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INTRODUCTION: 

In breast cancers, the androgen receptor (AR) is more widely expressed than estrogen receptor alpha (ER) or the 

progesterone receptor (PR), which are used as therapeutic targets and biomarkers, suggesting a potential role for 

AR in BC. We examined the primary tumors of women treated with tamoxifen or aromatase inhibitor therapy 

and found that a higher AR to ER protein ratio correlates with worse response to traditional the anti-estrogen 

tamoxifen (see figure 1 in our published manuscript Cochrane et al in the appendix). To explore the function of 

AR in models of the three main subtypes of breast cancer (ER positive, ER negative and Her2+), we are using a 

new-generation AR inhibitor, enzalutamide, which impairs nuclear localization of AR. This is a very different 

mode of action than previous generation anti-androgens such as bicalutamide (Casodex), which is a competitive 

inhibitor of endogenous androgens that allows ligand-mediated nuclear localization of AR. Enzalutamide has 

shown success in the clinic in patients with late stage prostate cancer refractory to bicalutamide and is now FDA 

approved as a prostate cancer therapy. The research in this proposal seeks to determine whether inhibition of 

AR with enzalutamide will be effective in breast cancer and utilize preclinical models to determine if and how it 

should be combined with currently used standard of care treatments in the three main types of breast cancer, 

with the primary objectives of guiding the design of future clinical trials with enzalutamide.  

KEYWORDS: Breast cancer, androgen receptor, estrogen receptor, growth factors, enzalutamide, endocrine 

resistance, targeted therapy. 

ACCOMPLISHMENTS:  Below we describe for each task in the official statement of work the major 

activities; specific objectives; significant results or key outcomes, including major findings, developments, or 

conclusions (both positive and negative); and/or other achievements. We include a discussion of stated goals not 

met or tasks not fully completed. We include pertinent data and graphs in sufficient detail to explain significant 

results achieved. Detailed description of the methodology used is provided in the methods section of two 

manuscripts in the appendix. The first manuscript was published in January of 2014 and was submitted with the 

first annual progress report. The second manuscript arising from this work investigated AR in the non-LAR 

subtype of TNBC was published in Jan 2015. We also wrote two reviews of AR in TNBC. A third primary 

manuscript on AR in ER+ breast cancer has just been accepted Aug 2016. A fourth manuscript, under 

preparation, is included as a draft in the appendix of this report, and demonstrates that AR is anti-apoptotic, 

supports anchorage independent growth and androgens and AR expand a cancer stem cell-like population in 

TNBC. This study evaluated enzalutamide given either simultaneous with or sequential to chemotherapy and 

found that simultaneous treatment was more effective at preventing recurrence after cessation of chemotherapy. 

A fifth manuscript, in preparation, focuses on combining enzalutamide with an mTOR inhibitor, everolimus in 

HER2+ and TNBC breast cancer. Everolimus was found in clinical trials to be very effective in ER+ breast 

cancer, but less so in HER2+ and TNBC. Our studies show that everolimus increases the amount of AR and AR 

activity and therefore combining the anti-androgen enzalutamide with everolimus gives a synergistic effect over 

either drug alone.  

Manuscripts in red are new since last annual report 

Dawn R. Cochrane, Sebastian Bernales, Britta M. Jacobsen, Diana M. Cittelly,  Erin N. Howe,  Nicholas C. 

D’Amato,  Nicole S. Spoelstra,  Annie Jean,  Paul Jedlicka,  Kathleen C. Torkko,  Andy Protter,  Anthony D. 

Elias and J. K. Richer. Role of the Androgen Receptor in Breast Cancer and Preclinical Analysis of 

Enzalutamide.  BREAST CANCER RESEARCH 2014 Jan 22;16(1). PMID: 24451109 Designated as Highly 

Cited by the journal Breast Cancer Research. 

Barton VN, D’Amato NC, Gordon MA, Lind HT, Spoelstra NS, Babbs B, Heinz RE, Elias A, Jedlicka P, 

Jacobsen BM, Richer JK. Multiple molecular subtypes of triple negative breast cancer critically rely on 

androgen receptor and respond to Enzalutamide in vivo. Mol Cancer Ther.015 Mar;14(3):769-78. Epub 2015 

Feb 23. PMID: 25713333 



Barton VN, Gordon MA, Christenson J, D’Amato N, Richer JK. Androgen receptor biology in triple negative 

breast cancer: A case for AR+ and quadruple negative disease subtypes. Hormones and Cancer, 2015 July 23. 

PMID: 26201402 

Barton VN, Gordon MA, Richer JK, Elias A. Anti-androgen therapy in triple-negative breast cancer. 

Ther Adv Med Oncol. 2016 Jul;8(4):305-8. 2016 May 31. PMID: 27482289 

D’Amato NC, MA Gordon, BL Babbs, NS Spoelstra, KT Butterfield, KC Torkko, VT Phan ,VN Barton, TJ 

Rogers, CA Sartorius, AD Elias, J Gertz, BM Jacobsen, and JK Richer. Cooperative Dynamics of AR and ER 

Activity in Breast Cancer. Molecular Cancer Research, accepted Aug 2016. 

Gordon MA, D’Amato NC, Gu H, Babbs B, Butterfield K, Liu B, Elias, Richer JK. Dual inhibition of androgen receptor and 

mTOR in breast cancer.  In Preparation. 

Barton VN, Christenson JL, Rogers TJ, Butterfield K, Babbs B, Spoelstra NS, D’Amato NC, Richer JK (2016) Androgen 

receptor supports a cancer stem cell-like population in triple-negative breast cancer. In preparation. 

The objective of Stage I of this proposal is to rapidly generate preclinical data testing Enza alone or in 

combination with standard of care therapeutics in different subtypes of BC to help guide the clinical trials 

described in Stage II (PI clinical partner Dr.Anthony Elias) and steer the rational design and focus on patients 

most likely to benefit from enzalutamide alone or in combination with currently used therapeutics. 

Preclinical Aim 1. To test enzalutamide (enza) in combination with currently approved therapies for 

breast cancer (BC) in the various subtypes of BC.  

Task 1 – Evaluate enzalutamide in combination with anti-estrogen therapy in ER+/AR+ BC lines 

(MCF7, BCK4) and a ER+/AR+ patient derived xenograft.  

Task 2. Test enza in three different tamoxifen resistance models in vitro.  

Task 3. Test enzalutamide in combination with Her2 directed therapy in ER+ and ER- Her2+ models  

Task 4. Examine enzalutamide in combination with an mTOR inhibitor (Afinitor/everolimus)  

Task 5. In true TNBC cell lines and explants that retain AR, enzalutamide will be evaluated alone and in 

combination with chemotherapy and everolimus, in vitro and in vivo.). 

What was accomplished under these goals? 

TASK1-  Evaluate enzalutamide in combination with anti-estrogen therapy in ER+/AR+ BC lines (MCF7, 

BCK4) and a ER+/AR+ patient derived xenograft. Months 1-4. 100% completed. 

We have a manuscript that was just accepted to Mol Cancer Res (D’Amato et al. 2016) see above. On this 

Task 1 topic. The full manuscript is also included in the appendix.  

Abstract from ER+/AR+ paper: Cooperative Dynamics of AR and ER Activity in Breast Cancer. 

Molecular Cancer Research, accepted Aug 2016: 

Androgen receptor (AR) is expressed in 90% of estrogen receptor alpha positive (ER+) breast tumors, but its 

role in tumor growth and progression remains controversial. Use of two anti-androgens that inhibit AR nuclear 

localization, enzalutamide and MJC13, revealed that AR is required for maximum ER genomic binding. Here, a 

novel global examination of AR chromatin binding found that estradiol induced AR binding at unique sites 

compared to dihydrotestosterone (DHT). Estradiol-induced AR binding sites were enriched for estrogen 

response elements and had significant overlap with ER binding sites. Furthermore, AR inhibition reduced 

baseline and estradiol-mediated proliferation in multiple ER+/AR+ breast cancer cell lines, and synergized with 

tamoxifen and fulvestrant. In vivo, enzalutamide significantly reduced viability of tamoxifen-resistant MCF7 

http://www.ncbi.nlm.nih.gov/pubmed/27482289


xenograft tumors and an ER+/AR+ patient derived model. Enzalutamide also reduced metastatic burden 

following cardiac injection. Lastly, in a comparison of ER+/AR+ primary tumors versus patient-matched local 

recurrences or distant metastases, AR expression was often maintained even when ER was reduced or absent. 

These data provide preclinical evidence that anti-androgens that inhibit AR nuclear localization affect both AR 

and ER, and are effective in combination with current breast cancer therapies. In addition, single agent efficacy 

may be possible in tumors resistant to traditional endocrine therapy, since clinical specimens of recurrent 

disease demonstrate AR expression in tumors with absent or refractory ER. 

The first therapy of choice to treat an ER+ tumor will always likely be an anti-estrogen, even though this may 

change because we have shown that the relative expression of AR to ER protein (percent cells positive) can 

predict a poor response to tamoxifen and poor overall survival (Cochrane DR et al 2014). We have also shown 

that the enzalutamide is efficacious in tamoxifen resistant MCF 7 cells in vivo (Figure 5 E of manuscript in 

preparation in appendix). However, ER+ tumors will likely be treated first with tamoxifen (if the woman is 

premenopausal) or aromatase inhibitor (AI) if post-menopausal or having recurred while on tamoxifen, then if 

there is a recurrence of disease, with the ER degrader Fulvestrant. Therefore, we tested for synergy between 

these two drugs. Since Fulvestrant must be given IM in oil, being able to reduce the effective dose necessary 

would definitely be helpful. The dose reduction index in Fig 1 demonstrates that combining Fulvestrant with 

Enzalutamide may allow a reduction in the amount of both drugs used to get the same efficacy.  

Importantly (and why we show this here in the progress report), this is promising for the proposed investigator 

initiated trial that we will do with neoadjuvant Fulvestrant vs Fulvestrant plus Enza (see Dr. Elias’s progress 

report.  

Figure 1. Enza and 

Fulvestrant synergize to 

inhibit proliferation of  

ER+AR+ BCK4 breast 

cancer cells. Enzalutamide 

synergizes with Fulvestrant 

(ICI) to oppose estrogen-

induced proliferation of 

ER+/AR+ BCK4 cells. 20,000 

BCK4 cells were plated into 

96 well plates in phenol red 

free media with stripped 

serum. Cells were treated 

with increasing doses of 

Enzalutamide (Enza) and 

Fulvestrant (ICI) in different 

combinations for 6 days. 

Proliferation was measured 

using the IncuCyte live cell 

imaging system. The combination index and dose reduction index were calculated using CalcuSyn. 

In the  the appendix, we show synergy with enza and tamoxifen or Fulvestrant in additional cell lines. 

In ongoing studies, we are modeling the use of Enza in vivo with an AR+ER+ PDX HCI013 from Alana Welm that has an 
ESR1 mutation resulting in the ER Y537S amino acid change in the ligand binding domain and its E2 independent 
variant PDX HCI013. 

Task 3. Test enzalutamide in combination with HER2-directed therapy in ER+ and ER- HER2+ 
models. (90% completed) 

In HER2 amplified breast cancer cell lines we have continued the in vitro analysis of combining enza with 

the anti-HER2 agent trastuzumab. We have performed synergy experiments in two related cell lines: the 



parental BT474 cells, which are ER+/HER2+, and a trastuzumab-resistant derivative of these cells, BT474-

HR20 (Figure 4). These HR20 cells have been chronically treated with 20ug/mL trastuzumab, and have 

developed resistance through a mechanism of HER3/IGF1R activation, such that HER2 is still expressed, and 

the downstream activation of HER2/HER3 target genes is also maintained. Figure 4 shows results of a test of 

combining enza with trastuzumab.  Our collaborator Dr. Bolin Liu has determined that the trastuzumab 

resistant BT474 cells grow better in vivo than the parental cell line. All HER2+ cell lines in general are all 

known for not growing well in vivo. These cells have a higher take rate in NOD/SCID mice. We performed 

an in vivo study using the trastuzumab resistant BT474-HR20 cells. We set up the experiment with 4 

treatment groups: Veh, Enza, Trastuzumab, Enza+Trastuzumab. Mice were randomized to treatment groups 

after tumors grew to a size of approximately 50mm3. At day 47 post-treatment, mice in the vehicle group and 

the enza group were sacrificed. There was a statistically significant difference in tumor weight between these 

two groups, with the enza-treated tumors having lower tumor weight (Figure 5). 

Figure 2. Enzalutamide shows synergy with trastuzumab in both trastuzumab responsive and resistant HER2+/ER+ 
BT474 breast cancer cells. BT474 cells (HER2+/ER+) and trastuzumab-resistant BT474-HR20 cells were treated alone or in 
combination with enzalutamide and trastuzumab. Cells were grown for 5 days and then proliferation was measured by 
crystal violet assay. 3D bar graphs depict percent inhibition at dose combinations indicated. Synergy was calculated with 
Calcusyn software. A Combination index <1 indicates synergy, 1 indicates an additive effect, and >1 indicates an 
antagonistic effect. The dose reduction index measures the factor by which a drug dose can be reduced when it is 
combined with another drug, in order to get the same effect as single agent. 

 

At day 47, the mice that got vehicle (no drug treatment) and those that only had enzalutamide had to be 

sacrificed, but final tumor weight was significantly less in the Enza treated group than control. Mice in the 

trastuzumab only and enza+trastuzumab groups were not killed since they had a significantly lower tumor 

burden, but they were taken off drug, and weekly caliper measurements were performed to determine if there 

would be a difference in tumor re-growth.  While not reaching significance, there is a trend towards the 

enza+trastuzumab treated mice having slower regrowth of tumors (Figure 3). This would indicate that even 

though the tumor volume was not different at day 47 between the trastuzumab only and the trastuzumab plus 



Enza groups, the combination with Enza may be killing more cells and therefore will reduce the rate of 

recurrence, but this experiment is still ongoing. This work is very important because there is a trial for Enza 

plus trastuzumab in HER2+ disease that is just starting in breast cancer. This might tell us that even if there is 

not an obvious decrease in tumor size (if this is done in the neoadjuvant setting) or reduction in metastatic 

tumor burden, there may be some benefit still if it lowers the chance of recurrence or rate of progression in 

HER2+, particularly those that are not very sensitive to trastuzumab. Now there are other options for HER2 

positive disease, but they all do target HER2 or HER3 and they may all benefit from the combination with an 

anti-androgen because we see that AR upregulates HER2 and HER3 (as shown in previous progress reports). 

Our in vivo work shown in will be added to a paper in preparation on targeting AR in HER2+ breast cancer.  

Figure 3. HER2+ BT474-HR20 xenografts respond to trastuzumab and enzalutamide, but the combination achieves a 

sustained response after treatment is ceased.  (A) Mice were treated for 47 days, and tumor volume was measured 

1x/week. Day 47 tumor volumes are shown. (B) All mice in the vehicle and Enza groups  were sacrificed at day 47, and 

tumor weights were measured. 

There was a statistitcally 

significant difference in tumor 

weight between the vehicle 

group and the Enza group. (C) 

Mice in trastuzumab and 

trastuzumab+Enza groups were 

taken off treatment at Day 47, 

and tumors were allowed to 

regrow. Tumor volumes are 

being measured 1x/week, with 

day 85 shown (38 days after 

treatment cessation). The 

difference in tumor volume 

between the two groups is 

approaching statistical 

significance (p=0.519) 

Task 4: Examine enzalutamide in combination with an mTOR inhibitor (Afinitor/everolimus) (90 % 

complete).  

The HER2/PI3K/mTOR signaling axis is a critical pathway in the progression of breast cancer, and is 

frequently upregulated.  HER2 has been an effective drug target in breast cancer over the last two decades, and 

agents such as trastuzumab have significantly improved survival rates for patients with HER2+ disease.  

However acquired or de novo resistance to HER2-targeted agents such as trastuzumab remains a critical 

problem, and multiple routes to resistance have been described, such as activation of alternative TKRs and 

activation of the PI3K pathway, and I’ll propose today that AR activitation may also contribute to resistance. 

More recently, therapeutic targeting of the mTOR signaling axis has demonstrated promise in pre-clinical 

models and clinical trials, leading to FDA approval of the anti-mTOR agent everolimus for advanced ER+ 

breast cancer. As demonstrated in the Phase III BOLERO-2 trial, patients with ER+/HER2- breast cancer who 

received everolimus in combination with the aromatase inhibitor exemestane had a significant progression-free 

survival benefit of 6.4 months when compared to patients who received exemestane plus placebo.  However, in 

another Phase III trial examining everolimus in patients with HER2+ disease, there was a statistically 



significant, but clinically insignificant survival benefit of only 1.2 months when everolimus was added to 

chemotherapy and trastuzumab. We propose that other confounding factors such as the androgen receptor may 

limit the efficacy of simultaneous inhibition of both mTOR and HER2. 

Figure 4. Summary of hypothesis for Enza plus mTOR inhibitor.

 

 

 

 

 

 

 

 

 

 

 

 

Our mechanistic studies in this Task have revealed that there is cross-regulation between AR and the 

HER2/PI3K/Akt/mTOR signaling axis. In previous progress reports we showed in vitro that enzalutamide 

synergizes with everolimus in HER2+ and TNBC cells.  Everolimus causes an upregulation in AR protein 

expression, as well as phospho-HER2 and phospho-HER3 (through AR); addition of Enza plus everolimus 

abrogates these effects. We have demonstrated a synergistic interaction between the mTOR inhibitor everolimus 



and Enza several HER2+ breast cancer cell lines. We now show in a paper in preparation that this combination 

works well in vivo as well. All of these in vitro and in vivo results are presented in a manuscript in preparation 

Gordon MA, D’Amato NC, Gu H, Babbs B, Butterfield K, Liu B, Elias, Richer JK. Dual inhibition of androgen receptor and 

mTOR in breast cancer.  In Preparation that is included in the appendix of this report.  

 

 

 
Figure 5.  Experimental design of testing 

enzlutamide, everolimus, and trastuzumab in 

trastuzumab-resistant breast cancer cells in vivo. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.  Combination treatment with enzalutamide and everolimus inhibits tumor viability significantly 

more than single agent 

treatment. Still working 

on this figure. (A) Total 

flux growth curve of 

trastuzumab-resistant 

BT474-HR20 xenografts. 

Mice were randomized to 

one of four treatment 

groups at day -3 and 

treatment was initiated at 

day 0. (B) IVIS signal on 

last day of study. (C) 

Change in total flux from 

day of randomization to 

end of study on day 26. 

(D) Western blots from 3 

representative tumors per 

treatment group: vehicle, 

enzalutamide (Enza), 

everolimus (Everol), and 

combination 

(Enza/Everol). *p<0.05, 

**p<0.01, ***p<0.001,  

 

 

 

 

 



Task 5. In true TNBC cell lines and explants that retain AR, enzalutamide will be evaluated alone and in 

combination with chemotherapy and everolimus, in vitro and in vivo. (90% completed) 
Dr. Valerie Barton (just defended), has a second manuscript almost ready to be sent Barton VN, Christenson JL, Rogers 

TJ, Butterfield K, Babbs B, Spoelstra NS, D’Amato NC, Richer JK (2016) Androgen receptor supports a cancer stem cell-

like population in triple-negative breast cancer. In preparation (see appendix) on a unique role for AR in supporting a 

cancer stem-cell like population in TNBC.  

Abstract: Triple-negative breast cancer (TNBC) is an aggressive breast cancer subtype lacking estrogen and progesterone 

receptors, and human epidermal growth factor receptor 2 (HER2). While to date there are no approved targeted therapies 

for TNBC, preclinical and early clinical trials indicate that up to 50% express some degree of positivity for androgen 

receptors (AR) and are sensitive to AR targeted therapy. However, the function of AR in TNBC and the mechanisms by 

which AR targeted therapy reduces tumor burden in preclinical and clinical settings are unknown. We hypothesized that 

AR maintains a cancer stem cell-like (CSC) tumor initiating population and that it serves as an anti-apoptotic factor that 

facilitates anchorage independence. Methods  Anchorage independence/anoikis resistance was assessed on poly-Hema 

coated tissue culture plates used to achieve forced suspension culture and apoptosis was measured with cleaved caspase 3 

antibody. AR was inhibited using the AR inhibitor Enzalutamide (Enza) or shRNAs targeting AR. CSC populations were 

assessed in vitro using ultra low attachment plates, CD44/CD24 staining, the ALDEFLUOR assay, and single cell 

mammosphere formation efficiency (MFE) assays in TNBC cell lines SUM159PT and MDA-MB-453.. In vivo, tumor-

initiating capacity was assessed using a limiting dilution assay of SUM159PT cells pre-treated with or without Enza. 

Lastly, the efficacy of combination Enza and chemotherapy was assessed by caliper measurement and intravital imaging 

of TNBC xenografts in mice treated with Enza and paclitaxel. Results AR transcript (P<0.05), protein, and transcriptional 

activity (P<0.01) increased in tumor cells in suspension culture compared to attached conditions. Cells that expressed AR 

protein resisted detachment-induced apoptosis. The CSC population increased in suspension culture by ALEDFLUOR 

staining (P<0.01), CD44/CD24 staining (P<0.001), and MFE (P<0.05). AR inhibition decreased ADLH staining 

(P<0.001), increased CD24 staining (P<0.05), and decreased MFE(P<0.01). In vivo, pre-treatment with Enza decreased 

the tumor-initiating capacity of TNBC cells in a limiting dilution assay (P<0.05).  Enza significantly decreased tumor 

volume and viability when administered during or after chemotherapy in vivo (P<0.05) and simultaneous treatment 

significantly reduced tumor recurrence. Conclusions AR supports anchorage independence, maintenance of CSCs, tumor 

initiation and regrowth following chemotherapy in a TNBC preclinical model.  Thus AR targeted therapies may enhance 

the efficacy of chemotherapy even in TNBC with very few cells positive for AR, perhaps by targeting a different cell 

population.      

This paper draft is in the appendix with all the figures and they have been shown in previous reports, so the only one we 

will show here is the one most pertinent to clinical trials of Enza in TNBC, which is Figure 7 showing that Enza given 

simultaneous with chemotherapy significantly reduces tumor burden and tumor recurrence.  

Figure 7 Enzalutamide and Paclitaxel combination therapy is more effective than Paclitaxel alone. A, total 

flux throughout study by treatment group. B, comparison of total flux on study day 49. C, tumor burden 

throughout study by treatment group. D, comparison of tumor burden on study day 51. E, total flux (left, paired 

t-test) and tumor burden (right) per mouse between the final day of Paclitaxel and the end of study. Statistics 

represent two-tailed t-tests. #, P=0.06; *, P<0.05; **, P,0.01 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

We have been testing Enza on various patient derived xenografts (PDX). Figure 8 shows an AR+ PDX HCI009 

from Dr. Alana Welm that is highly AR+. We treated mice bearing these tumors with Enza and did not get 

much of an effect (Figure 8), so we are currently doing a similar experiment to the one shown above where we 

treat with paclitaxel with or without Enza. We will also perform an in vivo experiment with the HER2+ PK62 

PDX to determine if enzalutamide and trastuzumab synergize to inhibit tumor growth in this model as we 

showed above in HER2+ cell lines.  

 

 

 

 

 

 

 

 



Figure 8. Enzalutamide treatment of AR+ TNBC PDX. 5 NSG mice per  group (plus or minus enzalutamide at 25 

mg/kg in rodent chow or control chow) were treated to determine if this AR+ TNBC would respond to an anti-

androgen. While the data were not significant by a repeated measures ANOVA, we will repeat with a larger 

group and try combining with chemotherapy given the results presented above with the SUM159 TNBC 

xenografts.  

  
 

 

 

 

 

 

 

 

 

 

 

 
Preclinical Aim 2. Using samples collected from the xenograft studies, examine if and how the mechanism of 

action by which enzalutamide works in the various subtypes of breast cancer.   

 Task 1.  Perform IHC on xenograft tumors for AR, ER, Her3, BrdU, FOXA1, SDF1, Cyr61. Months 12-18. 

We have performed IHC for all of these protein from the xenograft experiments on ER+, HER2+ and TNBC where 

relevant (see papers in appendix).  

 

 Task 2.  Make RNA from xenografts. Perform profiling. Analyze data. Months 15-18 (80% completed) 

We continue to analyze RNA profiling from ER+ and TNBC cell line xenografts. We have performed RNA-seq on 

ER+PDX (the PT12 PDX grown with E2 plus or minus Enza and report this data in the D’Amato paper attached in 

the appendix. In short, inhibiting AR with Enza, inhibits many classic E2/ER regulated genes.  

 
We have made RNA and protein from the BT474 HER+ xenografts treated with the different combinations of 

everolimus, trastuzumab or either with enzalutamide, shown above in Fig 6. We are also doing RPPA on the control, 

enza, everolimus versus the combination.  
 

 

Preclinical Aim 3. Identify mechanisms of resistance to enzalutamide in triple negative breast cancers to 

elucidate pathways that impinge on the AR pathway to potentially target in combination with enzalutamide.  

 Task 1. Sequence 3 AR+ triple negative cell lines resistant and 3 that are sensitive. Months 18-24   
Since the TNBC cell lines that we have studied so far are sensitive to enzalutamide and we have found it to 

particularly affect growth on soft agar (Barton V et al 2015), we have not performed sequencing of all of these 

yet because we are still trying to figure out the best conditions and timing. We are also exploring another 

approach, which is to chronically treat the cells with enza to generate resistant lines. We have taken this 

approach with the MDA-MB-453 TNBC line which we showed in Cochrane et al 2014 to be very 

responsive to enza in vitro and in vivo. We now have a resistant line and we will sequence it and compare 

to the parental line. We did do mutational analysis on the resistant line and it does not have the F876L 

mutation that has been reported to confer resistance to enzalutamide in prostate cancer cells and patient 



tumors or the post-treatment biopsies that we obtained from the enzalutamide clinical trial described in Dr. 

Elias’s report. It is likely that the cell line that we have rendered resistant is resistant via a different 

mechanism other than this AR mutation. It could also now be dependent on a completely different 

pathway other than AR and only RNA-seq would potentially tell us that, so we will proceed to do that 

compared to the wild-type line and continue to generate additional TNBC resistant lines.  

Summary for this aim:  

 No completely resistant TNBC lines. Enza IC50s does not correlate with AR protein.  

 No clearly “sensitive” versus “resistant” cell lines. Still looking at PDX. Do have MDA-MB-231 with 

splice variant and they also express more GR. 

 

 

Analysis of samples from biopsies of Phase 1 Enza trial. We got 6 breast cancers from this trial (see Fig 9 

below. Because this was a Phase 1, the patient criteria was very loose and the tumors are therefore very 

different form each other.  

Figure 9. Summary of archival (primary tumor) tumors from Phase 1 Enza trial. We obtained  6 patient 

breast cancers from this trial. Characteristics of the primary disease and the clinical outcomes are summarized 

here. 

Mutation analysis was performed for 3 most common ER mutations and the AR mutation resulting in the F876L 

variant. Two patient biopsies had the ER mutation resulting in Y537S, but none had the AR mutation.  

For 3 of the 6 we had as part of the biopsy trial, obtained the pre-Enza and during Enza core biopsies. Figure 10 

shows a summary of AR, ER and Ki67 for these three tumors and highlights some of the results.  

Although the tumors are quite different from each other, we learned from this that AR is sometimes quite 

different between the primary tumor and the biopsied skin metastases. Although this is far to few to draw any 

conclusions, the patient’s whose tumors had AR did have the best outcomes with stable disease and longer 

overall survival, but this could be because, as indicated by the Ki67, their disease was not as aggressive.  



Figure 10. IHC from three patients from the Phase 1 Enza trial for whom we had the archival (primary 

FFPE sample, the pre-Enza biopsy and the on Enza biopsy. IHC for AR, ER and Ki67 was performed and 

scored by breast cancer pathologist Sharon Sams.  

Frozen sections were cut and analyzed for tumor by the Univ of CO Pathology Core and sent on dry ice to the 

laboratory of collaborator Dr. Chip Petricoin. RPPA for signaling proteins was performed according to methods 

in the appendix attached to this report.  

Figure 11. RPPA results from 3 patient’s tumors from biopsy trial comparing common phospho-proteins in  

pre-Enza versus during Enza of LCM dissected frozen sections from the core biopsies.  



Figure 12. RPPA results showing individual phospho forms of proteins assayed from 3 patient’s tumors that 

consistently changed in  pre-Enza versus during Enza in LCM dissected frozen sections from the core 

biopsies. 

 

 

Since the samples were so different from each other, it is not surprising and actually rather conforting that they 

cluster based on which patient they came from rather than treatment (Figure 11). However, there were some 

proteins that changed consistently between pre-Enza and during Enza. A group of such proteins include many 

signaling intermediates (Figure 12). It is very interesting that Enza may change these growth factor signaling 

pathways, and it agrees with our published observation that AR regulates AREG and thereby stimulates EGFR 

and we also see that it upregulates components TGFbeta and Notch pathways (Figure 12 top).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

What opportunities for training and professional development has the project provided?  

Dr. Valerie Barton defended her dissertation in April 2016. She had obtained an NIH NRSA for work that 

stemed from this grant.  

Cancer Biology Graduate Program doctoral candidate Valerie Barton and postdoctoral fellows Nicholas 

D’Amato and Michael Gordon have presented the following oral and poster presentations on this project at 

various national and local meetings: 

Nicholas D’Amato Poster presentations: 

D’Amato, NC, D Cochrane, N Spoelstra, A Chitrakar, B Babbs, A Protter, A Elias, and J Richer. (Mar 2014) 

Inhibiting Androgen Receptor Nuclear Localization Decreases ER Activity and Tumor Growth in ER+ Breast 

Cancer. University of Colorado Postdoctoral Research Day, Aurora, CO. * won best overall poster award. 

 

D’Amato, NC, B Jacobsen, N Spoelstra, B Babbs, A Elias, J Gertz, and J Richer. (Oct 2014) Inhibiting 

Androgen Receptor Nuclear Localization Decreases Estrogen Receptor Activity and Tumor Growth in ER+ 

Breast Cancer. Cancer Biology Training Consortium Retreat, Estes Park, CO. 

 

D’Amato, NC, B Jacobsen, N Spoelstra, B Babbs, A Elias, J Gertz, and J Richer. (Dec 2014) Inhibiting 

Androgen Receptor Nuclear Localization Decreases Estrogen Receptor Activity and Tumor Growth in ER+ 

Breast Cancer. San Antonio Breast Cancer Symposium, San Antonio, TX. 

 

D’Amato, NC, B Jacobsen, N Spoelstra, B Babbs, A Elias, J Gertz, and J Richer. (Aug 2015) Inhibiting 

Androgen Receptor Nuclear Localization Decreases Estrogen Receptor Activity and Tumor Growth in ER+ 

Breast Cancer. Hormone-Driven Cancers Gordon Research Conference, Newry, ME. 

 

Nicholas D’Amato Oral presentations: 
Invited oral symposium presentation: Targeting Androgen Receptor in Her2-Driven Breast Cancer. Endocrine 

Society Annual Meeting, June 2013, San Francisco, CA. 

 

Invited short talk: Targeting Androgen Receptor to Inhibit ER+ Breast Cancer Growth. Keystone Nuclear 

Receptors Meeting, January 2014, Taos, NM. 

 

The Role of Androgen Receptor in Estrogen Receptor Activity in ER+ Breast Cancer. Functional Development 

of the Mammary Gland Program Project Grant Retreat, February 2014, Aurora, CO. 

 

Targeting Androgen Receptor to Inhibit ER+ Breast Cancer Growth. UC Denver Anschutz Medical Campus 

Hormone Related Malignancies Retreat, March 2014, Aurora, CO. 

 

Inhibiting Androgen Receptor Nuclear Localization Decreases ER Activity and Tumor Growth in ER+ Breast 

Cancer. UC Anschutz Medical Campus Postdoctoral Research Day, March 2015, Aurora, CO. 

 

Inhibiting Androgen Receptor Nuclear Localization Decreases ER Activity and Tumor Growth in ER+ Breast 

Cancer. Division of Endocrinology Research Conference, March 2015, Aurora, CO. 

 

Invited oral symposium presentation: Inhibiting Androgen Receptor Nuclear Localization Decreases Estrogen 

Receptor Activity and Tumor Growth in ER+ Breast Cancer. Hormone-Driven Cancers Gordon Research 

Conference, August 2015, Newry, ME. 

 

Valerie Barton Oral presentations: 

 

Barton VN, D’Amato N, Richer JK. Androgen receptor (AR) supports a cancer stem cell-like population in 



AR+ triple negative breast cancer. Oral presentation at Gordon Research Conference, Hormone-Dependent 

Cancers, Newry ME, August 2015. 

 

Barton VN, D’Amato N, Richer JK. Androgen receptor in triple negative breast cancer. Oral presentation at 

Obesity-Cancer Retreat, University of Colorado Anschutz Medical Campus, August 2015.  

 

Barton VN, D’Amato N, Richer JK. Androgen receptor (AR) supports expansion of cancer stem-like cells in 

AR+ triple negative breast cancer. Oral presentation at Hormone Related Malignancies Symposium, University 

of Colorado Anschutz Medical Campus, May 2015. 

 

Barton VN, D’Amato N, Richer JK. Endocrine therapy for triple negative breast cancer. Oral presentation at 

Pathology Grand Rounds, University of Colorado Anschutz Medical Campus, October 2014. 

 

Graduate student Valerie Barton Poster presentations: 

Barton VN, D’Amato NC, Gordon MA, Jacobsen BM, Richer JK. Multiple subtypes of triple negative breast 

cancer are dependent on androgen receptor. Presented at San Antonio Breast Cancer Sympoisum, December 

2014. 

 

Barton VN, D’Amato NC, Richer JK. Androgen receptor (AR) supports a tumor initiating population in AR+ 

triple negative breast cancer. Presented at Gordon Research Conference on Hormone Dependent Cancers, 

August 2015. 

 

Postdoc Michael Gordon Poster presentations: 

Gordon MA, D’Amato N, Gu H, Liu B, Elias A, Richer JK. Targeting multiple pathways in breast cancer: 

Androgen Receptor, HER2, and mTOR. Presented at San Antonio Breast Cancer Symposium, December 2014. 

 

Gordon MA, D’Amato N, Gu H, Liu B, Elias A, Richer JK. The anti-androgen enzalutamide synergizes with 

trastuzumab and everolimus to inhibit breast cancer growth via distinct mechanisms. Selcted for oral poster 

preview presentation, Endocrine Society Annual Meeting, March 2015. 

 

Oral presentation at Keystone meeting 2016, Nuclear Receptors Full Throttle – “Targeting multiple pathways in 

breast cancer: Androgen Receptor, HER2, and mTOR”. 

 

Postdoc Jessica Christenson presentations: 

Oral presentation, University of Colorado Denver Hormone-Related Malignancies Seminar Series, 2016: 

Christenson JL, Butterfield K, Spoelstra N, Richer JK. The potential role of AR in TNBC metastasis: 

Characterization of an AR+ immunocompetent model 

 

Abstract and oral presentation, Mammary Gland Biology – Gordon Research Seminar and Conference, 2016, 

Italy: Christenson JL, Butterfield K, Spoelstra N, Norris J, Josan J, Pollock J, Katzenellenbogen B, 

Katzenellenbogen J, Richer JK. MMTV-PyMT and derived Met-1 mouse mammary tumor cells as models for 

studying the role of the androgen receptor in triple-negative breast cancer progression. 

 

 How were the results disseminated to communities of interest?  

June 2013  Nicholas D’Amato gave a presentation to a group of donors for the Colorado Springs, Colorado 

Chapter of the American Cancer Society regarding the AR in breast cancer project.  

 



July 2014  Nicholas D’Amato was invited to Anchorage, AK as the keynote speaker for an event for a new 

local chapter of the American Cancer Society - Making Strides kickoff event. I presented my work in lay 

terms to an audience of 150+ people, and also had separate meetings with physicians, caregivers, and local ACS staff to 
discuss 

 

Dr Richer gave the following lectures locally, at various institutions, and national meetings  
May 2014      MD Anderson Breast Cancer Research Program Retreat One of two Keynote Speakers with Thea 

Tilsty  “Targeting Androgen Receptors in a Subset of Triple Negative Breast Cancers.” 

May 2015  Bayer Scientific Advisory Board Whippany, NJ “Landscape of Androgen Receptors in Breast Cancer 

Subtypes” 

July 2015  Virginia Commonwealth University Department of Pathology Grand Rounds  

Aut 2015   Medivation Inc. SF, CA Update on Androgen Receptors in Breast Cancer Preclinical Models 

Sept  2015 The US Oncology Network McKesson Annual Science Forum, Dallas, TX “Role of Androgen 

Receptors in Breast Cancer” 

July 2015 Virginia Commonwealth University Department of Pathology Grand Rounds  

Aug 2015  Medivation Inc. SF, CA Update on Androgen Receptors in Breast Cancer Preclinical Models 

Sept 2015 Van Andel Institute/Michigan State University, Department of Obstetrics, Gynecology and 

Reproductive Biology “Androgen Receptors in Breast Cancer: Estrogen Receptor alpha. Accomplice, 

Competitor, or Substitute?” 

Feb 2016 Huntsman Cancer Institute, Division of Oncological Sciences “A Potential New Endocrine Therapy for 

Breast Cancer – Even Triple Negative”  

Local: 

2016 March 11 Hormone Related Malignancy Seminar University of Colorado  Cancer Center Anschutz Medical 

Campus “Reflections on AR as a therapeutic target in breast cancer” 

2016 March 7 Breast Cancer Research Program “University of Colorado Cancer Center A potential new 

endocrine therapy for breast cancer- even triple negative 

National Meetings: 

Jan 2016  “Subtype-Specific AR Action in Breast Cancer” Keystone Symposium Nuclear Receptors, Snowbird    

Utah.  

April  2016    “Role of Androgen Receptors in Breast Cancers Resistant to Estrogen Receptor-Directed Endocrine 

Therapies” Endocrine Society Annual Meeting 2016, Boston, Massachusetts,  

May 2016  Richer, JK. Invited short talk “Targeting the Androgen Receptor in Triple Negative Breast Cancer, 

Gordon Research Conference on Mammary Gland Biology and Cancer, Lucca, Italy,  

 What do you plan to do during the next reporting period to accomplish the goals?  

We will finish the drafts of the papers shown in appendix and submit them for publication. We will continue 

studies of Enza in PDX models and try to learn more about basic mechanisms from our RNA-seq and IHC 

analyses. We will continue to analyze patient samples when the new investigator initiated trials are activated. 

IMPACT:  



 What was the impact on the development of the principal discipline(s) of the project?  

These studies are helping to determine the role of androgen receptors in breast cancer and whether new anti-

androgens might be utilized as therapy for breast cancers that fail to respond or reoccur while women are on 

current therapies such as anti-estrogens, trastuzumab or chemotherapy. These studies have provided 

preclinical evidence that the anti-androgen enzalutamide could serve as the first effective targeted therapy 

for a subset of triple negative breast cancers (TNBC). TNBC is the most aggressive type of breast cancer 

and there is currently no effective treatment for TNBCs with de novo or acquired resistance to 

chemotherapy. Our ongoing studies regarding timing (concurrent treatment with chemotherapy and 

enzalutamide versus sequential) will provide valuable information for upcoming clinical trials. Our studies 

on the effect of enzalutamide on the process of metastasis will also inform clinical trial design as will the 

studies of combined therapy with fulvestrant in breast cancer patients with ER+ disease.  

 What was the impact on other disciplines? Our studies of how steroid hormone receptors affect each other 

is definitely pertinent to other cancers and development. Already other investigators and Ventana are looking 

closely at developing our idea of examining the AR to ER ratio not only in breast, but other cancers (lung and 

bladder and others) as we did in our published papers.  

 What was the impact on technology transfer?  

 Transfer of results to entities in government or industry:  The results of this project are also reported to our 

clinical industry partners Medivation Inc and Astellas Pharma who are running the clinical trials of 

enzalutamide in prostate and breast cancer. They are very interested in our preclinical results combining 

enzalutamide with other therapeutics currently being utilized in breast cancer since these results will guide 

the design of further industry or investigator initiated clinical trials. We filed a patent on the idea of 

looking at the AR to ER ratio in breast cancer and the company Ventana signed an agreement to pay the 

filing fees in Europe and to contract some additional sponsored research to design a clinical test to examine 

the ratio of these two receptors using their antibodies potentially simultaneously on the same section of 

tumor.  

 What was the impact on society beyond science and technology?  
 Since we have given reports of our research to several lay audiences in various community settings, we 

believe we are improving public knowledge regarding how hormones typically thought of as male 

hormones (such as androgens) are made by women and do affect women’s health.  

CHANGES/PROBLEMS: Nothing to Report  

Changes in approach and reasons for change  

 Describe any changes in approach during the reporting period and reasons for these changes. Remember that 

significant changes in objectives and scope require prior approval of the agency. 

 Actual or anticipated problems or delays and actions or plans to resolve them. We found that AR protein 

expression in TNBC PDX models was decreasing even after two passages. However, we have now found that 

with androgen treatment, AR is re-expressed and we will now see if that confers an even better response to 

enzalutamide.  

 Changes that had a significant impact on expenditures. Nothing to report. 

 Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or select 

agents  No significant changes, but we had to do a three year re-write of the protocol and that was approved 

by the local IACUC and the DOD.  

Significant changes in use or care of human subjects. None 



 Significant changes in use or care of vertebrate animals. None 

 Significant changes in use of biohazards and/or select agents. None 

PRODUCTS:  

Journal publications.  

In addition to the Cochrane et al 2014 paper below, which was reported in the first Annual Progress report, we 

have published two manuscripts on AR in TNBC. One of these is a primary paper and one an invited review. 

Dawn R. Cochrane, Sebastian Bernales, Britta M. Jacobsen, Diana M. Cittelly,  Erin N. Howe,  Nicholas C. 

D’Amato,  Nicole S. Spoelstra,  Annie Jean,  Paul Jedlicka,  Kathleen C. Torkko,  Andy Protter,  Anthony D. 

Elias and J. K. Richer. Role of the Androgen Receptor in Breast Cancer and Preclinical Analysis of 

Enzalutamide.  BREAST CANCER RESEARCH 2014 Jan 22;16(1). PMID: 24451109 Designated as Highly 

Cited by the journal Breast Cancer Research. 

Barton VN, Gordon MA, Christenson J, D’Amato N, Richer JK. Androgen receptor biology in triple negative 

breast cancer: A case for AR+ and quadruple negative disease subtypes. Hormones and Cancer, 2015 July 23. 

PMID: 26201402 

BartonVN, D’Amato NC, Gordon MA, Lind HT, Spoelstra NS, Babbs B, Heinz RE, Elias A, Jedlicka P, 

Jacobsen BM, Richer JK. Multiple molecular subtypes of triple negative breast cancer critically rely on 

androgen receptor and respond to Enzalutamide in vivo. Mol Cancer Ther.015 Mar;14(3):769-78. Epub 2015 

Feb 23. PMID: 25713333 

We have another paper that is almost ready to submit and it is attached in the appendix. 

 Books or other non-periodical, one-time publications. Nothing to report. 

 Other publications, conference papers, and presentations.  

Dr.Richer presented the following seminars/lectures/posters: 

Dr Richer gave the following lectures: 
May 2014   MD Anderson Breast Cancer Research Program Retreat One of two Keynote Speakers with Thea 

Tilsty  “Targeting Androgen Receptors in a Subset of Triple Negative Breast Cancers.” 

       May 2015  Bayer Scientific Advisory Board Whippany, NJ “Landscape of Androgen Receptors in Breast Cancer 

Subtypes” 

     Aug  2015   Medivation Inc. SF, CA Update on Androgen Receptors in Breast Cancer Preclinical Model 

     Sept  2015   The US Oncology Network McKesson Annual Science Forum, Dallas, TX “Role of Androgen   

Receptors in Breast Cancer” 

 Website(s) or other Internet site(s): 

Expert Opinion piece in Oncology PracticeUpdate http://www.practiceupdate.com/journalscan/9370 or 

http://prac.co/j/5960d32c-988b-423e-ba24-14ca5c8cc39a?elsca1=soc_share-this acknowledgement of 

federal support –no 

http://prac.co/j/5960d32c-988b-423e-ba24-14ca5c8cc39a?elsca1=soc_share-this


 

Highlight of Cochrane DR et al Breast Cancer Research 2014 in Feb issue of 2014 NATURE 

REVIEWS CLIICAL ONCOLOGY. acknowledgement of federal support –yes   

 Technologies or techniques. None 

 Inventions, patent applications, and/or licenses 

Richer et. al., PCT Patent Application WO 2014/031164 filed March 15, 2013, “Methods for Determining Breast 

Cancer Treatment.”  

 

Protter and JK Richer, PCT Patent Application PCT/US2012/48471 Serial No. 14/236,036 filed on January 29, 

2014  “Treatment of Breast Cancer.” 

 Other Products 

data or databases- we now have databases of genes expression data from the following experiments. 

ER+ MCF7 breast cancer cells treated in vitro with vehicle, enzalutamide alone, estradiol alone (E2), E2 

plus enzalutamide for 48 hrs. 

ER+ MCF7 breast cancer cells grown as xenografts in nude mice treated with E2, E2 plus tamoxifen, or 

E2 plus enzalutamide. 

HCC1806 TNBC breast cancer line treated in vitro with either vehicle, DHT, enzalutamide alone, DHT 

plus enzalutamide. 

SUM159 treated in vivo. 

Are working on two TNBC PDX treated in vivo with or without DHT 

 biospecimen collections; 

formalin fixed paraffin embedded xenograft tumors from the following experiments: 

MCF7 tumors grown in nude mice and treated with either E2, E2 plus tamoxifen, E2 plus enzalutamide or in 

a separate experment, the same treatments plus the combination of E2 plus enzalutamide and tamoxifen.  

Triple negative breast cancer (TNBC) cell line SUM159PT grown as xenograft tumors in mice treated with 

control rodent chow or enzalutamide containing chow. 

TNBC cell line HCC1806 grown as xenograft tumors in mice treated with control rodent chow or 

enzalutamide containing chow. 

 research material (e.g., Germplasm; cell lines, DNA probes, animal models); We have generated luciferase 

labelled breast cancer cell lines to image by IVIS and put nuclear red and green expression vectors in these 

lines to utilize the Incucyte machine to count the number of red or green nuclei to do real time proliferation 

assays with enzalutamide alone or in combination with standard therapies for breast cancer. 

 Biopsies (frozen and FFPE) cores obtained from Phase 1 trial are stored with our Pathology Core.  

 What individuals have worked on the project?  



nel since the last reporting period? Nothing to Report." 

No changes in active support for the PD/PI(s) or senior/key personnel. 

 What other organizations were involved as partners? Medivation Inc. and Astellas Pharma are the 

Industry partners. 

SPECIAL REPORTING REQUIREMENTS  

 COLLABORATIVE AWARDS: Partnering PI, Dr. Anthony Elias has sent a separate report on the clinical 

progress.  

 APPENDICES: The Appendix contains the following documents 

1. Description of two tiers of CAP antibody validation:  validation to provide prognostic 

information requires 10 positive and negative cases, examination by a pathologist and 

sign off on documentation. Validation for predictive markers such as ER/PR and HER2 

much more extensive.  

2. Documentation of  AR staining in a CLIA certified lab, but all IHC funded by this 

grant is for research purposes only – no clinical decisions are being made based on AR 

staining in the initial biopsy trial or in our future trials.  

3. Prostate diagnostic lab documentation of AR staining with Ventana/Cell Marque 

AR antibody 

4. Explanation of AR and ER mutation analysis 

5. Results of mutation analysis in 6 patients from Phase 1 trial of Enza. 

6. CLIA certificate of two labs we are using for our AR IHC. 

7. RPPA technology and methods 

8. D’Amato NC, MA Gordon, BL Babbs, NS Spoelstra, KT Butterfield, KC Torkko, 

VT Phan ,VN Barton, TJ Rogers, CA Sartorius, AD Elias, J Gertz, BM Jacobsen, 

and JK Richer. Cooperative Dynamics of AR and ER Activity in Breast Cancer. 

Molecular Cancer Research, accepted Aug 2016. 

9. Barton VN, Christenson JL, Rogers TJ, Butterfield K, Babbs B, Spoelstra NS, 

D’Amato NC, Richer JK (2016) Androgen receptor supports a cancer stem cell-like 

population in triple-negative breast cancer. In preparation. 

10.  Gordon MA, D’Amato NC, Gu H, Babbs B, Butterfield K, Liu B, Elias, Richer JK. 

Dual inhibition of androgen receptor and mTOR in breast cancer.  In Preparation. 

 

 

 



CAP designates antibody validation under two “tiers”. Normal validation to provide prognostic 
information only requires 10 positive and 10 negative cases.  Examination by pathologist, and 
sign off on the documentation.  Validation for predictive markers such as ER/PR and Her2 are 
MUCH more extensive and involve the following: 

1.       Pre-analytics.  You must be able to document formalin fixation time of all specimens 
used for validation and the tissue processing procedures (times, solutions, etc).  This is a 
requirement for Her2, but is applicable to all predictive markers.  Formalin fixation time 
of 6 to 72 hours are required.  Tissue must be placed in formalin within 1 hour of 
collection.  All specimens must be submitted in 10% neutral buffered formalin.  Any 
other fixative would require complete revalidation.  Specimens accepted from outside 
institutions must be accompanied with documentation of formalin fixation 
time.  Decalcification of tissues must be noted on the requisition form, and requires the 
use of a disclaimer on the surgical pathology report indicating that the predictive marker 
has not been validated on decalcified tissues and the results should be interpreted with 
caution due to the likelihood of false negatives. 

2.       Documentation of microscopic criteria to determine positive/negative results and 
appropriate scoring system to include but not limited to, percent + cells, staining pattern. 

3.       Annually, the lab must compare it’s patient results to published benchmarks and no 
more than 10-15% of the cases evaluated may be negatives. 

4.       Annually, each pathologist that interprets results must be compared to each other for 
concordance, and competency levels must be established and documented. 

5.       Validation of the testing method requires 40 cases (20+ and 20-) for each FDA-cleared 
test.  Laboratory developed tests (of which AR would be) must have a higher number of 
cases (left to the discretion of the medical director, so 25+ and 25- would be 
adequate).  If changing methodology, as in the case of changing antibody or staining 
method, revalidation is necessary and concordance levels must be 90% for positive cases 
and 95% for negative cases compared to the established method. 

These requirements represent about 1% of what it takes to operate a CAP/CLIA lab.  Validating 
an antibody for CAP/CLIA includes many hours of documentation of procedures and policies 
not relating directly to staining or scoring slides.  There are ~400 line items that must be 
documented.  CAP amends these requirements to include more documentation eachyear.    

E. Erin Smith, HTL(ASCP)CMQIHC, Histopathology Supervisor 
 UC Denver Pathology 
Histology Subspecialty Laboratory 
12605 E. 16th Ave, AIP-1 Room 3.000 
Aurora, CO 80045  Phone: 720-848-4281  Fax: 720-848-4233 
 Research Histology Shared Resource 
12800 E. 19th Ave, P18-5404G 
Aurora, CO 80045  Phone: 303-724-3775  Fax: 303-724-3781 
  







AR & ER mutations 

 

AR develops more spontaneous mutations than almost any other protein (1). Point-mutations within the 

ligand binding domain often develop after chronic anti-androgen treatment leading to drug resistance 

(2). In prostate cancer cell lines, chronic enzalutamide treatment leads to a missense mutation (F876L) 

within AR that causes resistance and partial agonist activity (3-5). In prostate cancer patients treated 

with a second-generation anti-androgen (ARN-509) similar to enzalutamide, the F876L mutation arose in 

approximately 10.3% of patients (3/29). The mutation was first observed between 28-60 weeks post-

treatment initiation and correlated with tumor recurrence as measured by serum PSA levels (4).   

Mutations to ER are much less common than those observed in AR and are found primarily in the 

metastases of breast cancer patients previously treated with anti-estrogens. Similar to AR mutations, 

however, ER mutations are predominately located within the ligand binding domain and are responsible 

for resistance (6). The most commonly observed ER mutation is the D538G mutation that enables 

constitutive ligand-independent activity of the ER. It was observed in 38% of metastases from patients 

with endocrine resistance, but was not found in the matched primary tumors of these patients (7).   

 

1. Gelmann EP. Molecular biology of the androgen receptor. J Clin Oncol 2002;20:3001-15. 
2. Eisermann K, Wang D, Jing Y, Pascal LE, Wang Z. Androgen receptor gene mutation, rearrangement, 

polymorphism. Transl Androl Urol 2013;2:137-47. 
3. Balbas MD, Evans MJ, Hosfield DJ, Wongvipat J, Arora VK, Watson PA, et al. Overcoming mutation-

based resistance to antiandrogens with rational drug design. Elife 2013;2:e00499. 
4. Joseph JD, Lu N, Qian J, Sensintaffar J, Shao G, Brigham D, et al. A clinically relevant androgen 

receptor mutation confers resistance to second-generation antiandrogens enzalutamide and ARN-
509. Cancer Discov 2013;3:1020-9. 

5. Korpal M, Korn JM, Gao X, Rakiec DP, Ruddy DA, Doshi S, et al. An F876L mutation in androgen 
receptor confers genetic and phenotypic resistance to MDV3100 (enzalutamide). Cancer Discov 
2013;3:1030-43. 

6. Toy W, Shen Y, Won H, Green B, Sakr RA, Will M, et al. ESR1 ligand-binding domain mutations in 
hormone-resistant breast cancer. Nat Genet 2013;45:1439-45. 

7. Merenbakh-Lamin K, Ben-Baruch N, Yeheskel A, Dvir A, Soussan-Gutman L, Jeselsohn R, et al. D538G 
mutation in estrogen receptor-alpha: A novel mechanism for acquired endocrine resistance in breast 
cancer. Cancer Res 2013;73:6856-64. 

 

SNaPshot methods 

Mutational analysis of the samples is performed using the SNaPshot Multiplex Reagent Kit (Applied 

Biosystems, Foster City CA) and custom primer and probe sets.  Target regions are PCR amplified and 

then probed with the SNaPshot multiplex reagent and custom probes that hybridize one base 5’ to the 

base of interest.  A labeled dideoxy NTP is incorporated, and the resultant labeled probe is visualized 

using a capillary sequencer.  Sample DNA is extracted from FFPE source material using the QiaAmp DSP 

FFPE DNA Extraction Kit (Qiagen, Valencia CA).  Target regions of the AR and ER genes are amplified 

using custom primer sets (IDT, Coralville Iowa):  ARForward:  TGCGAGAGAGCTGCATCA, ARReverse:  



GAAAGGATCTTGGGCACTTG, and ERForward:  CAGCATGAAGTGCAAGAACG, ERReverse:  

GATGAAGTAGAGCCCGCAGT.  PCR amplification is performed with the Kapa 2G Robust Hot Start 

Polymerase system (Kapa Biosciences, Wilmington MA), using the following conditions:  5µl Buffer A, 5µl 

Enhancer 1, 0.5µl 10mM dNTPs, 0.5µl 10µM Forward Primer,  0.5µl 10µM Reverse Primer, 12.4µl Water, 

0.1µl Kapa 2G Robust HotStart Enzyme, and 1µl DNA sample (5-50ng).  The PCR reaction mix is amplified 

on a 9700 Thermocycler (ABI, Foster City CA) under the following cycling conditions:  96°C-3min, 20 

cycles:  [94°C-15sec, 65°C-15sec (-0.5°C per cycle), 72°C-15sec], 20 cycles:  [94°C-15sec, 55°C-15sec, 

72°C-15sec], 72°C-10min.  The PCR products are treated with 5µl ExoSAPit (Affymetrix, ) and incubated 

on the thermocycler (37°C-60min, 80°C-20min) to remove unincorporated primers and dNTPs.  The 

resultant PCR products are probed using 5µl SNaPshot reagent, 3µl PCR template, and 2µl 10µM custom 

probes:  AR2626_Rev:  GATCGATCGATCGATCGATCGATCGATCTACTTGATTAGCAGGTCAAAAGTGA (base 

2626, codon 876), AR2629_Rev:  GATCGATCGATCGATCGATCGATCGATCTACTTGATTAGCAGGTCAAAAG 

(base 2629, codon 877), ER1609_Rev:  

GATCGATCGATCGATCGATCGATCGATCGATCGATCGCATCTCCAGCAGCAGGTCAT (base 1609, codon 537), 

ER1610_Rev:  GATCGATCGATCGATCGATCGATCGATCAGCATCTCCAGCAGCAGGTCA (base 1610, codon 

537), ER1613_Rev:  GATCGATCGATCGATCTCCAGCATCTCCAGCAGCAGG (base 1613, codon 538).  The 

SNaPshot reactions are run on the 9700 thermocycler under the following conditions:  96°C-30sec, 25 

cycles [96°C-10sec, 55°C-15sec, 60°C-1min].  The SNaPShot reaction is treated with 1µl Antarctic 

Phosphatase (New England Biolabs) and incubated on the thermocycler (37°C-60min, 80°C-20min) to 

remove unincorporated dNTPs.  The final SNaPshot products are diluted 1:50 and run on a 3730 capillary 

sequencer (Applied Biosystems) to resolve the labeled probes.  Chromatograms are analyzed using 

Genemapper 5 software (Applied Biosystems) and single-base sequence at the site of interrogation is 

determined by the color of the probe label. 

 

 

 

 

 



Panel

Sample ID AR876_R AR877_R ER1609_R ER1610_R ER1613_R

CUD000006535 01-001-01 WT WT WT WT WT

CUD000006536 01-001-02 WT WT WT WT WT

CUD000006537 01-001-Archival WT WT WT WT WT

CUD000006538 01-002-Archival WT WT WT WT WT

CUD000007433 01-003-Archival WT WT WT WT WT

CUD000006691 01-003-01 WT WT c.1609T>A, p.Y537N WT WT
CUD000006539 01-004-01 WT WT WT WT WT

CUD000006540 01-004-02 WT WT WT WT WT

CUD000006541 01-004-Archival WT WT WT WT WT

CUD000006542 01-005-01 WT WT WT 1610A>C, Y537S WT

CUD000007119 01-005-003 WT WT WT 1610A>C, Y537S WT
CUD000006543 01-005-Archival WT WT WT 1610A>C, Y537S WT

CUD000006692 01-006-Archival WT WT WT WT WT







1 
 

Reverse Phase Protein Microarray (RPPA) 
 

The Reverse Phase Protein Microarray (RPPA) technology has been developed to address the 
analytical challenges of the sandwich and forward phase protein arrays (e.g. mismatch of 
sandwich antibody affinity, imprecision within and between analytes, and poor sensitivity).  The 
platform has been designed to enable non-subjective, quantitative, multiplexed analysis of 
specific forms of cellular proteins (e.g. phosphorylated, unphosphorylated, and cleaved) from a 
limited amount of starting sample, such as with a fine needle aspirate or laser capture 
microdissected (LCM) cellular material to procure pure populations of the target cells of interest. 
Particularly suited for clinical tissue samples, RPPA uses a single antibody directed against the 
epitope of interest (Figure 1).  
 
A key attribute of the RPPA is the ability to quantitatively measure hundreds of signaling 
proteins concomitantly from only a few thousand cells, thus providing a critical means of broad-
scale cell signaling analysis directly from tissue samples, cell culture models, and animal tissues 
from pre-clinical studies. The RPPA technology, invented and in our (Petricoin/Liotta) laboratory 
and now optimized for routine clinical sample analysis (1-15), is currently being employed as a 
CLIA assay under development and evaluation within the CAP/CLIA accredited proteomics 
laboratory within the Center for Applied Proteomics and Molecular Medicine at George Mason 
University. No other technology can measure the activity of as many signaling proteins at once 
from such small amounts of input material. 

 
                        Figure 1: Reverse Phase Protein Microarrays 
 

 
 

Figure 1.  Reverse Phase Protein Microarrays (RPPA) 
immobilize the test sample analytes (eg. lysate from laser 
capture microdissected cells) on the solid phase.  An 
analyte-specific ligand (e.g. antibody) is applied in the 
solution phase (Capture).  Bound antibodies are detected 
by secondary tagging and signal amplification (Signal 
Generation). 1 
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The RPPA  consists of the following major steps.  A graphic presentation of the testing process 
is presented in Figure 2. 
 
 

Figure 2: Overview of RPPA 
 
 
 

A selection of peer-reviewed publications contains extensive detailed description of the basic 
core components RPPA methodology (1-15). The RPPA format immobilizes an individual test 
sample in each array spot.  An array can be comprised of up to hundreds of patient samples or 
cellular lysates.  Each array is incubated with a single primary antibody and a single analyte end 
point is measured.  Since RPPAs maintain the concentration of the input sample, the sensitivity 
is greater as compared with a forward phase, (e.g. antibody array) probed with the same small 
number of input cells.  

 
With the RPPA technology, serial dilutions are printed of each sample, control or standard, to 
maintain sample concentration.  Each spot contains a bait zone measuring only a few hundred 
microns in diameter.  The detection probe can be tagged and signal amplified independently 
from the immobilized analyte protein.  Coupling the detection antibody with highly sensitive 
amplification systems can yield detection sensitivities to fewer than 1,000 to 5,000 molecules 
per spot with good linearity (correlation coefficient or R2 = 0.990-0.999) and inter-experiment 
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precision (R2= 0.973).  Between run and within run analytical precision is between a 3-13% CV 
(coefficient of variation) (7). 

 
The RPPA technology has been developed and optimized for performance as a fluorescent-
based calibrated assay, generally identical in design and analysis to standard ELISA or 
standard clinical immunoassays. As a calibrated assay, each  assay consists of: 

a. Experimental patient samples printed in triplicate two-spot dilutions (neat and 
1:4) 

b. High, medium, and low controls printed in triplicate two-spot dilutions (neat 
and 1:4) 

c. A calibrator, consisting of a 6-10-point curve whereby the analyte of interest 
is decreasing in concentration in the background of a constant protein 
concentration. 

 
The analyte concentration is thereby determined by extrapolation to a non-
parametrically determined curve fit of the calibration curve and reported in 
relative fluorescent units (Figure 3, below) 
 
 
 

 
Figure 3. Illustrated schematic of a typical RPPA slide configuration 
 

 

Sample Preparation for Microarray 
 
In order to prepare the sample for arraying, proteins are extracted from the LCM polymer cap as 
a whole cell lysate using a heated sodium dodecyl sulfate-based lysing solution which produces 
a denatured lysate suspended in the sample/extraction buffer.   
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The optimal extraction buffer for extracting proteins from tissue cells that have been procured by 
LCM, with the purpose of performing reverse phase protein arrays, consists of a detergent, 
denaturing agent and buffer.  This buffer is an efficient denaturing extraction buffer for the 
extraction and solubilization of cellular proteins from fixed and frozen tissue. An array layout grid 
is used to determine exact placement of sample and control cell lysates on the printed 
microarray. Cell lysate solutions for each sample, of a known volume and concentration are 
loaded into 384 well microtiter plates.  Microtiter plates are specifically labeled and loaded into 
the well plate hotel in the correct order. 
 
The RPPA uses slides coated with nitrocellulose.  This type of slide is chosen for its high 
binding capacity, high surface area, minimum effect on protein structure, and intrinsically low 
background signal.  For the printing run, up to 100 slides, (10 slides/platen and 10 platens within 
the Substrate Hotel), can be loaded into the Aushon 2470 Arrayer at a time.    
 

Array Preparation 

The Aushon 2470 Arrayer has a general software program to manage the printing process.  The 
program enables customization of array printing, with parameters such as top and left offset of 
printing, depositions/feature, slide lot number, number of replicates, dwell time for pins, total 
number of immersions, maximum number of extractions and wash sequences.   
 
 
Calibration of Values 
 
As shown in Figure 3, each array contains a printed calibrator(s), a series of cell lystates derived 
from cells treated with a variety of mitogens such that broad pathway activation has been 
achieved. The calibrator(s) will consist of 6 – 10 dilutions of whole cell lysates from stimulated 
and unstimulated cells (eg. HeLa cells treated and untreated with pervandate for 30 minutes; 
jurkat cells treated and untreated with calyculin for 30 minutes; A431 cells treated and untreated 
with EGF for 30 minutes) pre-mixed in various ratios such that the total protein in any spot does 
not change, but the phospho-analyte changes in a predictable and defined concentration.   
Another type of calibrator can be prepared by spiking-in known amounts of recombinant protein 
or peptides that correspond to the target analyte and react specifically with antibodies directed 
to the target protein into a lystate that does not contain the target analyte. We print the EXACT 
SAME CALIBRATOR ON EVERY SINGLE SLIDE. The defining characteristic of this calibrator 
is that protein concentration does not vary but staining intensity does. Much like a clinical assay 
run in a diagnostic laboratory, each experimental value is extrapolated to a non-parametric 
curve fit of the calibrator within he region that span the dynamic range of the population such 
that results can be compared over time and across arrays. The calibrator is defined either in 
absolute amounts (if the analyte concentration is known), or in relative units (RUs) if the 
absolute amount of the analyte within the calibrator is not known. Most applications will use RU 
calibration units.  
 
Data Normalization 
Each protein analyte value is normalized to the total amount of protein printed on that spot by 
first incubated the slide with a florescent stain (Sypro Ruby Blot Stain, Molecular Probes, 
Eugene OR) that binds to proteins without bias and does not interfere with subsequent antibody 
binding. The protein loading value is also obtained by a calibrated assay technique. ON EVERY 
SLIDE WE PRINT A PROTIEN CALIBRATION CURVE OF THE EXACT SAME SAMPLE ON 
EVERY SINGLE SLIDE. This total protein calibrator consists of a protein lysate, which upon 
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dilution, spans the linear dynamic range of protein concentraion. Each sample value is then 
extrapolated to the calibrator. Consequently, while the total amount of protein may vary in any 
given sample compared to each other- thus affecting phopsho-protein measurements for each 
sample, this variance is greatly minimized by such a normalization procedure. 
 

Blocking Procedure 
Once arrays have been printed and stained for total protein, slides undergo a blocking 
procedure.  Casein based solutions provide a uniform protein solution capable of binding to non 
antigenic sites on nylon, PVDF and nitrocellulose membranes.  Casein blocks these sites, 
inhibiting binding of antibody.  This results in reduced background staining for reverse phase 
protein arrays.  
 

Staining and Image Acquisition 
 

Arrays are probed using an antibody specific for the phospho-protein, or any protein analyte. 
Our current repertoire consists of over 350 phopshoproteins that have been extensively pre-
validated for specificity using Western blotting and peptide competition.  A Dako Cytomation 
Autostainer (FDA approved for the HercepTest) is used to perform the staining procedure.  This 
includes the processes of incubation with primary antibody, specific for the analyte of interest as 
well as incubation with secondary antibody.  A signal is generated using a near-IR fluorescent 
dye (LICOR Biosciences) that is coupled to the secondary antibody. The current iteration of the 
RPPA uses a fluorometric image capture processing system (e.g. NovaRay, Alpha Innotech) for 
image acquisition.  The system measures the sample’s fluorescence intensity value, subtracts 
the background, normalizes the result to the total protein, and extrapolates the value to the non-
parametrically fit calibration curve to generate a final intensity value. The median of the triplicate 
values is reported. 
 
 
Correlation of Calibrated Values with Clinical Outcomes 
Calibrated values of patient samples are correlated with outcomes results (discontinuous 
variables (alive v dead, long v short survival), or continuous variables (overall survival, disease 
free survival, time to progression, etc). These values are usually reported in days, weeks or 
months. Statistical analysis is used for the correlative findings. Parametric (e.g, Student t-test) 
or non-parametric (e.g. Wilcoxon Rank Sum) of mean comparison is used, Kaplan Meir and 
ROC curves are used to uncover relationships between continuous clinical variables and 
continuous calibrated values. Optimally, any optimal cutpoint found by such analysis should be 
tested in independent study sets using ROC and or KM type analysis.  
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            July 29th, 2016 
 
Dear Dr. Knudsen, 
 
Thank you for the review of our manuscript now titled “Cooperative Dynamics of AR and ER Activity in Breast Cancer,” 
as per the editor’s recommendation. We appreciate the reviewers’ comments and suggestions, and guided by the 
reviews, we have revised the manuscript as described point by point below. 
 
Reviewer’s Comments: 
Reviewer #1:  
1. In the Results section, page 9, the authors should rephrase the comment "to confirm that this is not due to off-

target effects of Enza" as the experiments in Fig. 1 do not adequately address this issue.  
We have eliminated this comment from the sentence since this doesn’t directly disprove off-target effects. 
However, as mentioned in the next comment, we feel that when considered together, the similar effects of two 
different anti-androgens and the AR shRNAs demonstrate that the effects are AR-specific. 

 
2. It would be helpful to examine Enza effects in an ER+AR- control cell line and after knock down of AR 

We agree that testing this in an ER+/AR- cell line would be interesting. However, all ER+ breast cancer cell lines 
that we have tested are AR+. Since we observe nearly identical effects between Enza and MJC13, two different 
anti-androgens that reduce nuclear translocation but bind to different regions of AR, and these results are also 
phenocopied by AR knockdown, we feel that these data are sufficient to show that the decreased proliferation 
in response to Enza is unlikely to be due to off-target effects. 

 
3. The sentences on page 9 (shown below) are confusing and require clarification. The authors conducted 

experiments in charcoal stripped serum with and without estradiol stimulation. Since charcoal stripped serum is 
also depleted of androgens, these conditions may not necessarily mimic those found in postmenopausal women 
treated with aromatase inhibitors who may experience higher levels of androgens. "Most studies of AR function 
in breast cancer focused on the effect of androgen stimulation in the presence of E2 in hormone depleted media. 
However, we believe it is more relevant to study the effects of antagonizing AR either in the absence of E2 to 
model postmenopausal women with breast cancer treated with aromatase inhibitors, or in full serum, which 
contains androgens as well as sufficient estrogens to induce ER activity and genomic binding (31)." 

Based on this suggestion, we have now clarified this section to more clearly explain the experimental conditions 
and their rationale. Specifically, our reference to mimicking “postmenopausal women with breast cancer treated 
with aromatase inhibitors” who may experience higher levels of androgens, is referring to our data from 
experiments in charcoal stripped serum with and without DHT stimulation demonstrating that DHT is 
proliferative in breast cancer cells in the absence of E2. Additionally, in this manuscript we show new in vivo 
data using the PT12 xenograft model demonstrating that DHT is proliferative in an additional ER+/AR+ model in 
ovariectomized mice. 
 

4. Does knockdown of AR and/or treatment with Enza regulate ER protein levels in ER+AR+ breast cancer cell lines? 
This is an important control that is missing throughout the manuscript. 



This is an important question, and we have replaced the western in Figure 1c with a new western blot showing 
that AR knockdown does not significantly alter ER protein expression levels. We also include here a western blot 
demonstrating that two different AR siRNAs do not alter ER protein levels (Reviewer Figure 1a). In addition, we 
have previously published that in longer-term in vivo experiments, enza treatment did not significantly alter ER 
expression, although ER localization was more cytoplasmic and less nuclear (1). Importantly, as described in the 
current manuscript (page 11 and Figure 3a), ER is also more cytoplasmic with enza treatment in short-term in 
vitro assays (3 hrs) as determined by ICC and nuclear fractionation. 

 
5. Is E2 stimulation of AR chromatin binding blocked by tamoxifen (Fig. 4)? 

This is an interesting an important question, but we believe it is beyond the scope of the current manuscript. We 
are currently working on further experiments to address this question and better understand the mechanistic 
details of AR activity in response to E2 stimulation. 

 
6. Please explain in Fig. 1c the difference in proliferation between cells expressing shAR17 compared to shAR15, 

since both constructs seem to be equally effective in knocking down AR (as demonstrated in the blot in Fig. 1c) 
and in their similar effects on E2 stimulated relative proliferation in Fig. 1f. 

The new western blot for Figure 1c (as mentioned above in #4) more accurately shows that the cells with 
shAR17 have slightly more AR protein than those with shAR15, which may explain why shAR17 does not produce 
quite as strong a decrease in proliferation in normal serum-containing media. However, both shRNA constructs 
targeting AR result in a significant decrease compared to the non-targeting control. While not as strong as 
shAR15, the shAR17 construct decreased AR sufficiently to reduce E2-induced proliferation in CSS-containing 
media. 

 
7. Although the authors show that estradiol did not promote AR nuclear localization in MDA-435 cells (Fig. 3f), 

additional experiments confirming that estradiol does not act as a weak AR agonist should be included to 
definitely rule out this possibility. 

The reviewer brings up an intriguing possibility. We have also performed these experiments in another ER-/AR+ 
breast cancer cell line, MDA-MB-231, and found similar results (now mentioned on page 11 and shown as 
Supplementary Figure S2a). Additionally, numerous publications have documented that E2 binds AR with 
approximately 100-fold lower affinity than DHT in breast cancer cells (2,3). However, there are reports that E2 
can act as a weak agonist on AR in the presence of the cofactor ARA70 (4,5). This is a plausible mechanism by 
which AR could be translocated to the nucleus in response to E2, to a lesser extent than in response to DHT (as 
shown in Figure 3b). This would in no way contradict our data, and we now speculate on this possibility in the 
discussion on page 20. We are actively testing these hypotheses and plan to report the results in a future 
manuscript.  

 
8. It is perplexing how Enza (a competitive antagonist) blocks AR function in the absence of ligand (CSS media 

conditions). What is a probable mechanism? 
We do not report any instance of enza blocking AR function in the absence of any hormone. All experiments in 
this manuscript were conducted either in CSS media + hormone (E2 or DHT) or in media containing full (not CSS) 
serum, which contains androgens. 

 
9. There are several examples in which the data are plotted in an unconventional manner or where there are 

inconsistencies in use of cell lines or controls. For example it would be better to show cell cycle distribution in the 
various conditions in Fig. 1e and not % increase in S/G2/M; it would be more helpful if the synergy experiments 
(Enza plus either tamoxifen or fulvestrant) in Fig. 5 were conducted in the same cell lines; pertaining to soft agar 
assays, colony size and colony number should both be reported; a combination treatment arm (anti-estrogen plus 
Enza) is missing in Fig. 6a. 

We have changed Figure 1e to report the % of cells in S/G2/M, instead of the percent change. For the synergy 
experiments, these experiments are representative of many different cell lines and repetitions, and we believe 
showing that the synergy occurs in multiple cell lines, including those from PDXs, is important. In Figure 6a, the 
combination was not done in this experiment, as we were testing the ability of two different anti-androgens to 



inhibit growth as single agents. We then pursued the combination in the soft agar experiment in Figure 6b. In 
Figure 6b we now show both colony number and colony size. 

 
10. It is unclear why the xenografts from the tamoxifen resistant cell line are inhibited by tamoxifen (Fig. 6d). 

This is the first time this model of tam-resistant MCF7 cells (6) has been used in vivo. While the MCF7-TamR cell 
line is resistant to Tam in vitro, it is not completely refractory in vivo. That said, the growth inhibition by Tam is 
not significant compared to CTRL, and is minimal when compared to prior experiments using a non-resistant 
MCF7 cell line (1). 
 

11. There are several issues related to the statistical analysis of the data. The authors should only use parametric 
statistical analysis (such as T test and ANOVA) when appropriate. Parametric tests lose power when used 
inappropriately.  

We consulted with our statistician and now use more appropriate tests for the data as recommended. If the 
data did not meet the assumptions for a parametric test, we tried transforming the data and dealing with 
potential outliers. If this did not work, we used a non-parametric equivalent. We have modified the methods to 
describe these changes. 

 
In general:  All the Figure Legends should include the statistical value (for example: in a Student's T test the T 
value obtained, in an ANOVA analysis the F value, as well as the p values.) 

We removed the individual p-values from each figure legend in order to save space. However, we have now 
placed that information back into each legend as requested. We have made it more clear in the figure legends 
and methods exactly what type of test used, the type of error bars, and the sample sizes for each figure. 

 
In particular:  
For Fig 1f: The T test seems inappropriate for the data analyzed (please see note below). The standard errors of 
the different groups (veh vs E2) suggest lack of homogeneity of variances between groups. It is highly likely that 
with the appropriate statistical analysis the proliferation under E2 treatment in both AR knockdowns will be 
significantly higher than for the vehicle treated groups.  

In Figure Fig 1F we tested if the variances were unequal between Veh and E2 and only shAR15 was different. 
When we did a t-test assuming unequal variances, the non-significance for shAR15 held. With only 6 samples in 
each group, it is not really meaningful to test if the data are normally distributed to meet the assumption of a t-
test. Graphing the data showed some potential for skewed data. We therefore did a Wilcoxon rank sum on each 
pair of Veh-E2. The results did not change; Veh-E2 for shAR15 and shAR17 are still not significantly different. 
Appropriate changes were made to the Figure legend and text. 

 
For Fig 4d: The ANOVA test performed seems inappropriate for the data analyzed (see note below). The standard 
error of the different groups suggests lack of homogeneity of variances 

We apologize if it was unclear how the data were analyzed. ANOVA was performed separately for each gene (i.e. 
differences in binding events between the 4 conditions for ZBTB16 were examined using ANOVA and Dunnett’s 
multiple comparison test, comparing each condition vs Veh, and this was repeated separately for each binding 
region.). Thus the samples with the higher standard error (ZBTB16) are only compared amongst themselves. 
Since these reactions were done in triplicate, it is not really meaningful to test if the data are normally 
distributed. 

 
Fig 7e: The T test seems inappropriate for the data analyzed (please see note below) 

Thank you for your comments regarding the statistical tests. Since the data at different time points represent 
repeated measures on the same tumors, we tried to do a repeated measures mixed models (the time points 
were unequal and the data were unbalance, which precluded a repeated measures ANOVA). The data, 
however, failed to meet the assumption of a normal distribution despite trying different types of data 
transformation. We therefore did a non-parametric Wilcoxon rank sum test on the two treatment groups at the 
last time point at week 12 for this metastasis experiment. We have updated the text and methods accordingly. 

 
Reviewer #2: 



 
1. Are AR mRNA levels detected in the PT12 line. Such data would be nice to add as supplementary data to provide 

further support of positive AR status of the cell line. 
AR transcript was detected in the PT12 xenograft RNAseq experiment. We did not show the data since no 
significant change in mRNA expression was observed between CTRL and Enza-treated tumors. We do show a 
western blot of AR in the PT12 cells as well as AR IHC in the PDX early passage (Supplementary Figure S6).  

 
2. Are the mice ovariectomized? Please add to Methods section to clarify. 

Experiments with DHT were performed in ovariectomized NOD-SCID-IL2Rgc–/– mice, while PT12 experiments 
with E2 were performed in non-ovariectomized NOD-SCID-IL2Rgc–/– mice since the E2 pellet overrides the 
estrus cycle. This information is included in the Methods section under the “Tumor Studies” heading. 

 
3. Fig 1 - Do Enz and MJC13 affect ER levels? 

We have added this data to Figure 1c showing that ER is not affected when AR is knocked down by shRNA, and 
show in Figure 3a that ER nuclear localization, rather than total expression, is altered by Enza and MJC13.   

 
4. Fig 2 - Authors show nicely how anti-androgens decrease ER binding. Is there also a shift in ER binding, ie are new 

binding sites generated? The answer would be informative (even if negative), and should be added. 
In summary, there is no reproducible shift to new ER bound sites due to anti-androgens, and this is now 
mentioned on page 11 of the manuscript.  Specifically, there are 50 new sites identified with enza treatment and 
105 new sites identified with MJC13 treatment, representing less than 1% of the total ER binding sites. However, 
upon closer inspection, these new sites are simply the result of thresholding differences, but the ChIP-seq signal 
is similar between E2 alone and E2 with anti-androgens.  Of the new sites identified with anti-androgens, none 
of them overlap between MJC13 and enza treatment. 

 
5. Would be great if authors can speculate a bit more on mechanism of E2-induced relocation of AR. 

This is an interesting and important question, and it is an active area of research in our lab. One possibility is that 
the transcriptionally-active chromatin environment following E2 treatment may allow for DNA binding of AR that 
is activated independent of ligand via growth factor pathways such as MAPK. Alternatively, there is evidence 
from other groups that E2 can act as a weak AR agonist in the presence of the AR cofactor ARA70 (4,5). 
However, we only observe AR moving to the nucleus in response to E2 in the presence of ER, so we doubt the E2 
binding to AR “promiscuity” theory. We are actively testing these hypotheses and plan to report the results in a 
future manuscript. 

 
6. Method for additive vs synergy should be defined in Methods. 

For the determination of additive vs synergistic effects we used Calculsyn software, as described and cited in the 
Methods section and Figure 5 legend. A Combination Index value less than 1 is indicative of synergy. The citation 
provides details regarding the calculations. 

 
7. Is AR induced in TamR models? 

There is data showing that AR overexpression can lead to Tam resistance in vitro and in vivo (7). In this particular 
model of acquired Tam resistance (6), we do not see elevated AR expression in the TamR cells compared to 
parental MCF7s. Interestingly, FOXA1 protein expression is higher in the TamR cells (now included as 
Supplementary Figure S5a), and we are currently testing whether this is important for their resistance to 
tamoxifen and utilization of AR. 

 
8. Authors state that "96% retained AR positivity" (page 15). Please define how "positivity" was defined. 

AR positivity was defined as >1% positive nuclear staining for AR, which is the criteria currently being used for 
clinical trials testing enza in breast cancer. We have now added this detail to the sentence on page 15. 

 
9. Finally, it would be great if the authors could include a model showing bidirectional interaction between ER and 

AR, including the contribution of their studies to this model. While this is not absolutely necessary, it would be 
helpful for this study, and for overall field. 



We are working on a model that incorporates all of the hormonal situations relevant to the role of AR in ER+ 
breast cancer and how that might be affected by the hormonal milieu (in premenopausal vs. postmenopausal 
women, women with breast cancer that are being treated with tamoxifen (which we published to have partial 
agonist activity on AR (8)) or aromatase inhibitors (where there is extremely low E2, and an increase in 
androgens) versus fulvestrant (where ER is degraded). We would like to link these models to published data 
regarding AR and ER (including the data presented in this manuscript) because we believe that some of the data 
that appears on the surface to be contradictory, is in fact explained by the hormonal context in all of the above 
situations. This issue is so complex that in order to make it understandable and digestible and put it into the 
context of all of the literature, it requires the lengthier format of a review article. 

 
In summary, we have made significant changes in response to the reviewers’ comments, improved the statistical 
analyses (we added a statistics collaborator), and added additional experiments to the manuscript, particularly the 
inclusion of a highly significant in vivo experiment regarding how the anti-androgen enzalutamide affects late stage 
metastases of an ER+/AR+ model. We believe that these edits have further improved our manuscript and we hope that 
this novel manuscript will now be accepted for publication in Molecular Cancer Research. 
 
Sincerely, 
 
 
 
 
Jennifer Richer, Ph.D. 
Associate Professor 
Department of Pathology 
University of Colorado Denver  
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ABSTRACT (250/250) 
 
Abstract: Androgen receptor (AR) is expressed in 90% of estrogen receptor alpha positive (ER+) breast 

tumors, but its role in tumor growth and progression remains controversial. Use of two anti-androgens 

that inhibit AR nuclear localization, enzalutamide and MJC13, revealed that AR is required for maximum 

ER genomic binding. Here, a novel global examination of AR chromatin binding found that estradiol 

induced AR binding at unique sites compared to dihydrotestosterone (DHT). Estradiol-induced AR 

binding sites were enriched for estrogen response elements and had significant overlap with ER binding 

sites. Furthermore, AR inhibition reduced baseline and estradiol-mediated proliferation in multiple 

ER+/AR+ breast cancer cell lines, and synergized with tamoxifen and fulvestrant. In vivo, enzalutamide 

significantly reduced viability of tamoxifen-resistant MCF7 xenograft tumors and an ER+/AR+ patient-

derived model. Enzalutamide also reduced metastatic burden following cardiac injection. Lastly, in a 

comparison of ER+/AR+ primary tumors versus patient-matched local recurrences or distant metastases, 

AR expression was often maintained even when ER was reduced or absent. These data provide pre-

clinical evidence that anti-androgens that inhibit AR nuclear localization affect both AR and ER, and are 

effective in combination with current breast cancer therapies. In addition, single agent efficacy may be 

possible in tumors resistant to traditional endocrine therapy, since clinical specimens of recurrent 

disease demonstrate AR expression in tumors with absent or refractory ER. 

 

Implications: This study suggests that AR plays a previously-unrecognized role in supporting E2-mediated 

ER activity in ER+/AR+ breast cancer cells, and that enzalutamide may be an effective therapeutic in 

ER+/AR+ breast cancers. 
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INTRODUCTION 

AR is more frequently expressed in breast cancer than estrogen receptor alpha (ER) or progesterone 

receptor (PR) (1); however the role of AR is complex, dependent on the hormonal milieu, and remains 

controversial. AR positivity is associated with better prognosis in ER+ breast cancer (2-4), possibly due to 

the fact that like ER, AR positivity is indicative of a more well-differentiated state. In the presence of 

estradiol (E2), the androgen dihydrotestosterone (DHT) decreased E2-induced proliferation (2) and ER 

transcriptional activity (5), leading to the conclusion that AR is protective in breast cancer. However, 

there is accumulating evidence that androgen signaling and AR are involved in resistance to ER-directed 

endocrine therapies. De novo or acquired resistance to anti-estrogen therapies is a frequent occurrence, 

and ultimately all metastatic ER+ breast cancers are resistant (6,7). In ER+ tumors responsive to 

neoadjuvant aromatase inhibitor (AI) therapy, AR mRNA and nuclear AR protein decreased, whereas in 

non-responsive tumors it remained elevated (8,9). AR over-expression in breast cancer cell lines resulted 

in resistance to tamoxifen (tam) and AIs in vitro and in vivo (10,11). One mechanism of resistance to 

anti-estrogen therapies may therefore be tumor adaptation from estrogen to androgen dependence. 

 AIs block the conversion of androgens to estrogens, and free testosterone and dehydroepiandrosterone 

sulfate (DHEA-S) increased in patients on AIs (12). Furthermore, high levels of the adrenal androgen 

DHEA-S are predictive of failure on AIs, and circulating DHEA-S increased during treatment in patients 

with tumors that progressed during AI treatment (13). Patients with tumors exhibiting a high ratio of 

percent cells positive for AR versus ER protein are more likely to have recurrent disease while on 

tamoxifen and also have a worse overall prognosis compared to those with a more equal ratio of these 

two receptors, as is found in normal breast epithelium (14). So although AR, like ER, is associated with a 

better prognosis, anti-androgen therapies may benefit patients with AR+ breast cancers if the tumors 

are dependent on activated AR. 
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We previously reported that the new generation AR antagonist enzalutamide (Enza), which inhibits AR 

nuclear localization, decreased estrogen-induced tumor growth, while the first-generation AR antagonist 

bicalutamide (bic) did not (14). However, the mechanism by which Enza affected ER activity was not 

known. Herein, we demonstrate for the first time that in response to E2, nuclear localization of AR 

supports maximum ER genomic binding, and that AR inhibition with the pure antagonist Enza 

significantly decreases E2-induced growth of ER+/AR+ cell lines and patient-derived xenografts, as well 

as tam-resistant tumors in vivo, and also decreases metastatic burden. Importantly, these data suggest 

that patients with ER+/AR+ breast cancer may benefit from combining anti-androgen therapy with anti-

estrogen therapy, and that tumors resistant to traditional ER-directed therapies may be responsive to 

AR-directed drugs. 
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Materials and Methods 

Cell Lines. All cell lines were authenticated by short tandem repeat analysis using AmpFLSTR Identifiler 

PCR Amplification Kit (Life Technologies) and tested negative for mycoplasma in January 2015.  MCF7 

cells were obtained from Dr. Kate Horwitz at the University of Colorado Anschutz Medical Campus. 

MCF7-TamR cells obtained from Dr. Doug Yee at the University of Minnesota were generated by chronic 

treatment of MCF7 cells with 100nM tamoxifen. All other cell lines were obtained from the ATCC. 

Additional cell culture details are included in supplementary material. The BCK4 cell line is an ER+/AR+ 

breast cancer line recently derived from a pleural effusion (15), and the PT12 breast cancer cell line is  

ER+/AR+ and  created from a patient-derived xenograft (PDX)  (16). Originally the PT12 PDX was 

described as AR-negative (16), but upon staining of the original passage with a more sensitive AR 

antibody (SP107 from Cell Marque), the PDX was found to be AR+ (Supplementary Figure S6a). 

 

Cellular Assays and Reagents. Cells were treated with 10 nM estradiol (E2, Sigma Aldrich) and 10 nM 

dihydrotestosterone (DHT, Sigma Aldrich). Androgen concentrations have been previously examined in 

breast cancer (17) and intratumoral DHT concentrations (249 pg/g) were significantly higher than in 

blood. The DHT concentration of the present study is consistent with other in vitro studies of DHT in 

breast cancer (18,19), and approximates levels of circulating testosterone in obese, postmenopausal 

women (12) as well as DHT levels in FBS used during routine tissue culture. 10 μM Enza (Medivation, San 

Francisco, CA) approximates the IC50 of the three cell lines studied and is a clinically achievable, well-

tolerated treatment concentration (NCT01889238). 

 

Proliferation Assays. Proliferation assays were performed using the IncuCyte ZOOM live cell imaging 

system (Essen BioSciences) or crystal violet as previously described (20). For synergy experiments, 

percent inhibition was calculated compared to vehicle control, and the combination index was 
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calculated for each dose combination by Calcusyn (21) (BIOSOFT, Cambridge, UK). Soft agar assays were 

performed in 6-well plates using 0.5% bottom and 0.25% top layer agar (Difco Agar Noble, BD 

Biosciences). Wells were photographed and colony number and size was determined by ImageJ software 

(National Institutes of Health). 

 

Tumor studies. Xenograft experiments were approved by the University of Colorado Institutional Animal 

Care and Use Committee (IACUC protocol 83614(01)1E) and were conducted in accordance with the NIH 

Guidelines of Care and Use of Laboratory Animals. 1x106 MCF7-GFP-Luc cells were mixed with growth 

factor-reduced Matrigel (BD Biosciences) and injected bilaterally into the mammary fat pad of female 

ovariectomized athymic nu/nu mice (Taconic). E2 pellets (60-day release, 1.5 mg/pellet, Innovative 

Research of America) were implanted subcutaneously (SQ) at the back of the neck. Once tumors were 

established, mice were randomized into groups based on total tumor burden as measured by in vivo 

imaging. Mice received Enza in their chow (~50 mg/kg daily dose). Enza was mixed with ground mouse 

chow (Research Diets Inc.) at 0.43 mg/g chow. Control mice received the same chow without Enza. All 

mice were given free access to Enza-formulated chow or control chow during the study. Mice were 

euthanized by carbon dioxide asphyxiation followed by cervical dislocation, and tumors were harvested. 

The MCF7-TamR xenograft experiment was performed as described above without estrogen pellets. For 

the PT-12 xenograft study, 1x106 cells were injected bilaterally into the mammary fat pad of NOD-SCID-

IL2Rgc–/– female mice. Mice were implanted with a DHT (8mg) or E2 (2mg) pellet. For the metastasis 

experiment, 2.5x10^5 GFP-Luciferase labeled PT12 cells were injected intracardially in NOD-SCID-IL2Rgc-

/- mice implanted with E2 pellets (2mg). PT12 experiments with DHT were performed in ovariectomized 

females, while PT12 experiments with E2 were performed in non-ovariectomized females since the E2 

pellet overrides the estrus cycle. 

 



7 
 

Immunoblotting. Whole cell protein extracts (50 μg) were denatured, separated on SDS PAGE gels and 

transferred to PVDF membranes. After blocking in 3% BSA in TBS-T, membranes were probed overnight 

at 4°C. Primary antibodies used were: ERalpha (Neomarkers Ab-16, 1:500 dilution), AR (EMD Millipore 

PG-21, 1:500 dilution), Topo 1 (Santa Cruz C-21, 1:100 dilution) and alpha-tubulin (clone B-5-1-2 from 

Sigma, 1:30,000 dilution). After incubation with appropriate secondary antibody, results were detected 

using Western Lightning Chemiluminescence Reagent Plus (Perkin Elmer).  

 

Nuclear-cytoplasmic fractionation. 1x106 cells were seeded in 10cm dishes in medium supplemented 

with 5% charcoal stripped serum (CSS). After three days the cells were pre-treated with vehicle or 10 μM 

Enza for 3 hr and then co-treated with either DHT for 3 hr plus or minus Enza, or E2 for 1 hr plus or 

minus Enza. Cells were washed with phosphate buffered saline (PBS) and cellular fractionation was 

performed using the NE-PER Nuclear and Cytoplasmic Extraction Kit (Life Technologies) as per 

manufacturer’s instructions. 

 

Proximity ligation assay. PLA was performed using the Duolink kit according to manufacturer’s 

instructions (Olink Bioscience, Uppsala, Sweden). Briefly, 1.5x104 cells were plated in 8-well chamber 

slides and hormone starved in phenol red-free media with 5% CSS for 72hrs. Cells were then pre-treated 

with Veh or Enza for 3hrs, then treated with hormones +/- Enza as described for 1hr. After fixation with 

4 % paraformaldehyde, cells were permeabilized then blocked. Samples were then incubated with 

primary antibodies AR D6F11 (Cell Signaling), and ERα clone 6F11 (Vector Laboratories) overnight at 4 

degrees. Samples were then incubated with secondary antibodies linked to PLA probes and ligase was 

added. Detection reagent red was added and DAPI mounting media was added to visualize nuclei. 

Images were captured using a 20x objective. DAPI-labeled nuclei and red ERα/AR complexes were 

quantified using CellProfiler (22). 
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ChIP-seq . ChIP-seq was performed by Active Motif (Carlsbad, CA). Briefly, 1x106 MCF7 cells were seeded 

in 15cm dishes in phenol red-free medium supplemented with 5% CSS for 72 hrs. Cells were pre-treated 

with vehicle, 10 μM Enza, or 30uM MJC13 for 3 hrs. E2 was then added for 1 hr in continued presence of 

vehicle, Enza, or MJC13. For AR ChIP-seq, an additional sample was treated with DHT for 4 hrs. The cells 

were washed with PBS then fixed as per manufacturer’s instructions (Active Motif). AR antibody H-280 

(Santa Cruz) or ER antibody HC-20 (Santa Cruz) were utilized. Peak calls were made by MACS2 (23) with 

default parameters using the sequence alignments obtained from Active Motif.  Motif discovery was 

performed on 100 base pairs surrounding the peak summit using BioProspector (24). Patser (25) was 

used to determine significant matches to AREs and EREs. 

 

RNA-seq. RNA Libraries were constructed using Illumina TruSEQ stranded mRNA Sample Prep Kit (Cat# 

RS-122-2101). Total RNA was combined with RNA purification beads to bind PolyA RNA to oligodT 

magnetic beads. mRNA was eluted and converted to double stranded DNA.  A Tailing, adapter ligation, 

and PCR amplification using 15 cycles was used to complete the library construction. Libraries were 

quantitated via Qubit, analyzed on a Bioanalyzer Tape Station and diluted to appropriate concentration 

to run on an Illumina HiSEQ 2500 High Throughput Flow Cell. Reads were mapped to the human genome 

(hg19) by gSNAP, expression (FPKM) derived by Cufflinks, and differential expression analyzed with 

ANOVA in R (26,27). 

 

Statistical analyses. For most analyses, statistical significance was evaluated using a 2-tailed Student t-

test or ANOVA with Bonferroni or Dunnett’s multiple comparisons test or non-parametric equivalents in 

GraphPad Prism (Ver 6, GraphPad Software, San Diego, CA) or SAS (ver 9.4, SAS Institute, Cary, NC). Test 

assumptions were check for all analyses. If data distributions were skewed, data transformations were 
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attempted to allow the use of parametric tests. If data transformations failed, than a non-parametric 

test was used. For the PT12 xenograft experiments, due to unequal time measurements, the repeated 

measures mixed model approach was used rather than a standard repeated measures ANOVA. The data 

met the assumption of normality (Shapiro-Wilk test p>0.05 and frequency distribution graphs were 

symmetrical without evidence of outliers). For the PT12 cardiac injection experiment, we were not able 

to use a repeated measures approach as the data did not meet the assumptions of a normal distribution 

despite different data transformations. Therefore a single Wilcoxon rank sum test was used to 

determine difference between E2 and E2 plus enzalutamide at week 12.P ≤ 0.05 was considered 

statistically significant, with p-values indicated in figures as :* p≤.05, **p≤ 0.01, *** p≤.001, **** p≤ 

.0001. Error bars represent SEM unless otherwise noted. 
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RESULTS 

AR inhibition impairs ER+/AR+ breast cancer cell proliferation 

The role of AR in ER+/AR+ breast cancer remains controversial, with conflicting data suggesting either 

proliferative or protective effects on breast cancer cells in vitro (2,5,28-31). Most studies of AR function 

in breast cancer have focused on the effect of androgen stimulation in the presence of E2 in hormone-

depleted media. However, we believe it is more relevant to study the effects of activating or inhibiting 

AR either 1) in the absence of E2, to model postmenopausal women with breast cancer treated with 

aromatase inhibitors, or 2) in full serum, which contains androgens as well as sufficient estrogens to 

induce ER activity and genomic binding (32). 

Enza, which inhibits AR nuclear translocation and DNA binding (14,33), significantly decreased growth of 

MCF7 cells grown in full serum (Figure 1a) as well as two additional ER+/AR+ cell lines, T47D and ZR-75-

1, (Supplementary Figure S1a) in a concentration-dependent manner. This shows that AR activity is 

necessary for ER+/AR+ cell growth under typical culture conditions. Enza also decreased colony size of 

MCF7 cells (Figure 1b) and T47D cells (Supplementary Figure S1b) grown in soft agar using complete 

culture media, similar in magnitude to the effect of the anti-estrogen tam. We next decreased AR 

expression in MCF7 cells using two different shRNA constructs, and AR protein was confirmed to be 

decreased by western blot (Figure 1c). AR knockdown led to a significant decrease in MCF7 cell growth 

over the course of 7 days (Figure 1c), further demonstrating that AR is required for baseline proliferation 

of ER+/AR+ breast cancer cells in hormone-replete conditions. 

New-generation AR inhibitors decrease E2-induced proliferation 

We previously showed that Enza, which does not bind to ER by ligand binding assay, inhibits E2-induced 

growth of ER+/AR+ breast cancer cells in vitro and in vivo (14). To demonstrate that this is AR-dependent 
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and not specific to Enza, we also utilized MJC13, which inhibits AR nuclear localization by targeting 

ligand-induced dissociation of AR from FKBP52 in the cytosol (34). Both Enza and MJC13 inhibited E2-

induced proliferation in MCF7 cells (Figure 1d). Enza decreased E2-induced growth in a concentration-

dependent manner in additional luminal cell lines T47D and ZR-75-1, as well as in ER+/AR+ PT12 cells 

recently created from a patient-derived xenograft (16) (Supplementary Figure S1c). EC50 values for 

Enza-mediated inhibition of E2-induced growth in MCF7 and T47D cells were determined to be 19.0 μM 

and 17.1 μM, respectively (Supplementary Figure S1d), which are concentrations readily achieved in 

patients. 

To specifically determine whether Enza affected E2-induced proliferation, cell cycle analysis of E2-

treated MCF7 and T47D cells was performed.  Enza significantly decreased the percent cells in S and 

G2/M phases compared to E2 treatment alone (Figure 1e and Supplementary Figure S1e). Silencing AR 

using shRNA also significantly decreased E2-induced proliferation of MCF7 cells compared to cells 

transduced with non-targeting shRNA (Figure 1f). Together, these data confirm that pharmacological AR 

inhibition or AR knockdown similarly diminish E2-driven proliferation of ER+/AR+ breast cancer cells. 

AR inhibitors diminish ER genome binding 

AR is capable of interacting with ER and estrogen response elements (EREs) (2,5,35), thus, we postulated 

that inhibitors of AR nuclear localization might diminish baseline and E2-induced growth by altering ER 

genomic binding. To test this hypothesis, MCF7 cells were pretreated for 3 hrs with Veh, Enza, or MJC13 

then treated with E2 1 hr and global ER ChIP-seq was performed. Surprisingly, the anti-androgens Enza 

or MJC13 dramatically decreased E2-induced ER genomic binding (Figure 2a). The majority of sites 

displayed an approximate 50% decrease in ER binding (Figure 2a-c), with no appreciable shift in the 

location of ER binding sites upon Enza or MJC13 treatment. The decrease in ER binding intensity by Enza 

or MJC13 was confirmed by qPCR after ChIP at previously-characterized ER binding sites including 
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GREB1, GATA3, and PGR (Figure 2d-e). Together, this suggests that the interaction of AR and ER is 

necessary for efficient ER genomic binding in response to E2, and that inhibition of nuclear AR 

localization decreases E2-induced ER activity by diminishing ER genome binding. 

Enza decreases nuclear localization of both AR and ER 

Since E2-induced ER genome binding was globally decreased by anti-androgens, we speculated that ER 

nuclear localization in response to E2 might be affected. Immunofluorescent staining of MCF7 cells 

grown in CSS revealed nuclear localization of both ER and AR following E2 treatment (Figure 3a). 

Notably, treatment with Enza decreased nuclear localization of both receptors (Figure 3a), while bic did 

not, suggesting that the mechanism by which Enza globally inhibits ER genomic binding may be by 

decreasing ER nuclear localization. We previously showed that Enza decreased E2-driven growth of 

MCF7 xenograft tumors equally as well as tamoxifen (14). IHC for ER performed on tumors from mice on 

Enza-containing chow had significantly decreased nuclear localization of ER compared to tumors from 

mice on control chow (14). 

To further examine AR nuclear localization in response to E2, MCF7 cells were treated with E2 or DHT 

plus or minus Enza for 3 hrs, and nuclear and cytoplasmic protein fractions were isolated. DHT induced a 

strong increase in AR nuclear localization as expected, which was largely blocked by co-treatment with 

Enza, but not bicalutamide (bic) (Figure 3b). E2 treatment also increased AR nuclear localization, and this 

effect was blocked by Enza, but not bic (Figure 3c). E2-induced nuclear localization of AR was also 

observed in ZR-75-1 (Figure 3d). However, E2 did not induce AR nuclear localization in ER-/AR+ MDA-

MB-453 cells (Figure 3e) or MDA-MB-231 cells (Supplemental Figure S2a), suggesting that the observed 

AR nuclear localization is not due to promiscuous binding of E2 to AR, but rather that AR becomes 

localized to the nucleus in an ER-dependent manner upon E2 stimulation in ER+/AR+ breast cancer cells. 
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Since both ER and AR were localized to the nucleus following E2 treatment, we next tested whether E2 

induced AR and ER to co-localize using the proximity ligation assay (PLA).  MCF7 cells treated with 10 nM 

E2 for 1hr demonstrated a strong increase in PLA signal when probed for ER and AR compared to vehicle 

control or Enza treatment alone. This E2-induced increase in PLA signal was dramatically inhibited by 

pre-treatment with Enza (Figure 3f-g). Similar results were observed in T47D cells (Supplementary Figure 

S2b-d), suggesting that AR co-localizes with ER in the nucleus in response to E2. 

E2 induces AR DNA binding distinct from DHT 

To examine whether the observed nuclear localization of AR in response to E2 was associated with AR 

genome binding, hormone-deprived MCF7 cells were treated with DHT or E2 followed by global AR ChIP-

seq analysis. As expected, DHT treatment induced a significant increase in AR genome binding compared 

to vehicle treatment (Figure 4a-b). Among the 1,813 DHT-induced AR binding sites identified in MCF7 

cells, 49% were previously identified as bound by AR in LNCaP, a prostate cancer cell line, while 73.6% 

were bound by AR in MDA-MB-453, an ER-/AR+ breast cancer cell line (36) (Supplementary Figure S3a). 

This indicated that DHT-induced AR binding may be more similar between luminal breast cancer cell 

lines than between breast and prostate cancer cell lines, and is similar to previously reported findings in 

ZR-75-1 cells (35). 

Surprisingly, E2 also induced AR genome binding, with 1,380 AR binding events identified in E2-treated 

MCF7 cells (Figure 4a-b). Enza abolished E2-induced AR genomic binding, consistent with inhibition of 

AR nuclear localization and previously published reports in prostate cancer (33). Only 25% of all AR 

bound sites overlapped between the two hormone treatments, indicating a large shift in AR genomic 

binding between DHT and E2 (Figure 4c). For example, qPCR after ChIP demonstrated that DHT, but not 

E2, induced a robust increase in AR binding at previously-characterized AR targets FKBP5 and ZBTB16 

(Figure 4d). Both E2 and DHT treatments resulted in AR binding to previously-characterized ER targets 
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GREB1 and GATA3, but only E2 treatment resulted in AR binding at a different ER target, PGR (Figure 4d-

e). 

The most highly-enriched motif among AR binding sites in response to DHT was a FOXA1 motif (Figure 

4a), consistent with previous studies demonstrating strong overlap between AR and FOXA1 binding sites 

in breast cancer cells (36). However, the most highly-enriched motif among AR binding sites unique to 

E2 treatment was a slightly degenerate estrogen response element (ERE) (Figure 4a), suggesting that AR 

was bound within 200bp of ER binding sites in the presence of E2. Indeed, full palindromic EREs were 

highly enriched among these sites, compared to sites bound by AR in response to DHT (Supplementary 

Figure S3b-c). Validated nuclear ERα network was the most highly-enriched pathway among genes near 

AR binding sites unique to E2 treatment, whereas this network was not enriched among genes near AR 

binding sites in response to DHT (Supplementary Table S1). Thus, in response to E2, AR binds to many 

sites correlated with ER regulation. 

Finally we compared AR and ER binding following E2 treatment and found that 75% of E2-induced AR 

binding sites overlapped with ER binding sites (Figure 4f). Notably, ER genome binding was more 

strongly inhibited by Enza or MJC13 at these overlapping sites compared to non-overlapping sites 

(Supplementary Figure S3d-e), suggesting that AR might be facilitating ER binding at these loci. Taken 

together, these data demonstrate that in response to E2, AR and ER bind a significant number of 

overlapping loci and suggest that new generation anti-androgens which inhibit AR nuclear localization 

decrease ER activity and E2-mediated tumor growth by diminishing ER genome binding. 

Enza synergizes with anti-estrogens 

Because Enza inhibited baseline and E2-induced growth by a different mechanism than currently-used 

anti-estrogens, we hypothesized that it might act synergistically with anti-estrogens such as tam or 

fulvestrant in ER+/AR+ breast cancer cells. T47D cells were treated with varying concentrations of Enza 
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and/or tam, and all combinations showed synergistic inhibition of E2-induced growth as determined by 

Calcusyn (Figure 5a). Enza and tam also showed synergy or additive inhibition of E2-induced 

proliferation in MCF7 cells (Supplementary Figure S4a), and the combination of Enza plus tam reduced 

MCF7 growth in soft agar more significantly than either drug alone (Supplementary Figure S4b). We also 

tested for synergy between Enza and fulvestrant. In BCK4 cells, these drugs showed synergy in 10 of 15 

dose combinations (Figure 5b), with similar results also observed in PT12 cells (Figure 5c) and ZR-75-1 

cells (Supplementary Figure S4c). Together, this shows that Enza effectively synergizes with anti-

estrogens to inhibit both baseline and E2-induced growth of ER+/AR+ cells, likely due to the ability of 

Enza to inhibit AR as well as to indirectly inhibit ER. 

Enza inhibits Tam-resistant tumor growth 

Resistance to currently-used endocrine therapies is a common occurrence facing ER+ breast cancer 

patients. Therefore, we also tested whether Enza could inhibit growth of tam-resistant MCF7 (MCF7-

TamR) cells (37). In vitro, both Enza and MJC13 significantly decreased growth of MCF7-TamR cells 

(Figure 6a). Enza also decreased growth of MCF7-TamR cells in soft agar, and the combination of 

Enza+tam was more effective than Enza alone (Figure 6b). 

We next tested whether Enza could inhibit growth of Tam-resistant tumor xenografts in vivo using GFP-

luciferase labeled MCF7-TamR cells. Once tumors were established, mice were matched into groups to 

receive CTRL chow, tam pellets, Enza-containing chow, or Enza+tam. 20 days after beginning treatment, 

the Enza-treated mice demonstrated a significant decrease in tumor viability by IVIS compared to those 

in the CTRL group (Figure 6c). Each treatment resulted in a significant decrease in tumor weight 

compared to CTRL-treated tumors, with Enza+tam resulting in the smallest tumors by weight at the end 

of the experiment (Figure 6d). TUNEL staining revealed increased apoptosis in each of the treatment 

groups compared to CTRL (Supplementary Figure S5a). Interestingly, the combination resulted in a 



16 
 

significant decrease in ER expression compared to CTRL or either drug alone (Supplementary Figure S5b-

c).  

AR is expressed in recurrent ER+ breast cancers 

To validate the potential clinical utility of anti-androgens as a therapy for advanced ER+ tumors 

refractory to traditional anti-estrogen directed therapy, we examined AR expression in primary tumors 

compared to the same patient’s local recurrence or metastatic disease. Sections of formalin-fixed 

paraffin embedded breast tumors from a cohort of 192 female patients (median age of 68 years) 

diagnosed with breast cancer at the Massachusetts General Hospital (Partners) between 1977 and 1993, 

treated with adjuvant tamoxifen and followed through 1998 were stained for AR (14). Of 49 patients 

with ER+/AR+ primary tumors that developed local recurrence, 96% retained AR positivity (>1% cells 

positive) in the recurrence. Further, in more than half of these cases the ratio of AR to ER expression 

(percent cells positive) was higher in the recurrence compared to the primary tumor. 

Of 55 patients that developed distant metastasis, 67% retained AR positivity in the metastatic lesion. 

Notably, one patient with an ER+/AR- primary tumor developed an ER-/AR+ metastasis. Nearly half of 

these metastases showed an increased ratio of AR to ER expression compared to the primary tumor. 

Two examples of cases in which the recurrence or metastasis displayed increased percent cells positive 

for AR, but decreased percent cells positive for ER compared to the primary tumor are shown in Figure 

6e. Our findings are consistent with other studies demonstrating that AR status is highly conserved in 

recurrences and metastases (38), and that AR is more highly expressed in metastases than ER and PR 

(39). Collectively, this suggests that anti-androgens may be a useful therapeutic strategy   for patients 

with anti-estrogen refractory disease, since AR is frequently expressed in recurrences and metastases, 

often at even higher levels than in the primary tumor. 

Enza Inhibits Primary and Metastatic Tumor Growth in vivo 
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To assess the effect of Enza on E2- and DHT-induced growth in vivo, we utilized AR+/ER+ PT12 cells, 

recently cultured from a patient-derived xenograft and expressing GFP-luciferase (16). Cells were 

injected orthotopically in mice implanted with either E2 or DHT pellets, and once tumors were 

established, mice were matched based on tumor burden to receive either Enza-containing or control 

chow. Although E2 induced more rapid tumor growth, DHT also stimulated tumor growth (Figure 7a-b). 

This demonstrates that DHT, in the absence of E2, promotes ER+/AR+ tumor growth in vivo, similar to 

our previous finding with MCF7 xenografts (14). As shown in Figure 7a, enza significantly reduced the 

growth rate of E2-driven tumors when compared to E2 alone (difference between treatment groups, 

F(1,23) = 37.41, p <0.0001; and group*time interaction, F(3,23) = 13.75, p <0.0001). Enza also 

significantly reduced growth rate of DHT-driven tumors compared to DHT alone (difference between 

treatment groups, F(1,8) = 27.80, p=0.001; and group*time interaction, F(3,24) = 11.34, p <0.0001). In 

E2-driven tumors, BrdU staining demonstrated that Enza significantly decreased proliferation (Figure 

7c), but had no effect on apoptosis (not shown). Conversely, in DHT-driven tumors Enza significantly 

increased apoptosis as measured by cleaved caspase 3 staining (Figure 7d), but had no effect on 

proliferation. 

To identify the molecular mechanisms by which Enza decreased E2-induced tumor growth, we 

performed RNA-seq on PT12 tumors from E2 treated mice. Enza significantly altered 484 genes (p<.05, 

fold change > 1.2); 144 upregulated and 340 downregulated compared to E2 alone (Supplementary 

Table S2). Of these, 107 (22.1%) of the genes affected by Enza were previously identified as regulated by 

estradiol in the original PT12 xenograft model (Supplementary Figure S6b) (16). Metacore analysis of the 

484 genes altered by Enza treatment identified AR and ER as among the transcription factors most 

highly implicated as upstream regulators (Supplementary Table S3a). Gene set over-representation 

analysis also identified AR regulation as a highly-enriched pathway, as well as the HIF-1α and HIF-2α 

networks (Supplementary Table S3b), which have previously been associated with AR in prostate cancer 
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(40). Finally, of the 340 genes downregulated by Enza in PT12 tumors, 56 were also identified in our AR 

ChIP-seq experiment as being the nearest gene to sites bound by AR in response to E2 treatment in 

MCF7 cells. Notably, several genes decreased by Enza are reported to be both ER targets and critical for 

ER activity including GREB1, an E2-responsive ER co-activator (41), and the histone demethylases 

KDM3A and KDM4B, which mediate ER binding to target gene promoters (42,43). Together, these data 

confirm our in vitro observations and show that Enza alters expression of ER target genes in vivo. 

Finally, since we found that AR is frequently expressed in metastases of ER+ breast cancers, we tested 

whether Enza could inhibit metastatic growth in vivo. PT12 cells were injected intracardially into mice 

implanted with E2 pellets, and mice were randomized onto control chow or chow containing Enza. Mice 

were monitored weekly by IVIS imaging of luciferase over 12 weeks in both the supine and prone 

positions. Tumors in the enza-treated group were significantly smaller at week 12 (z=-3.82, p=0.0001, 

two-sided test) (Figure 7e). Next we analyzed IVIS signal of mice at week 2 (first detectable luciferase 

signal) versus week 12 (Figure 7f). While control mice showed a significant increase in tumor burden 

over time, there was no significant increase in tumor burden in the Enza treated mice (Figure 7f and 7g). 

This held true whether IVIS signal was measured in the supine (shown) or prone position (not shown) or 

both added together. These data demonstrate clearly, in a model of ER+/AR+ breast cancer recently 

derived from a patient, that Enza is effective in reducing the growth of metastatic disease. 
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DISCUSSION 

AR was previously thought to antagonize ER activity because androgens such as DHT diminished the 

transcriptional and proliferative response of breast cancer cells to E2 (2), likely because AR and ER 

compete for some of the same binding sites on chromatin. However, our previous and present studies 

indicate that DHT is proliferative in the context of no E2, as would be the case in a postmenopausal 

woman treated with aromatase inhibitors (14). The AR antagonist bicalutamide has also been shown to 

increase E2-induced ER activity (2). But unlike bicalutamide, Enza and MJC13 are newer-generation anti-

androgens that inhibit AR nuclear localization, and this is the first study to test the effects of new-

generation AR inhibitors on ER chromatin binding. By inhibiting AR nuclear localization or decreasing AR 

expression by shRNA, we have discovered that AR supports ER genome binding and activity in breast 

cancer. 

In response to E2, AR translocated to the nucleus in ER+ cell lines and bound chromatin at sites that 

overlap with ER binding sites and are enriched for EREs. Inhibiting nuclear localization of AR with Enza or 

MJC13 dramatically decreased E2-induced ER chromatin binding, with the greatest effects observed at 

sites also bound by AR. Both the AR antagonist Enza and AR knockdown decreased baseline and E2-

induced breast cancer cell proliferation in vitro, and Enza decreased both DHT- and E2-stimulated 

growth of ER+/AR+ xenografts as well as metastatic burden in vivo. 

These results further underscore the crosstalk between AR and ER in dual-positive breast cancer cells. 

There is evidence that DHT metabolites can have estrogenic effects and stimulate breast cancer growth 

through ER activation (44). However, Enza inhibits growth differently in E2-driven tumors, where it 

decreases proliferation, compared to DHT-driven tumors, where it increases apoptosis. This suggests 

that DHT-driven growth in ER+/AR+ xenografts is not mediated through ER, but rather directly through 

AR. Conversely, the expression of the AR cofactor ARA70 can result in E2 having a weak agonist effect on 
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AR (45,46), which could explain how AR is translocated to the nucleus in response to E2 in our studies. 

Another possibility is that AR is activated by growth factor pathways subsequent to ER activation. 

However, E2 only drove nuclear localization of AR in ER+ cell lines, suggesting an ER-dependent 

mechanism. Further studies are ongoing to determine the mechanism of AR nuclear translocation in 

response to E2, and whether ARA70 is necessary for AR DNA binding in response to E2. 

Although our findings may seem contradictory to prior studies, in actuality they are not mutually 

exclusive. Ligand-bound AR interfered with E2-mediated ER activity (2) and diminished E2-induced 

upregulation of a subset of ER target genes (35), likely due to competition between AR and ER for some 

of the same genome binding sites, this is consistent with our observation that AR can bind to ER binding 

sites in the genome. Additionally, a recent study using AI-resistant MCF7 cells found that ER and AR 

cooperate on known androgen- and estrogen-responsive gene promoters (10). 

We propose that in ER+/AR+ breast cancer cells, AR supports ER nuclear localization and genome 

binding, possibly by increasing chromatin availability of ER bound  loci (47), by stabilizing ER binding to 

chromatin, and/or interacting directly with ER or as part of an ER-containing complex, as the proximity 

ligation assay suggests. While this challenges the current view of AR as antagonizing ER activity, a similar 

effect has been observed with retinoic acid receptor-α (RARα), which interacts with ER binding sites in 

an ER-dependent manner in ER+ breast cancer cells (48). This interaction is required for E2-induced 

proliferation and ER transcriptional activity (48). Additionally, glucocorticoid receptor (GR), which is 

highly similar to AR (49,50) increases chromatin availability and subsequent ER binding at response 

elements bound by both receptors, a mechanism termed “assisted loading” (47).  Similarly, our data 

show that ER chromatin binding is most inhibited by anti-androgens at sites where E2 induces binding of 

AR and ER. Thus, even though androgen-bound AR can diminish E2-stimulated ER activity, we show that 
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anti-androgens that prevent AR nuclear translocation have the same effect—suppression of ER 

activity—via an entirely different molecular mechanism. 

Importantly, the assays herein were performed using endogenous AR and ER in cells that naturally 

express both receptors. In light of recent data from our lab and others suggesting that the ratio of AR:ER 

protein expression is a predictor of response to traditional ER-directed endocrine therapy (14) and DCIS 

progression (51), it is likely that the interplay of these receptors may depend on their relative expression 

level, the levels of their respective ligands in circulation and within tumors, and levels of shared co-

factors such as FOXA1. Our data show that across multiple cell lines and preclinical models of ER+/AR+ 

breast cancer, AR antagonists such as Enza and MJC13 that inhibit AR nuclear translocation also inhibit 

ER activity indirectly. This combined effect on AR and ER may account for the synergy demonstrated 

between Enza and the anti-estrogens tam and fulvestrant in vitro. Further analysis of these data is 

ongoing to determine the mechanisms of this synergy.  

Collectively, these data strongly suggest that in the most common form of breast cancer—ER+/AR+ 

disease—primary tumors and recurrent disease may become reliant on AR and that AR may serve as an 

effective therapeutic target either in combination with traditional ER-directed therapies (particularly in 

tumors that have a high AR:ER protein ratio) or upon resistance to ER-directed therapies. Our present 

and prior (14) studies on the role of AR in ER+ breast cancer  contribute to a deeper understanding of 

the complex molecular interplay between the two most widely expressed hormone receptors in breast 

cancer (AR and ER), and have already led to clinical trials testing the efficacy of enzalutamide in 

combination with the aromatase inhibitor exemestane in patients with advanced ER+ disease 

(NCT02007512) and in combination with fulvestrant (NCT01597193). 

Finally, our data demonstrate that Enza effectively inhibits growth of ER+/AR+ metastases in vivo. A 

recent study of ER- PDX models that metastasize from the orthotopic site found that AR mRNA was 
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increased in circulating tumor cells and micrometastases compared to the primary tumors (52), 

indicating AR may be an important target for inhibition of metastasis. Likewise, we show in clinical 

specimens of patient-matched ER+/AR+ primary tumors compared to local or distant recurrences 

occurring during tamoxifen treatment, AR expression is often maintained, and sometimes increased, in 

breast cancers refractory to anti-estrogen therapy. We are actively investigating the specific role that AR 

plays in facilitating the process of metastasis in both ER+ and ER- breast cancer.  
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FIGURE LEGENDS 

Figure 1 – AR inhibition decreases ER+/AR+ breast cancer growth. (a) Proliferation of MCF7 cells 
treated with increasing concentrations of Enza was monitored by IncuCyte. (b) MCF7 cells were grown in 
soft agar with Enza or tam and colony size was measured by ImageJ. (c) Immunoblotting for AR, ER, and 
Tubulin in MCF7 cells expressing a non-targeting (shNeg) or AR-targeting (shAR15 and shAR17) shRNA 
constructs (upper). Proliferation was monitored by IncuCyte (lower). (d) MCF7 cells were grown in 
media with CSS for 72 hrs then treated with vehicle (Veh), E2, or E2 + Enza or MJC13 and cell number 
was measured by crystal violet. (e) MCF7 cells were grown in media with CSS for 72hrs then treated with 
Veh, E2, or E2+Enza for 24hrs followed by cell cycle analysis. (f) MCF7 cells expressing shNeg, shAR15, or 
shAR17 were cultured in media with CSS for 72 hrs then treated with veh or E2 and growth was 
measured by crystal violet. Error bars represent standard error of the mean. * p<.05, **** p<.0001 by 
ANOVA with Dunnett’s Multiple Comparison Test. 

Figure 2 – AR inhibitors diminish ER genomic binding. ChIP-seq for ER in MCF7 cells grown in CSS for 3 
days then treated with E2 +/- Enza or MJC-13. (a) Heat map of ER binding. The heat map is shown with a 
horizontal window of +/- 2kb. (b) The number of binding sites identified by MACS2, using vehicle 
treatment as the control. (c) The ER ChIP-seq signal at individual sites with E2 alone (x-axis) versus E2 + 
Enza (blue) or MJC13 (red) (y-axis). (D-E) ChIP-qPCR (d) and ChIP-seq read depth (e) at well-characterized 
ER binding sites. Error bars represent standard error of the mean.  ** p<.01, *** p<.001, **** p<.0001 
by ANOVA with Dunnett’s Multiple Comparison Test except. 

Figure 3 – AR and ER co-localize in the nucleus in response to E2. (a) MCF7 cells were grown in media 
with CSS for 72 hr then pre-treated with veh, 10 uM Enza, or 1 uM bicalutamide (bic). Following pre-
treatment, cells were treated with veh or 10nM E2 +/- Enza or bic as shown for an additional 3 hr. Cells 
were then fixed and ICC was performed for AR (green) and ER (red). (b,c) MCF7 cells were grown in 
media with CSS for 72hrs then treated with the indicated treatment for 3 hrs, and nuclear extracts were 
immunoblotted for AR and TOPO1. (d) ER+/AR+ ZR-75-1 or (e) ER-/AR+ MDA-453 cells were grown in 
media with CSS for 72hrs, then pre-treated for 3 hr with Enza or vehicle control. Following pre-
treatment, cells were treated with veh, 10nM DHT, or 10nM E2 +/- Enza as shown for 3 additional hrs. 
Nuclear extracts were then obtained and subjected to western blotting for AR and TopoI.  (f) MCF7 cells 
were grown in media with CSS for 72hrs then treated with E2 +/- Enza for 1 h followed by fixation and 
PLA staining for AR and ER (red). Nuclei were stained with DAPI (blue). (g) Fluorescent intensity per 
nuclei was measured by CellProfiler. Error bars represent standard error of the mean. ****p <0.0001 by 
ANOVA with Dunnett’s Multiple Comparison Test. 
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 Figure 4 – E2 induces AR genome binding that overlaps with ER binding. ChIP-seq for AR in MCF7 cells 
grown in CSS for 3 days then treated with E2 for 1 h or DHT for 4 h. (a) Heat map of binding showing a 
horizontal window of +/- 2kb and enriched motifs from each category. (b) The number of binding sites 
identified by MACS2, using vehicle treatment as the control. (c) The number of AR binding sites that are 
unique to DHT (red), unique to E2 (blue), or shared (overlap) are shown. (d,e) ChIP-qPCR (d) and ChIP-
seq read depth (e) results show AR binding at well-characterized ER binding sites following E2 
treatment. (f) The percentage of AR binding sites in response to DHT (left) or E2 (right) that were also 
identified as ER binding sites (blue) is shown. 

Figure 5 – Enza synergizes with tam and fulvestrant in vitro. (a) T47D cells were grown in media with 
complete serum and Enza and/or tam, and cell number was monitored by IncuCyte. Percent inhibition 
was compared to vehicle after 5 days, and synergy was calculated using Calcusyn software. A 
Combination Index (CI) value < 1 is indicative of synergy (yellow). (b-c) BCK4 or PT12 cells were grown in 
phenol red-free media with CSS for 1 day then treated with E2 with Enza and/or fulvestrant and cell 
number was monitored by Incucyte.  

Figure 6 – Enza inhibits tamoxifen-resistant tumor growth in vitro and in vivo, and AR is expressed in 
recurrent breast cancers. (a) Growth of MCF7-TamR cells treated with vehicle, Tam, Enza, or MJC13 for 
7 days. (b) MCF7-TamR cells were plated in soft agar and the number of colonies was counted after 14 
days. (c-d) MCF7-TamR cells were implanted into the mammary glands of nude mice with estrogen 
pellets and were matched into groups to receive either control chow (CTRL), tamoxifen pellets (tam), 
enzalutamide-containing chow (enza), or both (tam+enza). (c) Tumor growth was measured over time 
by luminescence. (d) Final tumor weights of mice from each group (lower). (e) IHC for AR and ER in 
clinical samples of patient-matched primary tumor and recurrence 110 months later. (f) IHC for AR and 
ER in clinical samples of patient-matched primary tumor and metastasis 167 months later (400x). * 
p<.05, *** p<.001, **** p<.0001 by ANOVA with Dunnett’s Multiple Comparison Test. 

Figure 7 –Enza decreases hormone driven growth of PT12 primary tumors and metastases. (a-d) 1x106 
GFP-luciferase expressing PT12 cells were injected orthotopically into the mammary fat pad of NOD-
SCID-IL2Rgc–/– mice followed by implantation of either an E2 or DHT pellet. When tumors reached an 
average of 39 mm3, mice were randomized into the following groups: E2 with control chow (n=10) or 
enza chow (n=10), or DHT with control chow (n=5) or enza chow (n=5). Tumor viability was measured by 
IVIS for mice with E2 pellets (a) or DHT pellets (b). (c) BrdU staining of tumors from mice with E2 pellets. 
(d) Cleaved caspase staining of tumors from mice with DHT pellets. (e) PT12 GFP-luciferase cells were 
injected intracardially in NOD-SCID-IL2Rgc–/– mice. Metastatic burden of mice treated with E2 or 
E2+Enza was monitored using IVIS (photons/second) over 12 weeks (total signal supine+prone). (f) IVIS 
signal from mice in supine position at 2 weeks versus 12 weeks in E2 versus E2+Enza mice. (g) IVIS image 
of mice in the supine position in the E2 (n=11) or E2+Enza (n=12) groups after 12 weeks, red denotes 
high IVIS signal. Error bars represent SEM. *p<0.05, ***p<0.001, ****p <0.0001 by repeated measures 
mixed model approach for (a-b), ANOVA with Bonferroni’s Multiple Comparison Test for (c-d), and 
Wilcoxon rank sum test for (e). 
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SUPPLEMENTARY DATA LEGENDS 

Supplementary Table S1 – E2 induces AR binding at sites that overlap with ER binding. Genes near AR 
binding sites in response to E2 or DHT were identified using GREAT, and gene set over-representation 
analysis was subsequently performed using ConsensusPathDB(44). The top 5 over-enriched pathways 
from Pathway Interaction Database are shown for binding sites that were found in response to both 
DHT and E2 separately, E2 only, or DHT only. 

Supplementary Table S2 – Enza alters expression of E2-regulated genes in PT12 xenograft tumors. List 
of genes with altered expression in tumors from mice receiving control chow compared to Enza chow by 
as determined by RNA-seq (p<.05, fold change >1.2). Genes previously described as E2-regulated in PT12 
PDX model are highlighted in red. 

Supplementary Table S3 – Pathway analysis of Enza-regulated genes in PT12 xenograft tumors. (a) 
Metacore analysis revealed that genes differentially expressed between Enza and CTRL-treated PT12 
tumors are enriched in both ER and AR target genes. (a) Gene set over-representation analysis was 
performed using ConsensusPathDB and over-enriched pathways from Pathway Interaction Database are 
shown. 

Supplementary Figure S1 – Enza or AR knockdown decrease baseline and E2-induced proliferation of 
breast cancer cells in vitro. (a) ER+/AR+ T47D or ZR-75-1 cells were grown in complete media with the 
indicated concentration of Enza and cell number was monitored by Incucyte live cell imaging. Growth is 
expressed as fold change compared to t=0. (b) T47D cells were grown in soft agar in the indicated 
concentration of Enza or tam for 15 days. Plates were photographed and colony size was measured by 
ImageJ. p<.05 by unpaired student t-test. (c) T47D and ZR-75-1 cells were grown in media with CSS for 
72hrs, and PT12 cells were grown in media with CSS for 24hrs, then cells were treated with Veh, 10nM 
E2, or E2+Enza at the indicated concentrations and cell number was monitored by Incucyte live cell 
imaging. Growth is expressed as fold change compared to t=0. (d) MCF7 or T47D cells were grown in 
media with CSS with 10nM E2 and the indicated concentration of Enza. After 8 days, cell viability was 
measured by CellTiter-Glo assay and EC50 was calculated. (e) T47D cells were grown in media with CSS 
for 72hrs then treated with Veh, 10nM E2, or E2+Enza for 24hrs followed by fixation and cell cycle 
analysis. Error bars represent standard error of the mean. * p<.05, ** p<.01, **** p<.0001 by ANOVA 
with Bonferroni’s Multiple Comparison Test except (F) by unpaired student t-test.  

Supplementary Figure S2 – E2 induces and Enza inhibits AR nuclear localization. (a) ER-/AR+ MDA-MB-
231 cells were grown in media with CSS for 72hrs, then pre-treated for 3 hr with Enza or vehicle control. 
Following pre-treatment, cells were treated with veh, 10nM DHT, or 10nM E2 +/- Enza as shown for 3 
additional hrs. Nuclear and cytosolic extracts were then obtained and subjected to western blotting for 
AR, TopoI, and α-Tubulin.  (b) T47D cells were grown in media with CSS for 72hrs then treated with veh 
or E2 +/- Enza for 1 hr followed by fixation and PLA staining for AR and ER. (c) The number of fluorescent 
foci per nucleus was determined by CellProfiler. (d) The number of nuclei with greater than 20 foci (per 
100 nuclei). Error bars represent standard error of the mean. ** p<.01, *** p<.001, **** p<.0001 by 
ANOVA with Bonferroni’s Multiple Comparison Test.  



Supplementary Figure S3 – AR and ER binding in MCF7 cells. (a) Venn diagram illustrating overlap 
between DHT-induced AR binding in MDA-453 cells (light blue), LNCAP prostate cancer cells (yellow) and 
MCF7 cells (pink). (b) Percentage of AR binding sites in response to DHT, E2, or either ligand that match 
the consensus palindromic ARE sequence. (c) Percentage of AR binding sites in response to DHT, E2, or 
either ligand that match the consensus palindromic ERE sequence. (d-e) Scatter plot of ER ChIP signal 
intensity with E2 alone (X-axis) or E2+Enza (e) or E2+MJC13 (e) on the Y-axis. Blue points are ER binding 
loci that were also bound by AR in response to E2, while red points represent loci not bound by AR in 
response to E2.  

Supplementary Figure S4 – Enza synergizes with anti-estrogens. (a) MCF7 cells were grown in phenol 
red-free media with CSS for 3 days then treated with 10 nM E2 with the indicated concentrations of 
Enza and/or fulvestrant and cell number was monitored by Incucyte. Percent inhibition compared to 
vehicle control was calculated for each treatment, and the Combination Index (CI) was calculated by 
Calcusyn software. A CI less than 1 is indicative of synergistic inhibitory activity. (b) MCF7 cells were 
grown in soft agar with 1 uM tam and/or 20 uM enza  for 14 days. Colonies were photographed and 
quantified using ImageJ.  (c) ZR-75-1 cells were cultured in media with CSS for 72 hr, then treated with 
10 nM E2 plus the indicated concentrations of enza and/or fulvestrant. Percent inhibition compared to 
vehicle control was calculated for each treatment, and the CI was calculated by Calcusyn. Error bars 
represent standard error of the mean. * p<.05, *** p<.001, **** p<.0001 by ANOVA with Bonferroni’s 
Multiple Comparison Test.  

Supplementary Figure S5 – The combination of Enza plus tam reduces ER. (a) Whole cell extracts from 
MCF7L and MCF7L-TamR cells were subjected to immunoblotting for AR, ER, FOXA1, and Tubulin. (b) 
Quantification of TUNEL staining in MCF7-TamR xenograft tumors. Error bars represent standard error 
of the mean. (c) Quantification and (d) representative images of IHC for ER in MCF7-TamR xenograft 
tumors. Error bars represent standard error of the mean. *p<.05, ***p < 0.001 by ANOVA with 
Bonferroni’s Multiple Comparison Test. 

Supplementary Figure S6 –PT12 cells are AR+ and Enza alters expression of E2-regulated genes in PT12 
xenograft tumors. (a) First passage of PT12 PDX stained with AR antibody SP107. AR staining was 
detected using DAB. (b) Immunoblot for AR, ER, and Tubulin on lysates from a panel of cell lines 
including PT12 cells demonstrating AR and ER expression. (c) Venn diagram of genes altered (p<.05, fold 
change >1.2) in Enza-treated PT12 xenograft tumors in E2-treated mice compared to all E2-regulated 
genes previously identified in the PT12 PDX model (16). 
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ABSTRACT (350 words) 

 Background Triple-negative breast cancer (TNBC) is an aggressive breast cancer subtype 

lacking estrogen and progesterone receptors, and human epidermal growth factor receptor 2 (HER2). 

While to date there are no approved targeted therapies for TNBC, preclinical and early clinical trials 

indicate that up to 50% express some degree of positivity for androgen receptors (AR) and are sensitive 

to AR targeted therapy. However, the function of AR in TNBC and the mechanisms by which AR 

targeted therapy reduces tumor burden in preclinical and clinical settings are unknown. We hypothesized 

that AR maintains a cancer stem cell-like (CSC) tumor initiating population and that it serves as an anti-

apoptotic factor that facilitates anchorage independence. Methods  Anchorage independence/anoikis 

resistance was assessed on poly-Hema coated tissue culture plates used to achieve forced suspension 

culture and apoptosis was measured with cleaved caspase 3 antibody. AR was inhibited using the AR 

inhibitor Enzalutamide (Enza) or shRNAs targeting AR. CSC populations were assessed in vitro using 

ultra low attachment plates, CD44/CD24 staining, the ALDEFLUOR assay, and single cell 

mammosphere formation efficiency (MFE) assays in TNBC cell lines SUM159PT and MDA-MB-453.. 

In vivo, tumor-initiating capacity was assessed using a limiting dilution assay of SUM159PT cells pre-

treated with or without Enza. Lastly, the efficacy of combination Enza and chemotherapy was assessed 

by caliper measurement and intravital imaging of TNBC xenografts in mice treated with Enza and 

paclitaxel. Results AR transcript (P<0.05), protein, and transcriptional activity (P<0.01) increased in 

tumor cells in suspension culture compared to attached conditions. Cells that expressed AR protein 

resisted detachment-induced apoptosis. The CSC population increased in suspension culture by 

ALEDFLUOR staining (P<0.01), CD44/CD24 staining (P<0.001), and MFE (P<0.05). AR inhibition 

decreased ADLH staining (P<0.001), increased CD24 staining (P<0.05), and decreased MFE(P<0.01). 

In vivo, pre-treatment with Enza decreased the tumor-initiating capacity of TNBC cells in a limiting 
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dilution assay (P<0.05).  Enza significantly decreased tumor volume and viability when administered 

during or after chemotherapy in vivo (P<0.05) and simultaneous treatment significantly reduced tumor 

recurrence. Conclusions AR supports anchorage independence, maintenance of CSCs, tumor initiation 

and regrowth following chemotherapy in a TNBC preclinical model.  Thus AR targeted therapies may 

enhance the efficacy of chemotherapy even in TNBC with very few cells positive for AR, perhaps by 

targeting a different cell population.      

KEYWORDS 
 

Androgen receptor, triple-negative breast cancer, cancer stem-like cells, chemotherapy
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BACKGROUND 1	

  Triple-negative breast cancer (TNBC) is an aggressive breast cancer (BC) 2	

subtype and currently no effective targeted therapies are available. A study of over 1600 3	

invasive breast carcinomas found that women with TNBC have a peak risk of recurrence 4	

between 1-3 years, an increased likelihood of distal recurrence, and a majority of deaths 5	

occurring in the first five years compared to other BC subtypes [1]. While most 6	

metastatic TNBC initially respond to cytotoxic chemotherapy, the majority of patients 7	

experience recurrence following treatment [2]. Studies suggest that survival of 8	

chemotherapy-resistant cancer cells with stem-like properties (CSC) may repopulate the 9	

tumor [3-6]. Therapies that target CSCs in combination with chemotherapy may prevent 10	

tumor recurrence.  11	

 Androgen receptor (AR) is expressed in 12-55% of TNBC [7-15] and results of 12	

clinical trials targeting AR are promising [16]. However, little is known about the 13	

function of AR in TNBC and the mechanisms by which AR antagonists improve TNBC 14	

outcomes. There is recent evidence that progesterone supports the expansion of breast 15	

cancer tumor-initiating cells [17] and that estrogen and progesterone expand the normal 16	

mouse mammary stem cell population, even though it is thought that the stem cells 17	

themselves lack estrogen and progesterone receptors (ER, PR) [18, 19]. Interestingly, PR 18	

and AR can recognize identical consensus DNA response elements [20] and regulate 19	

many of the same genes [21], and AR in TNBC cells binds to chromatin at sites more 20	

similar to ER in ER+ BC than AR in prostate cancer [22]. Recent studies suggest that AR 21	

may regulate genes associated with CSCs in prostate cancer [23, 24]. Finally, we 22	
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previously demonstrated that the AR-antagonist Enzalutamide (Enza) significantly 23	

decreased anchorage-independent growth of multiple TNBC lines [7]. 24	

Based on these data, we hypothesized that in the absence of ER and PR, AR  25	

supports a CSC population in TNBC. Identification of AR as a target that maintains a 26	

tumor-initiating population may alter the clinical treatment strategy of AR antagonists in 27	

TNBC from a targeted therapy that inhibits only AR+ tumor cells to a stem cell-targeted 28	

therapy that inhibits expansion of a chemotherapy-resistant CSC population. Our research 29	

demonstrates  that both AR and CSC populations are upregulated in suspended 30	

conditions, AR inhibition decreases CSC populations in vitro and tumor initiation in vivo, 31	

and Enza enhances the efficacy of chemotherapy and reduces recurrence in a preclinical 32	

model.  33	

METHODS 34	

Cell Culture 35	

All cell lines were authenticated by short tandem repeat analysis and verified free 36	

of mycoplasma. SUM159PT cells were purchased from the University of Colorado 37	

Cancer Center Tissue Culture Core in August of 2013 and were grown in Ham’s F-12 38	

with 5% fetal bovine serum, penicillin/streptomycin, hydrocortisone, insulin, HEPES and 39	

L-glutamine supplementation. BT549 cells, purchased from ATCC in 2008, were grown 40	

in RPMI Medium 1640 with 10% fetal bovine serum, penicillin/streptomycin and insulin. 41	

MDA-MB-453 (MDA453) cells, purchased from ATCC in 2012, were grown in DMEM 42	

Medium with 10% fetal bovine serum and penicillin/streptomycin.  43	

SUM159PT-TGL cells were generated by stable retroviral transduction with a 44	

SFG-NES-TGL vector, encoding a triple fusion of thymidine kinase, green fluorescent 45	
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protein and luciferase and sorted for green fluorescent protein. SUM159PT and MDA453 46	

AR knockdown cells were generated by lentiviral transduction of shRNAs targeting AR 47	

(pMISSION VSV-G, Sigma Aldrich; St Louis, MO), including AR shRNA 3715 48	

(shAR15) and AR shRNA 3717 (shAR17). Lentiviral transduction of pMISSION shRNA 49	

NEG (shNEG) was used as a non-targeting control. Plasmids were purchased from the 50	

University of Colorado Functional Genomics Core Facility. 51	

Cellular Assays and Reagents 52	

Cells were treated with 20 µM Enza (Medivation; San Francisco, CA) and 10 nM 53	

dihydrotestosterone (DHT, Sigma Aldrich). 20 µM Enza approximates the IC50 of the cell 54	

lines studied and is a clinically achievable concentration. Circulating plasma Cmax values 55	

for Enza and its active metabolite (N-desmethyl enzalutamide) are 16.6 µg/ml (23% CV) 56	

and 12.7 µg/ml (30% CV) respectively (Enza package insert Exposure Rationale), which 57	

is equivalent to approximately 60 µM total active drug in plasma at steady state.  58	

Forced Suspension Culture 59	

Ply-2-hydroxyethyl methacrylate (poly-HEMA, Sigma) was reconstituted in 95% 60	

ethanol to 12 mg/ml. Ethanol was allowed to evaporate overnight, and plates were 61	

washed with PBS prior to use.  62	

 63	

For mammosphere formation assays, single cells were plated in 96-well ultra-low 64	

attachment plates in 200 µl per well of Mammocult media (Stem Cell Technologies; 65	

Vancouver, BC, Canada). After incubating for one week, the number of mammospheres 66	

present was determined by microscopy. Mammosphere criteria included at least five cells 67	

and a length of at least 50 µm. The mammosphere formation efficiency (MFE) was 68	
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calculated as number of mammospheres formed divided by the number of single cells 69	

plated. CD24/CD44 (BD Biosciences; San Jose, CA) staining was conducted per the 70	

manufacturer’s protocol by flow analysis. The ALDEFLUORTM assay (Stem Cell 71	

Technologies) was performed per the manufacturer’s protocol.  72	

Luciferase Reporter Activity 73	

The AR luciferase reporter, PRE/ARE2-tata-luc [30]  generously provided by Dr. 74	

Kate Horwitz (University of Colorado Denver) was transiently transfected with SV40 75	

Renilla in BT549 cells using Lipofectamine (Thermo Fisher Scientifics; Waltham, MA). 76	

Transfected cells were then incubated at 37°C for 24 hours. Reporter activation was 77	

determined using the Dual-Luciferase Assay System (Promega) according to the 78	

manufacturer’s protocol. Briefly, cells were lysed for 15 minutes at room temperature  79	

and centrifuged at 14,000 rpm for 15 minutes at 4C to eliminate cellular debris. The 80	

supernatant was used immediately for determination of luciferase activity. AR reporter 81	

activity was normalized to SV40 Renilla reporter activity to control for differences in 82	

transfection efficiency.    83	

Immunohistochemistry and Immunofluorescence 84	

Tissues were fixed in 10% neutral buffered formalin, and the UC Denver Tissue 85	

Biobanking and Processing Core performed tissue processing and paraffin embedding. 86	

Slides were deparaffinized in a series of xylenes and ethanols, and antigens were heat 87	

retrieved in either 10mM citrate buffer, pH 6.0, or 10mM Tris/1mM EDTA, pH 9.0.  88	

Antibodies used were AR clone 441 (Dakocytomation; Carpinteria, CA) or AR clone 89	

SP107 (Cell Marque; Rocklin, CA). The Vectastain Elite ABC kit (Vector Laboratories 90	
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Inc., Burlingame, CA) or Envision horseradish peroxidase (Dakocytomation) were used 91	

for detection.  92	

Tumor Studies 93	

Xenograft experiments were approved by the University of Colorado Institutional 94	

Animal Care and Use Committee (IACUC protocol 83614(01)1E). All animal 95	

experiments were conducted in accordance with the National Institutes of Health 96	

Guidelines for the Care and Use of Laboratory Animals. For the limiting dilution study, a 97	

range of 102-106 SUM159PT-TGL cells were mixed with Matrigel (BD Biosciences; 98	

Franklin Lakes, New Jersey) and bilaterally injected into the mammary fat pads of five 99	

female, athymic nu/nu mice (Taconic; Germantown, NY) per dilution and treatment 100	

group. Cells were treated before injection with 20 µM Enza or Vehicle control (??% 101	

DMSO) for 72 hours. Tumor burden was assessed by luciferase activity and by caliper 102	

measurements (tumor volume was calculated as volume = (length ×width2 )/2). Mice 103	

were euthanized by carbon dioxide asphyxiation followed by cervical dislocation, and the 104	

tumors were harvested. 105	

For the Enza and Paclitaxel (Pac) study, 106 SUM159PT-TGL cells were mixed 106	

with Matrigel (BD Biosciences) and bilaterally injected into the mammary fat pads of 107	

female, athymic nu/nu mice (Taconic). Tumor burden was assessed by luciferase activity 108	

and by caliper measurements (tumor volume was calculated as volume=(length ×width2109	

)/2). Once tumors were established, mice were matched into groups based on the total 110	

tumor burden as assessed by in vivo imaging and by caliper measurements. Mice were 111	

administered Enza in their chow (approximately a 50 mg/kg daily dose). Enza was mixed 112	

with ground mouse chow (Research Diets Inc.; New Brunswick, NJ) at 0.43 mg/g chow. 113	
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The feed was irradiated and stored at 4°C before use. Mice in the control group received 114	

the same ground mouse chow but without Enza. Mice were given free access to either 115	

Enza formulated chow or control chow throughout the study period. Mice were given Pac 116	

(LTK Labs; St Paul, MN) i.p. at a dose of 10 mg/kg/d for five consecutive days. Stock 117	

Pac was prepared in 50% ethanol and 50% Kolliphor EL (Sigma), then diluted in PBS to 118	

a concentration of 1 mg/ml. Mice were euthanized by carbon dioxide asphyxiation 119	

followed by cervical dislocation, and the tumors were harvested. 120	

Immunoblotting 121	

Whole cell protein extracts (50 µg) were denatured, separated on SDS-PAGE gels 122	

and transferred to polyvinylidene fluoride membranes. After blocking in 3% bovine 123	

serum albumin in Tris-buffered saline–Tween, membranes were probed overnight at 4°C. 124	

Primary antibodies utilized include: AR (PG-21, 1:500 dilution; EMD Millipore, 125	

Darmstadt, Germany), GR (1:1000 dilution; Cell Signaling), and α-TUBULIN (clone B-126	

5-1-2, 1:30,000 dilution; Sigma Aldrich). Following secondary antibody incubation, 127	

results were detected using Western Lightning Chemiluminescence Reagent Plus (Perkin 128	

Elmer; Waltham, MA). 129	

Real-time quantitative polymerase chain reaction 130	

RNA was isolated by Trizol (Invitrogen; Grand Island, NY) and cDNA was 131	

synthesized from 1 µg total RNA, using M-Mulv reverse transcriptase enzyme (Promega; 132	

Fitchburg, WI). SYBR green quantitative gene expression analysis was performed using 133	

the following primers: AR forward, 5’-CTCACCAAGCTCCTGGACTC-3’ and AR 134	

reverse, 5’-CAGGCAGAAGACATCTGAAAG-3’; GR forward, 5’-135	

ACTGCCCCAAGTGAAAACAGA-3’ and GR reverse, 5’-136	
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ATGAACAGAAATGGCAGACATTT-3’; βACTIN forward, 5′-137	

CTGTCCACCTTCCAGCAGATG-3′ and βACTIN reverse, 5′-138	

CGCAACTAAGTCATAGTCCGC-3′; and RPL13A forward, 5′-139	

CCTGGAGGAGAAGAGGAAAGAGA-3′ and RPL13A reverse, 5′-140	

TTGAGGACCTCTGTGTATTTGTCAA-3′. Relative gene expression was calculated 141	

using the comparative cycle threshold method and values were normalized to β-ACTIN or 142	

RPL13A.  143	

Gene Expression Array Analysis 144	

BT549 cells were grown in either attached or forced suspension condition on 145	

poly-HEMA coated plates in quadruplicate for 24 hours. RNA was harvested using the 146	

Trizol method, and hybridized onto Affymetrix Human Gene 1.0ST arrays at the 147	

University of Colorado Denver Genomics and Microarray Core, following the 148	

manufacturer’s instructions.  149	

Microarray analysis was performed using Parktek Genomics Suite (Partek, Inc.) 150	

and Ingenuity Pathway Analysis software (Qiagen, Inc.). One-way ANOVA analysis was 151	

performed to determine differentially expressed genes between the two treatment groups. 152	

Significantly differentially expressed genes were imported to Ingenuity for pathway 153	

analysis, including identification of altered canonical pathways.  154	

Statistical Significance 155	

Statistical significance was evaluated using a two-tailed student’s t-test or 156	

ANOVA with GraphPad Prism software. Binomial probability was used to calculate 157	

significance of MFE assays. Extreme limiting dilution analysis (ELDA) was used to 158	

calculate stem cell frequency and significance of tumor initiation frequency of the 159	
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limiting dilution assay. A P-value of less than 0.05 was considered statistically 160	

significant. 161	

RESULTS 162	

Androgen receptor transcript, protein, and transcriptional activity are upregulated in 163	

forced suspension culture compared to adherent conditions 164	

 To determine what genes may have a role in the ability of cells to resist anoikis 165	

and survive in suspension (mimicking survival in-transit during metastasis), gene 166	

expression microarray analysis was conducted on BT549 cells in adherent or forced 167	

suspension conditions for 24 hours. Metacore and Ingenuity Pathway analysis of this data 168	

(genes significantly altered by more than 1.5 fold in BT549 in attached versus suspension 169	

culture for 24 hrs) revealed that AR is one of the top predicted upstream regulators of the 170	

genes altered in suspension culture (Fig. 1A). When MDA-MB-453, SUM159PT, and 171	

BT549 triple-negative breast cancer cell lines were placed in forced suspension or 172	

adherent culture conditions  AR and GR mRNA transcripts were measured and AR 173	

transcript significantly  increased in all three cell lines after 48 hours in forced suspension 174	

compared to the attached condition in all 3 cell lines, while GR protein did not (Fig. 1B).  175	

An increase in AR,  but not GR protein was confirmed by western blot (Fig. 1C) and   176	

immunohistochemistry (Fig. 1D). Indeed, culture of BT549 cells in the attached verus 177	

suspended culture over time 24-96 hours showed enrichment for AR positive cells in 178	

suspension culture over time (Supplemental Fig 1) 179	

AR transcriptional activity as measured using a consensus response element luciferase 180	

reporter, significantly increased in suspended compared to attached culture in 181	
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SUM159PT and BT549 cell lines  and this effect was attenuated in cells transduced with 182	

shRNAs targeting AR  (Fig. 1E).  183	

AR+ cells are resistant to apoptosisSince AR increased in forced suspension culture, we 184	

hypothesized that AR might protect against anoikis (detachment-induced cell death). We 185	

had previously reported that the anti-androgen enzalutamide caused a greater than 80% 186	

reduction in growth on soft agar (ref Val’s first paper).  Cleaved caspase 3 (red) 187	

increased in MDA-MB-453 and BT549 following 48 hours in forced suspension culture, 188	

as did AR protein positivity (green) (Fig 2A). Higher magnification of the BT549 line 189	

demonstrates the mutually exclusive nature of the red apoptotic cells and the green AR 190	

positive cells (Fig 2B). Percent cells positive for red (cleaved caspase), green (AR) or 191	

both was evaluated  in BT549 cells Image analysis of BT549 suspended cells and the 192	

number of dual positive cells was found to be less than 1% indicating that cells positive 193	

for AR do not undergo  apoptosis in suspension (Fig 2C).  194	

A population of cancer stem-like cells increases in forced suspension conditions 195	

 The ability to survive in suspension is a characteristic of CSCs. Therefore, the 196	

CSC population will likely increase in forced suspension culture conditions. As expected, 197	

a 3-day forced suspension culture of SUM159PT cells increased the population of 198	

ALDH+ cells from 40% to 60% (Fig 3A, P<0.01). Likewise, in a mammosphere 199	

formation efficiency (MFE) assay, SUM159PT cells suspended 3 days prior to plating 200	

exhibited a 5-fold increase in MFE (Fig. 3B, P<0.001). These findings were confirmed in 201	

a second cell line, MDA453. As MDA453 does not express ALDH, CD44+/CD24- 202	

staining was used to identify CSCs. Although there were no changes in CD44 staining 203	

(data not shown), CD24 staining decreased by 2-fold following suspension culture, 204	
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suggesting a less luminal phenotype (Fig. 3C, P<0.001). A 2-fold increase in MFE was 205	

also observed in MDA453 cells placed in suspension culture for five days prior to plating 206	

the mammosphere assay (Fig. 3D, P<0.05).  207	

Androgen receptor inhibition decreases the cancer stem cell-like population in vitro 208	

 Given the data that both AR and CSCs are increased in suspension, it was 209	

hypothesized that inhibiting AR would decrease the CSC population. In SUM159PT 210	

cells, AR knockdown decreased the percentage of ALDH+ cells from 55% to 211	

approximately 40% (Fig. 4A, P<0.001). A 4-fold decrease in MFE was also observed 212	

(Fig. 4B, P<0.05) following AR knockdown. Finally, treatment with the AR antagonist 213	

Enza decreased MFE by nearly 2-fold (Fig. 4C, P<0.01). These results were recapitulated 214	

in the MDA453 cell line. AR knockdown led to a decrease in the CD44+/CD24- cell 215	

population, indicative of a more luminal phenotype (Fig. 4D, P<0.05). Similarly, AR 216	

knockdown decreased MFE in MDA453 by 2-fold (Fig. 4E, P<0.05). Treatment with 217	

Enza resulted in a 9-fold decrease in MFE in MDA453 (Fig 4F, P<0.001). Although there 218	

were trends of decreased mammosphere length following AR inhibition, these changes 219	

did not reach statistical significance.  220	

Pre-treatment with Enzalutamide decreases tumor initiation frequency in vivo 221	

 To evaluate the stem cell-like property of tumor initiation, an in vivo limiting 222	

dilution assay was performed. tTo determine if AR inhibition would affect tumor 223	

initiation frequency luciferase-tagged SUM159PT cells were pretreated for 3 days with 224	

either Veh or Enza and mice received bilateral orthotopic injections of  these cells 225	

ranging from 102-106 cells and tumor initiation frequency was measured by palpation and 226	

total flux.(Fig. 5A). By both palpation and total flux analyses, pretreatment with Enza 227	
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significantly decreased the tumor initiation frequency by approximately 2.5-fold (Fig. 5C, 228	

P<0.05).    229	

Combination Enzalutamide and Paclitaxel is more effective than Paclitaxel alone 230	

 CSCs are resistant to chemotherapy and may repopulate the tumor following 231	

treatment [3-6]. Given that AR inhibition decreases the CSC population in vitro and in 232	

vivo (Fig. 4-5), AR inhibition in combination with chemotherapy may be more effective 233	

than chemotherapy alone. In vitro, both Enza and Pac inhibit SUM159PT cell growth 234	

more than 50% P<0.001). However, the combination of drugs inhibits cell growth by 235	

25%, P<0.01) (Supplemental Fig 2).  To determine whether the combination of drugs is 236	

more effective in vivo, three treatment groups were compared: Pac alone, Pac + Enza 237	

Group 1 (received Enza simultaneous with with Pac (Sim), and Pac + Enza Group 2 238	

(received Enza sequentially after treatment with Pac (Seq)) (see Supplemental Fig 2 for 239	

experimental design). (Figure 6B) and randomization e by caliper measurements and total 240	

flux, respectively. Tumor viability measured by IVIS imaging demonstrated that he 241	

addition of Enza (whether simultaneous or sequential) significantly decreased tumor 242	

viability at the end of the study (Day 49) (Fig 6A and B). Tumor volume was also 243	

significantly smaller in both groups that got pac plus Enza compared to Pac alone 244	

(P<0.05) (Fig. 6C and D).. In addition, the simultaneous Pac+Enza Group 1 (sim) was 245	

more statistically significant than the Pac+Enza Group 2 sequential (seq) treatment group 246	

at end of study by both total flux measuring tumor viability  and tumor volume. .  In a 247	

comparison of individual change in total flux following the last day of Pac versus the end 248	

of study by paired t-test, only the Pac+Enza simultaneous treatment (sim)  showed a 249	

statistically significant reduction in tumor viability (Fig. 6E), indicating that only this 250	
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group did not exhibit recurrance. These findings suggest that Enza may more effectively 251	

reduce recurrance following cessasion of chemotherapy if given simultaneously with 252	

chemotherapy.  253	

 254	

 255	

 256	
DISCUSSION 257	

For the first time, these data suggest that AR transcript, protein, and 258	

transcriptional activity is upregulated in TNBC lines in forced suspension compared to 259	

attached conditions. Our previously published data demonstrate that, in multiple TNBC 260	

cell lines, Enza dramatically reduces growth on soft agar, a classic measure of anchorage 261	

independence [7]. The data presented here also indicate that AR is anti-apoptotic and 262	

particularly, because it increases in suspension culture, protects against cell death under 263	

anchorage independent conditions (forced suspension culture). This data is consistent 264	

with previous studies demonstrating that AR+ tumors retain AR expression in metastatic 265	

disease [31, 32].  Interestingly, Lawson et al. recently reported single cell sequencing of 266	

circulating tumor cells from breast cancer patient-derived xenografts (PDX) and found 267	

many genes upregulated in low burden metastatic cells compared to primary tumor cells, 268	

including AR (21.5-fold) [33] a.. Increased AR expression found in ciruclating tumor 269	

cells, along with our data on AR in forced suspension, and clinical data showing retention 270	

of AR in metastatic disease [31, 32], suggest that AR is supporting survival in transit 271	

during metastasis.  272	

In a comparison of genes upregulated in circulating tumor cells in the TNBC PDX 273	

model reported by Lawson et al  [33] and in our suspended culture conditionsboth , 274	
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transforming growth factor beta 2 (TGFB2) and AR  increased in both datasets.  275	

Metacore analysis predicted that AR is transcriptionally active in suspension and that 276	

TGFB2 may be an AR regulated gene. Indeed  transforming growth factor beta receptor 2 277	

(TGFBR2, 43-fold) and transforming growth factor beta receptor 3 (TGFBR3, 3.4-fold), 278	

were also highly expressed in circulating tumor cells from TNBC PDX models [33] 279	

andare associated with dormancy of tumor-disseminated cells [34, 35]. There is evidence 280	

that AR regulates TGFB2 expression in prostate cancer associated fibroblasts [36] and 281	

the TGFB2 gene has an androgen response element adjacent to its transcription start site 282	

(published?). Additionally, transforming growth factor beta 1 (TGFB1) plays a role in 283	

mammary stem cell maintenance [37]. Together, these data imply that one mechanism by 284	

which AR may support survival in suspension and metastasis is upregulation of TGFB2. 285	

Indeed we find that activated SMAD3 is more abundant in TNBC in forced suspension 286	

culture.  287	

The present  data also demonstrate, both in vitro and in vivo, that AR inhibition 288	

decreases a CSC like population. This finding challenges the prior dogma that AR 289	

targeted therapies will be most effective in tumors with high AR expression [38-40]. 290	

Indeed, preliminary data from the Phase II trial of Enza in TNBC demonstrates that the 291	

degree of AR immunostaining itself was not the best predictor of who will receive the 292	

most benefit from AR targeted therapy, but rather a signature of genes  indicative of AR 293	

activity [16]. If AR targeted therapies decrease a CSC population capable of repopulating 294	

the tumor, then even patients with relatively low AR expression may benefit from this 295	

treatment, since even a low percentage of AR+ cells may be supporting CSCs that can 296	

survive chemotherapy and repopulate a tumor. The finding that patients with low levels 297	
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of a hormone receptor may benefit from targeted therapy is not unprecidented, as breast 298	

cancer patients with as low as 1% ER+ cells can receive benefit from ER targeted 299	

therapies . Estrogen and progesterone expand the stem cell population in the normal 300	

mammary gland and breast cancer [18, 19] and in AR+ TNBC, AR is known to bind to 301	

many of the same sites on chromatin as ER does in ER+ BC (put in Robinson 302	

reference). In immortal mammary epithelial cells, amphiregulin (AREG), 303	

transcriptionally regulated by ER, supports the expansion of stem cells [18, 19, 41]. Our 304	

previously published data demonstrate that activation of AR increases AREG secretion 305	

while treatment with Enza decreases AREG expression in TNBC cell lines [7]. AR+ cells 306	

may support a CSC population through a similar paracrine mechanism or may themselves 307	

have stem-like properties. Further studies are needed to elucidate the mechanisms by 308	

which AR supports a CSC population, or whether the AR+ cells themselves are the CSC 309	

tumor initiating population. In either case, these data show that AR inhibition decreaseses 310	

mammosphere formation frequency in vitro and tumor initiation in vivo.   311	

CONCLUSIONS 312	

Given the success of the Phase II trial of Enza (Xtandi) in metastatic TNBC [16], 313	

there is great clinical interest in the efficacy of Enza in combination with standard of care 314	

chemotherapy. The need for improved chemotherapy among AR+ TNBC tumors is 315	

highlighted in a study by Masuda et al. demonstrating that AR+ TNBCs (luminal AR 316	

subtype) have a poor pathologic complete response compared to other subtypes [43]. This 317	

may be because AR+ tumors proliferate more slowly and are therefore less responsive to 318	

chemotherapeutic agents. Enza may increase the efficacy of chemotherapy by decreasing 319	

the CSC population that is both insensitive to chemotherapy and that is thought to 320	
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repopulate the tumor post-chemotherapy to cause relapse [3-6]. Using a preclinical 321	

model, the present study indicates that the combination of Enza and chemotherapy is 322	

more effective than chemotherapy alone. Although both Enza plus chemotherapy 323	

regimens (simultaneous and sequential) were more effective than chemotherapy alone, 324	

the combination of Enza given simultaneously with chemotherapy, rather than following 325	

chemotherapy, yielded better preclinical outcomes (more significant decrease in tumor 326	

volume and viability and less tumor regrowth upon cessation of chemotherapy). This 327	

study provides preclinical evidence supporting chemotherapy combination trials with 328	

Enza, and it shows promise that the addition of a targeted therapy may improve outcomes 329	

for patients with TNBC. The first clinical trial (give trial number), showed an impressive 330	

clinical benefit rate when given to women with metastatic disease where the majority of 331	

patients had already received chemotherapy (REF ASCO talk). The next trial with Enza 332	

in AR+ disease will  likely involve Enza plus chemotherapy compared to chemotherapy 333	

alone as adjuvant therapy in metastatic, then non-metastatic disease. Indeed, if AR 334	

targeted therapies continue to be successful in the clinic, they may become the first 335	

successful targeted therapy forTNBC.  336	
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 513	
FIGURE LEGENDS 514	

Figure 1 Androgen receptor expression increases in suspension culture. A, quantitative 515	

real-time PCR (qRT-PCR) for androgen receptor (AR) and glucocorticoid receptor (GR) 516	

expression in attached versus forced suspension cell culture conditions at 24 hours. B, 517	

Western blot for AR and GR in attached versus forced suspension cell culture conditions 518	

at 24 hours. C, Immunohistochemistry for AR in attached versus forced suspension cell 519	

culture conditions at 48 hours. Photomicrographs at 400x. *, P<0.05; ***, P<0.001 520	
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Figure 2 AR transcriptional activity is increased in suspension culture. A, Ingenuity 521	

analysis of BT549 microarray data found that AR is one of the most upregulated 522	

transcription factors in suspended compared to attached conditions. B, AR luciferase 523	

reporter assay in attached compared to suspended conditions in cells transduced with a 524	

non-targeting control (shNEG) or shRNAs targeting AR (shAR15, shAR17). **, P<0.01; 525	

***P<0.001 526	

Figure 3 A cancer stem cell-like population is increased in suspension. A, ALDEFLUOR 527	

assay of SUM159PT cells placed in suspended conditions for 3 days. DEAB was used as 528	

a control to set the gate. B, mammosphere formation efficiency (MFE) assay of 529	

SUM159PT cells placed in attached or suspended conditions for 3 days prior to plating. 530	

C, CD24 staining of MDA-MB-453 (MDA453) cells following 5 days in suspension 531	

culture. D, MFE assay of MDA453 cells placed in attached or suspended conditions for 5 532	

days prior to plating. Statistics include two-tailed t-tests (A, C) and binomial probability 533	

(B,D). *, P<0.05; **, P<0.01; ***, P<0.001. 534	

Figure 4 AR inhibition decreases a cancer stem cell-like population. A, ALDEFLUOR 535	

assay of SUM159PT cells transduced with a non-targeting control (shNEG) or shRNAs 536	

targeting androgen receptor (AR, shAR15 and shAR17). Western blot for AR. 537	

αTUBULIN is shown as a loading control. B, mammosphere formation efficiency (MFE) 538	

assays of SUM159PT cells transduced with shNEG, shAR15, or shAR17 or C, treated 539	

with Enzalutamide (Enza). D, CD24 staining of MDA-MB-453 (MDA453) cells 540	

transduced with shNEG, shAR15, or shAR17. Western blot for AR.  β-ACTIN is shown 541	

as a loading control.  E, MFE assays of MDA453 cells transduced with shNEG, shAR15, 542	
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or shAR17 or F, treated with Enza. Statistics include two-tailed t-tests (A, D) and 543	

binomial probability (B, C, E, F). #, P=0.06; *, P<0.05; **, P<0.01; ***, P<0.001. 544	

Figure 5 Tumor initiation frequency of SUM159PT cells pre-treated with Enzalutamide. 545	

A, schematic of experimental design. B, total flux of mice injected with 102-104 cells 546	

pretreated for three days with Vehicle control (Veh) or Enzalutamide (Enza). C, tables 547	

displaying number of mice with tumors by palpation (left) or total flux right). P-values 548	

and stem cell frequencies were calculated by extreme limiting dilution analysis (ELDA).  549	

Figure 6 Experimental design of combined Paclitaxel and Enzalutamide therapy in vivo. 550	

A, proliferation assay of SUM159PT-Luc cells treated three days with vehicle control 551	

(DMSO), Enzalutamide (Enza), and/or Paclitaxel (Pac) in vitro. B, timeline schematic of 552	

mouse injection, tumor matching, and treatment. C, randomization of tumor burden by 553	

caliper measurements. D, randomization of tumor burden by total flux. E, total flux of 554	

Enza naïve tumors (Pac and Pac+Enza Group 2) before and after treatment with Pac. 555	

Statistic is a two-sided t-test. **, P<0.01; ***, P<0.001 556	

Figure 7 Enzalutamide and Paclitaxel combination therapy is more effective than 557	

Paclitaxel alone. A, total flux throughout study by treatment group. B, comparison of 558	

total flux on study day 49. C, tumor burden throughout study by treatment group. D, 559	

comparison of tumor burden on study day 51. E, total flux (left, paired t-test) and tumor 560	

burden (right) per mouse between the final day of Paclitaxel and the end of study. 561	

Statistics represent two-tailed t-tests. #, P=0.06; *, P<0.05; **, P,0.01 562	

563	
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INTRODUCTION 
The estrogen receptor (ER), progesterone receptor (ER) and human epidermal growth factor 

receptor 2 (HER2) have been the principal targets of breast cancer (BC) therapies for the last several 
decades. The androgen receptor (AR) has recently emerged as another promising target in BC. AR is 
expressed in 77% of all BC and is more widely expressed than estrogen receptor (ER); it is present to 
varying degrees in all BC subtypes, including luminal A, luminal B, HER2 enriched, and triple negative 
breast cancers (TNBC)1. Recent preclinical studies of AR in BC indicate it is required for survival, and 
may contribute to metastatic progression. AR drives TNBC tumor growth2,3, and it interacts with ER in 
ER+ BC to affect clinical outcome as well as tumor growth in preclinical models (D’Amato et al, in 
press). A number of AR antagonists currently used for the treatment of prostate cancer are being 
investigated for use in breast cancer. Recent clinical trials of anti-androgen therapies in breast cancer 
have demonstrated significant clinical benefit in a variety of disease settings4,5. Notably, administration 
of the AR antagonist enzalutamide (Xtandi, Medivation, Inc) in patients with advanced TNBC results in 
better than expected survival5. Enzalutamide is a second-generation AR inhibitor which functions by 
preventing AR nuclear localization and has minimal agonist activity. Several other AR antagonists are 
currently in pre-clinical development, including VT-464 (Seviteronel, Innocrin, Inc). Based on the 
availability of targeted therapies and the pre-clinical data in BC, AR inhibition has the potential to be 
widely effective across multiple breast cancer subtypes and disease settings, including those that have 
become resistant to other therapies. 

AR expression has been associated with favorable prognosis in BC6,7; however this effect may be 
subtype-specific8. Similarly, ER expression is also associated with a favorable prognosis, which is 
explained by the observation that ER+ BC are generally well differentiated and more indolent than ER-
negative cancers9,10; however since these tumors rely on ER for growth, ER-targeted therapies are highly 
effective. Accumulating evidence suggests that AR may have a similar effect in BC. 

The mammalian target of rapamycin (mTOR) is a driver of BC growth and is a potential 
therapeutic target in a number of solid tumor types. Therapeutic inhibition of mTOR has shown promise 
in pre-clinical studies11 and clinical trials. A recent phase III trial of the second-generation mTOR 
inhibitor everolimus in BC demonstrated significant clinical benefit in patients with ER+/HER2- 
disease12, leading to FDA approval of this agent for patients with advanced ER+ breast cancer. 
However, results have been disappointing in trials of patients with HER2+ disease13 and TNBC14. Given 
the heavily integrated nature of mTOR signaling, and that it integrates signals from well-established 
breast cancer targets such as HER2, PI3K, and ER, therapeutic inhibition of mTOR may have 
unintended compensatory effects within the cell, leading to resistance and continued breast cancer 
growth. Indeed, this observation was part of the rationale to design clinical trials to dually inhibit mTOR 
and HER2; however, two phase III clinical trials testing this hypothesis have resulted in only marginal 
survival improvements13,15. Further compounding the issue, molecular markers to reliably predict 
response or resistance to everolimus remain elusive. 

In the current study, we examined the interplay between AR and mTOR in the context of HER2+ 
BC and TNBC. We sought to determine whether dual inhibition of these pathways would synergistically 
inhibit BC growth, thus providing the rationale for a new therapeutic combination that could increase the 
efficacy of mTOR-targeted therapies. 

MATERIALS AND METHODS 
Cell lines 

Breast cancer cell lines BT474, SKBR3, MDAMB453, BT549, HCC1806, and SUM159 were 
purchased from ATCC. The trastuzumab-resistant cell line BT474-HR20 has been previously described 
(REF). Cell line molecular subtypes, mutation status, and culture conditions are listed in Supplementary 
Table 1.  

Proliferation and synergy studies 
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Proliferation was measured using an Incucyte ZOOM Live Cell Imaging System (Essen 
Biosciences, Inc.) following the manufacturer’s protocol. Cells were first stably transfected with a 
plasmid containing nuclear red-fluorescent protein (RFP) and proliferation was measured either by % 
confluence, or change in fluorescence over time. Synergy between everolimus and enzalutamide was 
calculated using CalcuSyn Software (Biosoft Inc), which uses the Chou-Talalay Median Effect method, 
where a combination index (CI)<0.9 indicated synergy, CI = 0.9-1.1 indicated additivity, and CI>1.1 
indicated antagonism. Experiments were performed in biological triplicate. 

Patient-derived xenograft sponge culture explants 
A patient derived breast cancer xenograft was harvested from a NOD/SCID mouse and cut into 

1mm3 sections. Sections were placed on dental sponges which were grown in culture dishes with RPMI 
media containing vehicle, 1uM enzalutamide, 10nM everolimus, or combination. Sponge cultures were 
grown for 48 hours in the presence of drug, then formalin-fixed and paraffin embedded for 
immunohistochemistry (IHC). 

Western Immunoblotting 
For cell lines, cells were lysed in RIPA buffer containing protease inhibitor and phosphatase 

inhibitor.  For xenografts, lysates were generated by first homogenizing tumors with a rotor-stator 
homogenizer, then lysing in RIPA buffer with protease and phosphatase inhibitor. Whole cell protein 
lysates were heat-denatured, separated on SDS-PAGE gels, and transferred to polyvinylidene fluoride 
membranes. Membranes were blocked in 5% BSA in Tris-buffered saline-Tween and then probed 
overnight at 4°C.  The following primary antibodies were used: AR (PG-21, 1:500 dilution, EMD 
Millipore);  phospho-HER2 (Y1248, 1:1000 dilution, Cell Signaling); total-HER2 (D8F12, 1:1000 
dilution, Cell Signaling); phospho-HER3 (Y1197, 1:1000 dilution, Cell Signaling); total-HER3 (1B2E, 
1:1000 dilution, Cell Signaling); GAPDH (G879S, 1:5000 dilution, Sigma Aldrich); α-tubulin (B-5-1-2; 
1:20,000 dilution, Sigma Aldrich). Following incubation in secondary antibody, results were detected 
using an Odyssey CLx Imager (Licor Inc); densitometry quantification was performed using Image 
Studio Lite Version 4.0 and reported as a ratio compared with α-tubulin or GAPDH as a loading control. 

Quantitative RT-PCR 
Total RNA was isolated using the RNeasy Plus Mini Kit (Qiagen) according to manufacturer’s 

instructions. cDNA was synthesized using qScript cDNA SuperMix (Quanta Biosciences) following 
manufacturer’s instructions. qPCR was performed on an ABI 7600 FAST thermal cycler using Absolute 
Blue qPCR SYBR Green Low ROX Mix (Thermo Scientific). Target gene expression was normalized to 
either 18s or GAPDH. Experiments were repeated at least twice. qPCR primers were as follows: AR 
Fwd: 5’…3’; AR Rev: 5’…3’; PIP Fwd: 5’-TCCCAAGTCAGTACGTCCAAA-3’; PIP Rev: 5’-
CTGTTGGTGTAAAAGTCCCAG-3’; 18s Fwd: 5’-GTAACCCGTTGAACCCCATT-3’; 18s Rev: 5’-
CCATCCAATCGGTAGTAGCG-3’; GAPDH Fwd: 5’-GTCAGTGGTGGACCTGACCT; GAPDH 
Rev: 5’-AGGGGTCTACATGGCAACTG-3’. 

Reverse Phase Protein Array (RPPA) 

Tumor xenografts and in vivo treatments 
Xenograft studies were approved by the University of Colorado Institutional Animal Care and 

Use Committee (IACUC protocol XXXX). All experiments were conducted in accordance with the NIH 
Guidelines of Care and Use of Laboratory Animals. Trastuzumab-resistant BT474-HR20 breast cancer 
cells were stably transfected with the NES-TGL vector, which contains GFP-luciferase. A total of 2x106

trastuzumab-resistant BT474-HR20 cells were mixed in 100uL Matrigel (BD Biosciences) and injected 
bilaterally into the mammary fat pads of female NOD/SCID mice (Taconic). Tumor growth was 
measured weekly by caliper and by luciferase signal using an in vivo preclinical imaging system (IVIS). 
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When tumors reached an average of 50mm3, mice were randomized into 4 treatment groups based on 
caliper measurements and total IVIS signal (Supplementary figure XX). Mice received enzalutamide via 
their chow (equivalent to 50mg/kg dose). Enzalutamide was mixed with ground mouse chow at a 
concentration of 0.43 mg/g chow (Research Diets, Inc.). Everolimus was administered intraperitoneally 
twice weekly at a dose of 2mg/kg. Mice were euthanized by CO2 asphyxiation and cervical dislocation. 
Tumors, mammary glands, and colons were harvested for immunohistochemical and gene expression 
analyses. 

Statistical Analyses 
To compare the effect of treatment on tumor growth over time, a repeated measures design was 

used. Assumptions for different types of repeated measures analyses were tested (i.e., normal 
distribution, equal variances, balanced data, no missing data or unequal time measurements). Normal 
distributions were determined by graphing the data to check for a symmetrical data distribution without 
outliers and by the Shapiro-Wilk test. Data failing this assumption were transformed. A repeated 
measures ANOVA was used if there were no missing data, there were equal numbers in each treatment 
group, the measurement time points were equal, and there were no missing data points. If this model 
failed the assumptions of sphericity (Mauchly's Test), either a p-value correction (Huynh-Feldt) was 
reported or a multivariate ANOVA was used to determine differences in treatment groups over time. If 
there were missing data, or unbalanced data, or unequal time points, a repeated measures mixed models 
approach was used. The appropriate covariance structure for the mixed model was tested and the 
covariance structure leading to the best model fit (lowest Akaike Information Criterion and Bayesian 
Information Criterion values) was used. Adjusted p-values using Tukeys’ method were used to 
determine differences between individual treatment groups over time. The repeated measures analyses 
were performed using SAS ver 9.4 (SAS Institute, Cary, NC). Significance was set at p<0.05. 

RESULTS 
mTOR inhibition promotes AR expression and activity 

Two breast cancer cell lines harboring PIK3CA mutations that were treated with 10nM 
everolimus over the course of 48 hours demonstrated an increase in AR protein expression and gene 
expression (Figure 1). Additionally, everolimus resulted in increased protein expression of phospho-
HER3 in the BT474-HR20 cells (Figure 1A), and both phospho-HER2 and phospho-HER3 in the 
MDAMB453 cells (Figure 1B). These everolimus-dependent increases were abrogated by enzalutamide. 
Interestingly, treatment of the PIK3CA-wild type cell line SKBR3 with everolimus did not result in 
upregulation of AR, HER2, or HER3 (Figure 1C). In all cell lines tested, everolimus treatment caused a 
decrease in protein expression of phospho-S6, which is a downstream readout of mTOR activity.  
Interestingly, enzalutamide treatment also caused a decrease in pS6 expression. In the BT474-HR20 and 
MDAMB453 cells, an increase in AR gene expression occurred within 12 hours of everolimus treatment 
and was maintained through 48 hours in BT474-HR20 and MDAMB453 cells (Figure 1D, 1F). An AR 
target gene, PIP (prolactin-induced protein) displayed a similar expression pattern, suggesting that AR 
transcriptional activity is increased by everolimus (Figure 1E, 1G). (Figure XX).   

To confirm AR upregulation by everolimus, a PDX was explanted and cultured ex vivo for 48 
hours in the presence of enzalutamide, everolimus, or the combination.  There was an increase in AR 
protein expression as measured by immunohistochemical staining when explants were treated with 
everolimus compared to vehicle, and a subsequent downregulation when explants were treated with 
enzalutamide+everolimus (Figure 1H). 

A reverse-phase protein array was performed to determine the potential downstream effects of 
everolimus in addition to AR upregulation….(results pending) 

To examine the effects of everolimus on target protein expression over a longer time course, 
cells were treated with low-dose everolimus (1nM) for 3 weeks….(results pending) 
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AR and mTOR antagonists synergistically inhibit breast cancer cell proliferation 

Breast cancer cells were treated with a dose matrix of enzalutamide and everolimus at three 
clinically relevant doses per drug. Enzalutamide and everolimus synergistically inhibited proliferation in 
the BT474, BT474-HR20, MDAMB453, BT549 and HCC1806 cell lines (Figure 1), but not in SKBR3 
or SUM159 cells.  In the BT474 cells in particular, there was a synergistic inhibition at all dose 
combinations measured, whereas in the BT549 cells the synergistic effect was limited to the higher 
doses of enzalutamide. Interestingly, synergistic inhibition of growth was observed only in cell lines 
harboring activating PIK3CA mutations (BT474, MDAMB453, BT549). In PIK3CA wild-type cell 
lines, the effect was additive or antagonistic (Supplemental Figure 1). Interestingly, in the HER2-
amplified cell line MDAMB453, the three-drug combination of everolimus, enzalutamide, and the 
HER2-inhibitor trastuzumab resulted in significantly greater inhibition of proliferation when compared 
to any two-drug combination or any single agent treatment (Supplementary Figure 2). 
 We examined potential synergy of everolimus with a second AR antagonist, VT-464 
(Seviteronel, Innocrin, Inc). Similar to enzalutamide, synergistic inhibition of growth was observed in 
multiple cell lines, including MDAMB453, and BT474 (Supplemental Figure 3). 
 
Antitumor activity of AR antagonist enzalutamide combined with mTOR inhibitor everolimus 

Trastuzumab-resistant BT474-HR20 cells, which are ER-positive, HER2-amplified, and harbor 
an activating PIK3CA mutation, were injected orthotopically into NOD/SCID mice to determine if 
combining enzalutamide with everolimus would inhibit tumor growth more than either single-agent 
treatment. For analysis of tumor growth as measured by IVIS signal, due to missing and unbalanced 
data, the repeated measures mixed model approach was used. The data were transformed by taking the 
square root to meet the assumption of normality. Tumors in all treatment groups increased in size over 
time (p<0.0001), and the treatment groups grew at different rates (p<0.0001, Figure 3 A-C).  Mice 
treated with either single-agent enzalutamide or single-agent everolimus had significantly reduced tumor 
viability when compared to mice treated with vehicle. The enzalutamide+everolimus treated tumors had 
significantly less viability as measured by IVIS signal than all other treatment groups (p<0.0001) and 
they grew at a slower rate (p<0.0001). 

Interestingly, examination of protein expression from xenografts revealed changes that were 
distinct from short term in vitro assays described above. After 26 days of treatment, enzalutamide 
caused an increase in phospho- and total-HER2 protein expression (Figure 3D). Total AR expression 
was not affected by enzalutamide. Everolimus caused a decrease in phospho- and total-HER2 and 
HER3, as well as a decrease in AR. 

 
DISCUSSION 

Everolimus targets the mTOR signaling axis, which is highly integrated with multiple pathways 
previously shown to be critical for breast cancer progression, including estrogen receptor signaling and 
HER2 signaling. The BOLERO-2 phase III clinical trial was designed in part to address this, with 
patients receiving everolimus in combination with the aromatase inhibitor exemestane. Indeed, the 
results of this trial indicated that dual inhibition of mTOR and ER significantly improved progression-
free survival for patients12. However, two other phase III clinical trials, BOLERO-115, and BOLERO-
313, were designed to dually inhibit HER2 and mTOR in trastuzumab-refractory breast cancer, but 
yielded far less promising results. Patients in these trials who received everolimus did achieve a 
statistically significant improvement in PFS when compared to the non-everolimus arm, however this 
benefit was clinically insignificant, with a survival benefit of only one month in the BOLERO-3 trial. 
These results suggest that some HER2+ breast cancers may not respond to combined mTOR/HER2 
inhibition due to compensatory activation of another pathway. Studies in prostate cancer indicate there is 
cross-regulation between the mTOR signaling axis and the androgen receptor16, and a pre-clinical study 
in TNBC showed that the combination of the anti-androgen bicalutamide with PI3K (phosphoinositide 
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3-kinase) inhibitors slows tumor growth17. Additionally, activating PI3K mutations are associated with 
increased AR expression18. The results presented here demonstrate regulation of AR by mTOR in breast 
cancer. Interestingly, we find this regulation to only be present in cell lines harboring activating 
PIK3CA mutations. This may be due to the mutation-induced hyper-activation of the pathway, where 
mTOR is downstream of PI3K. 

We elected to use the trastuzumab-resistant cell line BT474-HR20 for the HER2+ in vivo study, 
which is ER-positive, HER2-amplified, and harbors an activating PIK3CA mutation, due largely to the 
recent clinical trials described above, in which patients with HER2-positive, trastuzumab-refractory 
breast cancer received minimal clinical benefit from everolimus. The in vitro and in vivo findings 
presented here show that in this disease setting, mTOR inhibition significantly activates AR in the short-
term. Analysis of pathway component proteins resulted in disparate results when examining short-term 
vs. long-term everolimus treatment. The upregulation of HER2, HER3, and AR after 48 hours of 
everolimus treatment in vitro was not observed after long term treatment in vivo. In fact, the opposite 
was observed, where HER2, HER3, and AR were all downregulated by everolimus. The acute exposure 
to a high dose of everolimus (10nM) resulted in these compensatory effects that have also been observed 
in prostate cancer cells in vitro16. However, these short-term assays may not fully replicate what occurs 
in tumors in vivo over a longer treatment course, with a possiably lower chronic exposure to drug.  
Overall, the effects on cell proliferation and viability were similar when comparing short-term in vitro 
assays to long-term in vivo assays, with the combination of everolimus and enzalutamide significantly 
inhibiting growth compared to either single agent. But it appears that the effect on protein expression of 
dually inhibiting AR and mTOR is dynamic over time. Long-term treatment with low-dose 
everolimus… 
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Figure 1. Everolimus upregulates AR protein expression and transcriptional activity. (A) 
Trastuzumab-resistant BT474-HR20, (B) MDAMB453, and (C) SKBR3 cells were grown in either 
charcoal-stripped serum (DCC) or full serum (FBS) for 48 hours. Cells grown in DCC were then treated 
with DHT, enzalutamide, everolimus, or combinations for 48 hours, as shown.  Cells grown in full 
serum were treated with either enzalutamide, everolimus, or combination for 48 hours. (D,E) BT474-
HR20 cells and (F,G) MDAMB453 cells were treated with 10nM everolimus and RNA was harvested at 
timepoints shown.  RT-qPCR was performed for AR and an AR target gene, PIP (prolactin-induced 
protein). GAPDH was used as a housekeeping gene for qPCR. (H) A triple-negative breast cancer 
patient-derived xenograft was explanted and grown in culture medium containing vehicle, enzalutamide, 
everolimus, or the combination, for 48 hours. Explants were harvested and embedded, then stained for 
AR protein expression by immunohistochemistry (Still working on this figure). 
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Figure 2. Enzalutamide synergizes with everolimus to inhibit breast cancer 
proliferation in vitro. HER2-amplified BT474 cells and HER2-overexpressing 
MDAMB453 cells were labeled with nuclear red fluorescent protein, and were treated 
with enzalutamide and everolimus at doses indicated for six days. Proliferation was 
measured on an IncuCyte live cell imager using nuclear-RFP to quantify. Percent 
inhibition of growth was used to calculate synergistic interaction between the two drugs, 
using CalcuSyn software. A combination index (CI) <0.9 indicates synergy at a given 
dose, CI 0.9-1.1 indicates additivity, and CI>1.1 indicates antagonism. 
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Figure 3. Combination treatment with enzalutamide and everolimus inhibits tumor 
viability significantly more than single agent treatment. Still working on this figure. (A) Total 
flux growth curve of trastuzumab-resistant BT474-HR20 xenografts. Mice were randomized to 
one of four treatment groups at day -3 and treatment was initiated at day 0. (B) IVIS signal on 
last day of study. (C) Change in total flux from day of randomization to end of study on day 26. 
(D) Western blots from 3 representative tumors per treatment group: vehicle, enzalutamide 
(Enza), everolimus (Everol), and combination (Enza/Everol). *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001. 
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