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Abstract

Mutations in ESR1 that confer constitutive estrogen receptor alpha (ER) activity in the absence of 

ligand are acquired by ≥40% of metastatic breast cancers (MBC) resistant to adjuvant aromatase 

inhibitor (AI) therapy. To identify targetable vulnerabilities in MBC, we examined steroid 

hormone receptors and tumor-infiltrating immune cells in metastatic lesions with or without ER 

mutations. ER and progesterone receptor (PR) were significantly lower in metastases with wild 

type (WT) ER compared to those with mutant ER, suggesting that metastases that evade AI 

therapy by mechanism(s) other than acquiring ER mutations lose dependency on ER and PR. 

Metastases with mutant ER had significantly higher T regulatory and T helper cells, total 

macrophages, and PD-L1 positive immune-suppressive macrophages than those with WT ER. BC 

cells with CRISPR Cas9-edited ER (D538G, Y537S, or WT) and patient derived xenografts 
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(PDX) harboring mutant or WT ER revealed genes/proteins elevated in mutant ER cells, including 

androgen receptor (AR), Chitinase-3-Like Protein 1 (CHI3L1), and Interferon Stimulated Genes 

(ISG). Targeting these proteins blunted the selective advantage of ER mutant tumor cells to survive 

estrogen deprivation, anchorage independence, and invasion. Thus, patients with mutant ER MBC 

might respond to standard of care fulvestrant or other selective estrogen receptor degraders 

(SERD) when combined with AR or CHI3L1 inhibition, perhaps with the addition of 

immunotherapy.
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Introduction

Two-thirds of all early (non-metastatic) primary breast cancers (BC) express estrogen 

receptor alpha (ER). First line adjuvant treatment for the majority of patients with ER+ 

disease is aromatase inhibitor (AI) therapy, which blocks conversion of androgens to 

estrogens by the enzyme aromatase and significantly extends time to recurrence (reviewed in 

(1)). However, all patients who recur will eventually develop AI resistant metastatic breast 

cancer (MBC) and acquired point mutations in the ESR1 gene often emerge under the 

selective pressure of this estrogen deprivation therapy. While other known mechanisms of 

endocrine therapy resistance exist, including amplification and fusions of ESR1 (2), point 

mutations in exon eight encoding the ER ligand binding domain (LBD) are the most 

prevalent. Indeed, ER mutations are detectable in circulating tumor cells or metastatic 

lesions in up to 40% of women with AI resistant MBC (reviewed in (3)). Specific mutations 

in this region result in amino acid alterations that confer constitutive receptor activity in the 

absence of estrogen (4-10) and consequent estrogen-independent gene regulation (11-16). In 

preclinical models, BC cells with mutant ER exhibit increased proliferation in vitro (13,14) 

and in vivo (11,12) compared to cells with wild type (WT) ER and have a greater propensity 

to metastasize with or without 17beta-estradiol (E2) (11,12).

Despite ER being constitutively active in the absence of E2, BC cells harboring mutant ER 

retain sensitivity to E2. Fulvestrant (Fulv), the selective ER degrader that serves as the 

current second line therapy for AI resistant disease, binds to mutant ER at lower affinity than 

to WT ER (reviewed in (17)). The poor bioavailability of Fulv necessitates intramuscular 

injections and higher doses are problematic. Hence, combination strategies to lower the 

effective dose of Fulv or alternative therapies are desirable. Cyclin dependent kinase-4/6 

(CDK 4/6) inhibitors, such as Palbociclib (Palbo), improve survival for patients with ER+ 

MBC and Palbo+Fulv slightly improved survival in patients harboring mutant ER when 

compared to Fulv alone; however, CDK 4/6 inhibitors are not without side effects (18). 

Other therapies being tested in combination with Fulv include the CDK7 inhibitor THZ1 

that showed enhanced efficacy in preclinical models (12) and second-generation selective 

ER degraders (SERDs), such as AZD9496 (19). However, there is clearly a need for novel 

therapeutic approaches for patients with AI refractory ER+ MBC.
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Although both WT and mutant ER arise from ER+ BC that escapes adjuvant AI therapy, it is 

possible that due to differing biological properties, alternative therapeutic strategies may be 

required to treat these two forms of AI refractory MBC (11,20,21). In the companion 

manuscript, Arnesen et al molecularly characterize WT versus mutant ER BC cells, studying 

the most commonly occurring D538G and Y537S mutants associated with poor patient 

outcomes (4-7,22). Interestingly, concurrent analyses of new data from Arnesen et al and 

two other studies (12,13) indicated that many genes differentially expressed by mutant ER 

BC cells compared to WT are not E2 regulated. These results suggested that the selective 

advantages conferred by mutant ER are not solely attributable to constitutive ER activity. 

Since ER mutations represent an acquired adaptation that facilitates BC survival and 

recurrence as metastatic disease in women on AI therapy, we postulated that the selective 

advantages conferred by mutant ER might become more evident by modeling the clinical 

situation in which the mutations arise (E2-deprivation). Therefore, we examined specific 

proteins from mutant-enhanced pathways identified by genomics in Arnesen et al, under 

conditions that mimic the altered hormonal milieu that ensues upon AI therapy and 

anchorage independence, to simulate the selective pressure of treatment and early 

metastasis. This analysis led to identification of innate immune cell activating signatures that 

were confirmed by multiplex analysis of tumor infiltrating immune cells in MBC specimens. 

We also hypothesized that the long-term E2-deprivation induced by AI therapy blocking 

conversion of androgens to estrogens might cause tumor cells to shift to reliance on 

androgens/AR. The complement of steroid hormone receptor proteins including ER, 

progesterone receptor (PR), androgen receptor (AR), and glucocorticoid receptor (GR), had 

not previously been examined together in MBC with or without ESR1 mutations. Our 

approach combining data from preclinical models and biopsies of MBC, identified proteins 

that confer survival advantages relevant to AI refractory MBC that may serve as 

vulnerabilities and lead to new therapeutic approaches for this fatal form of the disease.

Materials and Methods

Metastatic Breast Cancer Patient Samples

Mutation analysis.—Core needle biopsies were acquired from patients, who gave their 

informed written consent, with ER+/Her2− measurable or evaluable metastatic breast cancer 

(MBC) without CNS disease enrolled in clinical trial NCT02953860 (COMIRB 16-1001). 

Median age of patients was 61 years (46-87); PS 1 (0-1); a median of 2 prior chemotherapy 

and 2 prior hormonal therapies for metastatic disease (including 7 with prior Fulvestrant), 

and 90% had visceral disease. An additional three biopsies were from NCT01597193 

(COMIRB 12-0970). Formalin fixed paraffin embedded sections were analyzed for 

mutations in ESR1 exon 8 as well as 67 other gene hotspots frequently altered in cancer 

using a modified Archer VariantPlex Solid Tumor Assay through the CMOCO Laboratory 

(University of Colorado Department of Pathology). Mutation mutual exclusivity analyses 

were performed for commonly occurring mutations using cBioPortal (cBioPortal, 

RRID:SCR_014555) for our data set and data from the 2016 INSERM database and the 

2020 Metastatic Breast Cancer Project database. The majority (67%) of biopsies were from 

the liver. The other sites included skin (3.7%) and the rest equally divided across lymph 

node, other soft tissue, breast and bone (at 7.4% each). Invasive ductal carcinomas 
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represented 63% of the biopsies, invasive lobular carcinoma, 18.5%, and invasive mammary 

carcinoma (IMC) 14.8% and 3.7% unknown.

Immunohistochemistry (IHC).—IHC to detect ER (Agilent Cat# M7047, 

RRID:AB_2101946), PR (Agilent Cat# M3568, RRID:AB_2252608), AR (Agilent Cat# 

M3562, RRID:AB_2060174), GR (Cell Signaling Technology Cat# 3660, 

RRID:AB_11179215), Ki67 (Agilent Cat# M7240, RRID:AB_2142367), cleaved caspase 3 

(Cell Signaling Technology Cat# 9661, RRID:AB_2341188), and IFITM3 (GeneTex Cat# 

GTX115407, RRID:AB_11172546) was performed on FFPE sections of the MBC biopsies 

described above. Antigen retrieval and detection were optimized for each antibody. IHC 

stained slides were scored for intensity and percent cells positive by breast pathologist 

Sharon B Sams, MD, who was blinded to ER mutation status. Pearson correlation values 

were calculated between the different receptors in MBC biopsies using percent positive 

cells.

Multiplex panel for tumor infiltrating immune cells.—FFPE sections were stained 

for immune markers using multiplex Opal™ TSA technology (Akoya Biosciences) along 

with the Vectra 3 Automated Quantitative Pathology Imaging System. TIL antibodies used 

were: CD4 (Agilent Cat# M7310, RRID:AB_2728838), Foxp3 (Abcam Cat# ab20034, 

RRID:AB_445284), CD8 (Agilent Cat# M7103, RRID:AB_2075537), CD20 (Abcam Cat# 

ab9475, RRID:AB_307267), and CD68 (Agilent Cat# GA60961-2, RRID:AB_2661840), 

and pan cytokeratin (Agilent Cat# M3515, RRID:AB_2132885) was used to identify tumor 

epithelium. PD-L1/CD68 Co-IF antibodies used were: PD-L1 (Abcam Cat# ab228462, 

RRID:AB_2827816) and CD68 (Agilent Cat# GA60961-2, RRID:AB_2661840). Dapi 

(Akoya Cat# FP1490) was used as a counterstain for each core needle biopsy, and positive 

cells in three to five 669um x 500um fields were scored using InForm software (Perkin 

Elmer) using either a pixel or cell-based algorithm including both tissue and cell 

segmentation.

Cell Culture

Cell culture conditions.—BC cell lines (MCF-7 and T-47D) were obtained from Dr. 

Kathryn Horwitz at the University of Colorado Anschutz Medical Campus. Cell lines were 

authenticated by Short Tandem Repeat DNA Profiling (Promega) and tested for mycoplasma 

in the University of Colorado Cancer Center (UCCC) Cell Technologies shared resource 

(September 2020). WT and mutant ER CRISPR cell lines were created by Dr. Jay Gertz at 

the Huntsman Cancer Institute using CETCH-seq to endogenously flag-tag WT or mutant 

(Y537S or D538G) ER using Cas9 mediated homologous recombination (see companion 

paper and (23)). MCF-7 cells were maintained in MEM with 5% FBS, 1% non-essential 

amino acids, 6.0 μg/mL insulin, and 1% penicillin/streptomycin. T-47D cells were cultured 

in RPMI-1640 media supplemented with 5% FBS and 1% penicillin/streptomycin. To mimic 

conditions resulting from AI therapy, where the ER mutations arise in patients, cells were 

also cultured in phenol red-free media (MEM for MCF-7 and RPMI-1640 for T-47D) 

supplemented with 5% dextran charcoal (DCC) stripped FBS for 6 months to generate long-

term estrogen-deprived (LTED) cells. When appropriate, cell lines were cultured for 8 or 

fewer passages prior to experimentation.
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Immunoblotting.—Cells were grown in full media under attached or forced-suspension 

conditions (on poly 2-hydroxyethyl methacrylate, poly-HEMA plates) for 24, 48, or 72 

hours prior to harvest. Cells were then lysed in RIPA buffer (150 nM NaCl, 1% IPEGAL, 

0.5% Na-Deoxycholate, 0.1% SDS, 50mM Tris, and 1.0mM EDTA) containing protease and 

phosphatase inhibitors. Whole cell protein lysates were separated by 10-12% SDS-PAGE 

gels, transferred to PVDF membranes, blocked in 3% BSA in Tris-buffered saline-Tween 

(TBST), and incubated with antibody overnight at 4°C. Primary antibodies used include: AR 

(Millipore Cat# 06-680, RRID:AB_310214), Flag (Sigma-Aldrich Cat# F1804, 

RRID:AB_262044), ER (Thermofisher Cat# RM9101-S), GR (Cell Signaling Technology 

Cat# 3660, RRID:AB_11179215), PR (Agilent Cat# M3568, RRID:AB_2252608), Tubulin 

(Sigma-Aldrich Cat# T5168, RRID:AB_477579), IFITM3 (GeneTex Cat# GTX115407, 

RRID:AB_11172546), and GAPDH (Sigma-Aldrich Cat# G8795, RRID:AB_1078991). 

Incubation in secondary antibody was followed by detection using an Odyssey CLx Imager 

(Odyssey CLx, RRID:SCR_014579). Densitometry was performed using the ImageJ 

software (ImageJ, RRID:SCR_003070) and reported as a ratio normalized to respective 

loading control (tubulin or GAPDH).

Immunohistochemistry on BC cell lines and patient-derived xenografts.—Cells 

were plated as described above and then were pelleted, fixed in 10% formalin, and paraffin-

embedded by the University of Colorado Denver Tissue Biobanking and Processing Core. 

Slides were deparaffinized in xylene and ethanol and heat induced epitope retrieval was 

performed. Primary antibodies used were: AR (Abnova Cat# MAB10053, 

RRID:AB_10903299), ER (Thermofisher Cat# RM9101-S), PR (Agilent Cat# M3568, 

RRID:AB_2252608), IFITM3 (GeneTex Cat# GTX115407, RRID:AB_11172546), MUC1 

(Cell Signaling Technology Cat# 4538, RRID:AB_2148549), and CHI3L1 (Abcam Cat# 

ab77528, RRID:AB_2040911). Representative images were taken at 200x, 400x, or 1000x 

magnification. Quantification of nuclear AR was completed using the Aperio microscope 

(Aperio ScanScope XT Leica, RRID:SCR_018457) and ImageScope (ImageScope, 

RRID:SCR_014311), to calculate percent nuclei positive and staining intensities of 0, 1+, 

2+, or 3+. Data represents the nuclear intensity of all cells in each cell pellet (N>100 cells/

pellet). For CHI3L1, IFITM3, and MUC1, ImageJ software (ImageJ, RRID:SCR_003070) 

was used to determine the average number of cells with 3+ staining in three representative 

images taken at 400x.

Soft Agar Colony Formation.—Soft agar colony formation assays were used to assay 

for anchorage-independent survival in WT and mutant ER MCF-7 and T-47D cells treated 

with vehicle (ethanol), 20μM Seviteronel (Sevi), or 20μM Enzalutamide (Enza). 

Experiments were performed in 6-well plates containing the following layers: 0.5% bottom 

agar, 0.3% top agar containing 20,000cells/well, and covered with the appropriate media. 

Cells were grown for approximately 21 days with bi-weekly media changes then fixed and 

stained with nitro blue tetrazolium at the time of harvest. Experiments were performed in 

triplicate (N=3) and the average colony number was quantified using ImageJ software 

(ImageJ, RRID:SCR_003070).
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Invasion Assays.—Cells were plated at 50,000 cells/well in 1% FBS on the top of a 

Matrigel-coated invasion chamber with 8.0 micron holes (Corning) and normal growth 

media (with 5% FBS) was used as a chemoattractant in the bottom of each well. The 

following day 10μg/mL anti-CHI3L1 blocking antibody (Millipore Cat#MABC196) or IgG 

control (Thermo Fisher Scientific Cat# 31903, RRID:AB_10959891) was added to the top 

of each well. 72 hours post-treatment, cells were fixed in 10% formalin and stained with 1% 

crystal violet. Cell invasion was determined by analyzing the average area of crystal violet 

staining on the bottom of each insert using ImageJ software. Presented is the average area of 

two separate experiments (N=3/experiment).

Identification of mutant specific and AR regulated genes.

D538G and Y537S ER mutant-specific genes were identified by analyzing RNA-seq data 

from WT and mutant ER T-47D and MCF-7 cell lines generated by the Gertz lab (Arnesen 

et al, co-submitted), the Oesterreich lab [UPMC Hillman Cancer Center (13)], and the 

Brown lab [Dana Farber Cancer Institute groups (12)] using an adjusted p-value cutoff of 

<0.05. Pathway analysis of mutant-specific genes identified through the multivariate/

multilab RNA-seq analysis (Arnesen et al) were analyzed using Illumina’s BaseSpace 

Correlation Engine to identify pathways and molecular and cellular processes that are 

significantly associated with mutant-specific gene expression changes. Gene sets were 

ranked by log2 fold change and p-value. Gene ontology enrichment p-values were calculated 

by Illumina’s BaseSpace Correlation Engine. A list of AR regulated genes was compiled 

from multiple sources including prostate and breast cancer, and cell lines derived from both 

types of cancer (24-26). This curated list of AR-regulated genes was overlapped with 

mutant-specific genes identified in our multi-lab RNA-seq analysis described above. 

Significant overlap between mutant specific genes and AR regulated genes was identified 

using a hypergeometric p-value cut off of <0.05.

Animal Studies

All animal experiments were performed in accordance with protocols approved by the 

University of Colorado Institutional Animal Care and Use Committee (IACUC) using 

humane procedures. 6 week old ovariectomized NOD scid gamma (NSG) mice (IMSR Cat# 

JAX:005557, RRID:IMSR_JAX:005557) were implanted subcutaneously at base of neck 

with pellets containing cellulose or pellets containing 2mg 17beta-estradiol (E2) in cellulose 

(N=10/group). Mice were injected via the tail vein with T-47DGFP/Luc cells containing either 

WT or D538G ER to generate 4 experimental groups of mice: cellulose pellets plus WT 

T47D cells, cellulose pellets plus D538G T-47D cells, E2 pellets plus WT T-47D cells, and 

E2 pellets plus D538G T-47D cells (N=5/group). Mice were imaged weekly by IVIS (Perkin 

Elmer IVIS Spectrum In-Vivo Imaging System, RRID:SCR_018621) beginning the day after 

tumor cell injection. Six weeks post cell injection, mice were imaged by IVIS, then were 

sacrificed, and excised lungs were imaged by IVIS ex vivo. Tumor burden at endpoint (6 

weeks) is presented as total flux (photons/second) of luminescence from IVIS imaging. 

Patient derived xenografts (PDX) were kindly provided by Dr. Alana Welm, Huntsman 

Institute and Dr. Carol Sartorius, University of Colorado. PDX were passaged in cycling 

female NSG mice supplemented with E2 with the exception of HCI-013-EI tumors passaged 

in un-supplemented mice.

Williams et al. Page 6

Cancer Res. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Statistical Analysis

Data are presented as the mean ± Standard Error of the Mean (SEM). When comparing two 

groups of data, an unpaired Student’s t-test was used. When heteroscedasticity was present 

or data were skewed, the non-parametric Mann-Whitney test was used. For statistical 

analysis between more than two groups a One way ANOVA or Two way ANOVA with a 

Tukey’s multiple comparison test was used. In the case of heteroscedasticity or skewed data, 

non-parametric Kruskal-Wallis or Friedman’s tests were used. When data were presented on 

a log-scale (Figure 4) data analysis using parametric tests was conducted on log transformed 

data to account for heteroscedasticity between groups. Statistical significance was defined as 

p<0.05 and all tests were two-sided. Analyses were done using GraphPad Prism (GraphPad 

Prism, RRID:SCR_002798, ver8.3). Power calculations for the animal study were conducted 

under the supervision of a collaborating biostatistician Dr. Kathleen Torkko. Animal 

numbers were calculated at 80% power to the expected difference at P<0.05 (two-tailed).

Results

Steroid hormone receptor status of metastases harboring ER mutations

Core needle biopsies from accessible metastases were collected from consented patients 

primarily enrolled in NCT02953860 and 3 from NCT01597193. All patients had ER

+HER2− BC at time of diagnosis. The steroid hormone receptor proteins, estrogen receptor 

alpha (ER), progesterone receptor (PR), androgen receptor (AR), and glucocorticoid 

receptor (GR), had not previously been examined together in the same cases of MBC 

harboring WT versus mutant ER. FFPE sections from core needle biopsies were stained for 

ER, PR, AR, and GR (Figure 1A-B), and Ki67 and cleaved caspase-3 (Sup Figure S1A-B). 

IHC was scored by breast pathologist (SBS) and graphed according to ER mutation status. 

ER and PR protein were significantly higher in biopsies harboring mutant ER as compared 

to metastases with no detectable mutations in exon 8 (designated as WT ER, Figure 1A). In 

contrast AR and GR were not significantly different in biopsies with WT ER compared to 

those with mutant ER (Figure 1A). In WT ER metastases, where ER and PR were often low, 

AR was frequently maintained (patients: 01-006, 01-010, 01-014, 01-022, 01-028, 02-006, 

02-007: Figure 1B) and was therefore not significantly different between WT and mutant 

biopsies. Interestingly, some mutant ER cancers had a substantially higher AR than PR 

(patients: 01-002, 01-004 and 01-027: Figure 1B), and mutant ER metastases with high PR 

had low AR. Ki67 and cleaved caspase-3 were not significantly different between the two 

groups, although there was a trend towards higher Ki67 in metastases with mutant ER 

compared to WT ER (Sup Figure S1A-B). We also examined correlations between hormone 

receptors and as would be expected since ER regulates PR, these two receptors are positively 

correlated. ER is correlated with AR as well. It is evident that while many ER mutant 

containing biopsies (red) are high for ER and PR, the ER WT (black) have predominately 

lost PR, but often retain AR expression. ER does not correlate with GR and PR and AR do 

not correlate (Sup Figure S2A-D).

Mutant ER breast cancer cells upregulate AR expression and activity

To study mutant ER expressed from its native locus in MCF-7 and T-47D human BC cell 

lines, FLAG-tagged ER mutant models were engineered using CRISPR to introduce one 
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allele of FLAG-tagged ESR1 containing the D538G or Y537S mutation or FLAG-tagged 

WT ESR1 (Arnesen et al, co-submitted). Immunoblot for FLAG confirmed CRISPR 

construct expression in two clones for each cell line (Sup Figure S3A-B). Further 

experiments were conducted using two clones pooled for each line.

Steroid hormone receptor expression was assessed by immunoblot of WT, D538G, and 

Y537S MCF-7 and T-47D cells grown in culture media containing full serum (containing 

steroid hormones). However, to mimic conditions resulting from AI therapy, where the ER 

mutations arise in patients, the cells were also cultured in phenol red free media containing 

DCC stripped serum for 6 months to generate long-term estrogen-deprived (LTED) cells. 

While AR was slightly elevated in the MCF7 ER mutant compared to WT cells cultured in 

full serum, in the LTED conditions ER, PR, AR and GR were all increased. Interestingly AR 

and PR were dramatically increased in the LTED mutants compared to LTED WT. (Figure 

2A). After LTED, mutant ER MCF-7 lines had dramatically increased ER, PR, AR and GR 

when compared to WT ER cells. In T-47D LTED resulted in increased ER, PR AR and GR 

compared to the cells cultured in full serum. AR and GR increased with LTED in both WT 

and Mutants, indicating that WT cells that survive LTED can also upregulate AR and GR. 

PR did not increase as a result of LTED in the WT (Sup Figure S4).

Since AR was upregulated in ER mutant versus WT cells and by LTED, we evaluated AR by 

IHC in multiple ER+ patient-derived xenografts (PDX) (Figure 2B). Upon knowledge of the 

ER mutational status of the PDX, AR was found to be higher in PDX with ER mutations as 

compared to those with WT ER. Further, the Y537S mutant HCI-013-EI (estrogen 

independent) PDX, which was derived from the parental HCI-013 PDX passaged in mice 

without E2 supplementation (to mimic the E2 deprivation therapy in BC patients), exhibited 

elevated AR expression compared to parental HCI-013 tumors passaged in E2 supplemented 

mice. Human AR was also maintained in spontaneous metastases from the HCI-013-EI 

primary tumors to lung (Figure 2B).

Cross-referencing known AR target genes with genes differentially expressed in mutant ER 

BC cells revealed statistically significant enrichment (hypergeometric test p-values < 

6x10-5) of AR target genes in mutant ER cells compared to WT (Figure 2C, genes identified 

in Sup Table S1). In this experiment, cells were cultured in phenol red free media containing 

DCC stripped serum for 5 days, then supplemented ± E2 for 8 hours. AR target genes were 

upregulated in mutant ER cell lines with or without E2, indicating that the mutant-specific 

alterations in known AR target genes occurred in an E2 independent manner.

AR inhibition abrogates the selective advantage of mutant ER BC cells for anchorage 
independent survival

We previously reported that AR mRNA, protein, and activity were increased in triple 

negative breast cancer (TNBC) cells that survive under anchorage independent conditions as 

compared to adherent cells, and AR protected against caspase-mediated cell death (27). To 

determine whether AR also increased in anchorage independent ER+ BC lines, parental 

MCF-7 cells were grown for 24-72 hours under adherent conditions (att) or forced 

suspension conditions on poly-HEMA coated plates (susp), which prevent cell adherence. 

AR was elevated at 24, 48, and 72 hours of anchorage independent growth as compared to 
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adherent cells, while ER and GR were not (Sup Figure S5A). PR was slightly elevated at 24 

hours of anchorage independent culture as compared to attached cells, but to a much lesser 

extent than AR. IHC on cell pellets harvested at 24, 48, and 72 hours demonstrated a striking 

increase in AR at each time point in the anchorage independent cells compared to attached 

cells, while ER and PR were not altered (Sup Figure S5B).

To determine if AR protein increased in mutant ER cells under anchorage independent 

conditions, AR was analyzed by IHC on FFPE sections of cell pellets generated from WT, 

D538G, and Y537S MCF-7 cells grown in attached or forced suspension conditions for 24 

hours. AR protein increased in all three MCF-7 cell lines following suspension culture for 

24 hours as compared to adherent cells and AR expression decreased with addition of the 

CYP17A1 lyase inhibitor Seviteronel (Sevi) that also acts as an AR antagonist (Figure 3A) 

(28). Quantification showed that strong (3+) nuclear AR staining in D538G cells was 5-fold 

higher at baseline than in WT MCF-7 cells (Figure 3B). The number of nuclei strongly 

positive for AR was increased by 19-fold for WT, 7.5-fold for D538G, and 21-fold for 

Y537S MCF-7 cells grown in suspension as compared to attached conditions. Sevi 

dramatically reduced the number of AR+ nuclei and the staining intensity (Figure 3A and 

B). Similar results were observed for WT, D538G, and Y537S T-47D cells (Sup Figure S6A-

B). Furthermore, when grown on soft agar, D538G MCF-7 cells, which at baseline 

expressed the highest level of AR, formed significantly more colonies than WT counterpart 

(1.6-fold higher, Figure 3C-D). To determine if increased AR was indicative of a 

dependency on AR for survival in anchorage independent conditions, as in TNBC lines (27), 

MCF-7 cells were treated with Sevi, which completely abolished growth on soft agar of all 

MCF-7 lines. Since the AR inhibitor enzalutamide (Enza) showed clinical benefit in AR+ 

TNBC (as did bicalutamide) (29,30), we also tested Enza, which significantly inhibited 

D538G cell growth in soft agar. Importantly, Enza negated the survival advantage of D538G 

cells compared to WT MCF-7 in soft agar. Similar results were seen in D538G T-47D cells, 

where both Sevi and Enza inhibited growth on soft agar (Sup Figure S6C). WT and mutant 

ER MCF-7 and T-47D cells generated in the Oesterreich lab (13) were also studied on two-

dimensional standard culture as compared to three-dimensional culture using ultra-low 

adhesion plates and three days of hormone deprivation (Sup Figure S7). AR was higher in 

both D538G and Y537S mutant ER MCF-7 lines compared to WT (in both 2D and 3D). 

While AR decreased in 3D compared to 2D in the WT cells, it remained elevated in 3D in 

the mutant ER lines, again demonstrating a potential role for AR in the ER mutants. Results 

in T47D mutants versus WT were similar.

To determine whether mutant ER cells have a selective advantage for anchorage independent 

survival or metastatic outgrowth in vivo under conditions modeling the E2-depleted state, we 

introduced labeled WT or D538G T-47D cells, in which AR was elevated (Figure 4A), by 

tail vein injection into ovariectomized mice that were supplemented with either cellulose 

control or E2 pellets. Whole mouse IVIS imaging at the end of study showed significantly 

higher metastatic burden in mice injected with D538G T-47D cells compared to those with 

WT cells, both with and without E2 (Figure 4B-C). Ex vivo imaging of lungs completed 

immediately after necropsy also showed significantly higher metastatic burden in lungs 

harboring D538G cells as compared to those injected with WT T-47D with or without E2 
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(Figure 4D-E). In non-E2 supplemented mice, WT tumor cells were nearly undetectable 

when imaged in vivo or ex vivo.

Mutant ER BC have elevated expression of pro-metastatic CHI3L1

Analysis of RNA-seq data from three independent laboratories using mutant ER cell lines 

generated by different methods showed that CHI3L1 (also known as YKL-40) was elevated 

in Y537S MCF-7 and T-47D compared to WT (Sup Figure S8A-B and Arnesen et al, co-

submitted). CHI3L1 is a well-established androgen/AR regulated gene in prostate cancer 

where it is detectable in tumor and patient serum and correlates with disease progression 

(31-33). Since we previously reported that CHI3L1 increased in TNBC lines under 

anchorage independent conditions (27), we evaluated CHI3L1 protein in WT, D538G, and 

Y537S MCF-7 cells in attached versus suspension culture for 24 hours (Figure 5A). CHI3L1 

was significantly higher in both D538G (5-fold) and Y537S (3-fold) MCF-7 cells than WT; 

however, CHI3L1 was not further enhanced by 24 hours of anchorage independent culture. 

Since CHI3L1 promotes invasion in other cancer types, we compared the invasive capacity 

of D538G and Y537S MCF-7 to WT and found that D538G MCF-7, which had the highest 

expression of CHI3L1, were significantly more invasive than WT MCF-7 in Matrigel coated 

Boyden chamber assays (Figure 5B). Importantly, a CHI3L1 blocking antibody negated this 

significant invasive advantage of D538G MCF-7 cells compared to WT, suggesting that 

mutant ER BC cells can utilize CHI3L1 to promote invasion.

We also examined CHI3L1 expression in HCI-013-EI (estrogen independent) PDX tumors, 

which harbor the Y537S mutant and were grown in the absence of E2, as compared to 

parental HCI-013 PDX tumors, which were grown in the presence of E2 (Figure 5C). 

HCI-013-EI tumors had an >3-fold increase in CHI3L1 expression compared to HCI-013 

tumors, demonstrating that CHI3L1 is enhanced by propagating this PDX under conditions 

similar to the selective pressure of E2-depletion that selects for ER mutations in BC patients.

Mutant ER BC cells upregulated the immunomodulatory type-1 interferon pathway

To identify additional mutant ER-specific vulnerabilities, we conducted pathway analysis of 

mutant-specific genes that revealed innate immune, viral recognition, and type-1 interferon 

among the top pathways preferentially upregulated in mutant versus WT ER MCF-7s 

(Figure 6A-C Arnesen et al, co-submitted). The interferon-induced transmembrane (IFITM) 

gene IFITM3 was consistently increased in D538G and Y537S MCF-7 cells in data from 

multiple laboratories (Sup Figure S8C). Both D538G and Y537S MCF-7 cells demonstrated 

enhanced levels of a number of interferon stimulated genes (ISGs) such as OAS1/2, 

IFIT1/2/3/5, IFITM1/3, and ISG15 compared to WT MCF-7 (Figure 6B-C and Sup Figure 

S8D-F), demonstrating robust activation of this pathway in mutant ER BC cells as compared 

to WT. Since IFITM proteins have been reported to play a role in AI-resistance (34,35), we 

explored the expression of IFITM3 in WT, D538G, and Y537S MCF-7 cells ± interferon-

beta (IFNβ) stimulation, a key cytokine and activator of the type-1 interferon signaling 

pathway. Baseline IFITM3 levels were 2-4 fold higher in D538G and Y537S MCF-7 cells 

compared to WT and were further enhanced by IFNβ (Figure 6D). IHC quantification 

showed that IFITM3 was higher in D538G MCF-7 than WT (Figure 6E). Given that MUC1 

drives IFITM1 overexpression in AI-resistant BC cells (36) and MUC1 was also on the list 
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of genes significantly elevated in cells containing mutant versus WT ER, we also examined 

MUC1 protein by IHC and found it was elevated in D538G MCF-7 cells compared to WT 

(Figure 6E). Lastly, we performed IHC for IFITM3 in biopsies of five patients with MBC 

harboring the D538G ER mutation as compared to all of the WT biopsies presented in 

Figure 1 and found IFITM3 protein was significantly upregulated in the ER mutant versus 

WT biopsies (Figure 6F).

Metastases harboring mutant ER have significantly more CD4+ T cell and macrophage 
infiltrates

Given that mutant ER cell lines showed enhanced innate immune and interferon pathway 

signatures compared to WT ER, we tested biopsies of MBC with mutant versus WT ER for 

differences in tumor infiltrating immune cells. A multiplex panel consisting of antibodies 

that distinguish T cells (FoxP3+CD4+ T regulatory cells; FoxP3−CD4+ T helper cells; or 

CD8+ T effector cells), macrophages (CD68+), B cells (CD20+) and tumor cells 

(cytokeratin+) was utilized. InForm Software analysis demonstrated that the number of T 

regulatory (CD4+FoxP3+) and T helper cells (CD4+FoxP3−) were significantly increased in 

mutant ER BC metastases when compared to WT ER, although no difference in CD8+ T 

effector cells was observed (Figure 7A). Interestingly, in both our data (Sup Figure S9A) and 

data from two publicly available studies (Sup Figure S9B-C), ESR1 mutations were 

mutually exclusive with TP53 mutations. Further, patients with either TP53 or PIK3CA 
mutations contained significantly higher CD8+ cytotoxic T effector cells (Sup Figure S10A-

B). There was no significant change in CD20+ B cells in mutant ER metastases compared to 

WT (Figure 7B). However, the number of CD68+ macrophages in mutant ER metastases 

was significantly increased when compared to biopsies with WT ER (Figure 7C). Finally, 

Programmed Death Ligand-1 (PD-L1) expression was analyzed in the same biopsies due to 

the recent testing of PD-L1 inhibitors in ER+ BC (Figure 7D) (37,38) and FDA approval in 

TNBC (39). Interestingly, while the overall level of PD-L1 did not differ between mutant 

and WT ER biopsies, PD-L1+ macrophages were significantly higher in mutant ER biopsies 

compared to WT, suggesting that macrophages infiltrating mutant ER metastases are more 

immunosuppressive. Interestingly, this finding was more significant when examining 

macrophages intimately associated with the tumor cells as compared to those found 

predominately in the intra-tumoral stroma (Sup Figure S11).

Discussion

Mutations in ESR1 that render ER constitutively active in the absence of ligand are a 

common mechanism of acquired resistance to AI therapy. While increased PR resulting from 

constitutively active mutant ER is well-documented, the four main steroid hormone receptor 

proteins (ER, PR, AR, and GR) had not been evaluated together in MBC biopsies harboring 

WT versus mutant ER. While E2 is extremely low in postmenopausal women with BC on 

AI, circulating and intra-tumoral androgens are increased (40). This, combined with the 

predominantly nuclear localization of AR in clinical samples (indicating ligand bound 

receptors), led us to postulate that long-term E2-deprivation via AI therapy, which blocks 

conversion of androgens to estrogens, might cause tumor cells to shift to reliance on 

androgens and AR. Indeed, in TNBC, where ER is absent, AR binds chromatin in a manner 
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more similar to ER in ER+ BC cells than to AR in prostate cancer cells, suggesting that AR 

can replace ER in some TNBC (41) and confer the “luminal AR” designation (42). Our 

analysis of steroid hormone receptors suggests that ER+ MBC can become resistant to AI 

treatment by either 1) acquiring mutations that render ER constitutively active (retaining 

robust ER and PR positivity) or 2) by expressing little to no ER and PR in an apparent 

“subtype switch” to resemble TNBC, which often retain AR and/or GR.

Cross-referencing known AR regulated genes with genes differentially expressed by mutant 

ER versus WT ER BC cells revealed significant enrichment for AR regulated genes. 

Although AR protein had not specifically been examined in WT versus mutant ER MBC, it 

was elevated in both primary and MBC resistant to AI therapy when compared to responsive 

disease (43-48). AR was often maintained or elevated in MBC compared to patient-matched 

primary tumors, whereas ER was decreased (49). BC patient CTCs have been found to be 

AR+ in several studies and AR+ CTC associate with bone metastases (50) and AR mRNA 

was higher in CTC from BC PDX compared to primary tumors in mice (51). Furthermore, 

AR inhibition decreased metastatic burden of BC cells from an ER+/AR+ PDX (49) and 

conversely, ligand-activated AR potentiated metastasis in ER+/AR+ BC cell lines (52). 

These data, together with our analysis herein of hormone receptor status in clinical biopsies 

of AI resistant MBC and other data presented in the present study suggest that AR could be 

active in a subset of ER+ MBC, and might facilitate survival under conditions of E2 

deprivation or anchorage independent survival. Indeed, MCF-7 and T-47D ER mutant BC 

lines, had higher ER, PR, and AR compared to WT, similar to results from the clinical 

biopsies of MBC. While all steroid receptors increased under long-term E2 deprivation 

(LTED) conditions, PR and AR were the most strikingly different in mutant compared to 

WT LTED cells. Historically, ER+ PDX were propagated in mice supplemented with E2 to 

increase take rate and growth rate for research studies regardless of ER mutational status. 

We now know that many of these ER+ PDX, derived from MBC in postmenopausal women 

on AI therapy (a long-term E2-deprived context) do harbor ER mutations. Placing these into 

mice supplemented with E2 could result in tumors that are “re-addicted” to E2 and therefore 

do not accurately model the selective pressure of long term E2-deprivation under which the 

mutations arise. We stained ER+ PDX for AR and found that PDX harboring ER mutations 

had higher AR than those with WT ER. Furthermore, in support of the theory that E2-

deprivation enhances AR expression, the E2-independent HCI-013-EI PDX (with Y537S ER 

mutation) propagated in E2-deprived mice, expressed more AR protein than its parental 

counterpart propagated in mice supplemented with E2. Importantly, HCI-013-EI lung 

metastases originating from the orthotopic site still expressed AR. Thus, maintaining models 

of mutant ER disease under conditions similar to those in which they arise in the clinic (E2-

deprived) may reveal important, clinically relevant molecular vulnerabilities.

In addition to E2-deprivation, we used anchorage independence as a model of early 

metastasis. Although AR significantly increased in both ER mutant and WT BC cells 

surviving anchorage independent conditions, anti-androgens abrogated the selective 

advantage of mutant ER cells for anchorage independent survival. This is consistent with 

previous studies in TNBC cells that demonstrated increased AR in anchorage independent 

cells, where it protected against apoptosis (27), rendering anchorage independent cells 

highly sensitive to AR inhibition (53). Therefore, AR targeting may limit AI-resistant MBC 
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recurrence, perhaps for both patients with either WT or mutant ER, since some WT ER 

biopsies retained AR but had low ER and PR.

CHI3L1, encoding Chitinase 3-like 1, was preferentially expressed in BC cells harboring 

mutant ER. CHI3L1/YKL-40 is linked to chronic inflammation and cancer and is 

upregulated in the mammary gland during involution, where it contributes to a pro-

tumorigenic wound-healing like environment via enhanced macrophage infiltration (54). In 

prostate cancer, CHI3L1 is upregulated by androgens/AR (33), and in breast cancer it is 

immune-suppressive (55), and correlates with M2 macrophage infiltration (56), enhanced 

metastasis (57,58), and poor prognosis (59). While CHI3L1 was noted previously as 

increased in mutant ER BC cells (13), it was not further explored. In the present study, 

CHI3L1 protein was higher in mutant ER MCF-7 compared to WT. Since CHI3L1 is 

associated with decreased E-cadherin and enhanced MMP-9 activity in the involuting 

mammary gland (54), we investigated its role in invasion and found that the selective 

advantage of D538G mutant ER MCF-7 cells for invasion was abolished by a CHI3L1 

neutralizing antibody. While a gene signature suggestive of increased migration/invasive 

capacity was linked to mutant ER (12,13), to our knowledge this is the first demonstration 

that a specific protein can be targeted in mutant ER cells to decrease invasiveness.

Pathway analysis of genes significantly differentially expressed by mutant versus WT ER in 

data from three studies demonstrated that genes in the type-1 interferon (IFN) signaling and 

innate immune pathways were enhanced in mutant ER lines. In normal tissues, infectious 

pathogens are recognized by Pattern or Damage Recognition Receptors (PAMPs or DAMPs) 

that activate type-1 IFN production. IFNα/β signal through IFN receptors and STAT1 

activate transcription of Interferon Stimulated Genes (ISGs) to facilitate an innate immune 

response against the pathogen. The cyclic GMP-AMP synthase (cGAS) is a known 

stimulator of ISGs via the STING signaling pathway that can be upregulated in cancer cells 

in response to cytoplasmic DNA or mitochondrial DNA (reviewed in (60)). We focused on 

the ISGs IFITM3 and M1 because they were elevated in mutant ER cells compared to WT in 

our mRNA profiling, correlated with AR positivity in TNBC (25), elevated in AI resistant 

BC cells (35), induced in therapy resistant prostate cancer models (61,62), and upregulated 

by MUC1 in BC cells (63). MUC1 also emerged as a mutant ER-specific gene increased in 

mutant ER cells at the protein level. We confirmed that both D538G and Y537S MCF-7 cells 

have elevated IFITM3 protein at baseline that was further elevated by IFNβ. Importantly, 

clinical biopsies harboring the D538G mutation had significantly more IFITM3 protein 

compared to metastatic lesions with WT ER.

Given the enhanced expression of the type-1 IFN pathway protein IFITM3 in mutant ER 

MBC specimens, we sought to determine if there was a difference in immune cell infiltrate 

in WT versus mutant ER biopsies. We found significantly elevated T helper and T regulatory 

cells, as well as enhanced macrophage infiltration in MBC with mutant compared WT ER. 

Androgens stimulated alternative activation (M2 pro-tumor polarization) of macrophages in 

an AR dependent manner in an allergic asthma model (64). Further, CHI3L1 stimulated by 

inflammation leads to M2 macrophage polarization during allergic reactions (65). Thus, 

enhanced macrophage infiltration in mutant ER MBC may be the result of elevated innate 

immune signaling pathways/proteins like type-1 IFN, active AR, and/or CHI3L1.
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Although ER+ BC is more “immunologically cold” than TNBC, the recent efficacy of anti-

PD-L1 antibody in high risk patients with ER+ disease (37), confirms that some ER+ BC 

may respond to immunotherapy. Indeed, we found that PD-L1 positive macrophages were 

significantly higher in mutant ER metastatic lesions than those with WT ER. Interestingly, 

the other two genes most commonly mutated in BC, TP53 and PIK3CA, did not correlate 

with altered macrophages, but did correlate with increased CD8+ cytotoxic T cells. These 

data suggest that enhanced immune suppression via PD-L1+ macrophages may be uniquely 

acquired by ER mutant MBC. Since expression of PD-L1 in the tumor microenvironment, 

primarily its expression on myeloid cells, predicts BC response to checkpoint inhibitors 

(39), future studies will explore checkpoint inhibition in WT versus mutant ER MBC.

Evidence presented here, and in Arnesen et al, suggest that mutant ER containing cells may 

be poised to survive the stress of E2-deprivation and anchorage independence by the 

constitutive activity of mutant ER and by changes in non-ER regulated genes. Our studies in 

BC cells, PDX, and patient biopsies revealed proteins/pathways that may serve as targetable 

vulnerabilities in ER mutant disease, including AR, CHI3L1, and ISGs. On the other hand, 

metastases without ESR1 exon 8 mutations expressed significantly less ER and PR than 

those with mutant ER, but clearly adapt to the same selective pressure of E2-deprivation (AI 

therapy) and the metastatic cascade. Adaptations may occur through shared targetable 

mechanisms like activated AR, or unique mechanisms that remain to be determined via 

preclinical modeling under clinically relevant conditions that mimic the selective pressures 

under which they evolve in patients. The differences in hormone receptor protein expression 

and tumor infiltrating immune cells in biopsies with ESR1 mutations versus ESR1 WT 

suggest that AI resistant MBC should be examined in light of the different pathways and 

adaptations that lead to resistance, which in turn result in new vulnerabilities to guide novel 

therapeutic strategies.
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Significance statement:

Targetable alterations in MBC, including AR, CHI3L1, and ISG arise following estrogen-

deprivation, and ER mutant metastases may respond to immunotherapies due to elevated 

PD-L1+ macrophages.
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Figure 1. Steroid hormone receptor expression in biopsies of metastatic breast cancer with wild 
type or mutant ESR1.
A. Formalin fixed paraffin embedded (FFPE) sections of core needle biopsies (N=18 WT 

ER, N=12 mutant ER) were stained by IHC for ER, PR, AR, and GR. Depicted are the mean 

scores (intensity x percent cells staining) ± SEM. Mann-Whitney tests were performed for 

each receptor stained. B. Representative images for all WT ER metastases (left) and all 

mutant ER metastases (right) stained for ER, PR, and AR and GR are shown at 400X.
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Figure 2. AR protein and gene regulation differs in WT versus mutant ER expressing MCF-7 
breast cancer cells and patient derived xenografts (PDX), particularly after long-term estrogen 
deprivation (LTED).
A. Western blot of whole cell lysates from WT, D538G, and Y537S MCF7 cells grown in 

full serum media (left) or charcoal stripped serum containing media (LTED, right) were 

probed for AR, ER, GR, PR-A/B, and tubulin. B. ER+ patient-derived xenografts (PDX) 

tissue microarray from Dr. Alana Welm, Huntsman Cancer Institute (HCI) and ER+ PDX 

from University of Colorado (UCD) with ESR1 mutation status indicated, were stained for 

AR by IHC with representative images at 100X (left) and 400X (right). For the estrogen 

independent version of HCI-013, HCI-013-EI, an image representative of primary tumor 
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(PT) and lung metastasis (Met) are shown. C. Heatmap of known AR regulated genes in 

MCF7 (left) and T47D (right) depicting relative expression of genes displayed as a Z-score 

across WT and mutant cells after 5 days of growth in hormone-depleted media followed by 

treatment with either 10nM E2 or vehicle (DMSO) for 8 hours. Significant overlap was 

determined using hypergeometric tests with a p-value cut off of <0.05: AR genes vs D538G 

up-regulated genes = 5.5x10−05; AR genes vs D538G down-regulated genes = 1.0x10−08; 

AR genes vs Y537S up-regulated genes = 3.2x10−08; AR genes vs Y537S down-regulated 

genes = 9.3x10−11.
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Figure 3. AR increased in breast cancer cells grown in soft agar and AR inhibition abolished the 
selective advantage of mutant ER cells for anchorage-independent survival.
A. WT, D538G, and Y537S mutant MCF7 cells were grown in full serum media under 

attached (Att) or suspension conditions (on poly-HEMA plates, Susp) and treated ± 20μM 

Seviteronel (Sevi) for 24 hours. Cells were pelleted, FFPE, and AR IHC performed. 

Representative images are shown at 400x. B. Quantification of A with ImageScope software 

for percent positive nuclei for staining intensities of 0-3+ for all conditions attached (Att), 

suspended (Susp), and ± Sevi. C. WT, D538G, and Y537S cells plated in 0.3% agar and 

treated with 20μM Sevi, 20μM enzalutamide (Enza) or EtOH control and grown for three 

weeks with bi-weekly media and drug changes. Representative images of anchorage-
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independent growth are shown. D. Colony number quantified using ImageJ software for 

assay in C (N=3). Mean ± SEM, One way ANOVA with Tukey’s multiple comparison test is 

depicted. Two way ANOVA, interaction between cell line and treatment p = 0.003.
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Figure 4. Breast cancer cells harboring D538G ER mutation thrive at metastatic sites in an 
experimental metastasis model in estrogen-deprived mice, while WT ER cells do not.
A. WT and D538G ER T47DGFP/Luc cells were stained for AR and representative images 

shown at 400x. B. The same lines were delivered via tail vein injection into 6 week old 

ovariectomized NSG mice (N=5/group) with or without E2 or cellulose and six weeks post 

cell injection, mice were imaged by IVIS. C. Quantification of whole mouse luminescence 

signal (total flux), mean ± SEM. Raw data are presented with p-values from a Student’s 

unpaired two-tailed t test conducted on the log transformed data due to heteroscedasticity, 

one way ANOVA (p=0.006). D. At end of study mice were sacrificed, lungs excised and 

imaged ex vivo by IVIS. E. Quantification of luminescence in lungs ex vivo mean ± SEM. 

Williams et al. Page 25

Cancer Res. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Raw data are presented with p-values from a Student’s unpaired two-tailed t test conducted 

on log transformed data due to heteroscedasticity, one way ANOVA (p=0.0003).

Williams et al. Page 26

Cancer Res. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. MCF-7 BC cells with mutant ER express increased CHI3L1 and blocking CHI3L1 
decreased mutant ER BC cell invasion.
A. IHC staining for CHI3L1 protein in WT, D538G, and Y537S MCF-7 cells grown in full 

serum media under attached (Att) or suspension conditions (on poly-HEMA plates, Susp) 

for 24 hours. Representative images are shown at 1000x (left) and quantification of percent 

cells strongly positive (3+) for CHI3L1 is shown (right), mean ± SEM, N=3 photos/pellet, 

One way ANOVA with Tukey’s multiple comparison test is depicted. Two way ANOVA, 

interaction between cell line and treatment is N.S. B. Invasion through Matrigel was 

determined for WT, D538G, and Y537S MCF7 cells grown in full serum media. Cells were 

treated with 10μg/mL anti-CHI3L1 blocking antibody or IgG control 24 hours after plating 

and harvested 72 hours post-treatment. After crystal violet staining and imaging, the relative 

amount of invasion was determined using ImageJ software, mean ± SEM of two separate 

experiments, N=3 One way ANOVA with Tukey’s multiple comparison test is depicted. Two 

way ANOVA, interaction between cell line and treatment is N.S. C. CHI3L1 IHC was 

conducted on Y537S mutant HCI-013 grown in E2 supplemented mice and HCI-013-EI 

grown in ovariectomized mice. Representative images are shown at 400x (left) and 

quantification of strongly positive (3+) cells was conducted using the ImageScope Software 

(right), mean ± SEM, N=6-7, Mann-Whitney test.
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Figure 6. Mutant ER BC cells and specimens have increased type-1 interferon signaling pathway 
signature and increased IFITM3 protein compared to those with WT ER.
A. Illumina’s BaseSpace Correlation Engine was used to identify mutant-specific pathways 

from MCF7 mutant-specific genes identified through the multivariate/multilab RNA-seq 

analysis (Arnesen et al). B-C. Heatmap depicts relative expression, displayed as a Z-score, 

of genes associated with Innate Immunity (B) and Type I Interferon (C) identified by two 

different pathway analyses (David and ENRICHR) in ER WT and mutant MCF7 cells grown 

in hormone-depleted media without E2 for 3-5 days depending on the laboratory. D. WT, 

D538G, and Y537S MCF7 cells were treated with 1000 units of IFNβ for 24 hours, whole 

cell lysates were generated and analyzed by western blot for IFITM3. E. IHC for IFITM3 
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and MUC1 was performed on FFPE pellets generated from WT, D538G, and Y537S MCF-7 

cells grown in media containing full serum, mean ± SEM, N=3 photos/pellet, One way 

ANOVA with Tukey’s multiple comparison test was conducted for each staining (right). 

Representative images are shown at 1000x (left). F. Formalin fixed paraffin embedded 

(FFPE) sections of core needle biopsies (N=14 WT ER, N=5 D538G mutant ER) were 

stained by IHC for IFITM3. Depicted are the mean scores (intensity x percent cells staining) 

± SEM, Student’s unpaired two-tailed t test.
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Figure 7. CD4+ T cells and PD-L1+ macrophages were significantly higher in biopsies of 
metastatic breast cancer harboring mutant ER as compared to WT ER.
Biopsies of the same metastases characterized in Figure 1 (N=14 with ER WT, N=10 with 

mutant ER) were stained for tumor infiltrating immune cells using Opal™ TSA technology 

(Akoya Biosciences) with the following colors indicating respective immune cell markers: 

CD4 (yellow), Foxp3 (green), CD8 (magenta), CD68 (orange), CD20 (red), and cytokeratin 

(cyan). Slides were scanned using Vectra 3 Automated Quantitative Pathology Imaging 

System (Perkin Elmer) technology and 3 to 5 representative 20x fields/tumor were analyzed 

using inform software (Perkin Elmer) and a pixel-based algorithm for percent positivity, 

mean percent positive cells ± SEM, Mann–Whitney test (top); representative images (20x, 
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bottom) for: A. T regulatory cells (CD4+ FoxP3+), T helper cells (CD4+ FoxP3−), and 

cytotoxic T cells (CD8+), B. B cells (CD20+), and C. macrophages (CD68+). D. The same 

biopsies were stained for PD-L1 and CD68 using Opal™ TSA technology (Akoya 

Biosciences). Slides were scanned using a Vectra 3 Automated Quantitative Pathology 

Imaging System (Perkin Elmer), and up to 5 representative fields/tumor were analyzed for 

either total PD-L1 or dual expression of PD-L1 and CD68 using a cell phenotype-based 

algorithm for percent positive cells, mean positive cells ± SEM, Mann–Whitney test.
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