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Androgen receptor (AR) is expressed in 80% to 90% of estrogen
receptor oi—positive (ER") breast cancers. Accumulated evidence
has shown that AR is a tumor suppressor and that its expression is
associated with improved prognosis in ER" breast cancer. However,
both a selective AR agonist (RAD140) and an AR inhibitor (enza-
lutamide, ENZ) have shown a therapeutic effect on ER" breast
cancer, so the potential for clinical application of AR-targeting
therapy for ER" breast cancer is still in dispute. In this study, we
evaluated the efficacy of ENZ and RAD140 in vivo and in vitro in
ART/ER™ breast cancer models, characterizing the relationship of
AR and ER levels to response to AR-targeting drugs and investi-
gating the alterations of global gene expression and chromatin
binding of AR and ERo. after ENZ treatment. In the AR-low setting,
ENZ directly functioned as an ERo antagonist. Cell growth inhi-
bition by ENZ in breast cancer with low AR expression was

Introduction

Breast cancer is the most commonly diagnosed malignancy among
women with an estimated 2.3 million new cases in 2020 worldwide (1).
Despite advances in detection and treatment, this disease remains one
of the leading causes of cancer-related mortality (2, 3). Over 70% of
breast cancers express estrogen receptor o, (ERar), which is an estro-
gen-activated transcription factor that drives tumor growth and
progression (4, 5). Estrogen suppression and ER blockade are the
main approaches used to treat ER* breast cancer. Approved adjuvant
endocrine therapies for ER™ breast cancer include selective ER mod-
ulators and aromatase inhibitors (AL ref. 6). In early-stage breast
cancers, endocrine therapies have considerably decreased cancer
recurrence and mortality (7, 8). However, about 20% of ER" patients
recur with metastatic disease after 5 years of adjuvant endocrine
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independent of AR and instead dependent on ER. In AR-high
breast cancer models, AR repressed ERa. signaling and ENZ pro-
moted ERa signaling by antagonizing AR. In contrast, RAD140
activated AR signaling and suppressed AR-high tumor growth by
deregulating ERo expression and blocking ERo function. Overall,
analysis of the dynamic efficacies and outcomes of AR agonist, and
antagonist in the presence of different AR and ERa levels reveals
regulators of response and supports the clinical investigation of
ENZ in selected ER" tumors with a low AR/ER ratio and AR
agonists in tumors with a high AR/ER ratio.

Significance: The ratio of androgen receptor to estrogen receptor
in breast cancer dictates the response to AR-targeted therapies,
providing guidelines for developing AR-directed treatment strate-
gies for patients with breast cancer.

therapy (8). Thus, more durable and effective therapeutics are needed
to decrease recurrences in early-stage breast cancer.

The androgen receptor (AR) is expressed in 80% to 90% of ER™"
breast cancer (4, 5, 9) and higher expression of AR is associated
with improved overall survival (OS) and disease-free survival (DFS;
refs. 5, 9-11). The role of AR in the context of ER" breast cancer
has long been a disputed issue. Some researchers claimed that AR
is an oncogenic protein. They found that the native ligand of AR
(50-dihydrotestosterone, DHT) stimulated ER' breast cancer
growth (12, 13). DHT was also reported to promote ER" breast
cancer metastasis by epigenetically upregulating E-cadherin and
vimentin expression (14). A recent clinical trial with enzalutamide,
the AR blocker in ER™ also showed the potential benefits of ENZ in a
subpopulation (15). AR degrader was effective in repressing the growth
of ER" breast cancer cell lines (16). However, accumulating evidence
has shown that AR is a tumor suppressor in ER" breast cancer.
Androgens showed a tumor suppression effect (17) and were used to
treat breast cancers in the 20th century (18, 19). The treatment with
androgen inhibits cellular proliferation in different ways. It can
interfere with ER-dependent transcription by competing for the
binding to the same sites or facilitating the ER binding to the DNA (20).
Shared coactivators might also be involved in the ERo. transcriptional
interference caused by AR overexpression (21). In addition, AR
activation induced ER beta upregulation and miR-21 downregulation
that contribute to the protective effect of AR (22). Specifically, a recent
study revealed the tumor suppressor role of AR (23). The genomic
distribution of ER and essential coactivators (p300, SRC-3) was
altered by AR activation, resulting in the repression of ER-regulated
cell-cycle genes and upregulation of AR target genes. More inter-
estingly, some studies indicate that AR is responsible for metastasis
and endocrine resistance in ER™ breast cancer. AR expression levels
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are elevated in bone biopsies of metastatic breast cancer and are
correlated with the duration of treatment with Als (24). AR over-
expression induces tamoxifen and anastrozole resistance in breast
cancer cells (25, 26). These findings provide a rationale for targeting
AR in patients with both early-stage breast cancer and endocrine-
resistant breast cancer.

Although both AR agonists and antagonists have shown a thera-
peutic effect on ER" breast cancer, it is unclear which tumor profile
might benefit from stimulating AR versus inhibiting AR. Enzalutamide
(ENZ), an AR antagonist, impairs AR signaling, inhibits ER'/ART
breast cancer cell proliferation, and restores the sensitivity of anti-
estrogen therapies (27, 28). The in vivo or clinical efficacy of ENZ is not
established. ENZ inhibited estrogen-stimulated growth of MCF7 and
PT12 xenograft tumors and showed repressing effects on the growth of
tamoxifen-resistant MCF7 xenografts (27, 28). However, ENZ did not
affect the growth of ZR75-1 xenografts (23) or endocrine-resistant
patient-derived xenografts (PDX; ref. 29). The combination of ENZ
and exemestane did not show an improved progression-free survival
(PFS) compared with exemestane alone, although it showed a potential
benefit in a subpopulation (15). As mentioned previously, the effect of
AR agonists on ER" breast cancer proliferation is controversial.
Recently, selective AR modulators (SARM) RAD140 and enobosarm
showed potential clinical benefits on ER" breast cancer (23, 30).
RAD140 suppressed the growth of ER*/AR™ breast cancer by stim-
ulating AR signaling, resulting in the downregulation of ERa (30).
DHT inhibited estrogen-regulated gene expression, epithelial-
mesenchymal transition (EMT), and distant metastasis in ESRI-
mutant tumors (31). These divergent results have significantly con-
founded the implementation of AR-targeting therapies. The thera-
peutic efficacy of AR agonists and AR antagonists needs clarification to
better characterize their clinical application. Therefore, we investigated
ENZ and RAD140 response in multiple ER" breast cancer cells and
PDX models and demonstrated the gene expression and genomic-
binding alterations after drug treatment. Our results support the
clinical trials of ENZ, an AR antagonist, in selected ER" tumors with
alow AR/ER ratio and RAD140, an AR agonist, in tumors with a high
AR/ER ratio.

Materials and Methods

Cell lines, plasmids, and reagents

Human breast cancer cell lines were purchased from the
ATCC (breast cancer cell panel, 30-4500KTM). All cell lines were
characterized by STR analysis and tested for free from Mycoplasma
infection (IDEXX Laboratories). T47D (CVCL_0553) and HCC1419
(CVCL_1251) cells were maintained in RPMI-1640 medium with 10%
FBS. MCF7 (CVCL_0031), CAMA1 (CVCL_1115), and HEK293T
(CVCL_0063) cells were maintained in EMEM medium with 10% FBS.
MCF10A (CVCL_0598) was obtained from the ATCC and maintained
following its instruction. All cells were grown in an atmosphere of 5%
CO; and 37°C. Cells used in all experiments were below 10 passages.
Compounds used in this study were purchased from Selleckchem
(ENZ, S1205; RAD140, S5275; Apalutamide, S2840; Darolutamide,
§7559), Cayman Chemical (RD162, 13039) and Sigma (E2, E2758,
DHT, D073). Doxycycline was ordered from Takara (631311).

Human AR full-length was cloned into the PCMV6-XL4 vector
(Origene), pLVX-Puro vector (Takara Bio), and the Lenti-X Tet-One
Inducible vector (Takara Bio). Human ESR1 was cloned into the
PCMV6-XL4 vector and Lenti-X Tet-One Inducible vector. ESR1
shRNAs were cloned into pLKO.1 vector (Sigma). Human AR was
knocked out using Edit-R CRISPR-Cas9 gene engineering with Cas9
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nuclease expression plasmids (Cat. #U-005100-120), synthetic CRISPR
RNA (crRNA), and transactivating CRISPR RNA (tracrRNA) system
(Dharmacon). The target sequences of shRNA, siRNA, and crRNA are
listed in Supplementary Table S1.

Stable cell-line generation

Lentivirus plasmids were packaged using a VSV-G lentiviral pack-
aging kit (631275, Takara). Packaged lentivirus was produced in
HEK293T cells. MCF7 and T47D cells were infected with the indicated
lentivirus in the presence of 10 ug/mL polybrene. Transduced MCF7
and T47D cells were cultured for 2 days. Positive cells were selected
using puromycin at 1 pg/mL for 2 weeks. Single cells were picked and
cultured in complete media for 1 to 2 months. Isolated clones were
analyzed using immunoblot and qRT-PCR. For AR gene knockout,
MCEF?7 and T47D cells were transfected with Cas9 nuclease expression
plasmid and selected with puromycin for 1 week. The mixture of three
crRNA-targeting AR and tracrRNA was cotransfected to Cas9-positive
cells. Cells were seeded at 100 cells per 96-well plates. Single clones
were tested using Western blot.

Cell proliferation and colony formation assays

For proliferation assays, cells were seeded in medium with 10% CSS
at 2,000 cells per well in 96-well plates and subjected to treatment
with ENZ, RAD140, DHT, or DMSO for 5 or 12 days with treatments
being renewed every 3 days. Cell viability was measured using the
CyQUANT Kit (C7026, Thermo Fisher Scientific). Each experiment
having three replicates was performed three times. For the colony
formation assay, 500 cells were seeded in duplicate in 6-well plates and
allowed to grow until visible colonies formed in complete growth
media or steroid-stripped media (3-6 weeks). For treatments, ENZ,
RAD140, DHT, or DMSO were added the following day after seeding
the cells and were renewed every 3 days.

qRT-PCR and Western blot analysis

Total RNA was extracted from cell lines or frozen tumor tissues
using the RNA isolation kit (74134, Qiagen). One-step qRT-PCR was
performed in triplicate using the SYBR Green method (4389986,
Thermo Fisher Scientific) on QuantStudio real-time PCR system
(Thermo Fisher Scientific) with the primers (Supplementary
Table S1). The measurement of individual RNA expression was
determined relative to the levels of GAPDH transcript. Protein extracts
from cells were prepared using RIPA lysis buffer. Nuclear and cyto-
plasmic proteins were isolated using NE-PER Nuclear and Cyto-
plasmic Extraction Reagents (78833, Thermo Fisher Scientific). Cell
lysate concentration was measured by Protein Assay Dye (Bio-Rad).
Proteins were resolved in SDS-PAGE followed by immunoblotting
analysis. The antibodies used are listed in Supplementary Table S2.
The intensity of the band was quantified using ImageJ software
(https://imagej.nih.gov/ij/).

ERE luciferase assay

Transcription activity of ERat was measured using the dual lucif-
erase assay with the Cignal ERE Reporter Assay Kit (Qiagen). AR
CRISPR knockout and control T47D cells were cultured in charcoal-
stripped serum medium for 48 hours and then switched to serum-free
medium in 48-well plates for 1 day. Cells were then transfected
with ERE reporter constructs using the Lipofectamine 2000 transfec-
tion reagent. After 24 hours of transfection, cells were treated with E2,
ENZ, or E2 plus ENZ for 24 hours. Luciferase was tested using the
Dual-Luciferase Reporter Assay System from Promega following the
manufacturer’s protocol.
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Radiolabeled ligand receptor-binding assay

Recombinant full-length human AR and ERa protein ordered from
Creative Biomart. [3H]-ENZ and [3H]-17-estradiol were synthesized
by PerkinElmer. Assay buffer (10 mmol/L Tris-HCL; 1 mmol/L EDTA;
1 mmol/L EGTA; 1 mmol/L NaVO3; 1% glycerol; 0.25 mmol/L
leupeptin; 1% BSA; 1 mmol/L DTT) was prepared one week before
experiments. ERo. saturation-binding assays were performed to mea-
sure total binding and nonspecific binding (NSB). 1 nmol/L ERo. was
incubated with radioactive ENZ (1-500 nmol/L) overnight at 4°C. To
determine NSB, a 100-fold excess of cold ENZ was added and
incubated together. AR saturation-binding assay using 0.5 to 25
nmol/L hot ENZ, 1,000 cold compound, and 100 nmol/L AR protein
in the reaction. Bound and unbound ligands were separated by
incubation with ice-cold dextran-coated charcoal on ice for 10 min-
utes. The radioactivity of bound ligands was then measured using a
Beckmann LS 6500 liquid scintillation counter (Ramsey). The equi-
librium dissociation constant for the radioligand (Kp) was calculated
using non-linear regression analysis. [3H]-17f3- estradiol displacement
assays were performed in the same condition using 1 nmol/L hot
estradiol and increasing concentrations of nonradioactive ligand, for
example, cold estradiol (10 nmol/L-100 pmol/L) or ENZ (1-200
umol/L). Competition curves were plotted as the percentage of hot
estradiol-binding versus increasing concentrations of unlabeled
ligands.

RNA sequencing

MCF7-Tet cells were used to create AR-low (no doxycycline) and
AR-high cells (doxycycline 800 ng/mL). Doxycycline was added to
cell culture media 1 day before drug treatments. MCF7 parental
and AROE cells were treated with DMSO or Enzalutamide
(10 umol/L) for 24 hours. One control sample and duplicate
samples under ENZ treatment were collected for RNA sequencing.
Total RNA was extracted using the RNeasy Plus Mini kit (74134,
Qiagen) per the manufacturer’s instructions. Poly-A enriched
RNA library prep and sequencing were done by Mayo Next
Gen sequencing cores using Illumina truseq2 kit. Individual librar-
ies were pooled and run on HiSeq 4000 system (2x150 paired-end,
Ilumina). Filtered reads were aligned to the hg38 human reference
genome using STAR with an average mapping rate of 93%.
Raw counts were then called by HTSeq excluding non-unique
mapped reads. Differential expression analysis was performed by
EdgeR package using R software. Upstream analysis was done in
Ingenuity Pathway Analysis (IPA) software (32). Gene set enrich-
ment and pathway analyses were implemented using the Broad
Institute’s public server (https://www.gsea-msigdb.org/gsea/index.
jsp) with default parameters.

AR and ERa ChIP sequencing

AR expression was induced by doxycycline (800 ng/mL) for
24 hours in MCF7-Tet cells. Cells were treated with DMSO or
ENZ (10 umol/L) for 2 hours. 1 X 10® cells were fixed in 1%
formaldehyde for 20 minutes at room temperature and 0.1 volume
of 2 mol/L glycine was added to quench the reaction. Cell lysis was
sonicated to fragment chromatin to 200-300 bp. Solubilized chro-
matin was subjected to immunoprecipitation with the AR and ERo.
antibodies (Supplementary Table S2). Library prep and sequencing
were done in the Epigenomics Development Laboratory of Mayo
Clinic. Libraries were sequenced using 100-bp paired-end reads on
the Illumina platform at the Mayo Clinic.

Sequence alignment and peak calling were done by the Bioinfor-
matics core at Mayo Clinic. Sequences were aligned to the Human
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Reference Genome (assembly hg38, UCSC, December, 2013) using
BWA version 0.7.17. Enriched regions of the genome were identified
by comparing the chromatin immunoprecipitation (ChIP) samples to
input samples using the MACS2 peak caller version 2.1(P,g; < 0.01).
After identifying a common set of peaks, peaks overlapping were
analyzed using the ChIPpeakAnno package in R (max peak gap, 1kb).
The motif enrichment was tested using the HOCOMOCO database
and was done in the MEME suite (https://meme-suite.org/meme/doc/
meme-chip.html). The heat maps of the raw ChIP-seq data were
generated using deepTools 2.0 (https://deeptools.readthedocs.io/en/
develop/). The peaks around certain genes were displayed in WashU
Epigenome Browser (https://epigenomegateway.wustl.edu/).

Animal models and treatment approach

Animal experiments using MCF7 cell-line and PDX models were
performed at the Mayo Clinic under Institutional Animal Care and
Use Committee approval (Protocol ID: A00005364-20). Six- to
8-week-old female NOD.Cg-Prkdc*™ 112rg"™Vi/Sz] mice were used
in all animal models (IMSR_JAX:005557, The Jackson Laboratory).
These xenograft models were supplemented with exogenous estra-
diol in drinking water (8 mg/mL, 2/wk refreshed). Ten-million
cells were suspended in 100 puL Matrigel and injected into the
mammary fat pad to generate cell-line xenografts. The ER* breast
cancer PDX models were established by implanting tumor frag-
ments subcutaneously in the flank of female mice. The cell-line or
PDXs with volumes between 100 and 200 mm® were enrolled in
treatment groups. Enzalutamide or RAD140 was administered as a
single agent or in combination with fulvestrant. ENZ (25 mgkg ™' d™")
and RAD140 (50 mgkg ' d ") were resuspended in 0.5% carbox-
ymethyl cellulose and delivered 5 times per week by oral gavage.
Fulvestrant was given as subcutaneous injection (2 mg/wk in
sesame oil). Tumor volume and body weight were measured twice
a week. Tumor volume was calculated using the formula (length x
width?) /2. Upon reaching experimental endpoints, mice were
sacrificed and the primary tumors were kept at —80°C for further
analysis.

IHC analysis

MCF7 and MCF7 AROE xenograft tumors were removed and
fixed in neutral buffered 10% formalin at room temperature for
24 hours before embedding in paraffin and sectioning. Sections
were prepared at the Animal Histology Core Laboratory of Mayo
Clinic. Tissue sections of MCF7 and MCF7 AROE xenografts were
deparaffinized and then subjected to AR, ERa, and Ki67 immu-
nochemistry according to the manufacturer’s instructions diami-
nobenzidine (DAB 150, Millipore). Stable DAB was used as a
chromogenic substrate, and the sections were counterstained with
a hematoxylin solution. Photographs of the entire cross-section
were digitized using Aperio AT2 slide scanner (Leica).

Breast cancer tissue microarray (TMA) was purchased from US
Biomax (BR2089). AR and ER IHC were performed in the CAP/CLIA-
certified Clinical IHC laboratory (Mayo Clinic) using Ventana Medical
Systems (Roche). The antibodies used were listed in Supplementary
Table S2. In each tissue core, the percentage of AR or ER-
immunoreactive invasive tumor nuclei per total evaluable invasive
tumor nuclei was scored manually in decile increments (0%-100%).
The average staining intensity of the immunoreactive nuclei was
assessed semiquantitatively on a scale of 0 to 3 (none, weak, interme-
diate, and strong). The percentage equals the percentage of tumor
nuclei staining. The expression levels were scored by multiplying the
percentage of positive cells by the intensity.
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Statistical analyses

Statistical calculations were performed using GraphPad Prism
(GraphPad Software) and R 4.1.2 software. In vitro proliferation
and colony formation experiments were analyzed by two-
tailed Student ¢ test. Tumor growth curve data were analyzed at
an ethical endpoint using a two-tailed, unpaired Student ¢ test.
mRNA expression of xenografts and mice weight in the different
treatment groups were compared using two-tailed, unpaired Stu-
dent t test. Linear regression was used to test the association
between the dose-response AUC and AR, ER, or AR/ER levels.
Two-tailed Spearman’s correlation test was used to analyze the
relationship between AR and ERo expression. Two-tailed, unpaired
Student ¢ test was used to test the difference between AR, ER, or AR/
ER levels in primary and metastatic breast cancer. Survival curves
were plotted by the Kaplan-Meier method and compared using the
log-rank test. If not stated otherwise, all values represent means of at
least three independent experiments £ SD. P < 0.05 was considered
statistically significant (*, P < 0.05; **, P < 0.01; ***, P < 0.001).

Data availability

The RNA-seq and ChIP-seq data reported in this study are available
from Gene Expression Omnibus (GEO, GSE200300 ChIP-seq,
GSE200435 RNA-seq). All other data are available from the corre-
sponding author (Liewei Wang, Wang.Liewei@mayo.edu) upon rea-
sonable request.

Results

Differential response to AR agonist and antagonistin ER" breast
cancer cell lines

To investigate the antitumor efficacy of AR-targeting therapy and
mechanisms underlying conflicting results with the application of AR
agonists versus antagonists, we first tested the cell growth inhibition
rate of the AR agonist (DHT) and the AR antagonist (ENZ) using ER"
cell lines. We measured AR and ER levels in ER™ cell lines and found
that HCC1419 and CAMAL1 have relatively higher AR expressed than
T47D and MCF7 (Supplementary Fig. SIA). In MCF7 and T47D cells,
with relatively low AR expressed, ENZ substantially inhibited cell
growth but DHT, within the normal physiological range (33), had no
effects on cell growth compared with DMSO treatment (Fig. 1A and B;
Supplementary Fig. SIB and S1C). Alternatively, in HCC1419 and
CAMAL cells, we observed a significant reduction of cell growth after
DHT treatment but no change with ENZ treatment (Fig. 1Cand D and
Supplementary Fig. S1D and S1E). In addition, we found that DHT
decreased cell growth rates when its target, AR, was overexpressed in
MCEF7 and T47D cells (Supplementary Fig. SIF-S1H). RAD140, a
breast tissue-selective AR agonist (30), also showed growth inhibition
effects in cells with high AR. In contrast with RAD140, ENZ impaired
cell proliferation only in MCF7 and T47D cells. Surprisingly, ENZ even
promoted cell growth in CAMAL1 cells (Fig. 1E-H). To further confirm
the drug-response profile in two subgroups of cells, we generated
stable AR-overexpressed MCF7 cells, picked 3 single clones with
different AR expression levels (Fig. 1I), and assessed the antiprolifera-
tion activity of drugs in control and AR-overexpressed cells. As we
expected, the AR agonist RAD140 inhibited cell growth when AR was
much higher expressed than control cells (AR-PLVX3#2 and AR-
PLVX3#3 vs. PLVX3). Meanwhile, those AR-overexpression cells
became more resistant to ENZ (Fig. 1J). We also knocked down AR
in HCC1419, a high AR cell, and tested the response of ENZ and
RADI140. We found that AR-knockdown (KD) cells were more
sensitive to ENZ than parental cells (Supplementary Fig. S1I and
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S1J). The cell growth inhibition effect of RAD140 was impaired when
AR was knocked down (Supplementary Fig. S1K). It has been reported
recently that AR is a tumor suppressor in ER" breast cancer and an AR
agonist can be used to treat ER™ breast cancer (23). In our experiments,
we found that the AR agonist only inhibited AR “high” breast cancer
cells and ENZ had a better growth inhibition effect in AR “low” cells,
suggesting that the efficacy of AR-targeting drugs largely depended on
the context of AR and ERa status.

The cell growth inhibition of enzalutamide in “AR-low” breast
cancer is not dependent on AR but rather on ER

The observation that ENZ had better inhibition in AR-low cells
prompted us to hypothesize that ENZ might not target its canonical
target AR in these cells. We generated AR knockout (ARKO) MCF7
and T47D cells using the CRISPR/cas9 system and tested ENZ
response in control and ARKO cells. Results showed that the cell
growth inhibition effect of ENZ was not significantly impaired when
the AR was knocked out, indicating that ENZ might have non-
canonical targets in cells lacking the AR (Fig. 2A-D). To further
understand the mechanism of ENZ underlying the observation in the
two groups of breast cancer cells selected on the basis of AR levels, we
created Tet-induced AR-overexpression MCF7 cells (Supplementary
Fig. S2A) and performed RNA sequencing with DMSO or ENZ
treatment in both control cells and AR overexpression cells. We
identified 193 differential expressed genes (76 up and 117 down)
between DMSO and ENZ-treated parental MCF7 cells (FC>2 or <0.5,
FDR<0.05, Supplementary Table S3). To determine the pathways
targeted by ENZ in parental MCF7 cells where we saw a cell growth
inhibition, we did the upstream analysis with the 193 ENZ-affected
genes in MCF7 cells using IPA software (32). The results showed that
ER might be the upstream regulator of those differentially expressed
genes regulated by ENZ and ER signaling was predicted to be inhibited
after ENZ treatment (P = 1.69x 10~ ', Fig. 2E). We performed global
ERo. ChIP-seq in MCF7 parental cells incubated with DMSO or
ENZ and found that 39.58% (8,681/21,933) of ER-bound sites were
abolished by ENZ (Fig. 2F, Lost ERBS) and the binding intensity was
significantly decreased upon ENZ treatment in 12,868 conserved
ER-binding sites (Fig. 2F and G). We observed a significantly decreased
effect of ENZ on colony formation in ER knockdown (ERKD) cells
compared with control cells (Fig. 2H and I; Supplementary Fig. S2B).
This observation suggests that ENZ inhibits cell growth in AR-low ER"
cells by decreasing ERal genomic binding and blocking ERa signaling in
hormone-replete conditions, which is consistent with previously pub-
lished reports that ENZ reduced estradiol (E2)-mediated proliferation
and genomic ERa binding in MCF?7 cells (27).

To determine how ENZ inhibited ER activity, we first tested AR
and ERa expression levels with ENZ treatment in MCF7 and T47D
cells. 10 pmol/L ENZ caused 12% and 25% decrease in ERa levels
compared with DMSO in MCF7 and T47D cells, respectively
(Supplementary Fig. S2C). Both cytosolic and nuclear ERo were
downregulated after ENZ treatment in T47D cells (Supplementary
Fig. $2D). ENZ can directly bind to AR and impair AR downstream
signaling (34), which led us to compare the binding affinity of ENZ
with AR and ERo. We performed radiolabeled-binding assays to
measure the binding affinity of ENZ with ERo and AR. Results
showed that ENZ directly bound to ERa with a Kp = 399.60 nmol/L,
whereas much higher affinity was shown for AR (Kp = 24.13 nmol/L;
Fig. 2J; Supplementary Fig. S2E). Moreover, ENZ acted as an ERo
antagonist and partially competed with E2 for ERa. binding (Fig. 2K).
The estrogen response element (ERE) luciferase assay showed that
E2-induced ER activity was blocked in both parental and ARKO T47D
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Figure 1.

The response of AR agonist and antagonist in ER™" breast cancer cell lines. A-F, Relative numbers of cells grown in the presence of DMSO, DHT, ENZ, and RAD140.
A, B, and E, AR antagonist ENZ inhibited cell growth and AR agonist DHT or RAD140 did not affect cell proliferation in MCF7 and T47D cells. C, D, and F, AR agonist
DHT or RAD140 decreased cell growth. Long time (>9 days) AR antagonist exposure promoted cell growth in CAMAT and HCC1419 cells. G and H, Colony formation
assays with DMSO, ENZ, or RAD140 treatment in four cell lines. G, MCF7 and T47D cells. H, CAMAT and HCC1419 cells. Cell colonies were markedly reduced by ENZ in
MCF7 and T47D cells. RAD140 impaired cell colony formation in CAMATand HCC1419 cells. I, Immunoblot analysis of MCF7 stable cell lines expressing control vector
(PLVX3) and AR (AR-PLVX3). Relative AR protein levels were quantified using ImageJ software. J, Representative images and quantification of colony formation
assays in MCF7 control and AR overexpression cells with DMSO, ENZ, or RAD140 treatment. ENZ effects were tested in complete media. RAD140 treatment was
performed in the hormone-depleted medium. For proliferation assays, compared relative cell numbers in DMSO and drug treatments on the last day of observation
(4, 5, or 12 days). In cell colony quantification, comparisons were performed between AR-PLVX3 and PLVX3. All error bars represent SD. Two-tailed Student ¢ test,

*, P<0.05; **, P< 0.01, ***, P < 0.001.

cells (Supplementary Fig. S2F). We also observed an inhibition effect of
ENZ in ER overexpressed MCF10A cells that had limited AR and ER
expression (Supplementary Fig. S2G). These data indicated that ENZ
blocked ERa: activity in cells with low AR by directly functioning as an
ER antagonist.
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To determine whether the different effects in AR-low or -high
cells are common among AR antagonists, we tested the efficacy of
three other AR antagonists (RD162, apalutamide, and darolutamide)
in AR-high and -low cells. The molecular structure of RD162 and
apalutamide is closely related to ENZ (34, 35), whereas darolutamide
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Figure 2.

ENZ antagonized ERa: activity in cells with low abundance of AR. A, Cell growth curves under DMSO and 10 and 20 umol/L ENZ treatment of parental and AR
knockout MCF7 cells. Two signal colonies of knockout cells were chosen. B, Western blot showing AR expression in parental and AR knockout MCF7 cells. C, Cell
growth curves under DMSO and 10 and 20 pumol/L ENZ treatment of parental and AR knockout T47D cells. Two signal colonies of knockout cells were chosen.
D, Western blot showing AR expression in parental and AR knockout T47D cells. E, Upstream regulators of ENZ-affected genes. The 193 differentially expressed genes
after ENZ treatment (FC > 2 or < 0.5, FDR < 0.05) were identified by RNA sequencing of MCF7 cells treated with DMSO or 10 umol/L ENZ for 24 hours. Upstream
stream analysis was done in Ingenuity Pathway Analysis software. F, Overlap of ER cistrome under DMSO and 10 umol/L ENZ treatment in MCF7 cells. G, Histogram
plot of average read density around lost (dark blue), gained (yellow), and conserved (light blue) ER-binding sites (ERBS) in MCF7 cells with DMSO or ENZ treatment.
H, Western blot showing AR and ER expression in MCF7 and T47D cells stably expressed shRNA control, shESR1#1 and shESR1#2. 1, Colony formation assays with
DMSO or ENZ treatment in control and ER stable knockdown cells. DMSO or 10 umol/L ENZ was added to cell culture media for 3 weeks. J, Saturation-binding curve of
[®H]-ENZ to ER. TB, total binding; NSB, nonspecific binding; SB, specific binding; Ky, equilibrium dissociation constant. SB was calculated by subtracting NSB from TB.
K, [*H]-estradiol competition-binding curves. Data are expressed as percentages of specific binding of [*H]-estradiol versus log of the competitor concentration
(cold E2 concentrations ranged from 1nmol/L to 100 umol/L; concentrations of ENZ ranged from 0.1to 100 umol/L). Each point represents the mean + SD of three
independent determinations. Relative cell numbers under DMSO and drug treatments on the last day of observation were compared in the proliferation assays. All
error bars represent SD. Two-tailed Student ¢ test, **, P < 0.01; ***, P < 0.001.
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Figure 4.

The association between AR/ER and the response to ENZ and RAD140. A, AR and ER expressions in Tet-inducible MCF7 and T47D cells. AR or ER was induced by
doxycycline (0-800 ng/mL). Band intensities were quantified by ImageJ and normalized to vehicle treatment of each cell line. B-D, Cytotoxicity curves of cells witha
series of AR, ER, and AR/ER levels were plotted after 5 days of incubation of ENZ (0.78-100 umol/L) or RAD140 (0.1 nmol/L-100 umol/L). The area under cytotoxicity
curves (AUC) was calculated using a fitted dose-response curve by the AUC function from DescTool package. Relationship between AUC and log,(AR), log,(ER)
level, or log,(AR/ER) ratio was modeled by linear regression. P values represent test for the significance of the fitted slope parameter. B and C, Both AR and ER levels
are associated with ENZ response. Higher ER and lower AR are related to better response to ENZ than lower ER and higher AR. Higher AR is associated with a better
response to RAD140 than lower AR. D, The AR/ER ratios were significantly positively associated with the AUC of ENZ and negatively associated with the AUC of
RAD140.

Figure 3.

ENZ reclaims AR-mediated repression of ER signaling. A, Venn diagram demonstrates the differences in ER- and AR-binding sites performed on MCF7 parental and
AROE cells. AR-high (overexpression, OE) cells were created by doxycycline induction for 24 hours. Compared with MCF7 cells, 11,189 AR-binding peaks were newly
detected (induced AR peaks) and 12,800 ER-binding peaks disappeared (diminished ER peaks) in AROE cells. B, Venn diagram demonstrates the overlap between
induced AR peaks and diminished ER peaks. After AR OE, 9,313 peaks gained AR binding, 10,734 peaks lost ER binding, and 1,554 peaks had both AR gain and ER loss
at the same sites. € and D, Read density plot (top) and heatmap (bottom) of ER (C) and AR (D) ChiIP-seq data derived from MCF7 parental and AROE cells treated
for 4 hours with DMSO or ENZ (10 umol/L). Read density plot and heatmap depict the binding intensity around ER loss, AR gain, and shared (both AR gain
and ER loss) peaks under DMSO and ENZ treatment in a +£2Kb genomic window. E, Pathway analysis of ENZ-induced genes in parental and AROE MCF7 cells.
Differentially expressed genes (FC >1.5 or <0.67, FDR < 0.05) were used to run hallmark gene sets enrichment in GSEA websites. F, Heatmap displays the expression
of estrogen response genes following 24 hours of DMSO and ENZ treatment in parental and AROE MCF7 cells. G, Gene set enrichment plots for oncogenic signature
gene sets found the opposite effect of ENZ in parental and AROE MCF7 cells. ENZ downregulated c-MYC and cyclin D1 signaling in parental cells but significantly
upregulated c-MYC and cyclin D1 signaling in AROE cells.

AACRJournals.org Cancer Res; 83(3) February 1, 2023

463



Wei et al.

A MCF7 xenograft B MCF7 xenograft MCF7 AROE xenograft
2,000 - Vehicle
—~ 1,800 . —~ 1,800 _ Vehi o
z ~ Vehicle z Vehicle = - ENZ 25 mg/kg
£ 15009 - ENZ 25 mglkg £ 1500 —-FUL 2mg + ENZ 25 mg/kg £ 15009 - RAD140 50 mg/kg
© 12004 = RAD140 50 mg/kg o 12004 FUL2mg e - FUL2mg
E oo E g0 5 10004 — FUL+RAD140 -
] 5 ]
> 600 S 600 - -
bl 5 .
g 300 g 300 £
= —T—TrTT T T T T £ odlrr—r—rrrrrr = odr——rrT—T—T1
5 10 15 20 25 30 35 40 45 50 5 10 15 20 25 30 35 40 45 50 1 2 3 4 5 6 7 8 9
Time after treatment (d) Time after treatment (d) Time after treatment (wk)
D AR/ER low PDX (#5) E AR/ER low PDX (#5) F AR/ER high PDX (#1)
—~ 1,800 . _ 18007 — Vehicle — 35009 - Vehicle
E 15004 Vehicie E 15004 = ENZ 25mglkg £ —— ENZ 25 mg/kg
E | ~ ENZ 25 mglkg E ~ RAD140 50 mg/kg E 500 = RAD140 50 mgikg
@ 1200 - RAD140 50 mglkg @ 12009 FuL 2mg | g~ ~ FUL2mg
R * 5 900 - FUL+ENZ 3 - FUL + RAD140
5] O 1,500 o
S e S 00 = FUL+RAD140 , = >
g 300 g 300 2 |
E 13 IE 500 ég .-_a/{ |n—
O r—r—T—TTT T 7T 0 T T T T T T ™TT T T
5 10 15 20 25 30 35 40 1 2 3 4 5 6 1.2 3 4 5 6 7 8 9
Time after treatment (d) Time after treatment (wk) Time after treatment (wk)
G AR/ER low ER* PDX (#5) AR/ER high ER* PDX (#1)
DMSO ENZ RAD140 DMSO ENZ RAD140
AR (40%) |
ER (40x) &,
Ki67 (40x)

H .6 myc CCND1 VEGFA CTNNB1 TFF1
. § 0.015+ 0.006= 0.015 0.025 0 .
& 2 . rn 0.0204 2 R 04 -
2 & 0.0104 44 0.004d « z 0.010 o 0.015 :'E bl 0.15 .
5| < . 1 e mgh 0'10"}1“
ﬁ E 0.0054 w T o002 é A ooosd sk 0.010 : - 0.05
5 [S ¥ . 0.005
E i 000 00 -0.05 4
2 0.000 ey 0.000 gy 0. 3 5 0.0 A T
« RN Q¢ AN =g D(Q N D&Q
RIS RO S SN SN
ORI @jyg)'\ e MRS NS S
=
& -g myc CCND1 VEGFA CTNNB1 TFF1
% g oors 025 004 . 0.20 6
gl g o 0.20 0034 1 o :
S | o oo - o ] . 015 4 ¥
~ < 0.15 E o =+ H .
[ b4 s % " 0.02 0.109 . ‘s
g % 0.005 % =, 0.10 f ? ? * 2 _} i
0.01 0.05 B
w ° ’? 0.05 % -
r.\<: £ 0.000 gy 0.00 ey T 0.00 sy 0.00 py—— 0 gy
8 é(\\e’@é\’o\@ é{\@eqﬁo'\"‘ e‘-\\c}°<<§1’0\‘>‘° é}-\\éa@é"o\@ 00(&"’0\"9
@ or N R A oy Cia

464 Cancer Res; 83(3) February 1, 2023

CANCER RESEARCH



has a unique structure that is distinct from other AR antagonists (36).
The ICs values of ENZ, RD162, apalutamide, and darolutamide in
T47D cells were 8.64, 26.21, 18.38, and 5.66 umol/L. RD162 and
apalutamide had much lower inhibition efficiency than ENZ in breast
cancer cells, and no significant difference was observed between
AR-high and AR-low cells. Compared with ENZ, darolutamide was
more effective in AR-low T47D cells than AR-high HCC1419 cells
(Supplementary Fig. S3A). We measured the treatment effect of
darolutamide in ARKO and ERKD cells. The results showed that the
cell growth inhibition effect of darolutamide was not significantly
altered in ARKO cells when compared with control but diminished
dramatically in ERKD cells (Supplementary Fig. S3B and S3C). Those
results indicated that darolutamide might have the same property as
ENZ in treating AR-low ER" breast cancer. RD162 had a limited effect
on MCF7 cell growth (Supplementary Fig. S3D). RD162 did not impair
E2-induced ERE activity (Supplementary Fig. S3E), which might
explain its low effectiveness in ER" cells. The mechanism underlying
the different response and structure relationship with ER of those
antiandrogens remains to be determined.

Enzalutamide recovered ER signaling through antagonizing AR
in “AR-high” breast cancer cell lines

To illustrate the AR and ER genomic bindings after ENZ treatment
in both MCF7 and MCF7 with AR overexpression (AROE) cells, we
analyzed ChIP-seq data under four conditions, DMSO and ENZ
treatment in parental and AROE MCF?7 cells integratively. Compared
with parental MCF7 cells, 11,189 AR-binding peaks were newly
identified and 12,800 (60.05%) of ERai-binding peaks disappeared in
AROE MCEF7 cells (Fig. 3A). We overlapped the AROE-induced AR-
binding peaks and AROE diminished ERai-binding peaks to determine
whether AR was competing with ERot on genomic occupancy. Inter-
estingly, only 14.48% (1,554/10,734) of ER-binding peaks were
replaced by AR directly (Fig. 3B), which indicates that the direct
competition of the genomic binding between AR and ERa explained
no more than 15% of reduced ER peaks caused by AROE. Consistent
with previous publications (37, 38), FOXA1 and FOXA2 motifs were
highly enriched in AR gain and ER loss peaks (Supplementary Fig. S4A
and S$4B). AR and ER have similar genetic distribution profiles, with
around 20% of peaks occurring at upstream promoter regions. A
plurality of peaks occurred in distal intergenic regions (Supplementary
Fig. S4C). Consistent with our functional studies, ER binding was
dramatically decreased after ENZ treatment in MCF7 parental cells
(Fig. 3C, DMSO vs. ENZ). Moreover, AROE significantly decreased
ERa binding globally (Fig. 3A and C, DMSO in parental MCF7 vs.
DMSO in AROE MCEF7). Interestingly, ERo. was much more enriched
when AR binding was blocked by ENZ in AROE cells (DMSO vs. ENZ
in AROE MCF7, Fig. 3C, ER bindings, and Fig. 3D, AR bindings). The

Individualized AR-Targeting Therapy for ER" Breast Cancer

inhibition effect of AR on ERa binding was neutralized by ENZ
treatment (Fig. 3C). Our results showed a competing relationship
between AR and ERa, supporting the tumor suppressor role of AR in
ER" breast cancer.

To further study the difference of ENZ response genes in parental
and AROE MCF7 cells, we first did pathway analysis of ENZ-regulated
genes (FC > 1.5 or < 0.67, FDR < 0.05) in parental and AROE MCF7
cells. The results showed that estrogen response-early and -late gene
sets were the most significant pathways in both parental and
AROE MCF?7 cells (Fig. 3E; Supplementary Table S4). We found that
estrogen response pathways were enriched in the DMSO group in
parental MCF?7 cells and were enriched in ENZ group in AROE cells
(Supplementary Fig. S5A). We generated a heatmap of all 283 estrogen
response-early and -late genes (GSEA gene sets). After k-means
clustering analysis (K = 3), we identified a group of genes substantially
stimulated by ENZ in AROE cells, including MYC, CCND1, and TFF1I
(Fig. 3F; Supplementary Table S5). Meanwhile, androgen downstream
response genes were inhibited more robustly in AROE cells than
parental cells (Supplementary Fig. S5B). We observed downregulation
of oncogenic signaling (VEGFA, MYC, CCNDI, and CTNNBI) of ENZ
in MCF7 cells and an upregulation of those oncogenic signaling in
AROE MCF?7 cells (Fig. 3G; Supplementary Fig. S5C; Supplementary
Table $6). In HCC1419 and CAMA1 AR-high cells, ERo. was slightly
decreased after ENZ treatment (Supplementary Fig. S5D). However,
the mRNA levels of ER downstream genes (MYC, CCNDI, and TFF1),
VEGFA, and CTNNBI were upregulated by ENZ (Supplementary
Fig. S5E, bottom). On the other hand, all those 5 genes were decreased
after ENZ treatment in MCF7 and T47D AR-low cells (Supplementary
Fig. S5E, top). Examining the ChIP-seq data of those genes, we found
that AR and ERo. were co-occupied at promoter regions of TFF1 and
CCNDI whereas AR binding was not detected around MYC and
VEGFA (Supplementary Fig. S5F and S5G), suggesting that AR down-
regulated ERo. downstream genes through both genomic (TFFI and
CCND1I) and non-genomic (MYC and VEGFA) effect. It was reported
that MYC, CCNDI, and TFF1 were downregulated after RAD140
treatment in the AR PDX model (30). In our study, ERot was
downregulated by RAD140 only in HCC1419 and CAMAI1 cells with
relatively high AR expressed (Supplementary Fig. S6A). In summary,
our data argue against the use of ENZ in patients with AR-high breast
cancer and highlighted the importance of defining a more quantitative
relationship between AR, ERa, and response to RAD140 or ENZ.

Quantitative correlation between AR/ER ratio and response to
RAD140 or ENZ

On the basis of previous data, we hypothesized that the AR and ERo
relationship determined the response of AR-targeting therapy in ER"
breast cancers. We further explored the clinical application of AR and

Figure 5.

Invivo efficacy evaluation of RAD140 and ENZ in xenograft models with low and high AR/ER. A-F, The effect of RAD140, ENZ, and their combination with fulvestrant
on the growth of AR-high and -low xenografts. A total of 25-mg/kg ENZ and 50-mg/kg RAD140 was administered orally 5 times per week. Fulvestrant was injected at
2 mg/wk subcutaneously. Tumor volumes were measured at the indicated times using vernier calipers: volume = length x width?/2. Data points represent the mean
4 SD tumor volume of each treatment group (n = 5). Comparisons were done between indicated groups at the ethical endpoint. *, P< 0.05; **, P< 0.01; ***, P<
0.001, unpaired two-tailed Student ¢ test. A, Xenograft tumor growth of MCF7 control cells harbor empty vector PLVX3 (MCF7 xenograft) under RAD140 and
ENZ treatment. B, MCF7 xenografts treated with vehicle, fulvestrant, and a combination of ENZ and fulvestrant. C, Xenograft tumor growth of MCF7 AROE
cells harbors AR-PLVX3 (MCF7 AROE xenograft) under RAD140, ENZ, fulvestrant, and fulvestrant+RAD140 treatment. D, Growth curves of AR/ER-low ER™
PDX following vehicle, ENZ, or RAD140 treatment. E, AR/ER-low xenografts treated with ENZ, RAD140, fulvestrant, fulvestrant+ENZ, and fulves-
trant+RAD140. F, AR/ER-high xenograft tumor growth under RAD140, ENZ, fulvestrant, and fulvestrant+RAD140 treatment. Data are mean + SD of 5
replicates for A=D. Data are mean =4 SD of 4 to 5 replicates for E. Data are mean = SD of 6 replicates for F. *, P< 0.05; **, P< 0.01; ***, P< 0.001, unpaired two-
tailed Student t test for indicated comparison. G, IHC staining of AR, ER, and Ki67 in AR/ER-high and -low PDX tumor section under ENZ and RAD140
treatment. Magnification, x40. Bar, 100 um. H, gPCR validation of MYC, CCNDI, VEGFA, CTNNBI, and TFF1in MCF7 and MCF7 AROE xenografts treated with
ENZ and RAD140. Gene expression was normalized to the reference gene GAPDH. Data are presented as mean + SD (5 mice x 3 replicates). *, P<0.05; ***, P<
0.001, unpaired two-tailed Student t test for indicated comparison.
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ERa in predicting ENZ and RAD140 response. We manipulated AR
and ERo expression levels in MCF7 and T47D cells using a doxycy-
cline-inducible expression system (Fig. 4A). We found that the AUC
of RAD140 was negatively associated with AR protein levels (P<0.001)
and not significantly associated with ERot expression levels. On the
other hand, the AUC of ENZ was significantly positively associated
with AR expression (P < 0.01) but negatively associated with ERo
protein (P <0.01; Fig. 4B and C). Considering both AR and ERo in our
model, we found that higher AR/ERa levels predicted a better response
to RAD140 and a worse response to ENZ. Although on the contrary,
lower AR/ERalevels were associated with a better response to ENZ but
aworse response to RAD140 (Fig. 4D). We further checked the relative
ARto ERlevel in ER" breast cancer cell lines. We found that MCF7 and
T47D have lower AR to ER ratios than HCC1419 and CAMA1lin both
mRNA and protein levels (Supplementary Fig. S6B and S6C), which
explained the differential response to ENZ and RAD140 we identified
previously.

In vivo differential response to AR agonist RAD140 and AR
antagonist ENZ

To assess in vivo efficacy of ENZ and RAD140 in ER* breast
cancers, MCF?7 cells stably transfected with vector control PLVX3 or
AR-PLVX3 plasmid were used to create MCF7 and MCF7 AROE
xenografts (Fig. 11, control vs. #3). In the MCF7 xenografts trans-
fected with vector control (AR<ER«), five mice treated with ENZ
showed significant tumor regression by the end of the treatment
schedule (Fig. 5A; Supplementary Fig. S7A). RAD140 did not affect
tumor growth compared with vehicle control, demonstrating that
ENZ had better efficacy in control xenografts with low AR/ERa.
Importantly, ENZ statistically increased the tumor inhibition effects
of fulvestrant in AR/ERa-low MCF7 xenograft tumors (Fig. 5B;
Supplementary Fig. S7B). In contrast, oral administration of RAD140
induced significant tumor growth inhibition of 56.11% in AROE
xenograft models (AR > ERa), showing the same efficacy as fulves-
trant (Fig. 5C; Supplementary Fig. S7C). Significant improvement in
tumor growth inhibition was observed in mice treated with combined
RAD140 and fulvestrant when compared with fulvestrant alone
(Fig. 5C; Supplementary Fig. S7C). No weight loss was detected in
combination drug group (Supplementary Fig. S7A-S7C). These
findings corroborated our previous in vitro results, demonstrating
that RAD140 and ENZ showed differential tumor regression effi-
ciency in control MCF7 xenografts (low AR/ER) vs. AROE MCF7
xenografts (high AR/ER).

Two ER" PDXGs selected on the basis of AR/ER (high and low ratios)
were used to test the response of ENZ and RAD140. We scanned the
expression of AR and ER in our ER' PDX models (39, 40). An
extremely low AR/ER ratio model (#5, Supplementary Fig. S8A) and
an extremely high AR/ER ratio model (#1, Supplementary Fig. S8A)
were treated with ENZ and RAD140. After 6 weeks of treatment, in
AR/ER-low xenograft models (#5), the ENZ treatment group had
markedly reduced tumor volume compared with the RAD140 treat-
ment and vehicle groups. No inhibition effect was observed under
RADI140 treatment (Fig. 5D; Supplementary Fig. S8B). Combined
with fulvestrant, ENZ showed a better tumor depression effect than
fulvestrant alone (Fig. 5E; Supplementary Fig. S8C). In AR/ER-high
tumors, by week 9 of the study, the RAD140 treatment groups
exhibited a 73.27% reduction in tumor volume relative to the vehicle
treatment group (Fig. 5F; Supplementary Fig. S8D). The combination
of RAD140 and fulvestrant treatment was much more effective than
either monotherapy and did not cause any significant animal weight
loss (Fig. 5F; Supplementary Fig. S8D). These results indicate that ENZ
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has better efficacy in treating ER-dominant (AR < ER) tumor and
RADI140 are more effective in AR-dominant (AR > ER) tumor.

To confirm the effective genes of ENZ and RAD140, we measured
the AR, ERa, and Ki67 protein levels and mRNA levels of downstream
genes in tumors harvested at the endpoint. In the MCF7 or AR-low
PDX (#5) model, ENZ reduced the expression of AR, ERo,
and the proliferation marker Ki67 relative to the control group.
RAD140 slightly induced AR expression but had no effect on ERa
and Ki67 expressions (Fig. 5G; Supplementary Fig. S8E). On the
contrary, in the AR-high xenograft model, RAD140 decreased Ki67
expression without AR or ERa reduction (Fig. 5G; Supplementary
Fig. S8E). Furthermore, ER downstream genes (MYC, CCNDI,
CTNNBI, and TFF1) were reduced by ENZ in MCF7 xenograft tumors.
However, in AROE xenografts, MYC and CCNDI were greatly stim-
ulated by ENZ. On the other hand, AROE tumors under RAD140
treatment had a significant reduction of ER-regulated genes (Fig. 5H).
A previous study reported that RAD140 inhibited cancer growth by
repressing ERot expression (30). We observed ERo. decrease after
RADI140 treatment in HCC1419 and CAMAL cells (AR > ER; Sup-
plementary Fig. S6A). However, in the MCF7 AROE xenograft model
(AR > ER) the ER downstream genes were downregulated although
ERo level was little changed under RAD140 treatment (Fig. 5G
and H). Another study found that AR activation repressed ER-
regulated cell-cycle genes by altering the genomic distribution of ERot
and essential co-activators (23). In general, our data showed that,
in vivo, RAD140 exhibited strong antitumor activity via AR-dependent
ERo! inactivation.

The AR/ER ratio in primary and metastatic breast cancers:
implications for individualized AR-targeted therapy

AR is coexpressed with ER in ER" breast cancer (10, 41). To
explore the distribution of AR/ER, we quantified AR and ERal
protein levels in a TMA consisting of 68 ER" breast cancers. 61.76%
were AR-positive tumors and the expression of AR was positively
correlated with ER (r = 0.28, Pyyearman = 0.02). On the basis of the
staining intensity, two subgroups of individuals have AR3*/ER™ or
AR /ER3" immunophenotype in the proportion of 2.94% and
14.71%, respectively (Fig. 6A). The representative images were
shown in Supplementary Fig. S9A. The IHC score (percentage X
intensity) was used to further quantify the expression of AR and
ERa. The distribution of the relative AR to ERa levels (AR/ER) is
shown in Fig. 6B. We found that 88.24% cases were ER dominant
tumors (AR/ER<1) and 11.76% cases were AR dominant tumors
(AR/ER>1; Fig. 6B). In the TCGA cohort, the incidence of AR
dominant tumors was 15.85% (TCGA, Firehose Legacy, Reverse
Phase Protein Array, N = 347, Fig. 6C). Determination of AR/ER
status may provide additional information and guide the endocrine
drug selection for patients with ER™ breast cancer.

We compared the AR, ER level, and AR/ER ratio in primary and
metastatic breast cancer. AR and ESRI mRNA expression of 140
metastatic samples and 235 primary samples were used in the analysis
(GSE124648; ref. 42). We found that AR/ER ratios were significantly
higher in metastatic breast cancer than primary breast cancer (P <
0.001, Fig. 6D). ESRI levels were lower in patients with metastatic
breast cancer than in primary breast cancer (P = 0.012), whereas AR
levels were not significantly different (Supplementary Fig. S9B and
S9C). Moreover, we performed survival analysis using this metastatic
breast cancer cohort. We included 97 patients treated with endocrine
therapy after their metastatic recurrence in the analysis. Women
with low AR/ER ratio tumors had a longer PFS and OS than women
with AR/ER-high tumors (P = 0.005, PFS; P = 0.040, OS; Fig. 6E
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Figure 6.

Relative AR/ER expression in primary and metastatic ER™ breast cancers. A, Bar chart of the percentage of AR staining intensity in ER weak (+), intermediate (2+),
and strong (3+) tumors in IHC cohort. The intensity of nuclei immunoreactivity was assessed semiquantitatively on a scale of O to 3 (none, weak, intermediate, and
strong). B, Distribution of AR/ER in IHC cohort (n = 68). Expressions were quantified using IHC scores, positive cell percentage x intensity. C, Distribution of AR/ER
in TCGA breast cancer cohort (n = 347). The reverse phase protein array was used to test AR and ER protein levels. D, Violin plot of AR/ER level in primary and
metastatic breast cancer. Bars are presented as 25th percentile (bottom quartile), median, and 75th percentile (top quartile). AR/ER is higher in metastatic
cancer than in primary cancer (primary vs. metastatic, median 0.047 vs. 0.689, unpaired two-tailed Student ¢ test, P = 0.0001). E and F, Kaplan-Meier survival
curves displaying the estimated survival probability for two different groups (AR/ER high vs. low) of metastatic breast cancer. Patients with metastatic breast
cancer (n = 97) subsequently treated with endocrine therapy were included in the analysis. Patients with AR/ER-high or -low groups were separated by
median of AR/ER level in the cohort. The number of events (total deaths in each group) is indicated. Patients with lower AR/ER levels have a more favorable
prognosis compared with patients who have higher AR/ER levels. E, Progression-free survival. F, Overall survival. The log-rank test indicates a significant
difference between the survival curves.
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and F), suggesting that high AR/ER ratio tumors were associated with
resistance to endocrine therapy and predicted a worse prognosis in
women with metastatic breast cancer. In addition, we noted a longer
PFS in women with ESR1-high tumors compared with those with
ESR1-low tumors (P = 0.022, Supplementary Fig. S9D). However,
no significant association was found between AR level and PFS or
OS (Supplementary Fig. S9E). In general, AR/ER ratio is upregu-
lated in metastatic breast cancer and associated with worse clinical
outcomes in metastatic breast cancer. These data indicate the
importance of AR/ER quantification in metastatic breast cancer
and highlight the application of AR agonists in treating metastatic
breast cancer.

Discussion

In this study, we demonstrated that the responses of AR-targeting
drugs were associated with both AR and ERa: status, providing insights
into the controversies regarding the roles of AR and AR-targeting
drugs in ER" breast cancer. We found that ER signaling was repressed
by AR overexpression through genetic and non-genetic competition.
Our results support the tumor suppressor role of AR in ER™ breast
cancer, consistent with the published clinical and biological
data (11, 23). One important result of our study was the dynamic
efficacies and outcomes of AR agonist and antagonist in the presence of
different AR and ERa levels. In AR-low or ERct-dominant breast
cancer cells, ENZ inhibits cell proliferation effectively by antagonizing
ERa, which is not dependent on AR. RAD140 has no effect because of
insufficient target AR expressed. By contrast, in AR-high cells,
RADI140 activates AR signaling and suppressed tumor growth by
deregulating ERol expression and blocking ERot downstream genes,
whereas ENZ leads to recovery of the repression of AR on ERx
transcription thus stimulating cell growth.

Several possible reasons have been proposed to explain the diver-
gent viewpoints of AR function in ER" breast cancer, including the
ratio of AR to ERol (28) and the background of ER/PR/HER?2 expres-
sion (43). The clinical significance of AR to ERoi ratios has been studied
recently. It was reported that a subgroup of patients with AR/ERa ratio
>2 had a worse breast cancer prognosis with aggressive biological
features than tumors with ratios of AR/ERL < 2 (44, 45). Patients with a
high AR/ERa ratio in primary tumors had better prognoses in terms of
OS (46). Our data suggest that joint evaluation of AR and ER
expression may identify two subsets of tumors with implications
regarding the choice of an AR agonist or AR antagonist. RAD140
has better inhibition effect in AR-dominant tumors (AR > ER) whereas
ENZ is more efficacious in ER-dominant tumors (AR < ER). Our
results predict the drug preference in ER" tumors with extremely high
or low AR/ER and provide the basis for the conduct of prospective
clinical trials.

Another interesting finding of our study is the opposite effects of
ENZ in AR/ER-low and AR/ER-high ER" breast cancer. The amounts
of AR and ER protein and their binding affinities to ENZ co-determine
the targeting priority of ENZ. Similar to our finding that ENZ effects in
MCEF?7 cells are not dependent on AR level, ENZ could not recapitulate
the effect of AR KD in MCF?7 cells and had no effect in endocrine-
resistant PDX models (29). Our study is the first to identify the tumor
promotion effect of ENZ in AR-high cells, which raises concern
regarding the use of ENZ in AR-high ER™ breast cancer. We observed
direct binding of ENZ and full-length ERct in our radiolabeled assay;
however, the exact ENZ-ERo.-binding pocket is still unknown. ENZ
cannot fully compete E2, indicating a possibility that ENZ might be an
allosteric inhibitor. RD162, another AR antagonist, has no binding to
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full-length ERo under 0.1 mmol/L (34). The efficiency of ENZ and
RD162 differs, although they have similar chemical structures. Dar-
olutamide could inhibit cell growth as effectively as ENZ, whereas their
structures are distinct from each other. The structural relationship
between ER0: and those AR antagonists, as well as the conformational
change induced by the interaction, is still unclear and will require
further studies. Our results provide insights into the clinical applica-
tion of AR agonists in ER" breast cancer and support the use of an AR
agonist in AR/ER-high ER* cancers. Our data suggest that the AR/ER
ratio might be a marker upon which to base the selection of an AR
agonist or an AR antagonist for therapy.

The limitations of our study are the relatively small number of
cell lines and mice models studied and the preliminary methodol-
ogy for biomarker quantification. The assessment of the AR/ER
ratio in our models was exploratory and was based mainly on
Western blot analysis, which is not likely a choice of the assay for
clinical application. A previous study that was designed to examine
the combined effect of ENZ and exemestane in treating patients
with advanced/metastatic breast cancer found that receiving ENZ
treatment with both high AR levels and low ESRI levels had a
greatly improved PFS compared with the control group (15).
However, they used the median cutoff point to define the high and
low expressions. In our cell-line-inducible models, we observed a
quantitative relationship between AR/ER and response to RAD140
or ENZ response. We also observed that the ENZ and fulvestrant
combination was more effective than fulvestrant alone in ER-high
and AR-low primary breast cancer animal models. The dynamic
ranges of hormone receptor status in cancer development and
approaches used to define high or low expression might partially
explain this discrepancy. Further studies in larger clinical cohorts
are required to build quantitative models with dynamic AR/ER
ratios to assess the association with drug response.
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