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The role of the androgen receptor (AR) in estrogen receptor alpha (ER) positive breast 24 

cancer is controversial, constraining implementation of AR-directed therapies. Using a 25 

diverse, clinically relevant panel of cell-line and patient-derived models, we demonstrate 26 

that AR activation, not suppression, exerts potent anti-tumor activity in multiple disease 27 

contexts, including resistance to standard-of-care ER and CDK4/6 inhibitors. 28 

Importantly, AR agonists combined with standard-of-care agents enhanced therapeutic 29 

responses. Mechanistically, agonist activation of AR altered the genomic distribution of 30 

ER and essential co-activators (p300, SRC-3), resulting in repression of ER-regulated 31 

cell cycle genes and up-regulation of AR target genes, including known tumor 32 

suppressors. A gene signature of AR activity positively predicted disease survival in 33 

multiple clinical ER+ breast cancer cohorts.  These findings provide unambiguous 34 

evidence that AR has a tumor suppressor role in ER+ breast cancer and support AR 35 

agonism as the optimal AR-directed treatment strategy, revealing a rational therapeutic 36 

opportunity.  37 

In mammary gland development, estrogen stimulates and androgen inhibits post-pubertal 38 

growth1. ER is required for breast development and unequivocally drives the majority of 39 

breast malignancies (~ 80%), but the role of AR is unresolved2. While androgens were 40 

historically used to treat breast cancer3,4, knowledge of hormone receptors in breast tissue 41 

was rudimentary at the time and efficacy was thought to be via suppression of the 42 

hypothalamic-pituitary-gonadal axis. Androgen therapy was ultimately discontinued due to 43 

virilizing side effects and the advent of drugs that directly target ER5, which are collectively 44 

referred to as endocrine therapy. ER inhibitors are standard-of-care for ER+ breast cancer, 45 

but resistance to these agents (endocrine resistance) is the major cause of breast cancer 46 

mortality6. The need for alternative strategies has renewed interest in androgen therapy7, 47 
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especially since nearly all ER+ breast cancers express AR8 and non-virilizing selective AR 48 

modulators (SARMs) are now clinically available9. However, pre-clinical studies, 49 

predominantly performed with breast cancer cell lines, have produced conflicting evidence as 50 

to the role of AR in ER+ breast cancer, especially in the context of endocrine-resistant 51 

disease2,10-13. These equivocal findings have resulted in clinical trials investigating both AR 52 

agonists and AR antagonists for women with ER+ breast cancer, highlighting an urgent need 53 

for clarification. 54 

Results 55 

AR is a favorable prognostic marker of ER+ breast cancer survival 56 

Immunoreactive AR was assessed in the large, single-institution Nottingham Tenovus 57 

Primary Breast Cancer Series used to establish the Nottingham Prognostic Index (NPI)14. AR 58 

was positively associated with breast cancer-specific survival in ER+ cases, including high-59 

risk ER+ disease treated with endocrine therapy (Extended Data Fig. 1). Multivariate 60 

analyses confirmed that AR was a favorable prognostic factor, independent of other variables, 61 

including all NPI components and established (e.g. PR, HER2) or recently incorporated (e.g. 62 

FOXA1, GATA3) factors (Supplementary Table 1a-b). The data also indicate that AR is a 63 

positive predictive biomarker of response to endocrine therapy. Analysis of one of the largest 64 

breast cancer cohorts to have gene expression, gene mutation and patient outcome data 65 

(METABRIC15) further supports AR as an independent good prognostic factor and biomarker 66 

of endocrine therapy response, even when controlling for all prognostic factors and 67 

contemporary genomic parameters that influence disease outcome (e.g. commonly mutated 68 

genes) (Supplementary Table 1c). These clinical associations implicate AR as having a tumor 69 

suppressor function in multiple disease contexts of ER+ breast cancer.    70 

Androgen antagonizes estrogen activity in patient-derived breast tissue explants 71 
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To test whether the association between AR and breast cancer survival is due to its innate 72 

ability to restrain ER-driven growth, we interrogated human breast tissues using an ex vivo 73 

patient-derived explant (PDE) model (Fig. 1a) that sustains tissue complexity, histological 74 

features of the original tissue and sex hormone responsiveness16,17. ER+ tumor PDEs treated 75 

with estrogen (E2) alone had a significantly higher proliferative index (Ki67 positivity) 76 

compared to patient-matched explants treated with E2 plus the potent natural androgen, 5α-77 

dihydrotestosterone (DHT) (Fig. 1b; Supplementary Table 1d). Antagonistic sex hormone 78 

activity was also evident in normal and malignant breast epithelial cells when assessing 79 

proliferation with BrdU, a marker of newly synthesized DNA (Fig. 1c; Extended Data Fig. 80 

2a-b). Transcriptional consequences of AR and ER activation were interrogated via RNA-seq 81 

using additional cases of normal or ER+ malignant breast PDEs treated with E2 or E2+DHT 82 

for 24 hours (Supplementary Table 1e). Consistent with the cytological proliferation markers, 83 

E2 positively and E2+DHT negatively correlated with gene signatures of cell cycle regulation 84 

in normal and malignant breast PDEs (Fig. 1d-e; Extended Data Fig. 2c-e). Androgen 85 

exposure also enriched for a Hallmark Androgen Response gene set. Collectively, these data 86 

provide clear evidence of the anti-proliferative effect of androgen in clinical breast tissues 87 

exposed to estrogen and suggest that AR signaling events that constrain normal breast growth 88 

are sustained or can be reactivated by AR agonism in ER+ breast cancers to inhibit tumor 89 

growth. 90 

AR and ER co-localize in the nuclei of breast epithelial cells 91 

Direct, AR-mediated inhibition of ER genomic activity is predicated on nuclear co-92 

localization of the receptors, which has anecdotal precedent18,19. To examine this in a broad 93 

clinical context, co-localization of AR and ER was quantified in a tissue microarray 94 

comprised of histologically normal (non-malignant) breast tissue, pre-malignant ductal 95 

carcinoma in situ (DCIS), invasive ductal carcinoma (IDC), and lymph node (LN) metastases 96 
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(Supplementary Table 1f). On average, ~26% of non-malignant breast epithelial cells co-97 

expressed AR and ER, which encompassed most of the ER+ population as only 2.7% of cells 98 

expressed ER alone (Fig. 1f-g; Supplementary Table 1g). The proportion of AR+ER+ 99 

epithelial cells was markedly higher in pathological lesions, with over 60% of tumor nuclei 100 

positive for both receptors. Thus, cell-intrinsic genomic crosstalk between AR and ER 101 

signaling pathways is highly feasible in normal and malignant breast epithelial cells.  102 

AR redistributes ER and its co-activators on chromatin to antagonize ER target genes 103 

To examine functional interplay between AR and ER at the chromatin level, ChIP-seq 104 

experiments were performed using the estrogen-dependent ZR-75-1 breast cancer cell line, 105 

which endogenously expresses both receptors and is growth restricted by androgen in vitro20. 106 

Cells were cultured under steroid-depleted conditions then treated 4 hours with E2 or 107 

E2+DHT. Consensus AR and ER chromatin binding events (cistromes) were generated for 108 

each hormone condition using ChIP-seq datasets derived from 3 consecutive passages of cells 109 

(Supplementary Fig. 1a). Activation of AR did not globally alter the number of E2-stimulated 110 

ER binding sites (ERBS), but markedly increased the number of AR binding sites (ARBS), as 111 

expected (Fig. 2a). Independent experiments showed that all ARBS detected under treatment 112 

with E2+DHT were induced by treatment with DHT alone (Supplementary Fig. 1b), 113 

indicative of canonical AR signaling events. When both receptors were stimulated, AR was 114 

recruited to 42% of all ERBS (Fig. 2a; Supplementary Fig. 1c), indicating the potential for 115 

AR to directly affect ER transcriptional activity at thousands of cis-regulatory elements. AR 116 

activation also altered the genomic distribution of ERBS, resulting in both loss and gain of 117 

ER occupancy (Fig. 2b; Supplementary Fig. 1d). AR occupancy was detected at lost and 118 

gained ERBS, but strongest AR enrichment occurred at the latter. These patterns of ER and 119 

AR chromatin binding following treatment with E2 or E2+DHT were mirrored in the T-47D 120 

cell line (Supplementary Fig. 2), another estrogen-dependent breast cancer model that 121 
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endogenously expresses both receptors and is growth inhibited by androgen in vitro21. These 122 

data indicate that activated AR reproducibly associates with and redistributes the ER cistrome 123 

in breast cancer cells.  124 

Whereas ERBS lost upon AR activation included loci associated with established ER 125 

target genes (e.g. PGR, MYB, BCL2), gained ERBS included loci associated with genes 126 

regulated by AR signaling in ER+ breast cancer cells (e.g. SEC14L2, EAF2, ZBTB16)18,22 127 

(Fig. 2b-d; Supplementary Fig. 2c-d). DNA motif analysis revealed that loss of ER 128 

occupancy occurred at estrogen response elements (EREs) and gain of ER occupancy 129 

occurred at androgen response elements (AREs), implying relocation of ER to AR binding 130 

sites (Extended Data Fig. 3a). AR knock-down reversed DHT-induced changes in ER binding 131 

at representative loci (Extended Data Fig. 3b-d), confirming that AR is the key mediator of 132 

these events. AR-mediated loss of ER binding was associated with down-regulation of E2-133 

induced genes (Fig. 2c; Extended Data Fig. 3e-f) and gain of ER binding was associated with 134 

enrichment of AR at DHT-induced genes (Fig. 2d; Extended Data Fig. 3g-h). Assessment of 135 

H3K27ac, a mark of transcriptional activation23, was concordant with DHT-induced 136 

repression of ER target genes and induction of AR target genes (Extended Data Fig. 3e,g). 137 

Hence, AR-mediated rearrangement of the ER cistrome had transcriptional consequences.  138 

Androgen-induced loss of ER binding associated with down-regulation of an ER 139 

target gene is exemplified by a locus within intron 1 of the MYB gene (Fig. 2c; Extended Data 140 

Fig. 4a-b), shown to be critical for ER-induced expression24.  MYB encodes a transcription 141 

factor that stimulates cell cycle progression25 via pathways up-regulated by E2 and down-142 

regulated by E2+DHT in normal and malignant PDEs (Fig. 1d-e), indicating that antagonistic 143 

sex hormone regulation of MYB may represent an early regulatory event that impacts 144 

proliferative capacity of breast epithelial cells. The ability of activated AR to displace ER 145 

from chromatin required an agonist ligand because treatment with an antagonist ligand 146 
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(Bicalutamide) did not reduce ER binding at ER target genes, nor inhibit E2-stimulated 147 

proliferation (Extended Data Fig. 4c-e). AR binding to DNA was also required because 148 

induction of a constitutively active AR into MCF7 breast cancer cells, which endogenously 149 

express very low levels of AR, inhibited ER binding and transcriptional activity at cell cycle 150 

genes, including MYB, but a mutant AR unable to bind DNA did not (Extended Data Fig. 4f-151 

h). Accordingly, only a transcriptionally functional AR inhibited E2-stimulated proliferation 152 

of this cell line (Extended Data Fig. 4i). Hence, classic AR transcription factor activity is 153 

essential for antagonism of ER signaling in breast cancer cells. This AR activity clearly 154 

impacts the ability of ER to transcriptionally up-regulate cell cycle genes and likely 155 

represents a key means by which AR inhibits proliferation. In addition, induction of AR 156 

target genes with purported tumor suppressor activity (e.g. EAF2, SEC14L2, ZBTB16)26-29 157 

may also contribute to growth inhibition of ER+ breast cancer.  158 

The enzyme p300 is a rate-limiting factor required for H3K27 acetylation at 159 

transcriptionally active enhancers23,30, including those regulated by ER in breast cancer cells31 160 

and AR in prostate cancer cells32. Therefore, ER and AR potentially compete for p300 in 161 

breast cancer cells. AR activation caused a major redistribution of E2-stimulated p300 162 

binding sites that were concordant with changes to the H3K27ac signal in ZR-75-1 cells (Fig. 163 

2e). Over half (53%) of the E2-stimulated p300 binding sites were lost upon treatment with 164 

E2+DHT (Extended Data Fig. 5a-c), and these loci were highly enriched for EREs (Fig. 2f). 165 

p300 binding was reduced at all E2-regulated genes antagonized by co-treatment with DHT 166 

(Extended Data Fig. 5d-e), including loci associated with ER-regulated cell cycle genes (Fig. 167 

2g; Extended Data Fig. 5f,g). Therefore, AR-mediated displacement of p300 at 168 

transcriptionally active enhancers associated with ER-regulated cell cycle genes is another 169 

means of preventing ER from stimulating a proliferative transcriptome. This p300 170 

displacement coincided with relocation to and activation of AR target genes (Fig. 2e-f; 171 
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Extended Data Fig. 5d-e). We next assessed SRC-3, a co-regulatory protein required for ER 172 

to recruit p30033. AR-mediated changes to the SRC-3 cistrome closely tracked with changes 173 

to the p300 cistrome (Extended Data Fig. 6), suggesting that SRC-3 and p300 may be 174 

repositioned as a complex. Since AR does not require SRC-3 to recruit p30034, it may have a 175 

competitive advantage over ER in the recruitment of this critical co-activator. Collectively, 176 

these data indicate that AR-mediated antagonism of ER signaling involves sequestration of 177 

p300 and SRC-3 in breast cancer cells.  178 

AR agonism, not antagonism, durably inhibits in vivo growth of ER+ breast cancer 179 

To test the influence of clinically relevant AR-targeting drugs in vivo, ZR-75-1 xenografts 180 

were established in mice. Tumor growth was stimulated with E2 and the effect of AR 181 

activation (via two distinct agonists, DHT and Enobosarm) or AR inhibition (via a receptor 182 

antagonist, Enzalutamide) was assessed. Enobosarm lacks virilizing activity in women and 183 

has AR agonist activity in breast cancer cells9,35. Enzalutamide is used to treat prostate 184 

cancer36. Both drugs have been investigated in clinical trials for women with ER+ breast 185 

cancer. While Enzalutamide reduced ZR-75-1 xenograft growth initially, this was not 186 

sustained; the proliferative index of Enzalutamide-treated tumors was similar to controls by 5 187 

days of treatment (Extended Data Fig. 7a-d). In contrast, both AR agonists (DHT, 188 

Enobosarm) durably inhibited tumor growth throughout the course of 90 days, with a 189 

significant reduction in the proliferative index after 5 days of treatment (Extended Data Fig. 190 

7a-d). Accordingly, AR agonists potently antagonized expression of E2-regulated genes and 191 

induced expression of AR target genes, but Enzalutamide did not (Extended Data Fig. 7e-f). 192 

AR and ER ChIP-seq was performed in ZR-75-1 xenografts from Vehicle and AR agonist 193 

treatment arms (Supplementary Table 2d). A substantial loss of E2-stimulated ERBS 194 

occurred in tumors from animals treated with AR agonists (DHT: 97%; Enobosarm: 67%), 195 

including key ERBS in the MYB and CCND1 genes (Extended Data Fig. 8a-d), consistent 196 
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with down-regulation of Hallmark Cell Cycle gene sets (Extended Data Fig. 8e). These in 197 

vivo data corroborate the in vitro data, showing that AR-mediated anti-proliferative activity 198 

requires an agonist ligand, involves genomic antagonism of ER signaling and can be induced 199 

by a clinically relevant SARM.   200 

To test the efficacy of an AR agonist strategy in the context of endocrine-resistant 201 

ER+ breast cancer, we employed patient-derived xenograft (PDX) models (Fig. 3a) derived 202 

from the metastases of four patients that had disease progression following one or more lines 203 

of endocrine therapy. Consistent with the endocrine-resistant phenotype, three models harbor 204 

aberrations in the ESR1 gene, which encodes ER (mutations: UCD4, HCI-005; amplification: 205 

UCD65)37,38 and one model (GAR15-13) has amplification of CCND1 (data not shown), all 206 

implicated as drivers of therapy resistance39,40.  The PDX models express AR and ER (38 and 207 

Extended Data Fig. 9a), but vary in their requirement for exogenous E2 supplementation. 208 

Initial experiments with UCD4 and UCD65 revealed that DHT potently inhibited E2-209 

stimulated tumor growth (Extended Data Fig. 9b). Indeed, activation of AR with DHT or 210 

Enobosarm inhibited tumor growth in all three PDX models of endocrine resistance that have 211 

ESR1 genomic aberrations (Fig. 3b; Extended Data Fig. 9b,c). Consistent with ZR-75-1 212 

xenograft data, AR agonists significantly reduced the proliferative index of HCI-005 tumors 213 

within 5 days of treatment (Extended Data Fig. 9d) and potently reduced ER chromatin 214 

binding genome-wide, including cell cycle gene loci (Extended Data Fig. 9e,f). As expected, 215 

SARM treatment induced AR binding at loci associated with AR-regulated tumor suppressor 216 

genes (SEC14L2, ZBTB16, EAF2), but a coincident gain of ER binding was not always 217 

evident (Fig. 3c-d). Rather, a SARM-induced gain in ER binding was stronger at other loci, 218 

including a locus near the MTSS1 gene (Fig. 3c-d), which encodes a suppressor of breast 219 

cancer metastasis41.  Hence, in endocrine-resistant breast cancer with genomic aberrations of 220 

ESR1, activation of AR redistributed ER chromatin binding and reduced growth. To directly 221 
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compare an AR agonist with an AR antagonist approach, additional in vivo experiments were 222 

performed with the HCI-005 PDX model and in vitro experiments with a cell line derived 223 

from the UCD4 PDX model42. While the AR antagonist had no effect on E2-stimulated 224 

growth, it curtailed the growth inhibitory effect of DHT (Fig. 3e; Extended Data Fig. 9g). 225 

Notably, an AR agonist had greater anti-tumor efficacy than an ER antagonist (Tamoxifen) in 226 

the HCI-005 PDX model (Fig. 3e). The GAR15-13 PDX model is distinct from the others as 227 

it does not require exogenous E2 for robust basal growth in vivo10. Nonetheless, treatment 228 

with AR agonists significantly reduced growth of GAR15-13 tumors, whereas treatment with 229 

the AR antagonist had no effect on short (Extended Data Fig. 9h-i) or long-term (Fig. 3f) 230 

measures of tumor growth. These observations, and ability of the AR antagonist to curtail 231 

activity of the AR agonist, were independently confirmed in the GAR15-13 PDX model 232 

(Extended Data Fig. 9j-k). Collectively, these therapeutic studies involving the most 233 

clinically relevant in vivo model systems provide strong support for an AR agonist strategy in 234 

multiple scenarios of advanced ER+ breast cancer. 235 

Since AR has been specifically implicated in the promotion of tamoxifen 236 

resistance10,11,13, we established mammary intra-ductal (MIND) xenografts43 (Fig. 3g) using a 237 

derivative of the ER+ MCF7 breast cancer cell line rendered resistant to tamoxifen (TamR) 238 

(Supplementary Fig. 3a-b). AR activation significantly reduced in vitro colony formation and 239 

induced cell cycle arrest in the Parental MCF7 and TamR cells (Supplementary Fig. 3c-d). 240 

Within mouse mammary ducts, TamR cells formed highly proliferative, invasive tumors by 3 241 

months, and these remained positive for ER and AR expression (Supplementary Fig. 3e). 242 

Mice were injected with TamR cells, and after 30 days were randomly allocated to Vehicle or 243 

DHT treatment arms. DHT significantly reduced tumor weight (Supplementary Fig. 3f) and 244 

the proliferative index within in situ and invasive lesions (Fig. 3h). This MIND xenograft 245 
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data shows that AR sustains a tumor suppressor role in the specific context of tamoxifen 246 

resistance. 247 

Inhibitors of cyclin-dependent kinase 4/6 (CDK4/6i; e.g. Palbociclib) in combination 248 

with endocrine therapy are becoming standard-of-care for women with advanced breast 249 

cancer44. The combination of an AR agonist and Palbociclib exerted the greatest growth 250 

inhibition in TamR and UCD4 cell lines in vitro (Fig. 4a; Supplementary Fig. 4). Combination 251 

therapy was also the most potent inhibitor of TamR colony formation (Fig. 4b). These 252 

observations were recapitulated in vivo using the GAR15-13 PDX model, in which the 253 

superior growth inhibitory effect of the combination therapy over Palbociclib treatment alone 254 

was evident in the proliferative index of tumors harvested after five days of treatment (Fig. 255 

4c,d). While CDK4/6 inhibitors are effective in advanced breast cancer, the development of 256 

resistance is inevitable45,46. Therefore, we created an MCF7 derivative cell line that was 257 

resistant to Palbociclib (PalbR) (Fig. 4e). PalbR cells had a compensatory increase in CDK2 258 

expression, indicative of resistance to CDK4/6i40, but maintained expression of AR and ER 259 

comparable to the parental line (Fig. 4f). AR agonists reduced proliferation of PalbR cells, but 260 

growth inhibition was enhanced in the presence of Palbociclib, suggesting that AR agonism 261 

may have partially restored sensitivity to the CDK4/6i (Fig. 4g). Hence, an AR agonist 262 

strategy is a viable option for combination therapies involving a CDK4/6 inhibitor, even in 263 

cases of acquired resistance to CDK4/6 inhibition.  264 

A gene signature of AR activity is prognostic in ER+ breast cancer 265 

A gene signature of AR activity was generated by integrating RNA-seq transcriptomic data 266 

from multiple in vivo models (ZR-75-1, HCI-005, GAR15-13). The resulting 142 AR gene 267 

signature (59 up-regulated, 83 down-regulated genes; Supplementary Table 3a-d) stratified 268 

ER+ cases in the METABRIC breast cancer cohort15 into good and poor outcome groups 269 
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(Fig. 5a). Down-regulated genes were expressed at lower levels in tumors with a better 270 

survival outcome (Fig. 5b, left panel) and these genes were enriched for Hallmark G2/M 271 

Checkpoint (e.g. MKI67, AURKB, CCNB2) and Estrogen Response (e.g. MYB, CXCL12, 272 

IGFBP4) pathways (Extended Data Fig. 10a). In ZR-75-1 xenograft and HCI-005 PDX 273 

models, ER chromatin binding associated with down-regulated genes was markedly reduced 274 

by AR activation (Fig. 5c, left panel). Up-regulated genes in the AR signature were expressed 275 

at higher levels in tumors from patients with a better survival outcome (Fig. 5b, right panel), 276 

were enriched for the Hallmark Androgen Response gene set (e.g. SEC14L2, EAF2, ZBTB16) 277 

(Extended Data Fig. 10a), and were associated with increased AR chromatin binding in ZR-278 

75-1 xenograft and HCI-005 PDX tumors treated with AR agonists (Fig. 5c, right panel). 279 

These data indicate that signature down-regulated genes are largely ER target genes and up-280 

regulated genes are AR target genes, consistent with changes in the H3K27ac signal 281 

(Extended Data Fig. 10b-c) and the concept that activation of AR target genes results in trans-282 

repression of ER target genes. The data also accords with transcriptional data generated in 283 

PDEs (Fig. 1). The AR gene signature had highly significant prognostic performance in the 284 

METABRIC15 and ROCK47 cohorts as well as in an ER+ tamoxifen-treated dataset48 (Fig. 285 

5d). In an independent assessment, the AR signature had greater prognostic power than 286 

cancer-associated signatures (MSigDB) and gene sets derived or annotated from the 287 

MammaPrint gene signature (Fig. 5d), as well as other commercially available genomic tests 288 

(OncotypeDx, EndoPredict and PAM50) used for breast cancer prognostication 289 

(Supplementary Table 3e). Thus, endogenous AR activity is evident in primary ER+ breast 290 

cancers, is positively associated with longer disease-free survival and has significant 291 

prognostic power. This signature may be useful in breast cancer prognostication or for patient 292 

selection and assessment of treatment response in future trials testing an AR agonist target 293 

therapy.  294 
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Discussion 295 

Herein, we provide extensive evidence that AR is a tumor suppressor in multiple contexts of 296 

ER+ breast cancer, including endocrine resistance, which strongly supports an AR agonist 297 

strategy for treatment. Activated AR inhibited ER-driven growth of breast cancers by 298 

displacing ER and critical transcriptional co-activators (p300, SRC-3) from chromatin at ER-299 

regulated cell cycle genes, leading to transcriptional down-regulation. It also up-regulated AR 300 

target genes, sequestering p300 and SRC-3 away from ER target genes in the process (Fig. 301 

5e). AR target genes in ER+ breast cancers included tumor suppressors that may directly 302 

inhibit tumor growth; regulation of these genes may occur in co-operation with or 303 

independent of ER signaling (Fig. 5e). Such mechanisms likely underpin the sex hormone 304 

antagonism evident in normal breast tissues, since treatment with androgen opposed estrogen-305 

stimulated proliferation and induction of cell cycle genes in patient-derived explants of 306 

normal and ER+ malignant breast tissues while simultaneously up-regulating AR target genes 307 

(Fig. 1).  308 

Trans-repression of one transcription factor by another via squelching of a critical co-309 

factor is emerging as an important biological regulatory mechanism with implications for 310 

tissue development, homeostasis and pathology49. Indeed, squelching of p300 is a mechanism 311 

by which ER indirectly represses gene transcription, transiently binding at repressed genes to 312 

hijack p300 to activated genes50. The relatively weak AR binding we observed at ER target 313 

genes that were repressed upon AR activation suggests a similar mode of action.  Previous 314 

evidence generated in silico or in the context of non-chromatinized DNA indicate that AR 315 

can bind to an ERE18,35, which may play a role in the ability of AR to displace ER from 316 

chromatin at loci associated with repressed ER target genes. While p300 is clearly a pivotal 317 

factor, with a direct and powerful influence on the activation of H3K27, our data indicates 318 

that other co-factors common to AR and ER, including SRC-351, likely play a role in 319 
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crosstalk between these receptors and warrant further investigation, especially since a new 320 

study shows that AR and ER differentially interact with p300 and SRC-3 when bound to 321 

DNA34.  322 

The progesterone receptor (PR) is also able to modulate the interaction of ER with 323 

chromatin to reduce proliferation of breast cancer cells17,38, but the mechanism involved is 324 

different to that exerted by AR. Activated PR directly interacts with ER, resulting in a 325 

widespread gain of ER binding events in vitro and in vivo. In contrast, a direct interaction 326 

between AR and ER has not been detected to date18, and activation of AR caused a more 327 

prevalent loss of ER binding events, especially in vivo.  The differences between AR and PR 328 

interaction with ER make biological sense considering that androgen inhibits pubertal breast 329 

development whereas progesterone stimulates functional differentiation (e.g. lactation). 330 

While stimulation of PR has therapeutic potential in primary ER+ breast cancers52, loss of PR 331 

expression is a common event17. Conversely, AR expression is largely maintained in primary 332 

and metastatic lesions2 (Fig. 1), and therefore represents a more prevalent therapeutic target, 333 

especially in the endocrine resistant setting.  334 

This work has immediate implications for women with metastatic ER+ breast cancer. 335 

It provides compelling evidence that exploitation of an endogenous, ligand-activated AR 336 

pathway to inhibit ER-mediated transcriptional activity constitutes an attractive, 337 

implementable therapeutic opportunity to treat ER+ breast cancers, even those resistant to 338 

current forms of endocrine therapy and those with genomic aberrations of ESR1 or CCND1. 339 

Moreover, we provide new evidence that AR agonists can be more effective than existing 340 

(e.g. Tamoxifen) or new (e.g. Palbociclib) standard-of-care treatments and, in the case of the 341 

latter, can be combined to enhance growth inhibition. The new insights from this study 342 

should dispel widespread confusion over the role of AR in ER-driven breast cancer, an issue 343 

that currently hinders progress in leveraging modern AR-targeted therapies, including 344 
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available SARMs that lack the undesirable side-effects of androgens9, for clinical benefit. 345 

Moreover, SARMs like Enobosarm can confer health benefits in women, including 346 

promotion of bone, muscle and mental health9. Given the efficacy of AR agonism at multiple 347 

stages of ER+ disease, this treatment strategy has potential to become an alternative 348 

endocrine therapy for breast cancer.  349 
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Methods 475 

Reagents. RPMI-1640, DMEM, DMEM/F12 cell culture media and their phenol-red-free 476 

versions (Gibco, Sigma); Fetal Bovine Serum (FBS; Sigma). Drugs: Enobosarm (provided by 477 

GTx®); DHT, E2, Trans-4-Hydroxy-Tamoxifen, Tetrahydrofuran, Insulin, Cholera Toxin 478 

(Sigma-Aldrich); Enzalutamide, Palbociclib (Selleck); Bicalutamide (AstraZeneca); 479 

Fulvestrant (MedChemExpress); Doxycycline (Takara Bio); 90-day slow release E2 pellets 480 

(0.72 mg), 90-day slow release Tamoxifen pellets (5 mg), 60-day slow release DHT pellets 481 

(10 mg) (Innovative Research of America).  482 

Nottingham Tenovus Primary Breast Cancer Series. Cohort details and tissue microarrays 483 

(TMAs) representing this series are described in14,53. IHC was applied to TMAs using the 484 

Novolink™ Max Polymer Detection System (Leica Biosystems, Newcastle, UK). Heat-485 

induced retrieval of antigen epitopes was performed in citrate buffer (pH 6) using microwave 486 

for 20 minutes. Anti-AR primary antibody (clone F39.4.1; Biogenex), diluted 1:30, was 487 

applied to the TMAs for 60 minutes. For reaction visualization, 3, 3’-diaminobenzidine 488 

tetrahydrochloride (Novolink DAB Substrate Buffer Plus) was used as a chromogen. Positive 489 
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and negative (omission of the primary antibody and IgG matched serum) controls were 490 

included in each run. Tumor cores were evaluated by two pathologists (T.A-F., I.O.E.) who 491 

were blinded to the clinico-pathological characteristics of patients, as previously described53. 492 

High AR protein expression was defined as the presence of nuclear staining in ≥78% of 493 

malignant cells, shown to be the optimal cut-point for prognostication in ER+ breast cancer7.   494 

Clinical samples used in patient-derived explant (PDE) experiments. Breast tissue 495 

samples and relevant clinical data were obtained from women undergoing surgery at the 496 

Flinders Medical Centre or Burnside Private Hospital, Adelaide, South Australia, with 497 

informed, written consent. Patient information relevant to this study can be found in 498 

Supplementary Table 1d, 1e. This study was approved by the Southern Adelaide Clinical 499 

Human Research Ethics Committee (SAC HREC EC00188; 21.11) and the University of 500 

Adelaide Human Research Ethics Committee (approval numbers: H-065-2005; H-169-2011; 501 

H-2015-175). Tissues were cultured ex vivo as previously described16,17. In brief, the tissue 502 

specimen from a patient was cut into small pieces, randomly allocated to a gelatin sponge (3-503 

4 per sponge) pre-soaked in culture media and incubated at 37°C with 5% CO2 for ~ 36 504 

hours. Subsequent hormone treatments included E2 (10 nM) alone or in combination with 505 

androgen (E2+DHT; 10 nM each). Tissue explants were treated with hormones for 24 hours 506 

to extract RNA or 48 hours to assess proliferation markers (Ki67, BrdU). In all experiments, 507 

representative pieces of tissue were processed for histological analysis by a pathologist (S.J.) 508 

to quantify the presence and proportion of normal or malignant breast epithelial cells within 509 

the explants. Those with at least 60% epithelial content were utilized for downstream 510 

analyses (IHC, RNA-seq). 511 

Breast cancer progression tissue microarray (TMA). A TMA was constructed to represent 512 

stages of breast cancer progression, comprised of thirty cases each of the following: non-513 

malignant breast tissue of normal histology; low-, medium-, and high-grade ductal carcinoma 514 
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in situ (DCIS); grade I, II, and III invasive ductal carcinoma (IDC), and metastatic tumor in 515 

lymph nodes (LN metastasis) (Supplementary Table 1f). Cases were identified via the South 516 

Australian Health Database, and tissue slides and FFPE blocks retrieved from the Royal 517 

Adelaide Hospital archives, under approval by the Royal Adelaide Hospital and University of 518 

Adelaide Human Research Ethics Committees. Pathological review of the slides was 519 

performed by a pathologist (S.J.) and relevant diseased areas selected. The TMA was 520 

constructed using the Chemicon Advanced Tissue Arrayer (ATA100; Merck Millipore, 521 

Germany), with duplicate 1 mm breast tissue cores per area randomly allocated to the TMA 522 

layout. Sections (3 µm) were used for dual-label immunofluorescence staining using standard 523 

techniques. Slides were incubated overnight with primary antibodies against ERα (1D5, 524 

DAKO, Denmark) and AR (N-20, Santa Cruz Biotechnology, Santa Cruz, CA), both at a 1:50 525 

dilution. Secondary antibodies were Alexa Fluor 488 (red; ER) and Alexa Fluor 594 (green; 526 

AR), both at a 1:400 dilution. Slides were mounted using ProLong Gold Antifade with DAPI 527 

mounting medium (Molecular Probes). Controls included sections of breast cancers that 528 

lacked ER expression and were either AR+ or AR-. Fluorescent images were captured using a 529 

Nanozoomer (Hamamatsu Photonics) slide scanner. Analysis of ER and AR expression in 530 

non-malignant or malignant breast epithelial cells was performed manually (S.J.). A 531 

minimum of 500 epithelial cells were counted in each core and placed into one of four 532 

categories (AR+ER+, AR-ER-, AR+ER-, and AR-ER+) and the proportion of the total 533 

calculated for each category.  534 

Cell line maintenance. The ZR-75-1, T-47D and MCF7 breast cancer cell lines were 535 

obtained directly from the American Type Cell Culture Collection (ATCC), with the 536 

exception of MCF7 cells used to derive the Parental, Tamoxifen-resistant (TamR) and 537 

Palbociclib-resistant (PalbR) derivative lines, which were originally obtained from the 538 

Michigan Cancer Foundation. All commercial cell lines were routinely tested for 539 
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mycoplasma infection and cell line identity by short tandem repeat profiling (Cell Bank 540 

Australia). ZR-75-1 and T-47D cells were maintained in RPMI-1640 supplemented with 10% 541 

(v/v) FBS. MCF7 AR and ARmut cells were created by cloning  AR constructs which encode  542 

constitutively-active truncated (1-707 aa) AR, either as a wild-type (‘AR’), or a DNA binding 543 

domain mutant (C617Y; ‘ARmut’), as described in Peters et al.18, into a doxycycline-inducible 544 

expression vector (Addgene pCW57.1) using Gateway (Invitrogen). MCF7 cells were 545 

transduced with lentivirus using a multiplicity of infection of 2 and maintained in DMEM 546 

supplemented with 10% (v/v) FBS. Expression of AR constructs was induced by addition of 1 547 

µg/mL doxycycline. Parental MCF7 cells used to create the TamR and PalbR derivative lines 548 

were lentivirally transduced to express nuclear mEmerald green fluorescent protein (GFP) 549 

with an SV40 nuclear localization sequence. TamR and PalbR derivatives were then created 550 

by continuous culture of Parental MCF7 cells in phenol-red-free RPMI-1640 supplemented 551 

with 5% (v/v) charcoal-stripped FBS, E2 (10 pM) and Trans-4-Hydroxy-Tamoxifen (1 µM) 552 

or Palbociclib (500 nM) for approximately 10 months until they reached a constant doubling 553 

time for >6 passages. Matching Parental MCF7 cells were maintained under the same 554 

conditions with the appropriate vehicle (Tetrahydrofuran for Tamoxifen, H2O for 555 

Palbociclib). Resistance to the growth inhibitory effect of Tamoxifen was confirmed in the 556 

TamR line using the IncuCyte® Live Cell Analysis System (ESSEN BioScience). Cross-557 

resistance to a selective ER degrader (SERD), Fulvestrant (100 nM) was also tested. 558 

Resistance to Palbociclib in the PalbR line was confirmed by IC50 curve analysis of PalbR 559 

alongside matched Parental MCF7 cells treated with Palbociclib.  560 

RNAi. RNAiMAX (Invitrogen) was used at 0.5 µL/cm2 to reverse-transfect cells with 561 

siRNAs at time of seeding according to standard protocol; siRNA targeting AR (siAR(1), 562 

Ambion #S1539, 5 nM; siAR(2), Dharmacon #J-003400-06, 5 nM), ESR1 (siER(1), 563 
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Dharmacon #J-003401-11, 10 nM; siER(2), Dharmacon #J-003401-12, 5 nM), or negative 564 

control (siCon, Qiagen, #1027281, 5-10 nM). 565 

In vitro proliferation and colony forming assays. For proliferation assays, cells were 566 

seeded according to doubling time into 24-48 h prior to treatment. ZR-75-1, UCD4, MCF7 567 

AR and MCF7 ARmut cells were cultured in phenol-red-free media supplemented with 5% 568 

steroid-stripped FBS and treated with E2 (1 nM), DHT (1 nM), Bicalutamide (1 µM), 569 

Enzalutamide (1 µM), or Palbociclib (125 nM, unless otherwise specified). Parental MCF7, 570 

TamR and PalbR cells were treated with agents as indicated in figure legends. Treatments 571 

were refreshed every 2-3 days. Cells were quantified by haemocytometer counting (MCF7 572 

Parental, TamR, PalbR) or Coulter Z2 (Beckman Coulter) cell counter (ZR-75-1, MCF7 AR 573 

and ARmut cells) on distinct samples. The UCD4 cell line constitutively expresses the nuclear 574 

green fluorescent protein, ZsGreen GFP, used to assess proliferation using the IncuCyte® 575 

Live Cell Analysis System as described42. Cells were imaged repeatedly every 4 hours for 576 

140 hours total. For colony formation assays, cells were seeded into 12-well plates the day 577 

before treatment. Indicated treatments were refreshed every 3 days. Colonies were visualized 578 

with a crystal violet staining solution (0.05% w/v crystal violet, 1% formaldehyde and 1% 579 

methanol). Images of stained wells were captured using the Perfection V800 Scanner (Epson) 580 

and area occupancy was measured using the ColonyArea FIJI plug-in54.  581 

Fluorescence-activated cell sorting. Standard techniques were employed to sort propidium 582 

iodide-stained cells on the BD FACS Canto II (Becton Dickinson). Cell cycle phase analyses 583 

were performed on ModFit LT (Verity) without gating, where sub-diploid populations were 584 

excluded from further analyses. Source data was visualized using Flowing Software (Cell 585 

Imaging Core, Turku Centre for Biotechnology). 586 
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Immunoblotting. In vitro experiments with protein end-points were harvested by scraping 587 

into radioimmunoprecipitation assay buffer at time points as indicated in figure legends. 588 

Protein concentration was quantified by BCA protein assay (Thermo Scientific) prior to 589 

immunoblotting. Standard techniques were employed using primary antibodies from Abcam 590 

(AR, #Ab108341; FOXA1, #23738; β -Actin #Ab6376), Cell Signaling Technology (AR, 591 

#5153; ER, #8644; GAPDH, #5174; phospho-Histone 3 (Ser10), #9701; Histone 3, #9715), 592 

and Santa Cruz (Cyclin A, # SC-596; ERα, #SC-8002; SEC14L2, #SC-271902). Detection of 593 

primary antibodies was performed using anti-mouse (LI-COR, #962-68072; DAKO, #P0161) 594 

and anti-rabbit (LI-COR #926-32213; DAKO, #P0448) secondary antibodies using either the 595 

Odyssey® CLx (LI-COR) or ChemiDoc MP (BIO-RAD) imaging system and 596 

chemiluminescent reagent (GE Healthcare; BIO-RAD) where appropriate. To determine 597 

kinase activity, immunoprecipitates of CDK2 were collected with protein A-Sepharose beads 598 

(Zymed, Invitrogen) from 100 μg of cell lysate, and the activity of each toward histone H1 599 

substrates was determined in kinase reactions with [γ-32P]ATP followed by polyacrylamide 600 

gel electrophoresis and exposure of dried gels to x-ray film as described55. Uncropped 601 

immunoblots for Fig. 4 are provided in the Source Data. Uncropped immunoblots 602 

corresponding to Extended Data Figures are provided as Supplementary Information. 603 

Animal models and surgical procedures. Animal experiments involving the UCD PDX 604 

models were performed at the University of Colorado under institutional ethics approval as 605 

described38. Experiments involving ZR-75-1 xenograft, GAR15-13 PDX and HCI-005 PDX 606 

models were performed at the Garvan Institute for Medical Research using standard 607 

techniques as described37,56 and in accordance with relevant national and international 608 

guidelines, with approval by the Garvan/St. Vincent’s Hospital Animal Ethics Committee 609 

(#14/35, #15/25). Athymic nude mice were used to establish ZR-75-1 xenografts and NOD-610 

scid IL2Rgammanull (NSG) mice for PDXs, both obtained from Australian BioResources 611 
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(Sydney, Australia). ZR-75-1 cells (5 x 106/20 μL) were surgically injected and pieces (~ 2 612 

mm3) of PDX tumors placed into the fourth inguinal mammary fat pad. When necessary (ZR-613 

75-1, HCI-005), an E2 pellet was inserted subcutaneously via the incision site before it was 614 

sealed with an Autoclip® wound clip (BD Primary Care Diagnostics). When tumors became 615 

palpable, they were measured repeatedly twice weekly using electronic calipers to monitor 616 

growth kinetics and volume was calculated using the formula (length x width2)/2. Tumor-617 

bearing mice were randomly assigned into relevant treatment groups when tumor volume 618 

reached ~200 mm3 (n = 4-15 mice per group for therapeutic studies, n = 3-5 mice per group 619 

for biochemical studies; exact numbers specified in figure legends). The selective AR 620 

modulator (SARM), Enobosarm (10 mg/kg/day), and the AR antagonist, Enzalutamide (20 621 

mg/kg/day), were resuspended in 25% Tween 80 and delivered daily by oral gavage. 622 

Palbociclib (25 mg/kg/day) was dissolved in water and delivered daily by oral gavage as 623 

described57. DHT and Tamoxifen pellets were surgically implanted sub-cutaneously. Upon 624 

reaching ethical or pre-defined experimental endpoints, mice were euthanized, and the 625 

primary tumor collected. After weighing, the tumor was cut into pieces that were allocated to 626 

be snap-frozen, fixed overnight at 4°C in 10% neutral-buffered formalin, or embedded in 627 

cryo-protective optimal cutting temperature (OCT) compound before being snap frozen. 628 

Frozen samples were kept at -80°C. Formalin-fixed samples were sent to the Garvan Institute 629 

Histology Core Facility for paraffin embedding.  630 

Mammary intraductal (MIND) xenografts were established as described38 by injecting 631 

TamR cells (1 x 105 cells/10 µL) into the 4th inguinal mammary ducts of NSG mice 632 

(Australian BioResources). TamR cells formed ductal carcinoma in situ (DCIS) and invasive 633 

ductal cancer (IDC) lesions within the injected glands by 3 months post injection 634 

(Supplementary Fig. 3).  To examine the effect of DHT, mice were injected with TamR cells 635 

and after one month of incubation, randomly allocated to Vehicle (n = 7) and DHT (n = 7) 636 
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treatment arms.  Injected mammary glands were harvested 2 months later for histochemical 637 

analyses. 638 

Immunohistochemistry. Standard immunohistochemical techniques were employed using 639 

the following primary antibodies: Ki67 (MIB-1, 1:400; DAKO #M7240); BrdU (BU209, 640 

1:300; DAKO #M0744); AR (N-20, 1:1000, Santa Cruz #SC-816); ERα (1D5, 1:300; DAKO 641 

#M7047); GFP (7.1 & 13.1, 1:600, Rochê #11814460001); PR (A/B, 1:1000, Leica #NCL-L-642 

PGR-AB); CK8/18 (5D3, 1:5000, Leica #NCL-L-5D3). Appropriate positive and negative 643 

controls were included in all experiments. Quantification of GAR15-13 Ki67 positivity used 644 

in Fig. 4 was performed using Andy’s Algorithm DAB+ IHC pipeline for FIJI58, calculating 645 

the average % positivity for each tumor based on 10 representative images collected at 20× 646 

magnification. All other Ki67 and BrdU staining was quantified by manual counting of at 647 

least 1,000 cells, or all visible epithelial cells, whichever threshold was reached first, over 648 

multiple representative areas.   649 

ChIP-PCR and ChIP-seq.  In vitro cell line ChIP experiments were performed and resulting 650 

data processed as previously described17. Antibodies used were against ERα (SC-543X; Santa 651 

Cruz or 06-935; Millipore), AR (SC-816; Santa Cruz or Ab108341; Abcam), H3K27ac 652 

(Ab4729; Abcam), p300 (SC-585X; Santa Cruz) and SRC-3 (2126S, Cell Signaling 653 

Technology). Briefly, cells were cultured for 3 days in phenol-red-free media supplemented 654 

with 5% steroid-stripped FBS. ZR-75-1 and T-47D cells were treated with either E2 (10 nM) 655 

or E2+DHT (10 nM) for 4 hours (AR, ERα, and H3K27ac ChIP; data produced in parallel 656 

using the same cells) or 6 hours (p300 and SRC-3 ChIP; data produced in separate 657 

experiments) prior to harvest. Alternatively, ZR-75-1 cells were treated with E2 (1 nM), 658 

E2+DHT (1 nM), or E2+Bicalutamide (1 nM & 1 µM, respectively) and cultured for 6 hours 659 

prior to fixation (ER ChIP associated with Extended Data Fig. 4c,d). MCF7 cells were treated 660 

with 1 µg/mL Doxycycline and/or E2 (1 nM) for 4 hours prior to fixation. Three replicates 661 
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per condition, representing independent, consecutive passages of cells, were used for each in 662 

vitro ChIP experiment. For in vivo experiments, tumors were harvested 5 days post-treatment 663 

and processed for ChIP as described59. Tumors from Vehicle (AR n = 3; ER & H3K27ac, n = 664 

4), Enobosarm (n = 4), and DHT (n = 3) were used for HCI-005 PDX ChIP-seq. Tumors 665 

from Vehicle (n = 4 ER; n = 5 AR), Enobosarm (n = 5), and DHT (n = 5) were used for ZR-666 

75-1 xenograft ChIP-seq. DNA was sequenced using an Illumina NextSeq 500 (High Output 667 

v2) with 75 bp single-end reads.  668 

Fastq files were quality checked (FastQC Galaxy Version 0.70)60, concatenated, and 669 

then trimmed (Trimmomatic Galaxy Version 0.35)61 to remove poor quality reads and 670 

adapters. Trimmed reads were aligned to the hg19 genome assembly using Bowtie262. Poorly 671 

mapped (MAPQ<10) and duplicate reads were removed using SAMtools63. Peaks were called 672 

using MACS2 (default settings)64,65 against a pooled input sample. A modified MACS2 cut-673 

off (p<0.005) was used to call peaks in data associated with GSE141582 (Extended Data Fig. 674 

4c,d). For cell line ChIP-seq data, consensus cistromes were created using BEDTools66 and 675 

included peaks called in at least two of the three independent replicates for a given factor and 676 

experimental condition. For xenograft ChIP-seq data, FASTQ files were aligned to hg19 677 

using bwa (v0.7.15; default parameters67) and mapped reads with a minimum MAPQ <15 678 

were removed using SAMtools. Peaks were called using MACS2 (default settings) and 679 

consensus cistromes were created using DiffBind as previously described68, and included 680 

peaks called in at least two of the total replicates representing a given factor and treatment 681 

condition. Occupancy analyses were performed using BEDTools, whereby ‘Lost, ‘Gained’, 682 

and ‘Shared’ binding sites were identified from consensus cistromes corresponding to 683 

different treatment conditions for a specific factor; ‘Unique’ and ‘Shared’ binding sites were 684 

identified from consensus cistromes corresponding to different factors under the same 685 

treatment condition. ChIP-seq data was visualized on the genome using the Integrative 686 
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Genomics Viewer69; whereby an average enrichment signal from all replicates was generated 687 

by merging mapped reads for a given condition, followed by subsequent conversion and 688 

normalization to bigwig format using deepTools70 or HOMER71. Heatmaps were generated 689 

using deepTools, whereby the average enrichment signal from all replicates for a particular 690 

factor and treatment condition was assessed at specific sites determined by a selected 691 

consensus cistrome of interest. Two-factor log ratio (M) enrichment plots were generated 692 

after occupancy analyses using deepTools multiBigwigSummary, whereby the average ChIP-693 

seq enrichment scores for all replicates representing a factor and treatment condition of 694 

interest were calculated at specific sites determined by selected consensus cistromes. The 695 

resultant matrix was annotated using CisGenome72, and the log2 enrichment ratio between 696 

treatments for each of two factors of interest was calculated and plotted in R using ggplot2, 697 

where point color corresponds to the occupancy analysis results. In the two-factor log2 ratio 698 

plots, a limited number of points may appear out of context (i.e. sites identified as ‘lost’ that 699 

have an increased log2 ratio value). This occurs when one replicate had stronger enrichment 700 

than other replicates for a factor and treatment condition but was not called as a peak in at 701 

least two replicates. These points tend to represent weak binding sites. Tag density plots were 702 

generated using HOMER or deepTools at consensus binding sites of interest, which are 703 

further identified in figures and/or figure legends. Down- and up-regulated genes associated 704 

with ER/AR binding events were identified using BETA73 or by annotating peaks within 100 705 

kb of a transcription start site with CisGenome followed by data integration using BEDTools. 706 

Differential de novo motif analysis was determined for each consensus cistrome (e.g. ER 707 

“Lost” or ER “Gained” binding sites), using the opposing dataset as background, in the 708 

HOMER findmotifsgenome.pl function (-bg flag; hg19 genome build; 200 bp window 709 

flanking the center of each peak).  710 
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ChIP-PCR reactions were prepared using iQ SYBR Green Supermix (BIO-RAD) and 711 

primers as listed in Supplementary Table 4a. PCR was performed with the CFX384 Real 712 

Time PCR Detection System (BIO-RAD) and standard cycling conditions.  ChIP-PCR data 713 

was analyzed by the % Input method and further analyzed as Fold Enrichment over IgG, or 714 

negative control, where appropriate.  715 

RNA-seq and RT-PCR. For in vitro experiments, cells were treated as described above for 4 716 

hours (MCF7 cells) or 6 hours (all other experiments) prior to harvest with TriReagent 717 

(Sigma). RT-PCR data associated with Extended Data Fig. 5g also included a 24 hour 718 

treatment arm. RNA was extracted from cells using the Direct-Zol RNA kit (Zymo 719 

Research).  Four replicates representing consecutive passages were used for RNA-seq 720 

experiments.  RNA was extracted from patient-derived explants (PDEs) and tumor xenografts 721 

(ZR-75-1 or PDXs) using the RNeasy kit (Qiagen).  For PDE experiments, samples 722 

represented individual cases of malignant (n = 8) and normal (n = 17) breast tissues treated 723 

with E2 or E2+DHT. For PDX experiments, samples represented tumors from the following 724 

treatment arms: Vehicle (n = 4 [HCI-005] or 5 [GAR15-13]); DHT (n = 3 [HCI-005] or 4 725 

[GAR15-13]); Enobosarm (n = 3 [HCI-005] or 5 [GAR15-13]). For ZR-75-1 xenografts, 726 

samples represented tumors from the following treatment arms: Vehicle (n = 4), 727 

Enzalutamide (n = 4), Enobosarm (n = 4) and DHT (n = 5).  728 

RNA integrity was assessed using the ExperionTM RNA StdSens Analysis Kit (700-729 

7111, BIO-RAD) on the ExperionTM Automated Electrophoresis System (BIO-RAD). All 730 

samples processed for RNA-seq had an RQI score ≥ 8. RNA was quantified by NanodropTM 731 

2000 (Thermo Fisher). Total RNA (2 µg) was supplied to genomics core facilities 732 

(Cambridge Research UK-Cambridge Institute, Kinghorn Centre for Clinical Genomics; 733 

South Australian Health and Medical Research Institute) for library preparation and high-734 

throughput sequencing. RNA conversion into sequencing libraries was performed using the 735 
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TruSeq® Stranded mRNA Library Prep kit (#20020594, Illumina). Sequencing was 736 

performed using the Illumina NextSeq 500 (in vitro ZR-75-1, GAR15-13, and HCI-005) or 737 

HiSeq 2500 (in vivo ZR-75-1 tumors, PDEs) with paired-end reads of 100 bp (in vitro ZR-75-738 

1), 125 bp (in vivo ZR-75-1 tumors), or single-end reads of 40 bp (PDEs) and 75 bp (GAR15-739 

13, HCI-005).  740 

For RNA-seq in ZR-75-1 cells grown in vitro and PDEs: hg19 alignment was 741 

performed using CLC Genomics Workbench 11 (Qiagen) using the following mapping 742 

parameters: Mismatch cost 2; Insertion cost 3; Deletion cost 3; Length fraction 0.8; Similarity 743 

fraction 0.8. For in vitro ZR-75-1 cells, multiple mapped reads from a given sample were 744 

merged post-mapping. Differential gene expression was performed using a Generalized 745 

Linear Model with FDR correction based on Negative Binomial Distribution. For PDEs; 746 

treatment comparisons were performed on samples individually due to tissue heterogeneity. 747 

Genes common between both Kahl's Z-test74 (FDR <0.01), and Baggerley's test75 (FDR 748 

<0.01) were determined to be significantly differentially regulated. For both in vitro ZR-75-1 749 

and PDEs: expression was measured based on the total counts of mapped short reads and 750 

normalized based on RPKM (CLC Genomics Workbench).  751 

For RNA-seq data generated from xenografts, Fastq files were quality checked 752 

(FastQC v0.11.4; fastq-screen v0.5.2). Sequence adapters were trimmed using cutadapt 753 

v1.9.1 and reads were processed with Xenome v1.0.176 to remove host reads. Human 754 

sequences were aligned to hg38 using STAR v2.4.2a77. Gene feature counting was performed 755 

with RSEM v1.2.2178. Transcripts with zero expression counts across all samples were 756 

removed. TMM normalized counts79 were log transformed using voom80 and differential 757 

expression was performed with limma81. Moderated F-statistics were calculated and genes 758 

that were significantly differentially regulated (with a Benjamini-Hochberg adjusted p-value 759 

<0.05) between the treatment groups were identified. For RNA-seq in PDX tumors from 760 
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GAR15-13 and HCI-005; transcripts were aligned to hg38 using STAR v2.5 and feature 761 

counting was computed in R v3.4.3 using Rsubread 1.28.082. Gene expression analysis was 762 

conducted using edgeR 3.20.179,83 and limma 3.34.184. 763 

For  Gene set enrichment analysis (GSEA)85 of RNA-seq data, genes were ranked in 764 

E2 vs E2 + DHT or E2 vs E2 + SARM conditions according to expression using the 765 

Signal2Noise metric and GSEA was implemented using the Broad Institute’s public 766 

GenePattern server, with default parameters. To focus on pathways most relevant to the 767 

study, we specifically selected pathways relevant to the cell cycle, estrogen or androgen 768 

response, and mammary gland biology.  769 

For validation RT-qPCR, RNA was extracted from consecutive passages of cell lines 770 

(MCF7 n = 3; ZR-75-1 and T-47D n = 4) or tumors harvested 5 days post-treatment in vivo 771 

(Vehicle, Enzalutamide, Enobosarm n = 4; DHT n = 5) and quantified as described above. 772 

RNA was DNase treated using the TURBO DNase Kit (Invitrogen) and reverse transcribed 773 

using the iScript cDNA Synthesis Kit (BIO-RAD). RT-PCR was performed as per ChIP-774 

qPCR but using primers outlined in Supplementary Table 4b. Gene expression was calculated 775 

by the 2-ΔΔCt method and normalized to the expression of GAPDH (cell lines) or IPO8 and 776 

PUM1 (tumors), using the CFX Manager Software (BIO-RAD).  777 

Generation of an AR-associated gene signature.  Identification of an AR-associated gene 778 

signature was derived from DHT-induced genes in ZR-75-1, HCI-005, and GAR15-13 779 

xenograft models as described86. This methodology involves a series of filtering steps 780 

including 1) gene matching, 2) identification of cancer-specific genes and 3) estimation of the 781 

prognostic value of each gene. The Molecular Taxonomy of Breast Cancer International 782 

Consortium (METABRIC) dataset15, which constitutes 1,230 cases of clinically annotated 783 
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ER+ luminal breast cancer patients with long-term survival information, was used to 784 

investigate the prognostication potential of the DHT-induced gene set.  785 

Statistical Analyses. Statistical calculations were performed using either STATISTICA (Stat 786 

Soft Ltd, Tulsa, USA) SPSS (version 17, Chicago, USA), and GraphPad Prism (GraphPad 787 

Software). Normality was assumed for all statistical tests unless otherwise stated. Multiple 788 

comparisons were adjusted for as indicated in the statistical tests below. 789 

The Nottingham Tenovus Primary Breast Cancer Series was analyzed using Pearson’s 790 

chi-squared, student’s t-test and ANOVA tests, where appropriate. Cumulative survival 791 

probabilities and 10-year BCSS and DFS were estimated using the univariate Cox 792 

proportional hazards models and the Kaplan–Meier plot method where appropriate, and 793 

differences between survival rates were tested for significance using the log-rank test. 794 

Multivariable analysis for survival was performed using the Cox proportional hazard model. 795 

The proportional hazards assumption was tested using standard log-log plots. Hazard ratios 796 

(HR) and 95% confidence intervals (95% CI) were estimated for each variable. All tests were 797 

two-sided with a 95% CI and a p-value <0.05 was indicative of statistical significance. 798 

In vitro proliferation experiments were analyzed either by two-tailed t-test 799 

(Supplementary Fig. 3c), or by one-way (Figs. 4a, 4b, 4g) or two-way (Figure 4e) ANOVA, 800 

followed by Tukey’s multiple comparisons test. Further details can be found in figure 801 

legends. 802 

Tumor growth curve data was analyzed at ethical end-point using a two-tailed, 803 

unpaired t-test. End-point tumor mass was analyzed using a two-tailed, unpaired t-test. 804 

Further details can be found in figure legends. 805 

Immunohistochemical data was analyzed by a two-tailed, unpaired t-test (Figure 3h 806 

and Extended Data Figs. 7c, 9d, and 9h) or a one-way ANOVA and Tukey’s multiple 807 
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comparisons test (Fig. 4d). Patient-derived explant experiments (Fig. 1b, Extended Data Fig. 808 

2a) were analyzed using a two-tailed Wilcoxon matched-pairs signed rank test, and a two-809 

tailed Pearson’s correlation test was used to analyze cases of Ki67- and BrdU-positive 810 

explants. Further details can be found in figure legends. 811 

ChIP-PCR experiments for p300 and SRC-3 in ZR-75-1 or T-47D cells, and all ChIP-812 

PCR experiments involving MCF7 AR and ARmut cells were analyzed using a two-way 813 

ANOVA, followed by Tukey’s multiple comparisons test. ChIP-seq validation experiments, 814 

including ER and AR ChIP-PCR in ZR-75-1 cells, were analyzed by an unpaired, one-tailed 815 

t-test. Further details can be found in figure legends. 816 

AR signature analyses were performed in R using survival and SigCheck. Statistical 817 

analyses were performed by Kaplan-Meier log-rank, Kruskal-Wallis (pairwise comparisons), 818 

and Wilcoxon tests where appropriate. 819 

Life Sciences Reporting Summary. Further information on experimental design is available 820 

in the Life Sciences Reporting Summary. 821 

Data Availability. All ChIP-seq and RNA-seq data are deposited in the GEO with the 822 

accession number GSE123770.   823 
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Figure 1. Androgen inhibits estrogen-stimulated proliferation in clinical breast tissues. 937 

(a) Ex vivo culture of patient-derived explants (PDEs) of breast tissue. (b) Ki67 positivity in 938 

PDEs of ER+ breast cancer (n = 17 cases) exposed to estrogen (E2; 10 nM) or estrogen plus 939 

androgen (E2 + DHT; 10 nM each). Data represented as mean ± SEM. Data was analyzed 940 

using a two-tailed Wilcoxon matched-pairs signed rank test (W = -153.0, r = 0.4165, ****p < 941 

0.0001). (c) BrdU immunohistochemistry in E2 and E2+DHT-treated PDEs. Images are 942 

representative of n = 3 independent cases of normal breast PDE, and n = 9 independent cases 943 

of ER+ breast cancer. Scale bars depict 50 µm. (d) Normalized enrichment scores for 944 

signature gene sets representing RNA-seq data from PDEs of normal breast (n = 17) or ER+ 945 

breast cancer (n = 8). (e) Gene set enrichment plots associated with data presented in (d). (f) 946 

Dual-label immunofluorescence for AR and ER in an ER+ invasive ductal carcinoma (IDC). 947 

Arrows indicate AR+ER+ cells. (g) AR and ER co-localization in a cohort comprised of 948 

histologically normal (non-malignant; NM) breast tissues (n = 24), ER+ ductal carcinoma in 949 

situ (DCIS: n = 63), IDC (n = 67), and lymph node metastases (LN Mets; n = 23). 950 

 951 

  952 
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Figure 2. Activation of AR redistributes ER and p300 on chromatin to repress cell cycle 953 

genes. (a) Overlap of consensus AR and ER cistromes in ZR-75-1 breast cancer cells treated 954 

in vitro with E2 (10 nM) or E2 + DHT (10 nM each). (b) Two-factor log ratio (M) plot 955 

displaying DHT-induced changes in ER and AR enrichment at consensus ER binding sites 956 

presented in (a). Point color denotes ER consensus peak occupancy; E2-unique (yellow-957 

orange), E2+DHT-unique (orange-red), and E2/E2+DHT-shared (rust, plotted at rear). Point 958 

co-ordinates derive from the average enrichment score of three ChIP-seq replicates for each 959 

consensus binding site. Example binding sites near ER target genes and AR target genes are 960 

highlighted in pink and purple, respectively. (c) Left: Genome browser images showing 961 

averaged ER and AR ChIP-seq signals at binding sites associated with ER target genes (MYB, 962 

PGR) in three replicates of ZR-75-1 cells. Right: RNA-seq heatmap of E2-induced genes 963 

antagonized by co-treatment with DHT in ZR-75-1 cells. (d) Left: Genome browser images 964 

showing averaged AR and ER ChIP-seq signals at binding sites associated with AR target 965 

genes (EAF2, SEC14L2) in three replicates of ZR-75-1 cells. Right: RNA-seq heatmap of 966 

DHT-induced genes in ZR-75-1 cells. (e) Two-factor log ratio (M) plot showing DHT-967 

induced changes in E2-stimulated p300 and H3K27ac enrichment at consensus p300 binding 968 

sites in ZR-75-1 cells. Point color denotes p300 consensus peak occupancy; hormone-969 

responsive E2-unique (pink) and E2+DHT-unique (purple), basal (black; plotted at rear). 970 

Point co-ordinates derive from the average enrichment score of three ChIP-seq replicates for 971 

each consensus binding site. Example p300 binding sites associated with ER (yellow-orange) 972 

and AR (orange-red) target genes are highlighted. (f) Motif analysis of hormone-responsive 973 

p300 binding sites as shown in (e); ERE (estrogen response element); PRE (progesterone 974 

response element); GRE (glucocorticoid response element); ARE (androgen response 975 

element). (g) p300 ChIP-qPCR at enhancers of ER-regulated cell cycle genes in ZR-75-1 976 

cells treated in vitro under designated hormone conditions. Data was analyzed by a two-way 977 
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ANOVA (F = 56.98, 10.99, and 1.851 for hormone treatment (p < 0.0001), test site (p < 978 

0.0001), and their interaction (p = 0.1061), respectively; df = 30). Post-hoc analyses were 979 

performed using Tukey’s multiple comparisons test, where MYB p = 0.0006 and 0.0107 for 980 

Veh vs. E2 and E2 vs. E2+DHT, respectively; MYC p = 0.0034 and 0.0228 for Veh vs. E2 981 

and E2 vs. E2+DHT, respectively; CCND1 p < 0.0001, p = 0.0452, and 0.0523 for Veh vs. 982 

E2, Veh vs. E2+DHT, and E2 vs. E2+DHT, respectively; BCL2 p = 0.003 and 0.0984 for Veh 983 

vs. E2 and E2 vs. E2+DHT, respectively; FOXM1 p < 0.0001, 0.0001, and p = 0.0463 for 984 

Veh vs. E2, Veh vs. E2+DHT, and E2 vs. E2+DHT, respectively. Data represented as mean ± 985 

SEM of 3 replicates representing independent passages of cells. Asterisks denote statistical 986 

significance; *p<0.05; ** p < 0.01; *** p < 0.001; ****p < 0.0001. 987 

 988 

  989 
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Figure 3. AR inhibits growth of patient-derived and cell-line xenograft models of 990 

endocrine-resistant ER+ breast cancer. (a) Patient-derived xenograft (PDX) models 991 

derived from metastatic deposits of ER+ endocrine-resistant breast cancer. (b) Growth curves 992 

showing inhibition of E2-stimulated PDX tumor growth (UCD4, n = 14; HCI-005, n = 7 993 

tumors) via AR activation with DHT (UCD4, n = 15; HCI-005, n = 7) or Enobosarm 994 

(SARM) (UCD4, n = 14; HCI-005, n = 7). Data was analyzed using a two-tailed, unpaired t-995 

test. Test details: UCD4; t = 4.439 & 3.764, df = 27 & 26, and p = 0.0001 & 0.0009 for 996 

E2+DHT and E2+SARM treatment groups, respectively. HCI-005; t = 6.996 and 6.176, for 997 

E2 vs. E2+DHT and E2 vs. E2+SARM treatment groups, respectively, with df = 12 and p < 998 

0.0001 for each test. (c) Two-factor log ratio (M) plot showing SARM-induced changes in 999 

ER and AR enrichment at consensus ER binding sites in PDX HCI-005 tumors harvested 5 1000 

days post-treatment. Point color denotes ER consensus peak occupancy; E2-unique (yellow-1001 

orange), E2+SARM-unique (orange-red), and E2/E2+SARM shared (rust; plotted at rear). 1002 

Point co-ordinates derive from the average enrichment score of three (AR E2) or four (AR 1003 

E2+SARM, ER E2, ER E2+SARM) replicate tumors for each consensus binding site. 1004 

Example ER binding sites associated with ER and AR target genes are highlighted in pink 1005 

and purple, respectively. (d) Genome browser images showing averaged ChIP-seq signals for 1006 

AR and ER at binding sites associated with ER target genes (MYB, CCND1; left) and AR 1007 

target genes (MTSS1, ZBTB16; right). Data represents an average of three to four replicate 1008 

tumors per treatment as described above. (e) HCI-005 PDX growth curves. Left panel: 1009 

Tumors treated in vivo with Vehicle (E2, n = 5), AR agonist (E2 + DHT, n = 5), AR 1010 

antagonist (E2 + Enzalutamide, n = 6), or a combination of AR agonist, and antagonist 1011 

(Combo, n = 4). Data was analyzed by a two-tailed, unpaired t-test at ethical endpoint (42 1012 

days treatment; comparing E2 vs. E2+Enz, E2+DHT, and Combo) or experimental endpoint 1013 

(for Combo vs. E2+DHT only). Ethical endpoint test details: t = 0.1569, 5.686, 3.216; df = 6, 1014 
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7, 6; and p = 0.8805, 0.0007, 0.0182 for E2 vs. E2+Enz, E2+DHT, and Combo; respectively. 1015 

Experimental endpoint test details: t = 3.271, df = 7, p = 0.0136 for Combo vs. E2 +DHT. 1016 

Right panel: Treated with Vehicle (E2, n = 5), AR agonist (E2+DHT, n = 5), ER antagonist 1017 

(E2+Tamoxifen, n = 5), or a combination of AR agonist and ER antagonist (Combo, n = 6). 1018 

Data was analyzed by a two-tailed, unpaired t-test at ethical endpoint (42 days treatment; 1019 

comparing E2 vs. E2+Tam, E2+DHT, and E2+DHT+Tam) or experimental endpoint 1020 

(comparing E2+Tam with E2+DHT, and E2+Tam vs. E2+DHT+Tam). Ethical endpoint test 1021 

details: t = 3.277, 5.686, 5.514; df = 7, 7, 8; and p = 0.0135, 0.0007, 0.0006 for E2 vs. 1022 

E2+Tam, E2+DHT, and E2+DHT+Tam; respectively. Experimental endpoint test details: t = 1023 

3.335 and 3.736, df = 8 and 9, and p = 0.0103 and 0.0047 for E2+ Tam vs. E2+DHT (denoted 1024 

by a grey asterisk), and E2+Tam vs. E2+DHT+Tam, respectively. (f) GAR15-13 PDX 1025 

growth curve. Tumors treated in vivo with Vehicle (Veh, n = 14), an AR agonist (DHT, n = 9; 1026 

SARM, n = 14) or AR antagonist (Enzalutamide, n = 4). Data was analyzed by a two-tailed, 1027 

unpaired t-test at ethical endpoint. Test details: t = 0.1172, 2.688, and 4.573; df = 16, 26, and 1028 

21; and p = 0.9081, 0.0124, and 0.0002, for Vehicle vs. Enza, SARM, and DHT; respectively. 1029 

(g) The Mammary Intraductal (MIND) xenograft model of tamoxifen-resistant MCF7 cells 1030 

(TamR). (h) Quantification of Ki67 positivity in ductal carcinoma in situ (DCIS; t = 5.586, df 1031 

= 12, p = 0.0071) and invasive ductal cancer (IDC t = 3.239, df = 12, p = 0.0001) regions 1032 

within TamR MIND xenograft tumors treated 2 months with Vehicle (n = 7) or DHT (n = 7). 1033 

All data represented as mean ± SEM, and was analyzed using a two-tailed, unpaired t-test. 1034 

Asterisks denote statistical significance, where *p<0.05; **p<0.01; ***p<0.001; 1035 

****p<0.0001. 1036 

 1037 

  1038 
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Figure 4. AR agonism in the context of CDK4/6 inhibition. (a) Proliferation of TamR cells 1039 

in response to AR agonists (SARM 100 nM; DHT 1 nM) and a CDK4/6 inhibitor 1040 

(Palbociclib; Palbo, 125 nM), alone or in combination. Data represents the mean ± SEM of 1041 

four replicate cell culture wells per condition. Data was analyzed using a one-way ANOVA 1042 

(F = 161.7, df = 23; p < 0.0001) followed by Tukey’s multiple comparisons test. P values are 1043 

indicated by grey asterisks; p < 0.0001 (SARM vs. Palbo + SARM), P < 0.0001 (DHT vs. 1044 

Palbo + DHT), p = 0.0437 (Palbo vs. Palbo + SARM), p = 0.0178 (Palbo vs. Palbo + DHT). 1045 

(b) Representative images, showing crystal violet-stained colonies, and quantification of 1046 

TamR colony formation by SARM (100 nM) and Palbociclib (125 nM), alone or in 1047 

combination. Data represents the mean ± SEM of four replicate cell culture wells per 1048 

condition. Data was analyzed using a one-way ANOVA (F = 410.5, df = 11, p< 0.0001) 1049 

followed by Tukey’s multiple comparisons test. P values are indicated by grey asterisks; p < 1050 

0.0001 (SARM vs. Palbo + SARM); p = 0.0024 (Palbo vs. Palbo + SARM). Scale bar 1051 

denotes 10 mm. (c) Representative IHC images (left panel) and quantification of Ki67 1052 

positivity (right panel) in GAR15-13 PDX tumors from (d) harvested 5 days post-treatment. 1053 

Data represents the mean ± SEM for n = 4 (Vehicle, SARM, Palbo) and n = 3 (Palbo + 1054 

SARM) independent tumors. . 10 representative images per tumor, collected at 20× 1055 

magnification, were used to quantify the Ki67 positivity of each tumor. Data was analyzed 1056 

using a one-way ANOVA (F = 10.22, df = 14, p = 0.0016) followed by Tukey’s multiple 1057 

comparisons test, where *p = 0.0290. Scale bars represent 50 µm. (d) Growth curve of PDX 1058 

GAR15-13 treated with Vehicle (n = 8), SARM (n = 8), Palbociclib (n = 7), or combination 1059 

SARM + Palbo (Combo, n = 11) Asterisks denote significantly different tumor volumes at 1060 

ethical end-point, as determined by a two-tailed, unpaired t-test, for Palbo vs Combo (t = 1061 

3.7246, df = 14, p = 0.0022) and SARM vs. Combo (t = 4.094, df = 15, p = 0.0010). Data are 1062 

presented as mean values ± SEM. (e) Proliferation of Parental and Palbociclib-resistant 1063 
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(PalbR) MCF7 cells in response to increasing doses of Palbociclib. Data represents the mean 1064 

± SEM of four replicate cell culture wells per condition. Data was analyzed using a two-way 1065 

ANOVA (F = 74.50, 210.6, and 23.98 for Palbociclib concentration, Palbociclib resistance 1066 

status, and their interaction, respectively; df = 27 and p < 0.0001 for all interaction terms). 1067 

Post-hoc analysis was performed using Tukey’s multiple comparisons test, where ****p < 1068 

0.0001.  (f) Cropped immunoblot of AR, ER and Histone H1 phosphorylation (p-H1; a 1069 

readout of CDK2 activity) in MCF7 Parental and PalbR cells. Blot is a representative of two 1070 

independent cell culture wells. (g) Proliferation of PalbR cells in response to AR agonists 1071 

(SARM 100 nM, DHT 1 nM) and Palbociclib (125 nM), alone or in combination. Data 1072 

represents the mean ± SEM of four replicate cell culture wells per condition. Data was 1073 

analyzed using a one-way ANOVA (F = 79.71, df = 23, p< 0.0001) followed by Tukey’s 1074 

multiple comparisons test. P values are indicated by grey asterisks; where ****p  < 0.0001 1075 

for all highlighted comparisons. 1076 

  1077 
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Figure 5. Clinical significance of AR activity in primary ER+ breast cancers. (a) Kaplan-1078 

Meier survival plot showing the ability of an AR-associated gene signature (n = 142 genes) 1079 

derived from 3 in vivo xenograft models (ZR-75-1; HCI-005; GAR15-13) to stratify ER+ 1080 

cases in the METABRIC breast cancer cohort into good and poor outcome groups. Data was 1081 

analyzed using the log-rank test;  χ2= 58.9 with 1 degree of freedom. P-values are indicated 1082 

within the graph. (b) Graphs of non-malignant (n = 144), good prognosis (n = 839) and poor 1083 

prognosis (n = 389) ER+ breast cancers in (a), depicting expression levels of genes in the AR 1084 

signature that were down (left panel) or up (right panel) regulated by AR activation. Box 1085 

plots illustrate the interquartile range (IQR) of the data distribution; Q1 (25th percentile) Q2 1086 

(median) and Q3 (75th percentile). The minima and maxima, representing 1.5× IQR, are 1087 

denoted by whiskers. Individual data points denote outliers. Data was analyzed using the 1088 

Wilcoxon signed-rank test. P-values are shown within the graph in grey. (c) Average read 1089 

density plots for ER (left panel) and AR (right panel) chromatin binding proximal (<100 kb) 1090 

to AR signature genes in ZR-75-1 xenograft and HCI-005 PDX tumors following 5 days 1091 

treatment in vivo with AR agonists, SARM and DHT. Data represents an average of 3-5 1092 

replicate tumors (where n=4 [ER Vehicle] or 5 [all other conditions] ZR-75-1 xenograft 1093 

tumors; and n=3 [ER DHT; AR Vehicle, DHT] or 4 [ER Vehicle, SARM; AR SARM] HCI-1094 

005 PDX tumors). (d) Comparative prognostic power of the AR gene signature (blue line) 1095 

with other known cancer-associated gene signatures (p value <0.05 is indicated by the dashed 1096 

red line) and an annotated gene set associated with the MammaPrint genomic assay (black 1097 

line) in three independent breast cancer cohorts. Multiple signatures were analyzed 1098 

independently by SigCheck. P-values for the AR and MammaPrint signatures are as indicated 1099 

on graphs. (e) Schematic diagram of AR-mediated inhibition of ER genomic signaling 1100 

associated with anti-tumor activity. 1101 

  1102 
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Extended Data Figure 1. AR protein levels are prognostic in ER-positive breast cancer. 1103 

Immunogenic AR protein levels predict breast cancer-specific survival in the Nottingham 1104 

Tenovus Primary Breast Cancer Series14. Kaplan-Meier plots depicting the association 1105 

between immunogenic AR positivity (dichotomized by high ≥ 78% and low < 78% nuclear 1106 

staining based on an optimal cut-point criterion8) and breast cancer-specific survival. (a) All 1107 

cases; (b) ER-positive cases (defined by immunogenic ER positivity of >1% as per current 1108 

ASCO guidelines); (c) High-risk (defined by Nottingham Prognostic Index ≥ 3.4) ER-1109 

positive cases treated with adjuvant endocrine therapy (Tamoxifen; Tam); (d) ER-positive 1110 

cases not treated with adjuvant Tamoxifen. Survival probabilities were estimated using a 1111 

univariate Cox proportional hazards model. Differences between survival rates were tested 1112 

for significance using the log-rank test. Hazard ratios (HR), 95% confidence intervals (95% 1113 

CI), and p-values are provided within each graph. All tests were two-sided.  1114 

  1115 
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Extended Data Figure 2. Anti-proliferative effects of androgen in patient-derived 1116 

explants (PDEs) of breast tissue exposed to estrogen. (a) Quantification of BrdU 1117 

immunohistochemistry in ER+ malignant patient-derived explants (PDEs; n = 9) treated with 1118 

estrogen (E2, 10 nM) or E2 plus androgen (DHT, 10 nM). Data represented as mean ± SEM. 1119 

Data was analyzed using a two-tailed Wilcoxon matched-pairs signed rank test (W = -45.0, r 1120 

= 0.1149, **p = 0.0039). (b) Correlation between immunohistochemical quantification of 1121 

both BrdU- and Ki67-positive cells shown in (a) and (Fig. 1b). At least 1,000 cells, or all 1122 

visible epithelial cells, whichever threshold was reached first, were examined in n = 9 1123 

independent cases of  ER+ malignant PDEs, treated with either E2 (left panel) or E2+DHT 1124 

(right panel). Data was analyzed by linear regression (trend line) and a two-tailed Pearson’s 1125 

correlation test (E2 treatment; r = 0.697 [0.061, 0.931]; E2+DHT treatment; r = 0.912 [0.627, 1126 

0.982]. P-values are provided within each graph. (c,d) RNA-seq data derived from PDEs of 1127 

(c) normal breast tissue (n = 17 cases) and (d) ER+ invasive breast cancer (n = 8 cases) 1128 

treated with E2 (10 nM) or E2+DHT (10 nM each). Heat maps depict the top 200 1129 

differentially expressed genes. (e) Gene set enrichment plots for the Hallmark G2M 1130 

Checkpoint gene set derived from RNA-seq data representing normal breast tissues (left 1131 

panel) or ER+ breast cancers (right panel). 1132 

  1133 
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Extended Data Figure 3. AR-mediated changes in ER binding at ER and AR target 1134 

genes. (a) Motif analysis of E2-stimulated ER binding sites associated with Figure 2a-b, 1135 

which are altered in the presence of androgen (DHT) in ZR-75-1 cells. GRHL (grainy-head-1136 

like motif); ERE (estrogen response element); ARE (androgen response element). (b) 1137 

Cropped immunoblot showing effective siRNA-mediated knock-down of AR (left panel) and 1138 

ER (right panel) in ZR-75-1 cells treated with estrogen (E; 10 nM) alone or in combination 1139 

with androgen (E+D; 10 nM each) for 4 hours. β-Actin was used as a loading control. Blots 1140 

are representative of three experiments corresponding to independent passages of cells. (c)  1141 

Left panels: Genome browser images showing ER and AR ChIP-seq signals (associated with 1142 

Fig. 2b) at E2-stimulated ER binding sites (BCL2, PGR) that are reduced in the presence of 1143 

androgen (DHT, 10 nM). Right panels: Corresponding ER ChIP-PCR for BCL2 (upper panel) 1144 

and PGR (lower panel) following AR knockdown and subsequent treatment with estrogen 1145 

(E2, 10 nM) alone or in combination with androgen (E2+DHT, 10 nM each) for 4 hours in 1146 

ZR-75-1 cells. Data was analyzed using a one-sided unpaired t-test. Upper panel test details: t 1147 

= 5.320, 0.2325, and 0.2274, for siCon (p = 0.0030), siAR (1) (p = 0.4138), and siAR (2) (p = 1148 

0.4915), respectively. Lower panel test details: t = 2.074, 0.2437, and 0.3767 for siCon (p = 1149 

0.0534), siAR (1) (p = 0.4097), and siAR (2) (p=0.3628), respectively; df = 4 for each test. 1150 

(d) Left panels: Genome browser images showing AR and ER ChIP-seq signals (associated 1151 

with Fig. 2b) at DHT-stimulated AR binding sites (ZBTB16, SEC14L2). Right panels: 1152 

Corresponding AR ChIP-qPCR for ZBTB16 (upper panel) and SEC14L2 (lower panel) 1153 

following ER knockdown and subsequent treatment with estrogen (E2, 10 nM) alone or in 1154 

combination with androgen (E2+DHT, 10 nM each) for 4 hours in ZR-75-1 cells. Each 1155 

genome track in (c) and (d) depicts the average read density of all ChIP-seq replicates for the 1156 

designated receptor and treatment condition. Data was analyzed using a one-sided unpaired t-1157 

test. Test details: Upper-left panel; t = 4.587, 1.102, and 0.6163, for siCon (p = 0.0051), siER 1158 
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(1) (p = 0.1662), and siER (2) (p = 0.2885), respectively. Upper right panel; t = 2.596, 4.443, 1159 

and 6.906, for siCon (p = 0.0301), siAR (1) (p = 0.0057), and siAR (2) (p = 0.0012), 1160 

respectively. Lower-left panel; t = 4.301, 1.221, and 1.198, for siCon (p = 0.0063), siER (1) 1161 

(p = 0.1446), and siER (2) (p = 0.1485), respectively. Lower-right panel; t = 2.321, 2.504, 1162 

and 1.678, for siCon (p = 0.0405), siAR (1) (p = 0.0332), and siAR (2) (p = 0.0843), 1163 

respectively; df = 4 for each test. ChIP-PCR data is represented as mean ± SEM of three 1164 

independent passages of cells. Asterisks denote statistical significance; NS = not significant. 1165 

(e) Average read density plots for ER, AR, and H3K27ac at ER binding sites within 100 kb 1166 

of genes down-regulated in E2+DHT versus E2 treatment arms in ZR-75-1 cells. (f) Heatmap 1167 

of RT-qPCR analysis of ER target gene expression in ZR-75-1 and T-47D cells treated for 6 1168 

hours with Vehicle (Veh), DHT (10 nM), E2 (10 nM) or E2+DHT (ED, 10 nM each). (g) 1169 

Average read density plots for AR, ER, and H3K27ac at AR binding sites within 100 kb of 1170 

genes up-regulated by E2+DHT versus E2 in ZR-75-1 cells. (h) Heatmap of RT-qPCR 1171 

analysis of AR target gene expression in ZR-75-1 and T-47D cells treated for 6 hours with 1172 

Vehicle (Veh), DHT (10 nM), E2 (10 nM) or E2+DHT (ED, 10 nM each). Heatmap data 1173 

shown in (f) and (h) represents the average normalized gene expression of four independent 1174 

passages of cells. 1175 

  1176 
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Extended Data Figure 4. AR-mediated modification of the ER cistrome requires an 1177 

agonist ligand and AR DNA binding capacity. (a) Genome browser image of ER and AR 1178 

chromatin binding events after treatment for 4 hours with either estrogen (E2, 10 nM) or 1179 

estrogen plus androgen (E2+DHT, 10 nM each) in ZR-75-1 cells at the MYB gene locus 1180 

based on ChIP-seq data from Fig. 2. Each genome track depicts the average read density of 1181 

all ChIP-seq replicates for the designated receptor and treatment condition. Enh., Enhancer. 1182 

Tracks are scaled to facilitate visualization of the Intron 1 locus. (b) ZR-75-1 in vitro ChIP-1183 

qPCR validation data for ER, H3K27ac and AR at three loci associated with the MYB gene 1184 

locus as depicted in (a). Bar graphs depict mean ± SEM of 3 independent passages of cells. 1185 

Data was analyzed using a one-sided unpaired t-test. ER ChIP; t = 1.345, 1.17, and 0.5662 for 1186 

Enh. 1 (p = 0.1249), Intron 1 (p < 0.0001), and Enh. 2 (p = 0.3101), respectively. H3K27ac 1187 

ChIP; t = 0.3320, 2.310, and 0.5664 for Enh. 1 (p = 0.3783), Intron 1 (p = 0.0410), and Enh. 2 1188 

(p = 0.3007), respectively. AR ChIP; t = 3.555, 1.480, and 3.993 for for Enh. 1 (p = 0.0118), 1189 

Intron 1 (p = 0.1064), and Enh. 2 (p = 0.0085), respectively; df = 4 for each test. Grey 1190 

asterisks denote statistical significance. (c) Average read density plot of ER ChIP-seq 1191 

enrichment at ER binding sites proximal (<100 kb) to genes down-regulated in E2+DHT 1192 

versus E2 treatment arms in ZR-75-1 cells, as per Extended Data Fig. 3e. Data shows ER 1193 

enrichment in ZR-75-1 cells following in vitro treatment with Vehicle (Veh), estrogen (E2, 1 1194 

nM), an AR agonist (DHT, 1 nM), an AR antagonist (Bicalutamide; Bic 1 µM), alone or with 1195 

indicated combinations. The data independently recapitulates the DHT-induced reduction in 1196 

the E2-stimulated ER signal observed in Extended Data Fig. 3c,e at 10 nM doses of 1197 

hormones, and using an independent ER antibody; Millipore 06-935. Treatment with an AR 1198 

antagonist does not induce loss of ER at these loci. (d) Genome browser images of ER 1199 

binding sites in ZR-75-1 cells at ER target genes (BCL2, PGR), showing reduced binding 1200 

following treatment with an AR agonist (DHT) but not an AR antagonist (Bicalutamide). 1201 
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Each genome track depicts the average read density of all ChIP-seq replicates for the 1202 

designated receptor and treatment condition. (e) Growth curve showing that estrogen (E2, 1 1203 

nM)-stimulated in vitro growth of ZR-75-1 cells is inhibited by an AR agonist (DHT, 1 nM) 1204 

but not an AR antagonist (Bicalutamide, 1 µM). Data represents mean ± SD of three replicate 1205 

cell culture wells per condition, and is a representative of two independent experiments. (f-i) 1206 

Experiments in MCF7 breast cancer cells transformed to overexpress a constitutively active, 1207 

truncated AR (1-707 aa; AR) or a mutant AR that is unable to bind DNA (ARmut). AR 1208 

expression is induced upon treatment with doxycycline (Dox). (f) Cropped immunoblot 1209 

showing Dox-induced expression of truncated AR in cells treated with Vehicle or estrogen 1210 

(E2, 1 nM), and resultant ER expression. β-Actin was used as a loading control. Blots are 1211 

representative of three experiments corresponding to independent passages of cells. (g) 1212 

Heatmap of RT-qPCR data for two ER target genes (MYB, CCND1) and two AR target genes 1213 

(SEC14L2; ZBTB16) in cells treated with Vehicle (Veh) or estrogen (E2, 1 nM). Data 1214 

represents the average normalized gene expression from three independent passages of cells 1215 

replicates. (h) ER ChIP-qPCR at loci associated with ER target genes (MYB, CCND1) (top 1216 

panels) and an AR target gene (ZBTB16). AR ChIP-qPCR is also shown for the AR target 1217 

gene. Data was analyzed by a two-way ANOVA followed by Tukey’s multiple comparisons 1218 

test. Upper-left panel; F = 125.9, 11.75, and 3.143 for presence of E2 (p < 0.0001), AR status 1219 

(p = 0.0015), and their interaction (p = 0.0799), respectively. Asterisks denote statistical 1220 

significance, where **p = 0.0060, NSp = 0.9998. Upper-right panel; F = 81.79, 13.85, and 1221 

1.565 for presence of E2 (p < 0.0001), AR status (p = 0.0008), and their interaction (p = 1222 

0.2489), respectively; where **p = 0.0094, NSp > 0.9999. Lower-left panel; F = 140.8, 284.6, 1223 

and 94.59 for presence of E2 (p < 0.0001), AR status (p < 0.0001), and their interaction (p < 1224 

0.0001), respectively; where ****p < 0.0001. Lower-right panel; F = 0.1975, 147.1, and 1225 

0.09898 for presence of E2 (p = 0.6647), AR status (p < 0.0001), and their interaction (p = 1226 
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0.9065), respectively; where ****p < 0.0001. df = 4 for each test. Bar graphs depict mean ± 1227 

SEM of 3 independent passages of cells. NS= Not significant; **p < 0.01; ****p < 0.0001. 1228 

(i) Growth curve showing that induction of constitutively-active AR inhibits E2-stimulated 1229 

growth but induction of the constitutively-active ARmut does not. Data represents mean ± SD 1230 

of three replicate cell culture wells per condition, and is a representative of two independent 1231 

experiments. 1232 

  1233 
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Extended Data Figure 5. Activation of AR relocates p300 from ER to AR target genes. 1234 

(a) Replicate data for p300 ChIP-seq in vitro experiments in ZR-75-1 cells associated with 1235 

Fig. 2e. Venn diagrams show the overlap of three independent experiments representing 1236 

consecutive passages of cells treated with vehicle (Veh), estrogen (E2; 10 nM) or estrogen 1237 

plus androgen (E2+DHT; 10 nM each). Peaks present in at least 2 of 3 replicates were used to 1238 

generate a consensus cistrome, indicated below the Venn diagrams, for further comparative 1239 

analyses. (b) Overlap of consensus p300 cistromes under E2 or E2+DHT hormone 1240 

treatments, after subtracting peaks present under basal (Veh) conditions to generate as set of 1241 

hormone-regulated peaks. (c) Consensus p300 ChIP-seq data from (b), associated with Fig. 1242 

2e, showing average read density plots (top panels) and heatmaps (bottom panels), illustrating 1243 

changes in hormone-regulated p300 chromatin binding sites following treatment with 1244 

E2+DHT. (d) Average read density plots for p300 binding at ER binding sites (ERBS) 1245 

proximal (<100 kb) to genes down-regulated by androgen under estrogenic conditions (left 1246 

panel), and AR binding sites (ARBS) proximal (<100 kb) to genes up-regulated under the 1247 

same conditions (right panel). (e) Example genome browser images showing averaged p300 1248 

ChIP-seq signals at binding sites associated with an ER target gene (PGR; left panel) and AR 1249 

target gene (SEC14L2; right panel) in ZR-75-1 cells. Data represents the average signal of 1250 

three replicates. (f) p300 ChIP-qPCR at enhancers of ER-regulated cell cycle genes (as per 1251 

Fig. 2g) in T-47D cells treated in vitro under designated hormone conditions. Data was 1252 

analyzed by a two-way ANOVA (F = 93.45, 80.19, and 14.78 for hormone treatment (p < 1253 

0.0001), test site (p < 0.0001), and their interaction (p < 0.0001), respectively; df = 30). Data 1254 

represented as mean ± SEM of 3 independent passages of cells. Post-hoc analyzes were 1255 

performed using Tukey’s multiple comparisons test, where asterisks denote statistical 1256 

significance; *p = 0.0275; *** p = 0.0040; ****p < 0.0001.  (g) Heatmap of RT-qPCR data 1257 

for genes associated with Fig. 2g assessed in ZR-75-1 and T-47D cells treated in vitro with 1258 
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estrogen (E2, 10 nM) alone or in the presence of androgen (E2+DHT, 10 nM each). Data 1259 

represents the average normalized gene expression of four experiments conducted on 1260 

independent passages of cells. 1261 

  1262 
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Extended Data Figure 6. Activation of AR relocates SRC-3 from ER to AR target genes; 1263 

correlating with p300 chromatin localization. (a) Replicate data for SRC-3 ChIP-seq 1264 

experiments. Venn diagrams show the overlap of three independent experiments representing 1265 

consecutive passages of ZR-75-1 cells treated with vehicle (Veh), estrogen (E2; 10 nM) or 1266 

estrogen plus androgen (E2+DHT; 10 nM each). Peaks present in at least 2 of 3 replicates 1267 

were used to generate a consensus cistrome, indicated below the Venn diagrams, for further 1268 

comparative analyses. (b) Overlap of consensus SRC-3 cistromes under E2 or E2+DHT 1269 

hormone treatments. (c) Two-factor log ratio (M) plot displaying DHT-induced changes in 1270 

E2-stimulated p300 and SRC-3 enrichment at consensus p300 binding sites in ZR-75-1 cells 1271 

(as per Fig. 2e). Point color denotes p300 consensus peak occupancy; hormone-responsive 1272 

E2-unique (pink), hormone-responsive E2+DHT-unique (purple) and basal (black; plotted at 1273 

rear). Point co-ordinates denote enrichment scores at consensus binding sites, derived from an 1274 

average of three replicates. Example p300 binding sites associated with ER (yellow-orange) 1275 

and AR (orange-red) target genes are highlighted. (d) SRC-3 ChIP-seq data showing read 1276 

density plots (left panel) and genome browser images (right panels), illustrating E2+DHT-1277 

induced changes in SRC-3 enrichment at ER binding sites (ERBS) proximal (<100 kb) to 1278 

genes down-regulated by androgen under estrogenic conditions. Data represents an average 1279 

of three replicates. (e) Average read density plots for SRC-3 binding at AR binding sites 1280 

(ARBS) proximal (<100 kb) to genes up-regulated by androgen under estrogenic conditions 1281 

(left panel). Right panels: Genome browser images displaying averaged SRC-3 ChIP-seq 1282 

signals at example ARBS; SEC14L2 and ZBTB16. Data represents an average of three 1283 

replicates. (f) SRC-3 ChIP-PCR at enhancers of ER-regulated cell cycle genes (as per Fig. 2g; 1284 

Extended Data Fig. 5f) in ZR-75-1 cells (upper panel) and T-47D cells (lower panel), treated 1285 

in vitro under designated hormone conditions. Data was analyzed by a two-way ANOVA. 1286 

Upper panel F = 235.4, 61.41, and 7.338 for hormone treatment (p < 0.0001), test site (p < 1287 
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0.0001), and their interaction (p < 0.0001), respectively; df =30. Lower panel F = 33.84, 1288 

29.62, and 5.343 for hormone treatment (p < 0.0001), test site (p < 0.0001), and their 1289 

interaction (p = 0.0003), respectively; df = 30. ChIP-PCR data is represented as mean ± SEM 1290 

of 3 independent passages of cells. . Post-hoc analyzes were performed using Tukey’s 1291 

multiple comparisons test, where asterisks denote statistical significance; *p<0.05; ** p < 1292 

0.01; *** p < 0.001; ****p < 0.0001. Exact p-values for upper panel: MYC p = 0.0051 for E2 1293 

vs. E2+DHT; BCL2 p = 0.0066 for E2 vs. E2+DHT; FOXM1 p = 0.296 for E2 vs. E2+DHT; 1294 

and p < 0.0001 for all other comparisons indicated by ****. Lower panel: MYB p = 0.0002 1295 

for E2 vs. E2+DHT; CCND1 p = 0.0371 for E2 vs. E2+DHT; FOXM1 p = 0.0198 for E2 vs. 1296 

E2+DHT; p < 0.0001 for all other comparisons that are indicated by ****. 1297 
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Extended Data Figure 7. AR agonism sustains growth inhibition in a ZR-75-1 xenograft 1299 

tumor model. (a) Growth curves for ZR-75-1 xenograft tumors treated with E2 alone (n = 6) 1300 

or in combination with AR agonists (DHT or Enobosarm (SARM); n = 6 and 7 tumors, 1301 

respectively) or an AR antagonist (Enzalutamide; n = 6). Data represented as mean ± SEM. 1302 

(b) Representative IHC for ER, PR (encoded by ER target gene PGR), AR, and SEC14L2 1303 

(encoded by AR target gene SEC14L2) for ZR-75-1 xenograft tumors harvested 5 days post-1304 

treatment. Scale bars represent 100 µm. (c) Quantification of Ki67-positivity from n = 4 1305 

(E2+Veh, E2+SARM and E2+Enz) or n = 5 (E2+DHT) ZR-75-1 xenograft tumors harvested 1306 

5 days post-treatment. Boxes in the graph show minimum and maximum (bottom and top 1307 

lines, respectively) and mean (line within the boxes). Data was analyzed using a two-tailed, 1308 

unpaired t-test (t = 17.36, 11.37, and 0.7941; df = 7, 6, and 7; for E2+Veh vs. E2+DHT (p < 1309 

0.0001), E2+SARM (p < 0.0001), and E2+Enza (p = 0.4574), respectively). Asterisks denote 1310 

statistical significance; ****p < 0.0001, (d) Ki67 IHC images in each treatment arm 1311 

associated with (c). Scale bars represent 100 µm. Images are representative of n = 4 1312 

(E2+Veh, E2+SARM and E2+Enz) or n = 5 (E2+DHT) independent tumors. (e) RNA-seq 1313 

heatmap of all differentially expressed genes (FDR < 0.05) in 5 day-treated ZR-75-1 tumors 1314 

demonstrates clustering of AR agonists (DHT and SARM) away from Vehicle (Veh) and the 1315 

AR antagonist Enzalutamide (Enz) (f) Independent RT-qPCR validation of select ER and AR 1316 

target genes. Data represents an average normalized gene expression of 4 (E2+Veh, E2+Enz, 1317 

E2+SARM) or 5 (E2+DHT) replicate tumors. NS, not significant. 1318 
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Extended Data Figure 8. ZR-75-1 xenograft sequencing data representing tumors 1320 

harvested 5 days post-AR agonist treatment in vivo. (a) Read density plots (upper panel) 1321 

and heatmaps (lower panel) of ER ChIP-seq data from ZR-75-1 xenograft tumors, illustrating 1322 

the loss of ER binding upon activation of AR by agonists (SARM, DHT). Data is presented 1323 

as an average of 4 (E2+Veh) or 5 (E2+SARM, E2+DHT) replicate tumors. (b) Two-factor 1324 

log-ratio (M) plot showing SARM-induced changes in ER and AR enrichment at consensus 1325 

ER (yellow-orange), AR (blue), or Shared (i.e. AR and ER co-occupied; grey-brown; plotted 1326 

at rear) binding sites seen across the Vehicle, SARM, and DHT treatment arms. Example 1327 

binding sites near ER target genes and AR target genes are highlighted in pink and purple, 1328 

respectively. Enrichment scores were calculated from an average of 4 (ER, E2) or 5 (ER, 1329 

E2+SARM, AR E2, E2+SARM) tumors. (c) Read density plots (upper panel) and heatmap 1330 

(lower panels) depictions of ER ChIP-seq presented in (a,b). (d) Genome browser images of 1331 

ER and AR binding in ZR-75-1 xenograft tumors treated with E2 or E2+SARM at loci 1332 

associated with ER target genes (MYB, CCND1; left panels) and AR target genes (SEC14L2, 1333 

ZBTB16; right panels). Data represents an average of 4-5 replicates as described in (b). (e) 1334 

Normalized enrichment scores for signature gene sets correlated with E2 or E2+SARM 1335 

treatments, derived using RNA-seq data associated with Extended Data Fig. 7e. 1336 
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Extended Data Figure 9. AR modulation in patient-derived xenograft (PDX) models of 1338 

ER+ endocrine-resistant breast cancer. (a) IHC showing baseline expression of ER, AR, 1339 

progesterone receptor (PR), Ki67, and human cytokeratin 8/18 (CK8/18) in HCI-005 and 1340 

GAR15-13 PDX models. Scale bars represent 50 µm. (b) Growth curves showing inhibition 1341 

of E2-stimulated PDX tumor growth (UCD4; UCD65) by co-treatment with DHT at time of 1342 

tumor inoculation. Tumor volumes at ethical end-point were analyzed using a two-tailed, 1343 

unpaired t-test, for UCD4; vehicle (n=6) vs. DHT (n=6 tumors each; t = 4.213, df = 10, p = 1344 

0.0018) and UCD65; vehicle (n=12) vs. DHT (n=5; t = 5.572, df = 15, p < 0.0001). (c) AR 1345 

agonist Enobosarm (SARM) inhibits in vivo growth of the UCD65 PDX. Tumors were grown 1346 

in the presence of E2 to ~100 mm3 and subsequently treated with E2+SARM (n=10) or E2 1347 

n=7), indicated by the red arrow. Graph on right shows quantification of tumor mass at end-1348 

point for E2 vs. E2+SARM (n=9 tumors each), analyzed by a two-tailed, unpaired t-test (t = 1349 

2.635, df = 16, p = 0.018). HER2, human epidermal growth factor receptor 2 (where ‘HER2-’ 1350 

indicates lack of overexpression or gene amplification). (d) Quantification of Ki67 positivity 1351 

in PDX model HCI-005, from Fig. 3b, harvested 5 days post-treatment (t = 32.43 and 14.30 1352 

for E2 vs. E2+DHT and E2+SARM, respectively; df = 6  and p < 0.0001 for each test). At 1353 

least 1,000 cells, or all visible epithelial cells, whichever threshold was reached first, were 1354 

examined over n = 4 independent tumors per condition. (e) HCI-005 PDX ER ChIP-seq data 1355 

depicting loss of E2-stimulated ER chromatin binding at the MYC gene locus following 5 1356 

days treatment with AR agonists; Enobosarm (SARM) and DHT. (f) HCI-005 PDX ER ChIP-1357 

seq data from Fig. 3b, showing average read density plots (top panels) and heatmaps (bottom 1358 

panels) to illustrate genome-wide changes in E2-stimulated ER chromatin binding sites 1359 

following 5 days treatment with AR agonists; Enobosarm (SARM) or DHT. (g) Growth curve 1360 

representing the UCD4 PDX cell line42 treated with estrogen (E2, 1 nM) alone or in 1361 

combination with an AR agonist (DHT, 1 nM), AR antagonist (Enzalutamide; Enz, 1 µM) or 1362 
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the AR agonist and antagonist combined (Combo). Graph depicts mean ± SEM of twelve 1363 

replicate cell culture wells. (h) Quantification of Ki67 positivity and (i) corresponding 1364 

representative images of Ki67 IHC in PDX model GAR15-13 from Fig. 3f, harvested 5 days 1365 

post-treatment, with 5 tumors analyzed per condition by a two-tailed, unpaired t-test. Test 1366 

details: Veh vs. DHT (t = 9.231, df = 8, p < 0.0001); Veh vs. SARM (t = 4.361, df = 8, p = 1367 

0.0024); Veh vs. Enz (t = 0.7958, df = 8, p = 0.4491). Scale bars in (i) represent 50 µm. (j) 1368 

Growth curve representing GAR15-13 PDX tumors treated with either Vehicle (n = 6), AR 1369 

agonist (DHT, n = 4), or AR antagonist (Enzalutamide; Enza, n = 5) alone or in combination 1370 

(DHT+Enza, n = 5). (k) Heatmap of RT-qPCR data representing the average normalized gene 1371 

expression from GAR15-13 and HCI-005 PDX tumors harvested 5 days post-treatment 1372 

(GAR15-13: Veh, n = 6; DHT, n = 8; Enza, n = 8; DHT+Enza, n = 8) and (HCI-005: Veh, n 1373 

= 5; DHT, n = 6; Enza, n = 7; DHT+Enza, n = 5). All graphed data depicts mean ± SEM. 1374 

Asterisks denote statistical significance; *p<0.05; **p<0.01; ****p<0.0001.  1375 
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Extended Data Figure 10. Data associated with the AR signature genes in Figure 5. (a) 1377 

Hallmark gene sets enriched in the AR signature. The signature was separated into up-1378 

regulated (n = 59) and down-regulated (n = 83) genes and enriched gene sets (FDR < 0.05) 1379 

identified by GSEA. (b) Average read density plots for H3K27ac binding in HCI-005 PDX 1380 

tumors, found at ER chromatin binding sites (left panel) and AR chromatin binding sites 1381 

(right panel) proximal (<100 kb) to AR signature genes, associated with Fig. 5c. Data 1382 

illustrates AR agonist (SARM, DHT)-dependent loss of H3K27ac binding at ER binding sites 1383 

(ERBS) associated with down-regulated AR signature genes, and AR agonist-dependent gain 1384 

of H3K27ac binding at AR binding sites (ARBS) associated with up-regulated AR signature 1385 

genes. (c) Genome browser image of H3K27ac binding in HCI-005 PDX tumors at a locus 1386 

associated with an ER target gene down-regulated by AR agonists (PGR; left panel), and an 1387 

AR target gene up-regulated by AR agonists (ZBTB16; right panel) as found in the AR 1388 

signature. Data represents an average of three (E2+DHT) or four (E2, E2+SARM) replicate 1389 

tumors. 1390 
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