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Abstract

Extensive efforts, through cell line-based models, have been made to characterize the androgen 

receptor (AR) signaling pathway in triple-negative breast cancer (TNBC). However, these efforts 

have not yet reached a consensus with regards to the mechanism of AR in TNBC. Considering 

that patient-derived xenografts (PDXs) are more appropriate than cell line-based models for 

recapitulating the structural and molecular features of a patient’s tumor, we have identified and 

molecularly characterized two new AR-positive TNBC PDX models and assessed the impacts of 

AR agonist [dihydrotestosterone (DHT)] and antagonist (enzalutamide) on tumor growth and gene 

expression profiles by utilizing immunohistochemistry, western blots, and RNA-Seq analyses. 

Two PDX models, termed TN1 and TN2, were derived from two grade-3 TNBC tumors, each 

harboring 1~5% of AR nuclear positive cancer cells. DHT activated AR in both PDX tumors 

by increasing nuclear localization and AR protein levels. However, the endpoint tumor volume 

of DHT-treated TN1 was 3-folds smaller than that of non-treated TN1 tumors. Conversely, the 

endpoint tumor volume of DHT-treated TN2 was 2-folds larger than that of non-treated TN2. 

Moreover, enzalutamide failed to antagonize DHT-induced tumor growth in TN2. The RNA-Seq 

analyses revealed that DHT mainly suppressed gene expression in TN1 (961 down-regulated 

genes versus 149 up-regulated genes), while DHT promoted gene expression in TN2 (673 

up-regulated genes versus 192 down-regulated genes). RNA-Seq data predicted distinct TNBC 

molecular subtypes for TN1 and TN2. TN1 correlated to a basal-like 1 (BL1) subtype, and 

TN2 correlated to a basal-like 2 (BL2) subtype. These analyses suggest that TN1 and TN2, 

which both express functional AR, are two molecularly distinct PDX models. The molecular 

characterization of these PDX models expands our current knowledge on AR-positive TNBC. Our 

results do not support that AR is a suitable therapeutic target in TNBC. To our best knowledge, 
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the molecular mechanisms of AR in TNBC are equivocal and should be evaluated using clinically 

relevant models, considering both the heterogeneous expression of AR in TNBC and the general 

complexities of AR signaling.
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1. Introduction

Triple-negative breast cancer (TNBC) is an aggressive and heterogenous subtype of 

breast tumors that lacks the expression of estrogen receptor (ER), progesterone receptor 

(PR), and human epidermal growth factor HER2/neu (HER2). Targeted therapies against 

these signaling molecules are not effective for TNBC [1]. According to extensive 

immunohistochemistry (IHC) studies, one subset of TNBCs positively expresses androgen 

receptor (AR). The size of this AR positive subset (10~50% of TNBCs) depends on the 

cut-off score for AR positivity (>1% or >10% of cell nuclear positivity) [2]. In this subset, 

AR has been considered as a potential therapeutic target [3].

The AR signaling pathway is an oncogenic driver in prostate cancer. This pathway has 

been targeted by different mechanisms using various pharmacological agents [4]. Thus, 

considerable efforts have been made to characterize the AR signaling pathway in AR-

positive TNBC [3]. In the reported preclinical studies, AR-positive TNBC has been modeled 

using cell lines from in vitro cultures and cell line-derived xenografts [5, 6]. Importantly, 

these studies were not able to reach an agreement on the biological significance of AR 

in TNBC. Unsurprisingly, no criteria has been standardized to select patients and predict 

their responses to therapy [7, 8]. In three recent clinical trials, patients with AR-positive 

TNBC had a modest response to AR inhibitors: abiraterone acetate [9], bicalutamide [10], 

and enzalutamide [11]. To clarify AR signaling in TNBC, and ultimately improve outcomes, 

more clinically representative model systems are urgently needed [12, 13].

Compared to cell line models, patient-derived-xenografts (PDX) may more accurately 

reproduce breast cancer diversity, tumor behavior, and metastatic potential [14]. Several 

PDX models of TNBC have been developed and applied to drug development [15]. 

However, merely a few of them were reported as AR-positive TNBC. In a review, 

Christenson et al. described two TNBC PDXs (3561 and PK49) with low levels of 

functional AR, where functionality was confirmed using dihydrotestosterone (DHT) [3]. In a 

conference abstract, Reese et al. described an AR-positive TNBC PDX (HCI-009, originally 

generated by Dr. Alana Welm [16]) that experienced a significant increase in tumor volume 

when DHT was administered. As expected, HCI-009 tumor volume decreased when treated 

with the antagonist Seviteronel [17]. To the best of our knowledge, these three examples 

represent the whole breadth of reported AR-positive PDX models of TNBC, however, none 

of them were fully molecular and biological characterized.

In our study, we identified and molecularly evaluated two new PDX models of TNBC. The 

remaining aims of this study were 1) to assess the PDXs as tools for preclinical studies and 
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2) probe the molecular functions of AR in TNBC. We focused on how tumor growth and 

gene expression profiles were influenced by AR activation. Our goal was to better define the 

mechanistic actions of AR in these two PDX models, which may ultimately lead to a better 

understanding of the roles of AR in TNBC.

2. Materials and Methods

2.1 Patients and tumor specimens

Primary breast tumor samples were collected from patients who were diagnosed with stage 

3–4 breast cancers and received treatment at City of Hope. Tumor samples negative for 

ER, PR, and HER2 were defined as TNBC. Six PDX tumors of TNBC were checked 

for AR expression by western blot analysis. Clinical and pathological information of two 

AR-positive samples (COH_98 and COH_53) were summarized in Table 1. Tumor-stroma 

ratio (TSR) was evaluated. Stroma-high is defined as > 50% stromal area, and stroma-low 

is defined as ≤ 50% stromal area in the histological section [18]. IHC staining for AR was 

applied to those two samples to confirm the AR positivity and histological distributions. 

This study was approved by the City of Hope Institutional Review Board and all patients 

provided informed, written consent prior to tissue collection. All procedures performed in 

studies involving human participants were in accordance with the ethical standards of the 

institutional and/or national research committee and with the 1964 Helsinki declaration and 

its later amendments or comparable ethical standards.

2.2 Establishment of PDX models and treatment

Two AR-positive PDX tumors were implanted into intact female NSG mice (6~8 weeks) 

and PDX models were established as previously described [19]. Two PDXs were named 

TN1 and TN2, corresponding to COH_98 and COH_53 respectively (Table 1). For initial 

implantation, both PDX tumors took as long as 90 days before they were of sufficient 

size for passaging. For experimental implants, both PDX tumors were slow-growing and 

took nearly 40 days to reach 500 mm3 (10 mm × 10 mm). When tumor size reached 

approximately 500 mm3, NSG mice were euthanized via CO2 asphyxiation, and tumors 

samples were collected for characterization. Within five to ten minutes of resection, tumors 

were flash-frozen in liquid nitrogen and/or fixed with 4% paraformaldehyde. Flash-frozen 

tumors were stored at −80°C for Reverse Phase Protein Array (RPPA) [19, 20] and whole 

exome sequencing (WESeq). Fixed samples were sent to the Pathology Core at City of Hope 

for H&E staining and IHC analysis of AR, ER, PR, HER2, and Ki67.

For the DHT treatment, PDX tumors of TN1 and TN2 were implanted into NSG female 

mice (6~8 weeks). On the same day of tumor implantation, DHT pellets (12.5 mg/60 

days, Innovative Research of America, Sarasota, FL) were subcutaneously grafted into 

both treatment groups (TN1/2-DHT). Placebo pellets (Innovative Research of America, 

Sarasota, FL) were similarly implanted into both control groups (TN1/2-Ctrl). The TN1 

group comprised of 4 mice (2 TN1-Ctrl and 2 TN1-DHT), and the TN2 group comprised 

of 5 mice (2 TN2-Ctrl and 3 TN2-DHT). Tumor growth was measured as previously 

described [19]. When tumor size reached approximately 500 mm3, mice were euthanized 
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and tumors samples were collected for western blotting, IHC, and RNA Sequencing (RNA-

Seq) analyses.

For the enzalutamide treatment, PDX tumors of TN2, for which DHT induced the tumor 

growth, were grafted into NSG female mice (6~8 weeks) and randomized into two groups 

when the tumor size reached approximately 500 mm3. On the same day of randomization, 

DHT pellets (12.5 mg/60 days, Innovative Research of America, Sarasota, FL) were 

subcutaneously implanted into all mice. The control group comprised of 4 mice that 

received PBS through daily gavage. The treatment group comprised of 5 mice that received 

enzalutamide (50 mg/kg/day, Selleckchem, Pittsburgh, PA) via daily gavage. The tumor 

volume was measured every 5 days. After 15 days of treatment, tumor samples were 

collected for IHC analyses of AR and Ki67.

NSG mice were bred and housed at the City of Hope Animal Resources Center in ventilated 

cage racks with free access to water and food. Mice were maintained on a 12 h light/dark 

cycle. All animal experiments were performed under a protocol (91051) approved by the 

Institutional Animal Care and Use Committee at City of Hope. Facilities are accredited 

by the association for assessment and accreditation of laboratory animal care and operated 

according to NIH guidelines.

2.3 RNA-Seq and Data analysis

Using the RNeasy Extract Kit (Qiagen, Germantown, MD), total RNA was extracted from 

the flash-frozen PDX tumors of the TN1 group (2 TN1-Ctrl and 2 TN1-DHT) and TN2 

group (2 TN2-Ctrl and 3 TN2-DHT). Total RNA extract was sequenced by the Integrative 

Genomics Core at City of Hope. Principal component analysis (PCA) was used to display 

transcriptome distance, the relatedness between the two PDX tumors, and the relatedness 

between the control and DHT groups. Ingenuity Pathway Analysis (IPA) and Gene Set 

Enrichment Analysis (GSEA) were used to analyze systems-level pathways. Venn diagram 

analysis was conducted to display the number of overlapping AR responsive genes in 

datasets of TN1-DHT and TN2-DHT versus three RNA-Seq datasets that describe AR 

responsive genes in breast cancer tissue and/or cells lines. Two datasets were generated 

from DHT-treated MDA-MB-453 cells [21] and testosterone-treated MCF-7 cells [22]. One 

dataset was generated from The Cancer Genome Atlas (TCGA) expression data on the basal 

subtype of breast invasive carcinoma [23].

2.4 TNBC molecular subtyping via TNBCtype™

RNA-Seq data from TN1 and TN2 were uploaded via TNBCtype™ online tool (http://

cbc.mc.vanderbilt.edu/tnbc/prediction.php) for molecular subtyping predictions [24]. The 

predicted subtype of each sample was displayed with the corresponding correlation 

coefficient (CC) and permutation p value.

2.5 Immunohistochemistry and histopathological analysis

Immunohistochemistry (IHC) and hematoxylin and eosin (H&E) staining of formalin-fixed 

tumor tissues were performed by the Pathology Core at City of Hope. Antibodies used 

in IHC included ER (ab16660, Abcam), PR (PA0312, Leica), HER2 (A0485, DAKO), 
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AR (SP107, Sigma-Aldrich), and Ki67 (MIB-1, DAKO). Slides were reviewed first at 

4X magnification to identify areas of positive staining, followed by confirmation and 

quantitation at 20X magnification. AR and Ki67 were scored by identifying areas of 

most abundant positivity at low magnification. Then, ten high-power (20X) fields were 

counted by QuPath software (version 0.2). Representative images and scoring were acquired 

using an Olympus BX46 microscope with a DP27 camera and Olympus CellSens software 

(Olympus).

2.6 Immunological blotting

PDX tissues were lysed in Nonidet P-40 buffer (50 mM Tris-Cl, pH 7.5, 1% Nonident P40, 

150 mM NaCl, 0.5% sodium deoxycholate and complete protease inhibitor cocktail) on ice 

for 20 min. Then, tissues were sonicated for 30 s. After centrifugation, the supernatants were 

collected, mixed with 4×SDS sample buffer, and boiled for 5 min. Protein concentration was 

quantified using the BioRad BCA Protein Assay. Anti-AR antibodies (SC-7305, Santa-Cruz 

Biotech) were applied to detect AR. Western blotting was performed as previously described 

[19].

2.7 Statistical analysis

Results are shown as means ± standard deviation (SD). All statistical analyses were 

performed using GraphPad Prism software (version 8.0). The significance of the differences 

between mean values was determined by multiple Student’s t-tests. All tests were two-tailed. 

Benjamini and Hochberg’s method was used to compute the adjusted p value and control the 

false discovery rate (FDR) for RNA-Seq analysis.

3. Results

3.1 Establishment and characterization of two AR-positive TNBC PDX models

We checked the expression of AR in six TNBC PDXs established at City of Hope. Western 

blotting analyses of six PDX tumors detected two of them to be AR-positive TNBC 

specimens: COH_98 and COH_53. The other four did not considerably exhibit levels 

of AR (Figure 1B). As shown in Table 1, COH_98 was a grade 3 TNBC breast tumor 

under neoadjuvant therapy that exhibited lymph node involvement and distant metastasis 

(T2N2aM1). COH_98 was a tumor with a high TSR score (>90%), due to treatment 

effects, whose percentage of cancer cells was at most 10%. Ki67 index in COH_98 was 

as high as 80% in cancer cells. Among them, 1~5% of cancer cells were classified as AR 

immunoreactive cells by IHC, while stromal regions were negative to AR (Supplementary 

Figure 1A). COH_53 was also a grade 3 TNBC breast tumor under neoadjuvant therapy, but 

without distant metastasis (T2N0M0). COH_53 was a tumor with low TSR score (<40%) 

whose percentage of cancer cells was as high as 60%. 60~70% of cancer cells were positive 

for Ki67, while nearly 5~8% of them were AR immunoreactive cells (Supplementary Figure 

1B). The two AR-positive PDXs were then termed TN1 (COH_98) and TN2 (COH_53), 

respectively.

As summarized in Table 1, PDX tumors of TN1 and TN2 were grade 3 TNBC tumors. Cell 

morphologies of TN1 and TN2 were assessed by H&E staining. Both PDX tumors displayed 
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highly pleomorphic nuclei with one or more eosinophilic macronuclei (Figure 1C, H&E 

Staining, Supplementary Figure 1A and B). According to the IHC analyses of TN1 and TN2, 

which were assessed in accordance with American Society of Clinical Oncology / College 

of American Pathologists (ASCO/CAP) guidelines, both tumors were ER, PR, and HER2 

negative tumors (Supplementary Figure 2) with 1~5% of AR nuclear positive cells (Figure 

1C, IHC-AR). Ki67 indexes in both PDX tumors (Supplementary Figure 2) were lower than 

that in the original patients’ specimen. Many PDX models grow slowly due to the immune 

surveillance mechanisms found in mice [25].

3.2 Differential DHT response in tumor growth of TN1 and TN2 via activation of AR

We next investigated the potential roles of AR in two TNBC PDXs by DHT exposure. On 

the same day that TN1 or TN2 was implanted, mice were treated with DHT or placebo. 

We then measured tumor volumes, performed western blots, and assessed tumors by IHC 

and RNA-Seq analyses (Figure 1A). According to our results, DHT induced growth of TN2 

tumors. After 42 days of treatment, the sizes of TN2-DHT tumors were 2-folds larger than 

that of TN2-Ctrl. Conversely, when TN1 was treated with DHT, growth of the PDX was 

impeded. Specifically, the endpoint tumor volume of TN1-DHT was 3-folds smaller than 

that of TN1-Ctrl (Figure 1D).

We subsequently assessed how treatment of the PDXs with DHT affected AR function. 

When both TN1 and TN2 tumors were treated with DHT, western blots revealed increased 

expression of AR protein (Figure 1E). IHC staining also detected functional activation of 

AR; DHT induced translocation of AR into the nucleus and also increased AR expression 

level (Figure 1F and G). Considering the size of the tumors to be relatively variable (Figure 

1D), we checked the Ki67 levels by IHC. The Ki67 index supported our results on tumor 

growth: while TN1-DHT had a lower index than TN1-Ctrl, the index for TN2-DHT was 

significantly higher than TN2-Ctrl (Figure 1 F and G).

In order to further assess the AR antagonist effects on PDX model, we carried out an 

experimental therapy with enzalutamide on the PDX tumor of TN2, for which DHT induced 

the tumor growth. As shown in Supplementary Figure 3, the tumor growth curve indicated 

that DHT promoted the growth of TN2 tumor. However, enzalutamide failed to restrain 

DHT-induced tumor growth in TN2, even though IHC of AR suggested that enzalutamide 

was able to suppress AR activation in those tumors.

3.3 Distinct transcriptional profiles induced by DHT in TN1 and TN2

As both TN1 and TN2 are new models for AR-positive TNBC, we comprehensively 

characterized their transcriptional profiles. The resulting data was assessed by PCA, TNBC 

subtyping, IPA, and GSEA. PCA analysis well separated TN1 from TN2 (Figure 2A). TN1 

and TN2 thus appear to capture different transcript profiles. Similarly, TNBC subtyping 

analyses also predicted distinct molecular subtypes for TN1 and TN2; TN1 correlated to 

a basal-like 1 (BL1) subtype, and TN2 correlated to a basal-like 2 (BL2) subtype (Figure 

2C). These evaluations suggest that TN1 and TN2, which both express functional AR, are 

molecularly distinct PDX models.
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We also compared TN1 with TN2 in terms of DHT-induced gene transcription. In both 

PDXs, DHT induced significant transcriptional changes (Figure 2B). However, gene 

expression profiles of TN1-DHT and TN2-DHT were different. Hierarchical clustering 

analysis along with Boxplot expression diagrams indicated that genes were generally down-

regulated by DHT in TN1, whereas they were up-regulated by DHT in TN2 (Figure 2D). 

Taken altogether, treatment of the two PDXs with DHT appears to yield significantly distinct 

transcriptomes.

3.4 Functional characterization of transcription profiles induced by DHT in TN1 and TN2

For our transcription profile characterization, significantly regulated genes were defined as 

up-regulated genes (Fold-change ≥ 2, p<0.05) versus down-regulated genes (Fold-change ≤ 

0.5, p<0.05). A total of 1110 genes were identified in TN1 (961 down-regulated versus 149 

up-regulated). The total genes identified was 865 in TN2 (192 down-regulated versus 673 

up-regulated). TN1 and TN2 shared 184 common genes. While 61 of these common genes 

were regulated in the same direction, 123 of them were regulated in the opposite direction. 

According to these results, the two AR-positive PDXs are very disparate models of TNBC 

(Figure 3A).

We next analyzed AR-regulated transcripts in these PDXs after DHT treatment. Venn 

diagram analysis shown the number of overlapping AR responsive genes among datasets of 

TN1 and TN2 versus other three datasets. Dataset of Cistrome-AR was derived from breast 

cancer tissue (Cistrome Cancer-TCGA-Breast invasive carcinoma-basal). Dataset of MCF-7-

AR was generated from testosterone-treated MCF-7 cell lines. Dataset of MDA-MB-453-AR 

was derived from DHT-treated MDA-MB-453 cell lines. For dataset of TN1, Cistrome-AR 

comparison yielded 42 common transcripts and MCF-7 AR comparison yielded 43 common 

genes. The same comparisons of TN2 yielded 10 common genes with Cistrome-AR versus 

32 common genes with MCF-7 AR. In contrast, more common transcripts were identified 

with dataset of MDA-MB-453-AR: 90 common genes in TN1 and 72 common genes in 

TN2. (Figure 3B).

Using GSEA enrichment analysis by 50 Hallmark Gene Sets, we generated a landscape of 

hallmarks in DHT-treated TN1 and TN2 (Figure 3C). In this figure, the size of the spots 

is used to convey the relative magnitude of the K/K value (overlap ratio). Spots are also 

color coded to convey significance by log-10 FDR q value. The upper cutoff boundary for 

significance is log-10 FDR q >1.3; the lower cutoff is log-10 FDR q <0.05. Treatment of 

TN1 with DHT down-regulated genes in hallmarks of epithelial-mesenchymal transition, 

apical junction, myogenesis, angiogenesis, Wnt-beta-catenin, and etc. In TN2, treatment 

with DHT up-regulated genes in hallmarks of myogenesis, hypoxia, Wnt-beta-catenin, and 

etc.

IPA analysis was applied to functionally characterize the transcriptomic profiles induced 

by DHT in TN1 and TN2. Table 2 and Table 3 list the top 5 canonical pathways (Z score 

>2, p<0.05) and top 5 upstream regulators (Z score >2, p<0.05). The results from IPA 

analysis agree with the GSEA results (Figure 3C). DHT treatment of TN1 and TN2 induced 

different canonical pathways and upstream regulators. Specifically, treatment of TN1 with 

DHT appears to suppress multiple upstream regulators involved in epithelial-mesenchymal 
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transition, whereas treatment of TN2 with DHT appears to activate upstream regulators 

involved in hypoxia and Wnt-beta-catenin signaling.

4. Discussion

Preclinical studies with cell line-based models have revealed highly differential effects of 

AR in TNBC. Several TNBC cell lines endogenously expressed AR protein at different 

levels [26]. Among them, MDA-MB-453 was shown to have higher expression levels of 

endogenous AR and exhibit DHT-dependent cell growth [21, 26]. However, according to 

other studies on the same cell line, DHT arrests the cell cycle [27] and causes apoptosis 

[28]. In other AR-positive TNBC cell lines, particularly ones with low levels of endogenous 

AR (MDA-MB-231), DHT produced a modest effect on both cell proliferation and apoptosis 

[28]. It was also reported that when AR was overexpressed through transfection in MDA-

MB-231 cells, a synthetic androgen (R1881) suppressed cell cycle via p21 activation [29]. 

Such conflicting data may be partially indicative of the inherent limitations of cell line-based 

models: adaptation of cells to artificial culture system and treatment, clonal selection, and 

homogeneity [15]. As such, new models are required to clarify the role AR may play in 

TNBC [13]. In the present study, we identified and molecularly characterized two new PDX 

models of AR-positive TNBC.

Current practices to characterize AR in breast cancer mainly employ IHC. However, 

guidelines for these assessments have not been established to help standardize the 

methodology. For example, when AR-positive TNBC is defined by IHC, the rate of 

positivity depends on the cut off score, which may either be 1% or 10% of cell nuclear 

positivity. In a clinical study by Astvatsaturyan et al., 1% of cell nuclei positivity by 

IHC was determined to be the appropriate threshold for patient selection and therapeutic 

prediction [30]. Here, we used a combination of western blots and IHC to detect AR 

positivity in our PDX models. Two new models of AR-positive TNBC, TN1 and TN2, were 

identified and established. AR expression was not indicated in pathological reports of the 

original tumors. Thus, we conducted western blots to detect AR positivity in the patients’ 

tumors. According to the western analysis, AR was detectable in tumors of COH_98 

and COH_53 (Figure 1B). We then used IHC to confirm that both specimens displayed 

low expression of AR protein (1~5% positivity for COH_98 versus 5~8% positivity for 

COH_53) (Supplementary Figure 1). Such expression pattern was also confirmed by RPPA 

analysis: both TN1 and TN2 harbor AR protein (Supplementary Figure 4). The whole 

exome sequencing (WESeq) found that the PDXs of TN1 and TN2 harbor wild-type AR 

(Supplementary Figure 5).

We used TN1 and TN2 to demonstrate how treatment with an AR agonist (DHT) affected 

AR activity, tumor growth, and transcription profiles. When either TN1 or TN2 was treated 

with DHT, western blot and IHC detected significant activation of AR. Compared to the 

placebo, DHT dramatically increased the total amount of AR protein (Figure 1E) and 

nuclear AR positivity (Figure 1F/G). Both effects are typical hallmarks of AR transactivation 

[31, 32]. Our biochemical characterization suggests that treatment of TN1 or TN2 with DHT 

functionally activates AR. Although AR was functionally activated by DHT in both PDXs, 

TN1 and TN2 unexpectedly displayed a dissimilar pattern of tumor growth. Treatment of 
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TN2 with DHT increased tumor growth (Figure 1D-TN2) and expression of Ki67 (Figure 

1F/G-TN2). In stark contrast, treatment of TN1 with DHT appeared to abrogate growth 

(Figure 1D-TN1) and reduce expression of Ki67 (Figure 1F/G-TN1). We further assessed 

the AR antagonist’s (enzalutamide) effect on TN2, a PDX in which DHT induces tumor 

growth. As shown in Supplementary Figure 3, enzalutamide failed to restrain DHT-induced 

tumor growth, even though IHC of AR suggested that enzalutamide was able to suppress 

AR activation in those tumors. To date, only a handful of AR-positive TNBC PDX models 

have been reported, but not fully characterized. As reported in a conference abstract, the 

tumor volume of PDX HCI-009 significantly increased under DHT treatment and such 

induction was effectively suppressed when exposed to Seviteronel, a CYP17 lyase inhibitor 

and AR antagonist [17]. A short-term (48 h) treatment of ex vivo HCI-009 cultures 

with enzalutamide also blocked activation of AR [33]. In addition to HCI-009, two other 

models of AR-positive TNBCs (3561 and PK49) have been described in a review. These 

PDXs exhibit low AR expression (<1% nuclear positive), but functionally respond to DHT 

by increased nuclear AR. However, their growth pattern upon treatment, with DHT or 

enzalutamide, has not been presented [3].

We then performed TNBC molecular subtyping using gene expression metadata with 

Lehmann’s classification methods [6, 34]. Tumor of TN1 correlated with a basal-like 1 

(BL1) subtype of TNBC (Figure 2C). This subtype enriches cell cycle and cell division 

pathways such as DNA replication, DNA damage response, and RNA polymerase activity. 

In contrast, tumor of TN2 correlated to a basal-like 2 (BL2) subtype of TNBC. This subtype 

displays unique gene ontologies involved with growth factor signaling, such as the EGF and 

MET pathways [6]. Interestingly, neither TN1 nor TN2 were characterized as a subtype of 

luminal androgen receptor (LAR). It is not known whether a PDX model of LAR subtype is 

available for comparison. The LAR subtype is characterized by heavily enriched hormonal 

regulated pathways, which include steroid synthesis and androgen metabolism. The LAR 

subtype of TNBC generally exhibits high AR expression (9~10 folds higher than other 

subtypes), while the BL subtypes express AR mRNA and protein at a relatively low level 

[6, 34]. Regarding to the ongoing controversies as to whether androgen signaling should be 

blocked or stimulated as a therapy for TNBC patients, to our best knowledge, the molecular 

mechanisms of AR in TNBC should be taken into consideration along with the TNBC 

sub-classification, considering both the heterogeneous expression of AR in TNBC and the 

general complexities of AR signaling [3, 8, 13].

IPA and GSEA were conducted on TN1 and TN2 to functionally characterize the impact 

of DHT on their transcriptomes. When we compared TN1 to TN2, DHT induced very 

distinct transcriptional profiles and canonical pathways (Table 2 and 3). In TN1, DHT was 

predicted to suppress the transcriptions associated with TGFB1, CTNNB1, and BMP2. In 

TN2, DHT was predicted to activate transcriptional profiles related toTGFB1 and HIF1A 

(Table 3). Additionally, SMARCA4 regulation was predicted to be down-regulated in 

TN1 versus up-regulated in TN2. SMARCA4 is a member of the SWItch/Sucrose Non-

Fermentable (SWI/SNF) complex, which is needed for AR functionality and serves as a 

transcriptional coactivator of AR [35]. GSEA analysis also suggested that treatment of TN1 

with DHT down-regulated genes involved in apical junction, myogenesis, angiogenesis, 

Wnt-beta-catenin, and etc. Conversely, treatment of TN2 with DHT up-regulated genes 
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involved in myogenesis, hypoxia, Wnt-beta-catenin, and etc. (Figure 3C). As a nuclear 

receptor, activated AR can function as a transcription factor and control specific genes 

that are involved in different, and sometimes opposite, biological processes. In both cell- 

and tissue-specific manners, AR can either stimulate or suppress cell proliferation and 

apoptosis, metastasis, EMT/stemness, etc [36]. This type of bidirectional regulation of a 

specific biological process depends on concurrent signaling pathways being either activated 

or repressed via androgen-bound AR [37]. Many studies have revealed how AR mediates 

gene activation, however, more information is needed on AR-mediated gene repression [38]. 

Altogether, our results suggest that activities of AR in TN1 and TN2 are different and appear 

to depend on the signaling pathways that are activated or repressed.

In conclusion, we have identified two TNBC PDX models expressing functionally active 

AR. When AR is activated by DHT, these models exhibit different molecular and 

phenotypical features. The establishment and characterization of these two PDX models 

expand the current repertoire of AR-positive TNBC research tools. Our detailed molecular 

characterization of these PDXs does not support AR as an independent marker for TNBC. 

It has been recently reported by a multi-institutional study that AR, on its own, is not a 

prognostic marker for TNBC [39]. Our preclinical studies using biologically relevant models 

(TN1 and TN2) demonstrate that it is an essential step to produce critical mechanistic 

information and that they are needed to evaluate a new therapeutic approach before practice 

in patients. A detection of AR by IHC, without functional assessment, is not sufficient to 

predict the effectiveness of AR-targeting therapy in AR-expressing TNBC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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BL2 basal-like 2

DHT dihydrotestosterone

ER estrogen receptor

FDR false discovery rate

FISH fluorescence in situ hybridization

GSEA Gene Set Enrichment Analysis

HER2 human epidermal growth factor

H&E hematoxylin and eosin

IHC immunohistochemistry

IPA Ingenuity Pathway Analysis

LAR luminal androgen receptor

PCA principal component analysis

PDXs patient-derived xenografts

PR progesterone receptor

RNA-Seq RNA sequencing

RPPA reverse phase protein array

SWI/SNF SWItch/Sucrose Non-Fermentable

TCGA the Cancer Genome Atlas

TNBC triple negative breast cancer

TSR tumor-stroma ratio

WESeq whole exome sequencing
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Highlights

• Two AR-positive TNBC PDX models were derived and molecularly 

characterized;

• Two PDXs harbored low levels of functional AR, which was transcriptionally 

activated by AR agonist (DHT);

• Two PDXs exhibited highly different patterns of tumor growth and distinct 

transcriptional profiles upon DHT treatment;

• Two PDXs represented different molecular subtypes of TNBC;

• Our results do not support that AR is a suitable therapeutic target in TNBC.

WANG et al. Page 15

J Steroid Biochem Mol Biol. Author manuscript; available in PMC 2022 February 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Establishment of two AR-positive TNBC PDX models with functional AR upon DHT 
treatment.
A) Scheme of AR-positive TNBC PDX establishment and utilization; B) Western blot 

identified AR expression in patients’ TNBC samples; C) Histopathological assessment of 

nuclei grading by H&E staining and AR positivity in PDXs tumors of TN1 and TN2 under 

20X and 40X magnification. Scale bar for 20X and 40X magnification images are 200 

μm and 100 μm, respectively. D) Tumor growth curve of PDXs TN1 & TN2 upon DHT 

treatment. Intact mice were randomized and implanted with a tumor from TN1 (2 Ctrl versus 

2 DHT) and TN2 (2 Ctrl versus 3 DHT) by placebo pellets in control (Ctrl) and DHT pellets 

in treatment group; E) Western blot identified AR expression in PDX tumor of TN1 (2 Ctrl 

versus 2 DHT) and TN2 (2 Ctrl versus 3 DHT); F) AR and Ki67 expression pattern in PDX 

tumor of TN1 (2 Ctrl versus 2 DHT) and TN2 (2 Ctrl versus 3 DHT) by IHC at 20X & 40X 

magnification with a scale bar of 200 μm and 100 μm, respectively. G) Nuclear Score of AR 

and Ki67 in PDX tumors of TN1 and TN2 (***, p<0.001).
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Figure 2. Distinct transcription profiles induced by DHT in PDX tumors of TN1 and TN2.
A) Distribution of transcription profiles between TN1 (2 Ctrl versus 2 DHT) and TN2 (2 

Ctrl versus 3 DHT) by principal component analysis (PCA); B) Distribution of transcription 

profiles between Ctrl (2 TN1-Ctrls versus 2 TN2-Ctrls) and DHT (2 TN1-DHTs versus 

3 TN2-DHTs) by principal component analysis (PCA); C) TNBC molecular subtyping 

via TNBCtype™ with TN1 (2 Ctrl versus 2 DHT) and TN2 (2 Ctrl versus 3 DHT). The 

predicted subtype of each sample was indicated with a corresponding correlation coefficient 

(CC) and permutation p value (P). A CC value between 0.2–0.4 indicates a slightly positive 

correlation and a CC value between 0.4–0.7 indicates a fairly positive correlation. D) 
Hierarchical clustering analysis with a heat map and a boxplot expression diagram of TN1 (2 

Ctrl versus 2 DHT, p=0.00891) and TN2 (2 Ctrl versus 3 DHT, p=0.00705).
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Figure 3. Functional characterization of transcriptional profiles induced by DHT in PDX tumors 
of TN1 and TN2.
A) Venn’s four-set diagram displayed the number of overlapping and unique genes sets in 

TN1 and TN2 after DHT treatment. TN1-UP/TN2-UP represented number of up-regulated 

genes in TN1/TN2-DHTs versus TH1/TH2-Ctrls and vice versa; B) Venn’s three-set 

diagram displayed the number of overlapping and unique AR responsive genes sets in 

TN1 and TN2 versus three AR responsive gene sets (Cistrome AR, MCF-7 AR and MDA-

MB-453 AR); C) Distribution of GSEA enriched Hallmarks in TN1 (up versus down) and 

TN2 (up versus down). The size of spot indicated K/K value (overlap ratio) and the color 

of spot indicated significance by log-10 FDR q value (log-10 FDR q value>1.3, FDR q 

value<0.05 is the cutoff value for significance).
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Table 1.

Characteristics of the clinical-pathological features of patients and tumors for establishing PDX models

Sample ID COH 98 COH 53

Clinical information Age 45 43

Ethnicity Hispanic Hispanic

Tumor Size (cm) ≥2.3 ≥3.3

Tumor Stage (TNM) T2N2aM1 T2N0M0

Chemotherapy Neoadjuvant response Neoadjuvant response

Radiotherapy N/A N/A

Anatomy-Pathological information Sample Site Breast Breast

Histological type IDC IDC

Pathological grade 3 3

ER - − (<1%)

PR - − (<1%)

HER2 (IHC) − (<1%) N/A

HER2 (FISH) N/A -

PDXs ID TN1 TN2

PDX sample information Growth to 500mm3 40 days 40 days

DHT induced growth NO Yes

AR upregulated by DHT Yes Yes

AR translocation by DHT Yes Yes

IDC: invasive ductal carcinoma;

N/A: not applicable, not available or no answer
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Table 2.

Top 5 canonical pathways (Z score >2, p<0.05) of DHT induced transcriptomic profiles in PDX tumors of 

TN1 and TN2.

TN1 TN2

Ingenuity Canonical 
Pathways

z-score p-value Overlap Ratio Ingenuity Canonical 
Pathways

z-score p-value Overlap Ratio

Rho-GDI Signaling 3.441 1.22E-03 0.138 (22/159) Aryl Hydrocarbon Receptor 
Signaling

−2.212 2.69E-07 0.157 (22/140)

Rho-GTPases Signaling −3.674 1.73E-03 0.125 (27/216) IL-1 Mediated RXR 
Inhibition

−2.121 6.92E-07 0.127 (28/221)

Actin Cytoskeleton 
Signaling

−3.30 7.93E-03 0.119 (18/185) Planar Cell Polarity Signaling 2.121 8.19E-03 0.123 (8/65)

Corticotropin Releasing 
Hormone Signaling

−2.714 6.12E-03 0.152 (14/92) Wnt/GSK-3β Signaling 2.236 5.62E-03 0.091 (7/396)

Glutamate Receptor 
Signaling

−2 3.00E-03 0.128 (18/141) Wnt/Ca+ pathway 2.449 4.43E-03 0.103 (6/58)
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Table 3.

Top 5 up-stream regulator (Z score >2, p<0.05) in DHT induced transcriptomic profiles in PDX tumors of 

TN1 and TN2.

TN1 TN2

Top-5 Upstream 
Regulator

Activation z-
score

p-value Predicted 
Activation

Upstream 
Regulator

Activation z-
score

p-value Predicted 
Activation

Up-regulation CDH1 2.425 2.5E-06 Activated SMARCA4 5.724 8.47E-06 Activated

EIF2AK2 2.414 3.18E-05 Activated HIF1A 4.624 6.73E-08 Activated

PLAG1 2.213 7.37E-05 Activated STAT3 4.177 4.90E-05 Activated

IL1B 2.158 3.61E-06 Activated TP73 3.726 2.34E-05 Activated

EHF 2.121 1.90E-08 Activated TGFB1 3.691 9.06E-07 Activated

Down-
regulation

TGFB1 −7.092 3.12E-11 Inhibited TNF −10.361 5.09E-08 Inhibited

SMARCA4 −5.399 5.59E-06 Inhibited SYVN1 −8.641 9.12E-11 Inhibited

CTNNB1 −5.362 1.96E-09 Inhibited IL1A −6.123 4.03E-09 Inhibited

TGFB3 −3.894 2.72E-06 Inhibited PRKCD −6.033 9.06E-06 Inhibited

BMP2 −3.583 4.12E-06 Inhibited ERG −6.016 3.14E-06 Inhibited
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