARwas observed
at doses below 1 nM for any of the androgens tested in this assay
(Fig. 4c). Using the same assay, a similar dimerization pattern was
observed in response to different doses of R1881 in LNCaP cells
(Fig. S5A). Further, it was noted that AR does not form dimers inmedia
supplemented with FBS unless HD androgens were added supporting
the idea that FBS stimulated cell growth is driven by LD androgens and
likely mediated by AR monomers (Fig. S5B). Collectively, these data
indicate that the proliferative responses to LD androgens occur at
doses of hormone that are below that needed for dimerization,
implying that these responses are likely mediated by a monomeric
form of AR.

Identification of AR ligands which induce proliferation but do
not facilitate AR dimerization
To probe the role of dimerization in LD/HD androgen signalingwe first
recreated previously described ARmutants that have been reported to
interfere with dimerization43. Unfortunately, all of the mutants we
generatedwhich compromised dimerization also exhibited substantial
loss of ligandbinding affinity/transcriptional activity and thuswerenot
useful for our studies. Thus, we undertook an alternative chemical
biology approach to address thismechanistic question. To this end, we
used the NanoBiT AR dimerization assay to screen a small molecule
library of previously characterized AR ligands14,19,44. We hypothesized
that it would be possible to identify AR ligands that induce PCa cell
proliferation without inducing AR dimerization. Using this approach,
we identified RU486 (Fig. 5a), an antiprogestin/antiglucocorticoid that
we and others have shown to bind AR and effectively inhibit androgen
action at classical target genes but which has been shown to be inef-
fective as a PCa therapeutic19,45,46. The synthetic steroidal AR ligand

Fig. 1 | Prostate cancer cells respond differently to different doses of andro-
gens. LNCaP (a) or VCaP (b) cells plated in media containing charcoal-stripped
serum (CFS) or full-serum (FBS) (c, d) were treated with increasing concentrations
of R1881. Cell growth was assessed by DNA quantification at day 7. Data are shown
as mean± SD as representative results from three independent experiments, n = 3
wells of cells. RFU relative fluorescence units. Castrated male NSG mice bearing
subcutaneous LNCaP tumors were administered increasing doses of testosterone
in (e) (Placebo, n = 10 mice; 0.5mg/kg/d, n = 9 mice; 1mg/kg/d, n = 10 mice; 2mg/
kg/d, n = 10 mice; 4mg/kg/d, n = 9 mice; 8mg/kg/d, n = 9 mice) or DHT in (f) Pla-
cebo,n = 10; 0.1mg/kg/d, n = 10mice; 0.2mg/kg/d,n = 10mice; 0.4mg/kg/d, n = 10
mice; 0.8mg/kg/d, n = 10 mice. Data are shown as mean ± SD. p values were
determined by two-way ANOVA followed by Tukey’s multiple comparison test
(P <0.0001 for (e) and P <0.0004 for (f)). g Significant Hallmark pathways of
selectedGene Set Enrichment Analysis (GSEA) differentially regulated in VCaP cells
in response to low (0.06 nM R1881) as compared to high dose (R1881 10 nM)

androgens are represented (FDR q value < 0.001; NES normalized enrichment
score). NES< 0 represents downregulation of specified pathway in LD vs HD.
NES> 0 represents upregulation of specified pathway in LD vs HD. h VCaP cells
plated in CFS-supplementedmedia were treated with increasing concentrations of
R1881 for 24h. The mRNA expression for PSA and E2F1 were assessed using qRT-
PCR. Data are shown as mean± SD as representative results from three indepen-
dent experiments, n = 3 technical replicates. i Heatmap presentation of gene
expression as assessed using the Nanostring nCounter platform from VCaP cells
treated in CFS-supplemented media with either vehicle (Veh), LD or HD R1881.
j VCaP cells plated in media supplemented with CFS were treated with increasing
concentrations of either R1881, Testosterone (T) or Dihydrotestosterone (DHT) for
48h.Whole cell extracts were probed for RB1 phosphorylation (pRB), E2F1, FOXM1,
PSA or β-Actin using western blot. Representative images are shown from n = 3
biologically independent experiments. Source data are provided as a Source
Data file.
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Fig. 2 | Low dose androgen biology is not driven by the canonical transcrip-
tional activity ascribed to AR.Heatmap of ATAC-seq signal within a 6 kb window
of all high-confidence differentially accessible peaks identified in response to
indicated androgen dose compared to vehicle treated VCaP (a) or LNCaP (b) cells.
Differentially accessible peaks were subdivided based on whether they are sig-
nificantly increased (VCaP Up or LNCaP Up) or significantly decreased (VCaP down

or LNCaP down). Quantification of unique and common high-confidence differ-
entially accessible peaks identified in response to indicated androgen dose com-
pared to vehicle treated VCaP (c) or LNCaP (d) cells. e Representative genomic
tracks of ATAC-seq sites within classical AR regulated genes (i.e., KLK3, FKBP5 and
STEAP4) or LD regulated genes (i.e., E2F1, CDC6 and FOXM1) in response to vehicle
(0) or increasing androgens in VCaP cells.
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Fig. 3 | Low-dose androgen does not promote AR binding to chromatin. Heat-
map of ChIP-seq signal within a 6 kb window of all high-confidence differentially
accessible peaks identified in response to high dose (HD) and low dose (LD)
androgen compared to vehicle treated VCaP (a) or LNCaP (b) cells. Differentially
accessible peakswere subdividedbased onwhether they are significantly increased
(VCaP Up or LNCaP Up) or decreased (VCaP down or LNCaP down). Quantification

of unique and common high-confidence differentially accessible peaks identified in
response to androgen dose compared to vehicle treated VCaP (c) or LNCaP (d)
cells. e Representative genomic tracks of AR binding sites within HD- (KLK3, FKBP5
and STEAP4) or LD- androgen regulated genes (i.e., E2F1, CDC6 and FOXM1) in
response to vehicle (0) or increasing androgen concentrations in VCaP cells.
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RTI001 (among others) was also identified and unlike RU486 this drug
does not interact with GR or ERβ (Fig. 5a)47. Follow-up studies using a
NanoBiT assay confirmed that neither RU486 nor RTI001 induce AR
dimerization and, similar to the AR antagonist Enzalutamide, were able
to block R1881 mediated AR dimerization (Figs. 5b, c and S6A). To
complement the NanoBiT assay, we employed a mammalian two-
hybrid (M2H) interaction assay as an orthogonal approach and were
unable to detect any AR/AR interactions at the concentrations of
androgens that achieved maximal proliferative responses (lower than
0.1 nM). Similar to the NanoBiT format, only HD concentrations
(>0.1 nM R1881) of androgens facilitated AR/AR interactions in the
M2H assay (Supplemental Fig. S6B). Furthermore, neither RU486 nor
the AR antagonist Enzalutamide induced AR dimerization (Supple-
mental Fig. S6B) as assessed in the M2H assay. Importantly, both
RU486 and RTI001 were as effective as R1881 in inducing PCa cell
proliferation, and this activity was inhibited by enzalutamide or a
specific AR-directed Proteolysis Targeting Chimera (PROTAC) degra-
der (Fig. 5d, e). Reflecting their inability to facilitate AR dimerization,
these ligands (RU486 and RTI001) were found to exhibit weak partial
agonist activity on classical AR-responsive genes (i.e., PSA, FKBP5 or
NDRG1). However, they functioned as full/super agonists with respect
to the expression of LD mRNAs (i.e., E2F1 and FOXM1) and their cor-
responding proteins (Fig. 5f–h). Of particular importance, we deter-
mined that both compounds (a) are competitive AR antagonists
(Fig. S6A, C–F), (b) disrupt N/C terminal interactions14,19, and (c) inhibit
HDandrogen-dependent activationof classical AR target genes but not
LD androgen-dependent activation cell cycle genes (Fig. S6, C, E and

F)14,19. Thus, these compounds recapitulate the biology/pharmacology
of LD androgens by favoring the formation of AR monomers and
confirm receptor oligomerization as a mechanism by which cells
respond to different levels of androgens.

AR-dependent activation of mTOR occurs in a non-
genomic manner
WhereasmonomericAR induces the expression ofmRNAs that encode
proteins required for progression through the cell cycle, we made the
unexpected finding that these responses were completely inhibited by
cycloheximide at a concentration that did not block expression of
mRNAs from the immediate-early (HD) primary target genes (e.g., PSA)
(Fig. 6a, b). Thus, we concluded that the expression of the LD genes
(i.e., E2F1) were secondary responses that required de novo protein
synthesis. It has been suggested that mTOR activation is required for
AR-dependent proliferative responses although the impact of dose on
this process was never examined48. Using pS6 and p4EBP1 as bio-
markers, we determined that mTOR was activated by both LD and HD
androgens (Fig. 6c). These AR-dependent responses were inhibited by
enzalutamide (Fig. S7A). Notably, RU486 and RTI001 were as effective
as androgens in inducingmTORactivation, phosphorylationofRB, and
the expression of E2F1 and FOXM1, implicating the ARmonomer as the
effector of these responses (Figs. 6c, and S7A). Unexpectedly, the
ability of androgens to activate mTOR was insensitive to cyclohex-
imide under conditions where protein synthesis was inhibited, high-
lighting non-genomic activities of AR (Figs. 6d, and S7B). Previous
studies have concluded that mTOR activation occurred secondary to

Fig. 4 | Lowdose androgens donot facilitate receptor dimerization. aVCaPcells
were plated in CFS-supplemented media for 2 days followed by treatment with
increasing concentrations of R1881, DHT or Testosterone (T). Cell growth was
assessed by DNA quantification at day 7. Data are shown as mean ± SD of repre-
sentative results from three independent experiments, n = 3 wells of cells. RFU:
relative fluorescence units. b Schematic of the NanoBiT-based assay used to eval-
uate wtAR dimerization. c HEK293 cells were transfected in CFS-supplemented

media with plasmids expressing full-length AR fused to the small- (SmBiT AR) and
large-bit (LgBiT AR) of Nanoluciferase. 48 h later, cells were treated with increasing
concentrations of R1881, DHT or testosterone (T) and at the same time Nanoluci-
ferase reagent was added and light emission measured using a plate reader. Data
are plotted as mean ± SD of representative results from four independent experi-
ments, n = 3 wells of cells. RLU relative light units. Source data are provided as a
Source Data file.
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the AR-dependent induction of the expression of amino acid (AA)
transporters, import of AAs, and activation of the RAGulator
complex48. This conclusion is inconsistent with our data showing that
mTOR activation is insensitive to cycloheximide treatment (Fig. S7B).
Additionally, while insensitive to cycloheximide treatments, mTOR
activation was detected prior to any measurable upregulation of
classical AR-regulated proteins (e.g., NDRG1, FKBP5 or PSA)

(Figs. S7C and 6e). Further, we used high-content imaging (Cellomics
ArrayScan) to evaluate the subcellular localization of the AR in an
unbiased manner in VCaP cells following treatment with increasing
concentrations of androgens. As expected, the treatment of cells with
HD androgens resulted in robust nuclear accumulation of AR
(Fig. S7D). Under these experimental conditions, in agreement with
our ChIP-seq analysis showing that AR was recruited to fewer genomic
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sites in response to LD androgens, we determined that LD androgens
did not effectively stimulate nuclear translocation of AR (Fig. S7D). It
has also been reported that AR can transiently (10–15min) activate
MAPK and AKT to reinforce the genomic actions of androgens49–52. We
do not believe that this is related to the activation of mTOR that we
observe as these rapid responses were only observed upon treatment
with supraphysiological levels of agonists (Fig. S7E). Further, we
demonstrate that the activation of mTOR in response to androgens
occurs within ~4 h (Fig. S7C, D) and is maintained for 72 h (Fig. 6e).
mTOR activation preceded the phosphorylation of RB and the
increased expression of E2F1 and FOXM1 (Fig. 6e). Further, RB phos-
phorylation and the expression of E2F1 andFOXM1mRNAandproteins
were inhibited by the mTOR inhibitors Torin 2 or AZD8055. Inhibition
of mTOR had little impact on the expression of PSA (Figs. 6f, and
S7F–I). Whereas the mechanisms(s) by which androgens activate
mTOR remain to be determined, it has recently been shown that AR
can physically interact with mTOR in cells53,54. Regardless, these data
indicate that androgens facilitate an AR monomer-dependent, non-
genomic, activation of mTOR that results ultimately in RB phosphor-
ylation and increased expression and translation of mRNAs encoding
key cell cycle proteins (i.e., E2F1, FOXM1).

HD androgens suppress c-MYC expression to inhibit
proliferation
The results of our studies revealed that both LD and HD androgens
facilitate an AR monomer-dependent activation of mTOR; an activity
required for RB phosphorylation and to increase the expression and
translation of mRNAs encoding key cell cycle proteins (Figs. 6 and S7).
However, despite mTOR activation, HD androgens inhibit the expres-
sion of mRNAs encoding proteins involved in the G1/S transition, a
robust response that has been observed previously39,55–57. The
mechanism(s) by which AR accomplishes this activity has not yet been
resolved. Our RNA-seq analysis revealed that Hallmark c-MYC targets
were upregulated in response to LD androgens but repressed in HD
androgen-treated cells (Fig. 1g). Therefore, we wanted to determine
the temporal impact of androgen levels on mTOR activation markers
and on the expression of c-MYC, a primary oncogenic driver of PCa58,59.
Interestingly, while both LD and HD androgens facilitate mTOR acti-
vation, only HD androgens repressed the expression of c-MYC sug-
gesting that both mTOR activation and c-MYC are required to
phosphorylate RB and to increase the expression and translation of
mRNAs encoding key cell cycle proteins (Fig. 7a).

Next, we wanted to determine the impact of AR dimerization on
the expression of c-MYC. Interestingly, at doses that induce AR
dimerization (Fig. 4c), androgens induce the expression of HD genes
(i.e., PSA) and quantitatively inhibit c-MYC, E2F1, and FOXM1 expres-
sion and the phosphorylation of RB (Fig. 7b). Of note was the obser-
vation that the expression of c-MYC protein was eliminated within 4 h
of the addition of HD androgens (Fig. 7a). Importantly, we also deter-
mined that AR modulators that fail to induce AR dimerization (i.e.,
RU486 and RTI001) were not able not repress c-MYC expression
(Fig. 7b). Thus, AR dimerization is required to repress c-MYC levels.

As a follow-up study, we performed a comparative analysis of the
inhibitory pharmacology of antiandrogens and HD androgens in cel-
lular and animal models of PCa. This study revealed that AR agonists
are significantly more efficacious in inhibiting PCa cell proliferation
than even the most contemporary antiandrogen enzalutamide or an
AR-directed VHL-PROTAC (Figs. 7c, and S8A). The proliferation of
EnzR-VCaP, a cell line developed from VCaP tumors that progressed in
castrated male mice treated with enzalutamide, was also more sensi-
tive to inhibition with HD androgens than to AR antagonists (Fig. S8B).
Importantly, it was also demonstrated that HD T inhibits the growth of
LNCaP-AR cells when propagated as a xenograft (expressing 3 times
the amount of AR when compared to the parental LNCaP and a model
for castration resistant prostate cancer)60 (Fig. 7d). Follow-up studies
revealed that while antiandrogens efficiently repressed the expression
of AR targets such as PSA, they had minimal inhibitory effects on RB
phosphorylation or on the expression of E2F1 and FOXM1
(Figs. 7e, f and S8C). Conversely, while HD androgens enhanced the
expression of PSA, they were effective inhibitors of RB phosphoryla-
tion and E2F1 and FOXM1 protein expression. One of the most sig-
nificant differences noted was that as opposed to HD androgen,
antiandrogens failed to inhibit the expression of c-MYC in any cell
model (Figs. 7e, f and S8C).

Given the primacy of c-MYC in AR pathobiology, we next probed
the causal relationships between its expression and the ability of HD
androgens to repress PCa proliferation. As a starting place for this
study, we passaged PCa cells in the continued presence of HD andro-
gens to the point of resistance. The resultant isogeneic variants HDr,
while insensitive to treatment with HD androgens, remained depen-
dent on androgens for proliferation and retained their sensitivity to
Enz/PROTACs (Figs. 7g–i and S8D, E). Importantly, in HD-resistant
cells, c-MYC expression is maintained and unresponsive to HD
androgens (Fig. 7i). Further, RB phosphorylation and the expression of
the cell cycle genes E2F1 and FOXM1 remain elevated in the HD
androgen-treated cells (Fig. 7i). These results suggested that down-
regulation of c-MYC expression may be the primary mediator of the
antiproliferative activity of HD androgens. To probe this relationship
further, we engineered LNCaP cells that express c-MYC from a het-
erologous promoter and demonstrated that these cells were com-
pletely resistant to the anti-proliferative effects of HD androgens
(Fig. 7j, k). Furthermore, treatment with HD androgens did not inhibit
RBphosphorylation or the expressionof E2F1 and FOXM1 (Fig. 7l,m) in
these engineered cells. Together these data indicate that HD andro-
gens facilitate AR dimerization, which mediates their antiproliferative
activities through active suppression of c-MYC expression.

Discussion
Our work demonstrates that monomeric and dimeric/oligomeric AR
are functionally distinct entities that regulate different signaling
pathways to exhibit unique biological responses in cells. Considering
this information, we propose a substantially revised model of AR
action in which androgens activate and enable the release of AR from
the HSP complex, but when fractional occupancy is low, the liganded

Fig. 5 | Identification of AR modulators that mimic LD androgen biology.
aChemical structures for RU486andRTI001. HEK293 cellswere transfected in CFS-
supplemented media with plasmids expressing AR fused to SmBiT or LgBiT. 48h
later, cells were treated with increasing concentrations of RU486 (b) or RTI001 (c)
and compared to 10 nM R1881, at the time Nanoluciferase reagent was added, and
read on plate reader. Data are shown asmean ± SD of a representative results from
three independent experiments, n = 3 wells of cells. RLU: Relative Light Units. VCaP
cells were plated in CFS media for 2 days and treated with increasing concentra-
tions of RU486 (d) or RTI001 (e) alone or in the presence of Enzalutamide (Enz) or a
PROTAC AR degrader and compared to LD R1881 (0.06 nM). Cell growth was
assessed by DNA quantification at day 7. Data are plotted as mean± SD of

representative results from three independent experiments.n = 3wells of cells. RFU
relative fluorescent units. VCaP cells were plated in CFS-supplemented media for
2 days and treatedwith increasing concentrations ofR1881, RU486 or RTI001 for an
additional 24 h. The mRNA expression for PSA (f) and E2F1 (g) were assessed using
qRT-PCR. Data are shown as mean ± SD as representative results from three inde-
pendent experiments, n = 3 technical replicates. h VCaP cells were plated in CFS-
supplemented media for 2 days and treated with either vehicle or indicated con-
centrations of R1881, RTI001 or RU486 for an additional 48 h. Whole cell extracts
were probed for RB phosphorylation (pRB), E2F1, FOXM1, PSA, or β-Actin. Repre-
sentative images are shown from n = 2 independent experiments. Source data are
provided as a Source Data file.
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receptor is predominately located in the cytoplasm as a monomer
where it directly or indirectly activates the mTOR signaling pathway.
Importantly, at doses of hormone that induce PCa cell proliferation
andmaximal upregulation of LD genes (e.g., E2F targets), onlyminimal
AR nuclear translocation, chromatin AR binding, and alterations in
chromatin architecture are observed (by ATAC-seq and ChIP-seq ana-
lysis). This suggests that the activity of AR on these target genes likely
occurs in a non-canonical manner, with the monomeric AR facilitating
a non-genomic activation of mTOR leading to increased RB

phosphorylation and promoting cell proliferation. As hormone levels
increase so too does the population of dimers which partition to the
nucleus, interact with DNA, and subsequently increase the expression
of classical AR target genes. However, HD androgens also initiate a
negative feedback pathway which engages AR dimers in the active
repression of c-MYC expression leading to RB1 dephosphorylation and
downregulation of genes associated with the G1/S transition61, ulti-
mately inhibiting cell proliferation. Thus, while both LD and HD
androgens activate mTOR, only HD androgens repress c-MYC
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expression. It was recently reported that Rb loss is not required for HD
androgen-mediated growth suppression, suggesting that MYC down-
regulation is sufficient to halt cell cycle progression, independent of
Rb status61. The mechanisms by which the AR dimer actively suppress
c-MYC expression remain to be determined, but considering the
findings of others it is possible that the dimer engages the inhibitory
DREAM complex to accomplish this activity61. Together, these findings
explain how the same hormone acting through the same receptor can
manifest different biological responses in the same cell and how
prostate tumors exhibit non-linear responses to androgens.

Previous studies have shown that AR and mTOR can physically
interact within the nucleus, leading to the reprogramming of mTOR-
dependent metabolic gene networks53. However, this interaction has
only been observed in cells treated with HD androgens, whereas in the
presence of LD androgens, the compartmentalization of AR/mTOR
remains cytoplasmic. While AR is required for PCa cell proliferation in
response to LD androgens, ChIP-seq and ATAC-seq analysis, together
with studies of AR compartmentalization suggest that nuclear mTOR/
AR complexes are unlikely to mediate proliferation in response to LD
androgens. Rather, our data suggest that androgens facilitate an AR
monomer-dependent, non-genomic activation of mTOR, ultimately
promoting cell proliferation. Further investigation will be required to
define the specific mTOR complex (C1 or C2) required for the pro-
liferative response to androgens. Several studies have proposed that
the oligomeric state of the Glucocorticoid Receptor (GR) enables it to
exhibit distinct functions in the nucleus likely reflecting its ability to
interact with GRE-half sites and palindromic response elements62–64.
This is in contrast with our studies with AR where we have shown that
monomeric and dimeric receptors exhibit distinct functions in differ-
ent cell compartments. It has been shown recently that unliganded
cytoplasmic GR can interact with KRAS and inhibit downstream PI3K-
AKT and MAPK pathways in the cytoplasm. The extent to which this
can be attributed to monomeric vs. dimeric GR complexes remains to
be determined65. How and if other steroid hormones take advantage of
receptor oligomerization to elicit diverse biological responses to
alterations in hormone levels remains to be explored. We have deter-
mined that cancer cells do respond differently to different levels of
progestins although the role of oligomerization in this activity has not
been determined66,67.

The revised model of AR action we propose has significant
implications with respect to strategies currently used to inhibit AR
action in PCa. Notably, it suggests that the specific inhibition of the
activity of monomeric AR is the optimal approach to block the
pathobiological actions of androgen in PCa. The current approaches
used to target AR signaling (competitive antagonists, PROTACs,
CYP17 inhibitors, and GnRH agonists/antagonists) have the potential
to effectively inhibit monomeric AR if they achieve absolute inhibi-
tion of the receptor. However, any monomeric AR remaining will be
free to engage in the regulation of LD biology. All existing AR-
directed PCa therapies will disrupt the favorable activities of the
dimeric receptor and would likely also increase the propensity for
transdifferentiation of PCa cells to neuroendocrine prostate

cancer68,69. Our findings suggest that the paradoxical approach of
facilitating AR dimerization and exploiting the hardwired negative
feedback pathway onprocesses required for cell proliferationmaybe
a more effective way to inhibit androgen action in PCa (Fig. 8).
Recently, an antagonist was described that binds to the AR dimer
interface suppressing AR signaling70. Although this inhibitor targets
the AR dimerization interface, it likely impacts proliferation of PCa
cells through mechanisms distinct from disruption of AR dimer
activities. Indeed, by binding to the dimer interface, these ligands
could disrupt essential structural features of themonomeric AR (e.g.,
specific coregulator recruitment or altering AR conformation),
thereby interfering with its ability to drive proliferation potentially
inhibiting mTOR activation. Interestingly, while the AR N/C interac-
tions were described to be dispensable for normal development in
malemice71, our studies indicate that this interaction is important for
AR/AR dimerization, the regulation of classical ARE-containing
genes, and the downregulation of c-MYC expression. This is sup-
ported by our observation that drugs that do not induce N/C inter-
actions fail to induce AR/AR dimerization and exhibit weak agonist
activity on classic AR target genes (e.g., PSA). Further, such drugs fail
to downregulate the expression of c-MYC.

Although HD androgens effectively inhibit RB phosphorylation
and the expression of cell cycle genes in both VCaP and LNCaP cells,
repression is more robust in VCaP cells, which express higher levels of
AR (Figs. S1A, B, and S6E and F). As the ability of HD androgens to
inhibit PCa proliferation is influenced by AR expression level, this
activity may be more robust in PCa cells/tumors where receptor levels
are elevated and engaged in the regulation of activities that do not
occur in normal cells72. Several studies have explored the therapeutic
utility of HD androgens (monthly bolus of testosterone cypionate) in
patients with metastatic PCa, a strategy called Bipolar Androgen
Therapy (BAT)32–34. Indeed, the results of the recent TRANSFORMER
study indicated that BAT was as effective as Enzalutamide in patients
who had progressed on the CYP17 inhibitor abiraterone33. It is notable
that high AR activity, rather than high AR expression per se, has been
identified as a predictive biomarker of response to this treatment and
transcriptional downregulation of AR has emerged as a mechanism of
resistance to HD androgens in a subset of patients33. Our data suggests
that the BAT protocol does not optimally leverage the mechanisms by
which HD androgens suppress proliferation as blood levels of andro-
gens decline in the second half of the BAT treatment cycle likely
favoring the formation of monomeric AR to potentially restore pro-
liferative responses. Thus, there appears to be an unmet medical need
for an AR modulator which favors the formation of AR dimers, and
which is devoid of the liabilities of existing androgen agonists in the
liver, cardiovascular, and central nervous systems73–76. Beyond the
realm of cancer, this revised model of AR action/pharmacology has
implications with respect to the strategies that are currently used to
treat hypogonadism in males, and those used to treat the climacteric
conditions associated with menopause in females. The discordance
between dose and proliferation noted for androgens also begs a ree-
valuationof the established approaches used to evaluate the activity of

Fig. 6 | AR regulated proliferation ismTOR dependent. VCaP cells were plated in
media supplemented with CFS for 2 days and treated for an additional 48 h with
indicated concentrations of R1881 alone or in combination with cycloheximide
(CHX). ThemRNAexpression forPSA (a) andE2F1 (b) were assessedusing qRT-PCR.
Data are shown as mean ± SD as representative results from three independent
experiments, n = 3 technical replicates. c VCaP cells were plated in CFS-
supplemented media for 2 days and treated with either vehicle or indicated con-
centrations of R1881, RTI001 or RU486 for an additional 48 h. Whole cell extracts
were probed for RB phosphorylation (pRB), E2F1, FOXM1, PSA, phospho-S6 ribo-
somal protein (pS6), phospho4EBP1 (p4EBP1) or β-Actinusingwesternblot.dVCaP
cells were treated with indicated concentrations of R1881 alone or in combination
with cycloheximide (CHX) for an additional 24 h. Whole cell extracts were probed

for RB phosphorylation (pRB), E2F1, FOXM1, PSA, phospho-p70 S6 Kinase (pS6K),
phospho-S6 ribosomal protein (pS6), phospho 4EBP1 (p4EBP1) or β-Actin using
western blot. e VCaP cells were treated with either vehicle or R1881 (0.06nM or
10 nM) for indicated time. Whole cell extracts were probed for RB phosphorylation
(pRB), E2F1, FOXM1, PSA, phospho-S6 ribosomal protein (pS6), or β-Actin using
western blot. f VCaP cells were plated in media supplemented with CFS for 2 days
and treated with indicated concentrations of R1881 alone (Veh) or in the presence
of 100nMTorin2 for 48h.Whole cell extracts were probed for RB phosphorylation
(pRB), E2F1, FOXM1, PSA, phospho-p70 S6 Kinase (pS6K), phospho-S6 ribosomal
protein (pS6), phospho 4EBP1 (p4EBP1) or β-Actin using western blot. For
c–f, representative images are shown from n = 3 independent experiments. Source
data are provided as a Source Data file.
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chemicals in the environment as potential disrupters of androgen
signaling.

Methods
Animal studies
All procedures were conducted in accordance with the Guide for the
Care and Use of Laboratory Animals, 8th ed., and approved by the

Duke University Institutional Animal Care and Use Committee (AUP#
A220-21-11 and A278-18-12). Animals were euthanized when tumor
volume exceeded the 2 cm3 total volume limit imposed by the Duke
IACUC. Six-week-old male NSG (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ) mice
were obtained from Jackson Laboratories (Bar Harbor, ME) and were
maintained under specific pathogen-free, temperature- and humidity-
controlled conditions, with a 12-h light/12-h dark schedule. For LNCaP
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andVCAP studies,micewere castrated, assigned togroups (n = 10) and
implanted subcutaneously (sc) with placebopellets orwith pellets (90-
day duration) containing increasing doses of either (T, NA-151; 1.25, 2.5,
5, 10 and 20 total dose mg/pellets) or 5a-dihydrotestosterone (DHT, NA-
161; 0.1, 0.25, 0.5, 1, 2 and 5 total dose mg/pellets) (Innovative Research
of America, Sarasota, FL). 10 days later, mice were injected with 3 × 106

LNCaP or 1 × 106 VCaP Cells in 50% matrigel (BD Matrigel Matrix, BD
Biosciences, San Jose, CA) sc into the right flank. Tumor size was
measured with calipers 3 times weekly and tumor volume was calcu-
lated using the formula volume=width2 × length/2. For the LNCaP-AR
xenograft study, male NSG mice (in house colony, Duke Cancer Insti-
tute, Durham, NC) were castrated at 6 weeks of age, 10 days before
injection of 3 × 106 LNCaP-AR cells sc into the flank. When tumor
volume reached ∼0.15–0.2 cm3, mice were randomized (n = 10–12) to
receive vehicle (10% DMSO/1% CMC/0.1% Tween 80; po qd), Enzalu-
tamide (30mg/kg; po qd) or testosterone (50mg/kg; sc qw in sesame

oil, vehicle po qd). Group size per treatment arm included: Vehicle
n = 12, Enzalutamide n = 10 and Testosterone n = 11.

Reagents
LNCaP cells were maintained in RPMI supplemented with 8% FBS.
VCaP, EnzR-VCaP, HEK293, or CV-1 cells were maintained in DMEM
(8% FBS). All cell lines were obtained from ATCC which uses short
tandem repeat (STR) DNA profiles for authentication. None of the
cell lines used for these studies are listed in the database of com-
monly misidentified cell lines maintained by ICLAC. All cell lines
tested negative for mycoplasma. Stable LNCaP cell lines expressing
c-MYC were generated using pCDH-puro-cMyc (addgene, plasmid
#46970). Torin2 and AZD8055 were purchased from Selleckchem.
RU486 (Mifepristone), Enzalutamide, and bicalutamide were pur-
chased from Cayman Chemical Company (≥98% purity). RTI001 was
a gift from E. Cook (Research Triangle Park, NC)44, Antibodies to AR

Fig. 7 | HD dose androgens, but not AR antagonists, inhibit c-MYC expression.
a VCaP cells grown in CFS-supplemented media were treated with vehicle, 0.1 or
10 nM R1881 for indicated time. b VCaP cells in CFS-supplemented media were
treated with vehicle or R1881, RU486 or RTI001 as indicated. Whole cell extracts
(WCE) were probed for pRB, E2F1, FOXM1, pS6K, pS6, p4EBP1, PSA, and β-Actin.
c LNCaP cells in FBS-supplemented media were treated with increasing con-
centrations of either R1881 or AR antagonists. Bic: Bicalutamide, Enz: Enzalutamide
or an AR degrader (PROTAC). d Castrated male NSG mice bearing LNCaP-AR
tumors were administered either Vehicle (Veh, n = 12 mice), testosterone (T, n = 11
mice) or Enzalutamide (Enz,n = 11mice).Data are plottedasmean± SDandp values
determined by two-way ANOVA followed by Tukey’s multiple comparison test
(P <0.0001). LNCaP (e) or VCaP (f) cells in FBS-supplemented media were treated
for 48h with Vehicle (Veh), 10 nM R1881 or AR antagonists. (Enz 10μM or PROTAC
2μM). WCE were probed for AR, PSA, pRB, E2F1, FOXM1, c-MYC or β-Actin. LNCaP

control (CTRL) or HD resistant (HDr) cells in FBS- (g) or in CFS (h) -supplemented
media were treated with increasing concentrations of R1881. i LNCaP control
(CTRL) or HD resistant (HDr) cells grown in FBS-supplemented media were treated
for 48h. with Vehicle (-) or 10 nM R1881 (+). WCE were probed for AR, PSA, pRB,
E2F1, FOXM1, c-MYC and β-Actin. LNCaP control (CTRL) or LNCaP c-MYC (c-MYC)
cells were plated in FBS (j) or CFS (k) -supplemented media and treated with
increasing concentrations of R1881. LNCaP control (CTRL) or LNCaP c-MYC (c-
MYC) cells in FBS (l) or CFS (m) -supplemented media and treated with increasing
concentrations of R1881. WCE were probed for AR, PSA, pRB, E2F1, FOXM1, c-MYC
and β-Actin. For A, B, E, F, I, L and M, representative images are shown from n = 3
independent experiments. For C, G, H, J, and K, Data are shown as mean± SD of
representative results from three independent experiments, n = 3 wells of cells.
RFU: Relative Fluorescence Units. Source data are provided as a Source Data file.
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Fig. 8 | Monomeric and dimeric forms of ARmanifest different biologies.Upon
binding an androgen AR undergoes a conformational change that enables its
release from an inhibitory heat-shock protein complex (HSP). In the presence of
castrate levels of androgens, AR fractional occupancy is low, and the receptor is
predominately located in the cytoplasm as a monomer. Monomeric AR activates
the mTOR signaling pathway enabling cell proliferation. As the levels of hormones
increase to eugonadal levels, the fractional occupancy of AR increases and the
population of dimers which partition to the nucleus rise, interact with DNA, and

enhance the expression of classical AR target genes. Simultaneously, AR dimers
actively repress c-MYC expression to initiate a negative feedback pathway leading
to RB1 dephosphorylation and the repression of genes associated with the G1/S
transition. This model also predicts that when androgens levels are low, androgen
deprivation therapy (ADT) consisting of anti-androgens, or the ligands directed
degraders (LDD)s will promote castration resistant neuroendocrine prostate dis-
ease. Conversely, when androgens levels are high, ADT will favor the formation of
the monomeric AR and drive tumor growth.
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(441, SC-7305, 1:10,000) and FKBP51 (D-4, sc-271547, 1:50,000) were
purchased from Santa Cruz Biotechnology. Antibodies for β-Actin
(AC-15, A5441, 1:800,000) and Anti-Puromycin (MABE343, 12D10,
1:300,000) was purchased from Sigma. Antibodies for Phospho-Rb
(Ser807/811; D20B12, #8516, 1:50,000), Phospho-p70 S6 Kinase
(Thr389; 1A5, #9206, 1:2000), Phospho-S6 Ribosomal Protein
(Ser235/236; D57.2.2E, #4858, 1:4000) and Phospho-4E-BP1 (Ser65;
#9451, 1:1000), c-MYC (D84C12, #5605, 1:2000), PSA (D11E1, #2475,
1:20,000), NDRG1 (#5196, 1:1000), FOXM1 (D3F2B, #20459, 1:2000)
and Vinculin (E1E9V, #13901, 1:160,000) were purchased from Cell
Signaling. E2F1 antibody (KH95/E2F, #554213, 1:1000) was pur-
chased from BD Biosciences. FuGENE HD Transfection Reagent and
furimazine were purchased from Promega.

Proliferation assay
LNCaP (4000 cells/well) and VCaP or EnzR-VCAP Cells (10,000 cells/
well) were seeded in 96-well plates containing media supplemented
with 8% fetal bovine serum (FBS) or charcoal-stripped fetal bovine
serum (CFS). The following day for FBS or 2 days later when inmedia
supplemented with CFS, the cells were treated with test compounds
as indicated. Following a seven-day incubation, media was removed
by inversion, and plates were frozen overnight at −80 °C. Plates
were thawed at room temperature and 100 μl ddH2O was added to
each well. Plates were incubated at 37 °C in non-CO2 incubator for
1 h. and then frozen at −80 °C overnight. Plates were thawed to
room temperature and 100 μl TNE buffer (NaCl, Tris, EDTA) +
Hoechst dye (1.0mg/ml, 1:500) was added to each well. Cell pro-
liferation was quantified by measuring DNA content using Hoechst
dye77. Fluorescent signal was measured at 460 nm. Each sample was
evaluated in triplicate, and the results from a representative
experiment are shown. Results are expressed as relative fluores-
cence ± SD (n = 3 wells of cells).

RNA isolation and real-time PCR
LNCaP cells (130,000 cells/well) were seeded in 6-well plates in RPMI
1640 (8% CFS). For VCaP cell line (300,000 cells/well), cells were see-
ded in 6-well plates in DMEM (8% CFS). 48 h later, cells were treated
with ligand for an additional 24 h and total RNAwere isolated using the
Aurum™ Total RNA Mini-Kit according to the manufacturer’s instruc-
tions (Bio-Rad). RNA quality and quantity were determined using a
Nanodrop 1000 (Thermo Fisher) and total RNA (1 µg) was reverse
transcribed to cDNA using iScript™ cDNA synthesis Kit (Bio-Rad). The
resulting cDNAwasdiluted 1:20withwater for use in theqPCRanalysis.
qPCR was performed using the Bio-Rad SYBR green supermix with
0.2Mofeach forward and reverseprimer and2.25 µl of diluted cDNA in
a total reaction volumeof 6 µl. PCR amplification was carried out using
the Bio-Rad iQ4 or the CFX384 qPCR system. All primers used in the
study were tested to have PCR efficiency between 100 ± 10% and span
intron/exon boundaries when possible. Gene expression levels were
first normalized to an internal control 36B4 or GAPDH, and then to
control conditions. Each sample was performed in n = 3 technical
replicate and the results from a representative experiment are shown.
Gene-specific primers were purchased from Eton Bioscience Inc.

36B4 (For: GGACATGTTGCTGGCCAATAA, Rev: GGGCCCGAGA
CCAGTGTT)

GAPDH (For: ACAGTCCATGCCATCACTGCCACCCAGAAG; Rev:
CAGTGAGCTTCCCGTTCAGCTCAGGGATGA)

PSA (For: CCTCCTGAAGAATCGATTCC; Rev: AGGTCCACACACT
GAAGTT)

E2F1 (For: ACGTGACGTGTCAGGACCT; Rev: GATCGGGCCTTGTT
TGCTCT)

FKBP5 (For: CGGAGAACCAAACGGAAAGG; Rev: CTTCGCCCACA
GTGAATGC)

CDC6 (For: TGAATGGCCATGGCTAAGCA; Rev: GGAAGTTCAACA
GCTGTGGC)

RNA-seq analysis
RNA-seq data were checked for quality and trimmed using FastQC
(v0.11.9)78, MultiQC (v1.10.1)79 and Trimmomatic (v0.39)80; trimmed
reads shorter than 36 bp were removed. Reads were aligned to the
reference genome (GRCh38) and annotated to gene features using the
STAR aligner (v2.7.8a)81. The reference genome and annotation files
were obtained from GENCODE (Release 38)82. Read- and base-level
mapping quality was checked using STAR output and Picard Toolkits
(v2.23.8)83. Tests of differential gene expression were performed using
R (v4.2.1)84 and the package DESeq2 (v1.36.0)85. Path-analyses were
performed using fgsea (v1.22.0)86 with Hallmark87 gene sets.

nCounter NanoString gene expression profiling
VCaP cells were plated in a 96-well plate at a density of 50,000 cells/
well in 5%CFS-supplemented media. 24 h later, cells were treated with
either vehicle (Veh), LD (0.03 nM) or HD R1881 (0.3 nM) for an addi-
tional 24 h. Cells were lysed using Qiagen buffer RLT (15μL/well) and
total RNA extracted. The assay was performed in duplicate in accor-
dance with the nCounter XT CodeSet Gene Expression assay (Nano-
String assay) manufacturer’s manual (NanoString Technologies).

Sample preparation for ATAC-seq
VCAP or LNCaP cells were plated in CFS containing media for 48 h and
treated with vehicle or increasing concentrations of R1881 for 24 h.
Cells were then washed with PBS, trypsinized, and washed again with
PBS in preparation for transposition as described in Buenrostro et al.88.
TheOMNIprotocolwas followed for ATAC-seq89, but briefly, harvested
cells were spun down at 500 × g for 5min at 4 °C to pellet the cells.
Supernatant was aspirated and pellets resuspended in 50μL cold
resuspension buffer (RSB) (10mMTris-HCl, pH 7.4, 10mMNaCl, 3mM
MgCl2) containing0.1%NP40,0.1%Tween-20 and0.01%Digitonin. Cell
pellets were resuspended by gentle pipetting with wide bore tips and
incubated on ice for 3min. After 3min, 1mL of cold RSB containing
0.1% Tween 20 was added to tubes, and tubes inverted 3 times to mix.
Tubes were spun at 500 × g for 10min at 4 °C. Supernatant was aspi-
rated, and pellets resuspended in 25μL 2×TDBuffer (IlluminaCat #FC-
121-1030, 20mM Tris-HCl pH 7.6, 10mM MgCl2, 20% Dimethyl For-
mamide). 2μL were taken out from each sample to assess nuclei
quality and lysis efficiency, as well as count the total number of nuclei.
60,000 nuclei from each condition were then put into a new tube and
volume brought up to 25μL with 2X TD Buffer. 25μL of transposition
reactionmix (per reaction: 2.5μL) Tn5 Transposase (Illumina Cat #FC-
121-1030 + 16.5μL 1X PBS + 0.5μL10% Tween-20 +0.5μL 1% Digitonin +
5μL Nuclease Free H2O) was then added to each tube, totaling 50μL
per sample. Reaction mixtures were gently pipetted and then incu-
bated at 37 °C for 30min in a thermomixer shaking at 1000RPM. After
30min, enzymatic reaction was stopped, and samples purified using
theQiagenMinElute Kit (#28204). TransposedDNAwaseluted in 10μL
Elution Buffer (10mM Tris buffer, pH 8). To make ATAC-seq libraries,
purified DNA was then amplified via PCR with the following reaction
conditions: 10μLTransposedDNA+ 12.5μLNuclease FreeH2O+ 2.5μL
25μM Customized Nextera PCR Primer-1 + 2.5μL 25μM Customized
Nextera PCR Primer-2 + 25μL NEBNext Ultra II Q5 Master Mix (Cat #
M0544S), total 50μL per reaction. Each sample has a unique combi-
nation of Primer 1 and Primer 2 to double-index the samples. The
following PCR reactionwas then run: (1) 72 °C, 5min, (2) 98 °C, 30 s, (3)
98 °C, 10 s, (4) 63 °C, 30 s, (5) 72 °C, 1min, (6) steps 3–5, were repeated
4× times, (7) hold at 4 °C. Next a qPCR side reaction was performed to
monitor and stop amplification prior to saturation to reduce GC and
size bias. The side reaction consisted of the following components:
5μL 5 cycles PCR amplified DNA+ 4μL Nuclease Free H2O +0.5μL
50μM Customized Nextera PCR Primer 1 + 0.5μL 50μM Customized
Nextera PCR Primer 2 + 0.06μL 100× SYBR Green I + 10μL NEBNext
Ultra II Q5 Master Mix, totaling 20μL per sample. The following qPCR
cycling conditions were used: (1) 98 °C, 30 s, (2) 98 °C, 10 s, (3) 63 °C,
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30 s, (4) 72 °C, 1min, (5) steps 2–4, repeated 19× times, (6) Hold at 4 °C.
Once the side reaction was completed, the amplification curves of the
samples were analyzed to determine the additional number of cycles
needed for the remaining 45μL PCR reactions. This was determined by
(1) Plot linear Rn vs. Cycle, (2) Set 5000 RF threshold, (3) Calculate the
#of cycles that corresponded to 1 ⁄4ofmaximumfluorescent intensity.
Then the remaining 45μL PCR reactions were run to their corre-
sponding correct number of cycles. They were cycled as follows: (1)
98 °C, 30 s, (2) 98 °C, 10 s, (3) 63 °C, 30 s, (4) 72 °C, 1min, (5) steps 2–4
repeated, x predetermined times, (6) Hold at 4 °C. After PCR reactions
were complete, the amplified library was purified using a 1:1 ratio of
Ampure XP beads according to manufacturer instructions. The pur-
ified library was eluted in 20μL Elution Buffer (10mM Tris Buffer, pH
8). An aliquot of each sample was run on a TapeStation to check for
transposition efficiency. All samples were barcoded (24 barcodes) and
combined into pools and sequenced on a NovaSeq 6000 sequencer at
the Duke Sequencing and Genomic Technologies shared resource.

Sample preparation for ChIP-seq
VCAP or LNCaP cells were plated in CFS containing media for 48 h and
treated with vehicle or increasing concentrations of R1881 for 24 h.
Cells were plated at the density required to obtain at least 5 million
cells at time of collection. Media was then aspirated and 15mL of
fixation buffer (50mMHepes-KOHph7.5, 100mMNaCl, 1.0mMEDTA,
0.5mM EGTA, 3.7% formaldehyde) was added for exactly 10min.
Fixation was quenched with 125mM glycine for 5min. Fixation buffer
was removed, and cells were scraped into 2mL ice-cold wash buffer
PBS plus 1X detergent (Active Motif (catalog number 37517)). 3mLs of
washbufferwas added for a total of 5mL and cellswere centrifuged for
5min at 1250g (4 °C). Supernatant was aspirated and cell pellet was
resuspended in 1mL of wash buffer, 4mL of wash buffer was added,
and cells were centrifuged for 5min at 1250 × g (4 °C). Supernatant was
carefully aspirated, and cell pellet was flash frozen in liquid nitrogen
(LN2) and stored at −80 °C. For sonication, cells were thawed and
resuspended in ice cold LB1 Buffer (50mMHepes-KOHpH7.5, 140mM
NaCl, 1mM EDTA, 10% glycerol, 0.5% NP-40, 0.25% Triton X-100)
containing 1× Halt™ 100X Protease and Phosphatase Inhibitor Cocktail
(ThermoFisher #78446) and rotated at 4 °C for 10min. Cells were then
centrifuged, and the pellets resuspended in LB2 Buffer (10mM Tris-
HCL pH 8, 200mM NaCl, 1mM EDTA, 0.5mM EGTA) containing 1×
Halt™ 100X Protease and Phosphatase Inhibitor Cocktail. Cells were
then centrifuged, pellets were resuspended in ice cold LB3 Buffer
(10mM Tris-HCl pH 8, 100mM NaCl, 1mM EDTA, 0.5mM EGTA, 0.1%
Sodium Deoxycholate, 0.5% N-laurylsarcosine) containing 1× Halt™
100X Protease and Phosphatase Inhibitor Cocktail. This nuclear
resuspension was transferred into Covaris microtube 130 AFA Fiber
pre-Slit snap-cap tubes (Covaris #520045) at a maximum concentra-
tion of 3 million cells per 130 µL and sonicated using the following
parameters on a Covaris ME220 according to the manufacturer’s
recommendations (Duration (s) = 360, Peak Power = 75, Duty Factor =
5.0, Cycles/Burst = 1000). Following sonication, a 10 µL aliquot was
removed for analysis of resulting DNA size and concentration. Briefly,
10 µL of sonicated chromatin was incubated with 20 µg RNase A
(ThermoScientific #EN0531) in TEpH8 for 30min at 37 °C in a thermal
cycler. 20 µg of Proteinase K (Thermo Scientific #EO0491) in Active
Motif Elution Buffer AM4 (Active Motif #103926) was then added and
the sample was incubated for 30min at 55 °C followed by 90min at
65 °C in a thermal cycler. Samples were then cooled to room tem-
perature and DNA was purified using SPRIselect beads (Beckman
#B23318) at a bead:sample ratio of 1.4:1 and eluted in 10 µL of 10mM
Tris, 0.1mM EDTA. Chromatin Immunoprecipitation was then carried
out using thawed chromatin corresponding to 1 million cells diluted
with 200 µL in Active Motif ChIP Buffer (Active Motif #37516) and
incubated with pre-clearing Protein G agarose beads prepared
according to Active Motif’s Low Cell ChIP kit (Active Motif #53084).

After pre-clearing the chromatin, agarose beads were pelleted, and
cleared chromatin transferred to a new microcentrifuge tube con-
taining 4 µg of antibody specific to the target protein (AR: Abcam
ab236225). IPs were then incubated overnight on a rotator at 4 °C.
Next, ProteinG Agarose beads prepared the previous day according to
Active Motif’s Low Cell ChIP kit were added to the antibody-bound
chromatin and incubated for 4 h on a rotator at 4 °C. IPs were then
transferred to ChIP filtration columns, washed, and eluted in 80 µL
according to Active Motif’s Low Cell ChIP kit and DNA purified using
SPRIselect beads at a bead:sample ratio of 1.4:1. After SPRI cleanup,
ChIP samples and reverse crosslinked input DNA was made into
sequencing Illumina libraries using Swift NGS 2S Plus (Swift Bios-
ciences #21096) and indexed using Single Indexed Adapters withMIDs
(Swift Biosciences #279384). ChIP and input libraries were sequenced
on either an IlluminaHiSeq4000or aNovaSeq 6000using paired-end,
dual-indexed reads (38 bp read1 x 38 bp read2 x 8 bp index1 x 8 bp
index2) to a minimum depth of 30 million reads.

ATAC-seq/ChIP-seq analysis
ATAC-seq and ChIP-seq data were checked for quality and trimmed
using tools previously described78–80. Reads were aligned to the
reference genome (GRCh38) obtained from GENCODE (Release 38)82

using the BWA aligner (v0.7.17-r1188)90. Reads that were unaligned,
multi-mapped, failed platform quality checks or had mapping quality
less than 30 were removed using Samtools (v1.12)91. Duplicate reads
were identified by MarkDuplicates program (v2.23.8) from Picard
toolkit (v4.2.2.0)83 and were removed using Samtools. Reads falling
into curated blacklisted regions92 were detected and removed using
Bedtools (v2.29.2)93. Peak detection was performed using MACS2
(v2.2.7.1)94. Data were evaluated using ENCODE standards. Differential
binding analyses were performed using the Bioconductor95 package
DiffBind (v3.6.5)96,97 with R statistical environment (v4.2.1)84, andmotif
analyses were performed using the findMotifsGenome program in the
Homer suite98. Peaks were annotated to gene features obtained from
GENCODE (Release 38)82 using the annotatePeaks program in the
Homer suite98, and nearest genes within 25 kb upstream and down-
stream of the peaks were used for gene set enrichment analyses using
fgsea (v1.22.0)86. Peak signal profiles in bigwig format were generated
and visualized as heatmaps using Deeptools suite (v3.5.1)99.

Immunoblot analysis
Cells were plated in appropriate media supplemented with 8% FBS or
8% charcoal dextran treated FBS (CFS). Following 24h in FBS or 48 h
when in CFS, cells were then treated as indicated for an additional 48 h.
Whole-cell extracts were prepared using RIPA buffer and protease
inhibitors: (50mM Tris, pH 7.5, 150mM NaCl, 1% NP-40, 0.5% Na-
deoxycholate, 0.05% SDS, 5mM EDTA, 50mM NaF, 15mM Na-pyr-
ophosphate, 10mM β-glycerophosphate, 2mM Na-orthovanadate, 1×
protease inhibitor cocktail). Cleared whole cell extracts were analyzed
by the Bradford assay and 20μg of protein per sample were resolved
by SDS-PAGE (10% polyacrylamide gels), transferred to PVDF mem-
branes, and detected by western blot using the following antibodies:
AR, pS6K, pS6, p4EBP1, pRB, E2F1, FOXM1, c-MYC, PSA, FKBP5, NDRG1,
and β-Actin or vinculin as loading controls. Uncropped and unpro-
cessed scans of blots are provided in the Source Data file.

NanoLuc Binary Technology (NanoBiT)
One day prior to transfection, HEK293T cells were seeded in a 10 cm
dish containingmedia supplementedwith 8%CFS at adensity of 5 × 106

cells. The following day, AR-SmBiT and LgBiT-AR expression vectors
were added to Fugene diluted in Opti-MEM (Gibco), incubated for
30min at room temperature, and added to the cells drop-wise. 24 h
post transfection, the cells were trypsinized and seeded at the density
of 50,000 cells per well in 96-well white cell culture plates containing
media supplemented with 8% CFS. The next day, luminescence was
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measured using a Nano-Glo® Live Cell Assay System (Promega), and
drugs were added immediately after the addition of luminescence
reagent.

High content imaging
VCaPCellswerefixedwith 4%paraformaldehyde inPBS, permeabilized
with 0.1% Triton X-100, and stained for AR (1:400, N-20, Santa Cruz)
and counterstained for DNA (DAPI, Sigma) and F-actin (rhodamine
Phalloidin, Thermo Fisher Scientific). Stained cells were imaged and
analyzedwith a Cellomics ArrayScanVTI HCS system. 20fields perwell
of a 24-well platewere imaged at 20×magnification and analyzedusing
the Compartmental Analysis Bioapplication. First, images were col-
lectedby autofocusing onnuclear staining in channel 1. Cells were then
identified in channel 1, indicated as valid object count (VOC). Nucle-
ar:Cytoplasmic ratio of AR staining was determined by measuring
channel 2 signal within the nuclear mask identified in channel 1 versus
the cytoplasmic area, which was approximated by extending 2 pixels
outside of the nuclearmask. Experiments were performed in triplicate
and repeated five times.

Reporter gene assay
CV1 cells were seeded into 96-well cell culture plates and trans-
fected with Lipofectin (Invitrogen) according to the manufacturer’s
protocol. DNAmixture consisted of VP16-AR full-length, GAL4-DBD-
AR 507–919, 5xGal4Luc3 reporter plasmid, and Renilla-Luc (for
assessing transfection efficiency and toxicity). Following an over-
night incubation, cells were treated with ligands for 24 h. Cells were
lysed and luciferase activity was quantified using Dual Luciferase
Reagent (DLR).

Statistical analyses
RNA-seq normalization and differential expression was carried out
using the DESeq Bioconductor package with the R statistical pro-
gramming environment. False discovery rate (FDR) was calculated to
control for multiple hypothesis testing. Statistical significance was set
at an FDR <0.05.

NanoString data were analyzed using the R package ‘NanoS-
tringNorm’ and normalized for technical assay variation using the
CodeCount method for NanoStringNorm with geometric means.
Samples were normalized for RNA content using the NanoStringNorm
SampleContent method with geometric mean and the housekeeping
genes (19 genes). The statistical effect of R1881 concentrations were
analyzed and visualized using the statistical programming language R.
Log2 fold changes of genes in heatmaps were calculated based on
difference between the R1881 LD or HD samples and the average of the
vehicle samples.

For xenograft studies, using the sample size and the power
function in JMP statistical software (SAS Institute, Inc, Cary, NC.), it was
estimated that a group size of 10–12 per treatment arm would be
required to reliably detect with 80% confidence a statistically relevant
(P < 0.05) change of 30% given the anticipated 15% variability for the
tumormodels used in these studies (α =0.05, s.d. = 0.15, confidence of
0.8, s/delta of 0.3). These estimates were based on one way ANOVA
followed by the Student Newman–Keul’s test. This group size is in
accordance with current literature in the field. The investigator and
personnel were not blinded during these studies. Significant differ-
ences (p <0.05) in tumor growth over time was analyzed by 2-way
ANOVA of repeated measures (without Geisser-Greenhouse correc-
tion), followed by Tukey’s multiple comparison between mean values
of all groups at each time point. Data presented are average tumor
volume ± standard error of the mean (s.e.m.) at each data point. For
those animals that died prior to completing treatment courses (no
more than 1 per group), recorded data was excluded from graphing
and statistical analyses.

For in vitro studies, standard deviation (SD) is reported in figure
legends for technical replicates from representative experiments
performed in duplicates or triplicates.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Data needed to evaluate the conclusions from thiswork are available in
themain text or the supplementarymaterials. The RNA-seq, ATAC-seq
and Chip-seq data generated in this study have been deposited in the
GEO database under the accession number SuperSeries
GSE247593. Source data are provided with this paper.

Code availability
The code to reproduce the results from the RNA-seq, ATAC-seq and
Chip-seq data is available through the project’s source code repository
(https://gitlab.oit.duke.edu/dcibioinformatics/pubs/mcdonnell-lab-
androgens-dose-2023).
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