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Abstract 

Purpose: Accumulating evidence has attracted attention to the androgen receptor (AR) as a biomarker and thera-
peutic target in breast cancer. We hypothesized that AR activity within the tumor has clinical implications and investi-
gated whether androgen responsive serum factors might serve as a minimally invasive indicator of tumor AR activity.

Methods: Based on a comprehensive gene expression analysis of an AR-positive, triple negative breast cancer 
patient-derived xenograft (PDX) model, 163 dihydrotestosterone (DHT)-responsive genes were defined as an andro-
gen responsive gene set. Among them, we focused on genes that were DHT-responsive that encode secreted 
proteins, namely KLK3, AZGP1 and PIP, that encode the secreted factors prostate specific antigen (PSA), zinc-alpha-
2-glycoprotein (ZAG) and prolactin induced protein (PIP), respectively. Using AR-positive breast cancer cell lines 
representing all breast cancer subtypes, expression of candidate factors was assessed in response to agonist DHT and 
antagonist enzalutamide. Gene set enrichment analysis (GSEA) was performed on publically available gene expression 
datasets from breast cancer patients to analyze the relationship between genes encoding the secreted factors and 
other androgen responsive gene sets in each breast cancer subtype.

Results: Anti-androgen treatment decreased proliferation in all cell lines tested representing various tumor subtypes. 
Expression of the secreted factors was regulated by AR activation in the majority of breast cancer cell lines. In GSEA, 
the candidate genes were positively correlated with an androgen responsive gene set across breast cancer subtypes.

Conclusion: KLK3, AZGP1 and PIP are AR regulated and reflect tumor AR activity. Further investigations are needed to 
examine the potential efficacy of these factors as serum biomarkers.
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Introduction
Among women worldwide, breast cancer is the most 
frequently diagnosed cancer and one of the major 
causes of cancer-related mortality [1], and although 
much more rare (< 1% of all breast cancer cases), it can 
afflict men as well [2]. Systemic therapy plays a major 
role in the treatment of both early- and late-stage 

disease. Therapies are selected based on the biological 
characteristics of the tumor, namely subtypes classified 
by the expression of estrogen receptor alpha (ER), pro-
gesterone receptor (PR), and amplification of the gene 
encoding the human epidermal growth factor recep-
tor 2 (HER2) [3–6]. While tumor biology-based selec-
tion of systemic therapy has significantly improved the 
prognosis of breast cancer in the past decade, relapse 
is still not uncommon, regardless of subtype [3, 5]. 
Since tumor biological characteristics can change as a 
result of treatment, for optimal subsequent treatment 
selection, it is critical that less invasive biomarkers be 
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identified that reflect tumor biology that can be evalu-
ated over time during disease treatment and progres-
sion [7].

Androgen receptor (AR) is a transcription factor 
activated by androgens, such as dihydrotestosterone 
(DHT) in women and testosterone in men [8] and is 
expressed at various levels across all breast cancer 
subtypes [9]. While AR is associated with an overall 
favorable prognosis among women with ER-positive 
tumors [10, 11], AR, like ER itself, can support breast 
cancer progression. For example, we previously found 
that proliferation of MCF-7 depends on AR signal, and 
the AR antagonist enzalutamide (Enza) inhibits tumor 
growth of MCF7 xenografts [12]. Also, AR contributes 
to ER-targeted therapy resistance mechanisms [13, 14], 
and switching from ER-dependence to AR-dependence 
is hypothesized to be a mechanism of resistance to ER-
directed endocrine therapies such as tamoxifen and 
aromatase inhibitors [7, 12, 15–18]. AR also plays a 
role in anchorage-independent cell survival and cancer 
stem cell-like characteristics including tumor initiation 
in-vivo [18–22]. Based on these findings, both ongoing 
and completed clinical trials have been initiated to test 
the efficacy of AR-targeted therapies, such as bicaluta-
mide and Enza, alone and in combination with other 
agents in both ER-positive and -negative breast cancer 
[15, 23]. Although there is no established predictive 
marker for response to AR-targeted therapy in breast 
cancer, Enza plus the aromatase inhibitor exemestane 
was shown to be effective in patients with ER-positive 
advanced breast cancers with a gene signature-based 
biomarker indicating AR activation [24], and both 
bicalutamide and enzalutamide showed efficacy in 
metastatic AR-positive triple-negative breast cancer 
(TNBC) [25, 26]. In the ER-negative subset, cell lines 
corresponding to the luminal AR (LAR) subtype, a 
TNBC subtype characterized by an AR-regulated gene 
signature, respond to anti-androgen therapy [21]. In a 
phase II trial testing the efficacy of Enza in advanced 
AR-positive TNBC, clinical outcomes appeared supe-
rior in patients who had an androgen-driven gene 
signature [27]. AR expression is associated with poor 
response to neoadjuvant chemotherapy in ER-positive 
breast cancer [28], and patients with AR-positive or 
LAR breast cancer also have poor pathological clini-
cal response to neoadjuvant chemotherapy when com-
pared to other TNBC [29, 30]. Thus, being able to 
predict AR activity within the tumor via a minimally 
invasive method may enlighten therapeutic selection 
[8, 31]. In this study, we explored candidate serum fac-
tors that reflect tumor AR activity to support develop-
ment of noninvasive serum biomarkers of AR activity 
in breast cancer.

Materials and methods
Reagents
DHT (Sigma-Aldrich Corporation, St. Louis, MO, USA) 
was diluted in 100% ethanol. The AR antagonist enza-
lutamide (Enza) was provided by Medivation, Inc. (San 
Francisco, CA, USA) and diluted in dimethyl sulfoxide 
(DMSO).

Patient derived xenograft (PDX) study
In our previous study [32], we identified genes regulated 
by AR in an AR-positive, androgen responsive TNBC 
PDX model. Using these data, in the present study, 163 
genes up-regulated by DHT (p < 0.05; fold change ≥ 1.5) 
were defined as the androgen responsive gene set and 
used in Gene Set Enrichment Analysis  (GSEA). Briefly, 
mice bearing ER-negative, AR-positive HCI-009 PDX 
tumors [33] were treated with DHT or vehicle control. 
Then gene expression profiling of HCI-009 tumors was 
assessed by RNA-sequencing (RNA-seq), and these data 
are available in the Gene Expression Omnibus (GEO) 
database as GSE152246 [32].

Chromatin immunoprecipitation sequencing
We expanded our data from chromatin immunopre-
cipitation sequencing (ChIP-seq) previously con-
ducted. These data are available in the GEO database as 
GSE157862 and reported by the Richer lab [34]. Briefly, 
serum starved MDA-MB-453 cells were treated for 4  h 
with vehicle control, DHT (10  nM) or DHT (10  nM) 
plus Enza (10  μM) followed by chromatin immunopre-
cipitation using AR antibody. Libraries were sequenced 
by a next gen- sequencer, read data were processed as 
described in the previous paper [34]. In the present study, 
read depth was visualized using Integrative Genom-
ics Viewer software with Human hg19 set as a reference 
genome.

qRT‑PCR assay
Total RNA from MDA-MB-453 cells cultured for 4-days 
with vehicle control, DHT (1  nM) alone, DHT (1  nM) 
plus Enza (20 μM) or Enza (20 μM) alone was extracted 
using RNeasy Plus Mini Kit (QIAGEN, Germantown, 
MD, USA). cDNA was synthesized from 1 μg total RNA 
using qScript cDNA SuperMix (Quanta BioSciences, Inc., 
Gaithersburg, MD, USA). SYBR Green quantitative gene 
expression analyses were performed using 7900HT Fast 
Real-Time PCR System (Applied Biosystems, Waltham, 
MA, USA) according to the manufacturer’s standard pro-
tocol. Primer sequences used in this study are listed in 
Additional file 8: Table 1. Expression of target genes was 
quantified using the comparative cycle threshold method 
normalized to 18S  rRNA. All PCRs were performed in 
biological and technical triplicates.
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Cell culture and cellular assays
Information about culture medium and authentication of 
each cell line is summarized in Additional file 9: Table 2. 
For specified cellular assays, steroid-depleted media was 
prepared for each cell line using phenol red–free basal 
medium with dextran-coated charcoal (DCC)  stripped 
serum. Cell line subtyping (ie. ER and HER2 status) was 
defined based on the reports from Holliday, D. L et  al., 
and Ai, J et al. [21, 35]. For all cellular assays using DHT, 
cells were cultured in media with the DCC stripped sera 
for 72 h prior to the assay. For crystal violet assays, cells 
were plated in 96-well plates and grown for 4-days in 
indicated conditions. Cells were then fixed in 10% for-
malin, rinsed in PBS, and stained with 5% crystal violet. 
Cell bound crystal violet was then dissolved in 10% ace-
tic acid and absorbance was measured at 540  nm. Data 
were normalized to the mean absorbance of vehicle-
treated cells.  IC50 values for Enza were calculated with 
GraphPad Prism ver. 8.2.0. The proliferative response of 
each cell line to DHT was determined as "promotional" 
or "suppressive" when a significant change was observed 
at any DHT concentration compared to the control in 
the  same cell line. When neither a promotional or sup-
pressive effect was significant, results were designated as 
“no response".

Immunoblotting
Whole-cell lysate and centrifuged conditioned media, 
consisting of 50 μg protein, were denatured, separated on 
SDS-PAGE gels and transferred to polyvinylidene fluo-
ride membranes. After blocking in 5% milk in Tris-buff-
ered saline–Tween, membranes were probed overnight 
at 4℃. Primary antibodies include AR (PG-21, 1:500 
dilution; EMD Millipore), PSA (A0562, 1:1000 dilution; 
DAKO), FKBP5 (#8245, 1:1000 dilution; Cell Signaling), 
ZAG (sc-13585, 1:1000 dilution; Santa Cruz), GCDFP 15 
corresponding to PIP (ab62363, 1:1000 dilution; abcam) 
and GAPDH (G8795, 1:10,000 dilution; Sigma-Aldrich). 
For secondary antibodies, IRDye 800 goat anti-rabbit and 
IRDye 680 goat anti-mouse (LI-COR, Lincoln, NE, USA) 
were used at 1:10,000. Bands were visualized and quanti-
tated with the Odyssey® CLx Imaging System (LI-COR, 
Lincoln, NE, USA). Ponceau S staining of the membranes 
was used as loading control for western blots of condi-
tioned media.

Analysis of gene expression profile data set
Two publically available gene expression profile data 
sets, obtained by RNA-seq from breast cancer patient 
samples, were utilized for analysis in this study: The 
Cancer Genome Atlas (TCGA)  breast  cohort [36, 
37] (n = 1100) and the Sweden Cancerome Analysis 

Network-Breast (SCAN-B) cohort [38] (n = 3273). Clini-
cal and Gene expression data were downloaded from 
cBioportal (https:// www. cbiop ortal. org/) and Gene 
Expression Omnibus (https:// www. ncbi. nlm. nih. gov/ 
geo/), respectively. All mRNA expression values were 
log2 transformed prior to analysis. Definitions of clinico-
pathological characteristics are described in their original 
papers [33, 34]. Subtypes are classified as follows based 
on receptor status assessed by immunohistochemis-
try; ER+/HER2− as Luminal, ER+/HER2+ as Luminal 
HER2, ER−/HER2+ as HER2, ER−/HER2− as TNBC. 
Cases showing ER−/PgR+ (progesterone receptor-posi-
tive) were defined as unknown subtype. Gene set enrich-
ment analysis (GSEA) [39, 40] was performed to compare 
specified gene sets using GSEA software v3.0 with the 
number of permutations set at 1000 and permutation 
type set as phenotype. Expression values of indicated 
genes or subtype were used as phenotype labels and 
Pearson’s correlation or Signal-2-Noise was set as Met-
rics for Ranking Genes. Thresholds for nominal p value 
and FDR q value were set at < 0.05 and < 0.25, respectively. 
Using the TNBC type online subtyping tool (http:// cbc. 
mc. vande rbilt. edu/ tnbc/) [41], IHC defined TNBC sam-
ples (SCAN-B; n = 143, TCGA; n = 123) were pre-pro-
cessed by excluding possible ER-positive samples at the 
transcriptome level (SCAN-B; n = 15, TNBC; n = 8), then 
classified according to Lehmann’s molecular subtypes 
[21]. Subtypes other than LAR were defined as non-LAR, 
followed by various analysis in LAR vs non-LAR.

Statistical analysis
All statistical analyses were performed using the Graph-
Pad Prism ver. 8.2.0 software. For comparison of multiple 
groups in in-vitro studies including proliferative response 
to different doses of DHT, statistical significance was 
tested by one-way ANOVA with Dunnett’s multiple com-
parisons test. For comparison of dose–response curves 
for cell viability between cell lines, Mixed-effect analysis 
with Tukey’s multiple comparisons test was used. Cor-
relation between protein expression levels and Enza  IC50 
were analyzed by Spearman’s rank correlation coefficient. 
Correlation between genes was analyzed by Pearson’s 
correlation coefficient. For comparison of gene expres-
sion of two groups, unpaired t- test was used. The TNBC 
subtype classification performance by candidate gene 
expression level was evaluated by receiver operating 
characteristic (ROC) analysis.

Results
DHT‑responsive genes encoding secreted proteins 
in an AR‑positive TNBC PDX breast cancer model
As described above, in a previous report [32], we 
explored AR activity in TNBC PDX model HCI-009 
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that grows in response to DHT in mice and 163 genes 
up-regulated by DHT were identified. Among these 
genes, seven encode secreted proteins (Additional 
file 10: Table 3, [42]) (Fig. 1a). We focused our study on 
three genes that were most highly upregulated following 
DHT treatment, specifically, KLK3, AZGP1 and PIP that 
encode the secreted proteins prostate specific antigen 
(PSA), zinc-Alpha-2-glycoprotein (ZAG) and prolactin 
induced protein (PIP) (Fig. 1b).

Gene expression of KLK3, AZGP1 and PIP is directly 
regulated by AR in MDA‑MB‑453 cells
MDA-MB-453 breast cancer cells highly express AR [43]. 
AR-ChIP-seq analysis in MDA-MB-453 cells showed 
multiple AR binding peaks induced by DHT and/or 
suppressed by Enza in the gene loci of KLK3, AZGP1 
and PIP. These included known enhancers containing 
the AR binding motif (KLK3 at ~ − 4.2  kb [44], AZGP1 

at ~  + 0.2  kb [45], PIP at ~  + 11  kb [46]) (Fig.  2a). qRT-
PCR showed that expression of these genes was induced 
by DHT and suppressed by Enza (Fig. 2b), suggesting that 
KLK3, AZGP1 and PIP may be direct transcriptional tar-
gets of AR.

Protein expression of PSA, ZAG and PIP are regulated 
by AR in a wide variety of breast cancer cell lines
In order to investigate whether protein expression of the 
candidate genes was also AR regulated, nine AR express-
ing breast cancer cell lines were analyzed for PSA, ZAG 
and PIP protein in whole cell lysates and conditioned 
media. AR and FKBP5, a known AR-regulated protein, 
were assessed as well (Additional file 1: Fig. S1). While all 
cells responded to Enza treatment in a dose-dependent 
manner, proliferative response to DHT treatment was 
highly variable (Additional file 2: Fig. S2a–d, Additional 

a
X Y

Gene set genes Description

X 163 Genes significantly up-regulated (FC ≥ 1.5,
q<0.05) in HCI-009 PDX tumors from mice
treated with DHT compared with controls.

Y 281 Genes included in secretome of breast
cancer cell liens reported by Ziegler YS, et
al (2016).

b

Fig. 1 KLK3, AZGP1 and PIP are the most DHT-responsive genes that also encode secreted proteins. a Gene expression profile of HCI-009 PDX tumor 
in mice supplemented with cellulose, as a control, or DHT, assessed by RNA-seq. Gene set X consist of163 genes significantly up-regulated (fold 
change ≥ 1.5, q < 0.05) in HCI-009 PDX tumors from mice treated with DHT compared with controls and is defined as the androgen responsive gene 
set. Gene set Y consist of genes encoding proteins listed in secretome of breast cancer cell lines reported by Ziegler YS, et al. (2016). b Fold change 
expression of genes in DHT treated mice relative to control mice in descending order. Each dot represents a gene, and white circles represent genes 
encoding secreted proteins and are accompanied by official gene symbols
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file  11: Table  4, Additional file  12: Table  5, Additional 
file  13: Table  6). Although DHT did not affect cell pro-
liferation in four cell lines, it showed a suppressive effect 
in three and a promotive effect in two. We did not find 
any significant correlation between Enza  IC50 levels and 
levels of AR or AR-regulated proteins, perhaps due to 
small sample size (Additional file 2: Fig. S2e). PSA in cell 
lysates was induced by DHT and suppressed by Enza in 
all cell lines examined (Fig. 3a, Additional file 3: Fig. S3a). 
Although ZAG and PIP levels were more variable, ZAG 
was induced by DHT and suppressed by Enza in 6 out 
of 9 cell lines (Fig. 3b, Additional file 3: Fig. S3b), while 
PIP was induced by DHT and suppressed by Enza in 4 
out of 9 cell lines (Fig. 3c, Additional file 3: Fig. S3c). On 
the other hand, analysis of conditioned media showed 

that while PSA was secreted only in DHT-treated BT-474 
cells, ZAG was secreted in all ZAG-expressing cell lines 
and was induced by DHT and suppressed by Enza in the 
majority of cell lines and secretion of PIP was obvious in 
7 out of 9 cell lines and was induced by DHT and sup-
pressed by Enza in the majority of cell lines (Fig. 4, Addi-
tional file 4: Fig. S4). 

Candidate genes are positively correlated with a gene 
expression profile representative of tumor AR activity
The correlation between the expression level of candi-
date genes and that of AR was analyzed in the SCANB 
and TCGA datasets. While PIP expression was posi-
tively correlated with AR expression in all subtypes, 
KLK3 and AZGP1 seemed to be most highly correlated 
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Fig. 2 Gene expression of KLK3, AZGP1 and PIP is regulated by AR in MDA-MB-453 cells. a AR binding on gene loci was assessed by AR-ChIP-seq in 
MDA-MB-453 breast cancer cells. Gene locus for each candidate gene and read depth for each binding are shown. Red arrows indicate significant 
AR-binding peaks detected, and black arrows indicate known enhancer regions containing the AR binding motif. b Expression of each candidate 
gene in MDA-MB-453 cells was examined by qRT-PCR after 4-days cultured in indicated conditions. Expression levels were normalized to 18S rRNA; 
mean ± standard deviation, ***p < 0.001

(See figure on next page.)
Fig. 3 Expression of PSA, ZAG and PIP is regulated by AR in breast cancer cell lines. Protein extracts of whole cell lysates were examined by 
western blot after 4-days cultured with vehicle control, DHT (10 nM), DHT (10 nM) plus Enza (20 μM) or Enza (20 μM). Each band was quantified by 
densitometry and the expression levels of PSA (a), ZAG (b) and PIP (c) relative to GAPDH normalized to vehicle control are shown for representative 
cell lines. Data for the remaining cell lines are shown in Additional file 3: Fig. S3a–c. d AR-dependent regulation of candidate protein expression in all 
tested cell lines are summarized
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Fig. 3 (See legend on previous page.)
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with AR only in the luminal and TNBC subtypes (Addi-
tional file  5: Fig.  S5a–c). GSEA was then performed on 
the SCAN-B and TCGA datasets to analyze the relation-
ship between candidate gene expression and the whole 
androgen responsive gene set defined in HCI009 PDX 
tumors (Fig.  1a). Expression of KLK3, AZGP1 and PIP 
were shown to be positively correlated with the andro-
gen responsive gene signature in both the SCANB and 
TCGA cohorts across all subtypes (Fig. 5a–c). As a con-
trol comparison, when GSEA is performed using two 
gene sets representative of estrogen response in breast 
cancer cells [47], the candidate genes showed no correla-
tion or tended towards being negatively correlated with 
estrogen responsive genes (Additional file 6: Fig. S6a–f), 
suggesting that they are indicative of AR activity, but not 
ER activity.

According to Lehmann’s molecular subtypes of TNBC, 
IHC defined samples were classified into LAR (n = 15 
for SCAN-B, n = 13 for TCGA) and non-LAR (n = 113 
for SCAN-B, n = 102 for TCGA) (Fig. 6a) [21, 41]. When 
GSEA was performed on LAR vs non-LAR to examine 
the relation between TNBC subtype and the androgen 
responsive gene set, the androgen responsive gene set 
was shown to be enriched in the LAR samples, as would 
be expected (Fig. 6b), corresponding to Lehmann’s find-
ing that LAR have up-regulated AR activity. We next 
examined expression of AR and candidate genes in the 

TNBC LAR subtype. AR, AZGP1 and PIP were sig-
nificantly higher in LAR compared to non-LAR TNBC 
(Fig.  6c). Similarly, A ROC analysis was performed to 
examine whether these candidate genes can predict the 
LAR phenotype among TNBC subtypes. Area under the 
curve (AUC) values showed that PIP was as effective as 
AR in distinguishing the LAR TNBC subtype (Fig. 6d).

Discussion
Recent findings regarding the role of AR in breast cancer 
[7, 12–17] suggest that estimating AR activity may have 
clinical utility since trials with both Enzalutamide and 
Enobosarm [48]  showed efficacy in metastatic ER + dis-
ease resistant to other endocrine and chemotherapy 
treatments. Here we identified PSA, ZAG and PIP as can-
didate biomarkers reflecting tumor AR activity in breast 
cancer. These factors are all secreted proteins with poten-
tial to serve as serum biomarkers [49–53].

We selected three genes encoding secreted proteins 
most responsive to DHT in an AR-positive TNBC PDX 
model: KLK3, AZGP1 and PIP. In an AR-ChIP-seq analy-
sis of MDA-MB-453 cells, AR binding was demonstrated 
at androgen response elements upstream of these genes. 
Other candidate genes among seven androgen responsive 
genes included FASN (fatty acid synthase), CD9 (CD9) 
and THBS1 (thrombospondin 1), which also showed sig-
nificant AR binding at their gene loci (data not shown).
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Enza 20 uM - - + +
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DHT 10 nM - + + -
Enza 20 uM - - + +

DHT 10 nM - + + -
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Enza 20 uM - - + +

DHT 10 nM - + + -
Enza 20 uM - - + +
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Fig. 4 AR-regulated secreted proteins in conditioned media from nine breast cancer cell lines. Conditioned medium (s, secreted proteins) from 
each cell line was examined by western blot after 4-days culture with vehicle control, DHT (10 nM), DHT (10 nM) plus Enza (20 μM) or Enza (20 μM). 
Ponceau S staining of the membranes as loading controls for western blots of conditioned medium are shown in Additional file 4: Fig. S4

(See figure on next page.)
Fig. 5 Expression of candidate genes was correlated with a gene expression profile representative of tumor-AR activity. a–c Gene expression 
profile data from SCAN-B and TCGA cohorts was applied to GSEA to analyze the relationship between candidate gene expression and the androgen 
responsive gene set defined in Fig. 1a. Enrichment plots with normal enrichment scores (NES) and p values for each gene and breast cancer 
subtype combination are shown
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Fig. 5 (See legend on previous page.)
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The majority of AR-regulated gene expression data are 
from prostate cancer cell lines and PSA is a well-known 
AR-regulated protein [44, 54, 55]. In breast cancer, previ-
ous studies show that DHT can induce PSA expression in 
cell lines [56–58]. Also, there is evidence in the literature 
supporting our determination of ZAG [59, 60] and PIP 
[46, 61, 62] as androgen responsive in breast cancer. In 
this study, candidate protein expression was analyzed in 
9 cell lines representing all breast cancer subtypes, show-
ing that some are more responsive to androgen and some 
are less so (Figs. 3, 4). GSEA analysis (Fig. 5a–c) suggests 
that these candidate factors correlate with AR in a con-
siderable number of breast cancer patients across breast 
cancer subtypes.

In the analysis of anti-proliferative responses of 
cell lines to Enza, it effectively inhibited growth in all 
cell lines tested, and IC50 for each cell line averaged 
43.8 ± 12.9 μM which is a clinically achievable concentra-
tion [20]. For comparison, Enza  IC50 values for prostate 
cancer cell lines have been reported to be approximately 
10–40  μM [63]. These results suggest that AR-posi-
tive breast cancer cells rely on AR function for survival, 
to some extent, regardless of subtype or proliferative 
response to DHT (Additional file  2: Fig.  S2a–d). These 
observations are consistent with previous reports show-
ing the pro-tumor roles of AR in multiple breast cancer 
subtypes [12–14, 16, 18–22, 64, 65]. We theorized that 
high expression of candidate proteins indicates a higher 
androgen dependence and responsiveness to Enza. We 
analyzed correlations between Enza  IC50 and expres-
sion of AR or the candidate proteins in in  vitro models 
(Additional file  2: Fig.  S2e), and while statistical signifi-
cance was not achieved, it is a future direction to test this 
correlation in clinical trials using AR-targeted therapy 
and would be particularly useful if PSA, AZGP1 or PIP 
in serum correlated with AR dependency/response to AR 
targeting agents.

As shown above, with regard to KLK3 and AZGP1, the 
response to DHT and Enza in MDA-MB-453 cells was 
consistent for both mRNA and protein. MDA-MB-453 
has such an abundance of PIP protein that the reactiv-
ity to DHT and Enza cannot be evaluated properly, but 
previous reports from other groups using breast cancer 
cell lines showed that gene and protein expression are 
linked, with regard to PSA and PIP [46, 58, 66]. We there-
fore examined the significance of these candidate genes, 

instead of protein levels, in publically available data sets. 
KLK3 and AZGP1 expression were not strongly corre-
lated with AR expression in all breast cancer subtypes 
(Additional file 5: Fig. S5a, b). However, AR activity can-
not be measured solely by AR expression, and it is known 
that activity can be regulated by ligand binding and com-
peting ER [67–71]. However, consistent with our hypoth-
esis, the results of GSEA using the androgen responsive 
gene set demonstrated that the expression of candidate 
genes accurately reflects a larger gene signature repre-
senting tumor AR activity in all breast cancer subtypes 
(Fig.  5a–c). Since the candidate genes were identified 
from the androgen response genes in HCI-009 PDX 
and GSEA was performed using this androgen response 
gene set, it is not surprising that candidate genes corre-
late with this androgen-responsive gene set. However, 
we also validated this analysis using another androgen-
responsive gene set derived from an AR-positive breast 
cancer cell line MDA-MB-453 [64]. With the excep-
tion in KLK3 expression in some subtypes, candidate 
genes showed a significant positive correlation with this 
androgen-responsive gene set (Additional file 7: Fig. S7). 
When the same analysis was performed on the less 
strongly expressed -candidate genes, (FASN, CFH, CD9 
and THBS1), only FASN showed a correlation with the 
androgen responsive gene set (data not shown). Interest-
ingly, AZGP1 and PIP were particularly high in the LAR 
TNBC subtype (Fig. 6c); thus, serum levels may be use-
ful as markers for predicting LAR TNBC AR dependency 
with high accuracy.

Although it is difficult to accurately quantify the protein 
levels in conditioned medium by western blot  because 
there are no good internal standards, relative levels sug-
gest that the secreted candidate proteins in the condi-
tioned medium are regulated by AR in many of the cell 
lines (Fig. 4). Serum PSA is an established biomarker of 
tumor burden in prostate cancer [72]. Although there 
is some controversy regarding the differences in PSA 
expression between normal and breast cancer tissues 
[73], several groups, including us, have reported that 
serum PSA levels are higher in breast cancer patients 
than in healthy women, indicating that tumor derived 
PSA is detectable in serum of breast cancer patients 
[52, 55, 74, 75]. Recently, we found that serum PSA lev-
els positively correlated with AR expression in primary 
tumors [52]. Combined with the present findings, the 

Fig. 6 Predictive value of candidate gene expression in TNBC subtypes. a TNBC samples from the SCAN-B and TCGA cohorts were classified into 
Lehmann’s molecular subtypes, with samples characterized as being either LAR (luminal AR TNBC subtype) or non-LAR TNBC. The distribution of 
TNBC subtypes in each cohort is indicated. b GSEA was performed on LAR vs non-LAR to examine the relationship between TNBC subtype and 
the androgen responsive gene set. Enrichment plots with normal enrichment scores (NES) and p values for each cohort. c AR and candidate gene 
expression in LAR vs non-LAR are shown. d ROC curves of a given gene as a classifier for LAR with area under the ROC curve (AUC) analyses. The 
diagonal line denotes the ROC curve of a random classifier of AUC = 0.5. p value tests the null hypothesis that the AUC really equals 0.50

(See figure on next page.)
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Fig. 6 (See legend on previous page.)
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future clinical use of serum PSA as a biomarker for tumor 
AR activity in breast cancer is promising. However, in 
this study, PSA could not be detected in the conditioned 
medium of most cell lines examined (Fig. 4). In our previ-
ous analysis, the positive rate of serum PSA was 36.1% for 
metastatic breast cancer and 13.3% for early-stage breast 
cancer. [52], suggesting considerably low levels of serum 
PSA in most breast cancer cases. Therefore, establishing 
a more sensitive assay for PSA quantification is necessary 
for full clinical translation. ZAG expression in breast can-
cer has been documented and is considered as a potential 
biomarker for breast carcinoma [50, 76–79] because its 
expression is detected exclusively in patients with ductal 
carcinoma when compared to the normal breast tissue of 
healthy women. Serum ZAG is also significantly higher 
in breast cancer patients than healthy control patients 
as well as correlating with disease burden in breast can-
cer patients [50]. PIP, also known as gross cystic dis-
ease fluid protein 15 (GCDFP-15), is commonly used in 
the clinic as a breast cancer biomarker [80–83] to assist 
in characterizing metastases of unknown origin. There 
has also been controversy over the difference in PIP 
expression between normal and breast cancer tissues. 
In early studies, PIP was shown to be absent in normal 
breast epithelium, whereas in breast cancers PIP is fre-
quently expressed [81, 82]. Others have shown that PIP 
is frequently present in uninvolved breast tissue [84]. 
However, since highly increased levels of PIP have been 
detected in the peripheral plasma from patients with pri-
mary and metastatic breast cancer in comparison to nor-
mal subjects, its significance as a potential serum marker 
in breast cancer is promising [51, 82, 85]. Taken together, 
serum levels of these candidate proteins may reflect 
tumor AR activity. Thus, further studies are needed to 
determine the relationship between serum levels of these 
factors and tumor biology. It is possible that these pro-
teins might not have a predictive advantage over the gen-
eral AR gene signature of tumor tissue itself. However, 
breast cancer cells change their biological properties as 
they develop resistance to treatment (reviewed in T. Han-
amura et al. [7]). Clinically, in the advanced or metastatic 
setting, systemic therapy is thought to induce alterations 
to tumor biology as well [86]. Because gene signature 
monitoring requires tissue collection that cannot be done 
easily or often, these candidate secreted proteins are sug-
gested to be useful as less invasive biomarkers that can be 
assessed at any time point to help monitor drug response 
or resistance.

Assessments of tumor AR signaling by liquid biopsy 
have been reported by other groups. Both AR mRNA 
and protein in circulating tumor cells was investigated 

and shown to be evaluable in blood samples [87–89]. 
In recent years, deep-sequencing techniques applied to 
blood samples have shown that AR pathways are acti-
vated in circulating tumor cells from bone-predominant 
breast cancer [90]. Other groups found that 47% of all AR 
variants in cell-free DNA of breast cancer patients were 
pathogenic or likely pathogenic [91]. Although, like our 
three candidate proteins, the predictive value of these AR 
variants needs to be evaluated in future trials.

Finally,  AR signals are known to have immunosup-
pressive effects in in-vivo models of various autoimmune 
diseases, follicular thyroid cancer and colon cancer [92]. 
ZAG has structural similarities to MHC class I, and 
analysis of various disease models has shown that it may 
suppress immune response, but its function in the cancer 
microenvironment is not clear [79]. PIP plays multiple 
roles in biology, including fertility, immuno-regulation, 
anti-microbial activity, and tumor progression [93]. 
Interestingly, ZAG and PIP can form a complex with 
each other, suggesting a cooperative role between these 
two proteins [94], although their biological significance / 
activity in breast cancer remains to be determined. Thus, 
we are currently conducting further pre-clinical and clin-
ical evaluations of these proteins and their immune-mod-
ulatory potential in breast cancer.

Conclusion
We identified PSA, ZAG and PIP as candidate biomark-
ers reflecting tumor AR activity in breast cancer. The 
expression levels of candidate factors are closely cor-
related with a gene signature representing tumor AR 
activity in all breast cancer subtypes. However, the 
responsiveness to DHT and Enza in cell lines is highly 
variable. Further verification of the biological significance 
of these candidate factors will be needed in the future. To 
establish the potential utility of these secreted proteins as 
serum-derived indicators of tumor AR activity, further 
studies are needed to determine the relationship between 
serum levels of these factors and tumor biology, specifi-
cally how they correlate with response to AR targeting 
agents in clinical trials. These secreted factors may be 
particularly useful in breast cancer patients with meta-
static disease resistant to traditional therapies, where AR 
targeting drugs are being evaluated in multiple ongoing 
clinical trials.
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Additional file 1: Fig. S1. Western blot for AR and FKBP5 in nine breast 
cancer cell lines. Protein extracts from whole cell lysates were examined 
by western blot after 4-days cultured with vehicle control, DHT (10 nM), 
DHT (10 nM) plus Enza (20 μM) or Enza (20 μM).

Additional file 2: Fig. S2. AR-expressing breast cancer cells respond 
to Enza regardless of subtype or proliferative response to DHT. a Cell 
viability was assessed by crystal violet assay after 4-days cultured in full 
serum media with increasing concentrations of Enza. b Shown are Enza 
IC50 (μM) values summarized by tumor subtype. Table indicates subtype 
of the cell lines and corresponding Enza IC50 (μM) values. c Cell viability 
was assessed by crystal violet assay after 4-days cultured in hormone-
depleted medium supplemented with increasing concentrations of DHT. 
d Shown are Enza IC50 (μM) values summarized by proliferative response 
to DHT. Table shows the proliferative response to DHT and Enza IC50 (μM) 
values for each cell line. e Expression levels of proteins relative to GAPDH 
were determined by western blot. Scatter plots examining correlations 
between protein expression and Enza IC50 levels. Regression lines are 
indicative of the overall correlation.

Additional file 3: Fig. S3. Protein expression of PSA, ZAG and PIP in AR 
expressing breast cancer cell lines. Protein expression in nine cell lines 
were examined as shown in Fig. 3. Data for the remaining cell lines not 
shown in Figure 3 are shown.

Additional file 4: Fig. S4. Ponceau S staining of western blot conditioned 
media membranes. Ponceau S staining of the membranes as loading 
controls for western blots of conditioned medium (s, secreted proteins).

Additional file 5: Fig. S5. Correlation analysis of candidate gene expres-
sion and AR using gene expression profile data sets. a–c Scatter plots 
show the correlation between expression values for candidate genes and 
AR, with regression lines, Pearson’s correlation coefficients (r) and p values.

Additional file 6: Fig. S6. Association between candidate gene expres-
sion and the gene expression profile representative of tumor estrogen 
response. a–f The gene expression profile data from the TCGA and SCAN-B 
cohorts were applied to GSEA with regard to two gene sets representa-
tive of estrogen response in breast cancer cells, DUTERTRE_ESTRADIOL_
RESPONSE_6HR_UP (a–c) and DUTERTRE_ESTRADIOL_ RESPONSE_24HR_
UP (d–f). Enrichment plots with normal enrichment scores (NES) and p 
value for each cohort and subtype are shown.

Additional file 7: Fig. S7. Association between candidate gene expres-
sion and the gene expression profile representative of tumor androgen 
response. a–c The gene expression profile data from the TCGA and SCAN-
B cohorts were applied to GSEA with regard to gene sets representative 
of androgen response in breast cancer cell lines, DOANE_RESPONSE_TO_
ANDROGEN_UP. Enrichment plots with normal enrichment scores (NES) 
and p value for each cohort and subtype are shown.
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