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Abstract

Androgen receptor (AR) is widely expressed in breast cancer; however, there is limited
information on the key molecular functions and gene targets of AR in this disease. In this study,
gene expression data from a cohort of 52 breast cancer cell lines was analyzed to identify a
network of AR co-expressed genes. A total of three hundred genes, which were significantly
enriched for cell cycle and metabolic functions, showed absolute correlation coefficients (| CC |)
of more than 0.5 with AR expression across the dataset. In this network, a subset of 35 “AR-
signature” genes were highly co-expressed with AR (| CC| > 0.6) that included transcriptional
regulators PATZ1, NFATC4, and SPDEF. Furthermore, gene encoding coagulation factor VII (F7)
demonstrated the closest expression pattern with AR (CC= 0.716) in the dataset and factor V1|
protein expression was significantly associated to that of AR in a cohort of 209 breast tumors.
Moreover, functional studies demonstrated that AR activation results in the induction of factor VII
expression at both transcript and protein levels and AR directly binds to a proximal region of F7
promoter in breast cancer cells. Importantly, AR activation in breast cancer cells induced
endogenous factor VI activity to convert factor X to Xa in conjunction with tissue factor. In
summary, F7 is a novel AR target gene and AR activation regulates the ectopic expression and
activity of factor VII in breast cancer cells. These findings have functional implications in the
pathobiology of thromboembolic events and regulation of factor VIl/tissue factor signaling in
breast cancer.
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Introduction

Breast cancer is a heterogenous disease and therefore advancement in the molecular
classification of breast cancer is a key step for the discovery of novel therapeutic targets and
biomarkers in this disease. Traditionally breast cancer has been classified based on the
expression of estrogen receptor (ER) and histopathological features. However, in the past
decade gene expression profiling of primary breast tumors has resulted in the identification
of several reproducible molecular subtypes [1-7]. Notably, these studies have led to a robust
classification of ER-negative (ER-) breast cancer and revealed that basal and molecular
apocrine subtypes represent two prominent molecular subgroups in ER- disease [3, 5, 7].
Molecular apocrine subtype is characterized by a steroid-response gene signature that
includes androgen receptor (AR), FOXA1, Prolactin-Induced Protein (PIP), and a high
frequency of ErbB2 overexpression [3-5]. It is notable that AR expression is present in 40 to
50% of ER-tumors and 60-70% of these cases also have ErbB2 overexpression [8-10].
Furthermore, AR is expressed in 88% of ER-positive (ER+) breast tumors [9].

Although the expression of AR in breast cancer has long been established [11, 12]; recent
genomic findings have resulted in the re-emergence of an interest to study the functional and
therapeutic implications of AR in breast cancer. In this respect, studies by our group and
others have revealed that AR has a transcriptional and functional role in the regulation of
key signaling pathways in breast cancer [13-18]. This includes a positive feedback loop
between AR and ErbB2-extracellular signal-regulated kinase (ERK) signaling in molecular
apocrine cells [13, 15, 18]. In this feedback loop, AR regulates ERK phosphorylation
through the transcriptional activation of ErbB2 and, in turn, the ERK-CREBL signaling
regulates AR transcription [15]. Furthermore, AR acts as a transcriptional activator of PIP, a
characteristic biomarker in breast cancer, which is required for cell cycle progression in both
ER+ and ER- breast cancer cells [14, 17, 19-21]. Moreover, chromatin immunoprecipitation
sequencing (ChlP-seq) for AR has been carried out in molecular apocrine cell line MDA-
MB-453 and demonstrated that AR induces the WNT7B-ErbB3 signaling and there is a
transcriptional interaction between AR and FOXAL in MDA-MB-453 cells [16, 22].
Importantly, multiple preclinical studies have suggested a potential role for AR as a
therapeutic target in breast cancer and currently this topic is under active investigation in
clinical trials [4, 13, 18, 23-25].

Despite the emerging data on the importance of AR function in breast cancer, the available
studies have only included a limited number of cell lines and the broader picture of AR
transcriptional role and key targets of this gene in breast cancer have remained largely
unclear. In this study, a comprehensive investigation of AR-transcriptional network was
carried out using a large cohort of breast cancer cell lines and novel AR co-expressed genes
and AR-associated pathways were identified. Furthermore, this study suggests that AR is a
key regulator of coagulation factor VII transcription and function in breast cancer.
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Materials and methods

Bioinformatics

a) Gene expression analysis—Gene expression data for a cohort of 52 breast cancer
cell lines were extracted from a published microarray study by Neve et al. [26]. This cohort
constituted of both ER+ and ER- cell lines and included a total of 22,216 gene expression
data points for each line [26]. Extracted gene expression matrix was analysed to identify
genes that were highly co-expressed with AR across the dataset. In this respect, Pearson
correlation coefficients (CC) between AR expression and that of every gene in the dataset
were calculated. Next, AR co-expressed genes were identified using two cutoffs of absolute
CC values (JCC|) more than 0.5, p< 0.001 (AR co-expressed genes) and more than 0.6, p<
0.001 (AR gene-signature).

Furthermore, molecular functions of AR co-expressed genes (JCC|> 0.5, p<0.001) were
assessed using Gene Ontology (GO) analysis. In this process, gene symbols of this gene set
were first updated to the official symbols provide by Hugo Gene Nomenclature Committee
[27]. Subsequently, functional annotation of the AR co-expressed genes was performed
based on GO using The Database for Annotation, Visualization and Integrated Discovery
(DAVID) Bioinformatics Resources v6.7 (National Institute of Allergy and Infectious
Diseases, Bethesda, MD, USA), [28, 29]. In addition, a proximity matrix was obtained for
AR gene-signature (JCC| > 0.6, p<0.001) followed by the hierarchical clustering of this
signature using centroid linkage method with intervals measured by CC values. Data
analysis to obtain CC values, proximity matrix, and clustering algorithms were performed
using IBM SPSS Statistics 22 (Armonk, NY, USA).

b) Promoter analysis—Identification of putative AR binding sites in the 2 kb region of
F7 promoter was carried out using PROMO software, which employs TRANSFAC version
8.3 [30, 31]. The sequence of the 2 kb region of F7 promoter was obtained using Ensembl
Genome Browser (http://www.ensembl.org/index.html). Binding sites were predicted within
a dissimilarity margin less or equal than 15%.

Tissue microarray cohort and immunohistochemistry

Three sets of breast cancer tissue microarray (TMA) slides were obtained from Pantomics
(Richmond, CA, USA) that constituted of duplicate cores for a total of 209 malignant breast
tumors (BRC1501-3). Immunohistochemistry (IHC) staining was performed as described
before [32, 33]. Primary antibody incubation was carried out with rabbit polyclonal
coagulation factor VII (FVII) antibody at 1:200 dilution (Novus Biologicals, Littleton, CO,
USA) and mouse monoclonal AR antibody at 1:75 dilution (Dako, Carpinteria, CA, USA).
Tumors with =10% nuclear-stained cells were considered positive for AR as previously
published [8]. Since FVII has a cytoplasmic staining pattern, a semi-quantitaive scoring
system that has been previously used for other cytoplasmic proteins was adapted to score
FVII [34]. In this respect, FVII staining was scored based on the intensity of cytoplasmic
staining as follows: no staining (score 0), weak staining (score 1), moderate staining (score
2), and intense staining (score 3).

Exp Cell Res. Author manuscript; available in PMC 2016 February 01.
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Breast cancer cell lines T-47D and MFM-223 were obtained from American Type Culture
Collection (Manassas, VA, USA). Culture media were obtained from Life Technologies
(Grand Island, NY, USA). T-47D and MFM-223 cell lines were cultured in DMEM/F12 and
DMEM media, respectively supplemented with 10% fetal bovine serum (FBS), (Fisher
Scientific, Waltham, MA, USA). Cell culture treatment with 5a-Androstan-173-ol-3-one
(Dihydrotestosterone (DHT)), (Fisher Scientific) was carried out at 100 nM concentration to
obtain an optimal AR response as described before [14, 15, 35-38]. DHT treatment was
performed in phenol red-free media (Life Technologies) supplemented with 10% Charcoal/
Dextran treated serum (Fisher Scientific) and cell lines were cultured in the media for 24
hours (h) or 48h prior to DHT treatment. AR inhibition was carried out using AR antagonist
flutamide (Sigma-Aldrich, St. Louis, MO, USA) at 20 uM concentration for 48h in medium
containing 10% FBS as described before [15, 23].

Quantitative real time-polymerase chain reaction

Quantitative real time-polymerase chain reaction (QRT-PCR) to assess the expression levels
of gene encoding FVII (F7), (assay ID: Hs01551992 m) and PATZ1 (assay ID:
Hs00204880_m1) was carried out using Tagman Gene Expression Assays (Life
Technologies) as instructed by the manufacturer. Housekeeping genes RPLPO and HPRT1
(Life Technologies) were applied as controls. Relative gene expression = gene expression in
DHT-treated or flutamide-treated group/ average gene expression in control group.

Western blot analysis

Western blot analysis was carried out with rabbit polyclonal FVI1I antibody (Novus
Biologicals) at 1:1000 dilution using 50 ug of T-47D cell lysate from each DHT-treated and
control experiments. Membrane was stripped and immunoblotting with rabbit a-tubulin
antibody (Abcam, Cambridge, UK) was applied to assess loading. To extract protein from
the conditioned media, cell lines were cultured for 48 hours in serum-free media containing
either DHT at 100 nM or control vehicle followed by concentration using Amicon Ultra-15
(3K) centrifugal filters (Millipore, Billerica, MA, USA). A total of 100 pg from each
conditioned medium was precipitated and used for immunoblotting. Protein concentrations
were measured using the BCA Protein Assay Kit (Fisher scientific). Immunoblot imaging
and analysis of band densities were performed using ChemiDoc XRS system and Image Lab
software, respectively (Bio-Rad, Hercules, CA, USA). Western blots were performed in
three replicates and the average fold change was shown.

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChlP) assay was performed in T-47D cell line using
QuickChlIP kit (Novus Biologicals) as instructed by the manufacturer. T-47D cells were
treated with 100 nM of DHT for 48h before ChIP assays. DNA shearing was carried out by
sonication at 100% output with ten pulses of 20 seconds each and a 2 minute rest on ice
between each pulse and ChlP-grade rabbit polyclonal AR (Millipore) antibody was applied
at 1:100 dilution for the assays. To quantify ChIP results, two primer sets for F7 promoter
were used for qRT-PCR amplification by SYBR green method (Applied Biosystems). F7-
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promoter primers were forward primer 1: 5’ ATCCCTCTGTCACCCTTGGA (start: —24),
reverse primer 1: 5’CTGCCTGTTGACATTCCCCA (start: —90); and forward primer 2:
5’CCTCACACCTGTGTCCTCAAG (start: =1779), reverse primer 2:

5’ GCAGGAACCGGGCTATCT (start: —1896). Amplification of 1% of input chromatin
prior to immunoprecipitation was applied as the input control. ChlP assays using non-
specific antibody (rabbit 1gG) served as a negative control. The assays were carried out in
six replicates and ChIP-signal was calculated as fold enrichment of F7-amplicon relative to
the negative control for each experimental set.

Tissue factor-FVII activity assay

The activity of tissue factor (TF)-FVII was assessed by measuring the conversion of Factor
X (FX) to activated FX (FXa) using the Tissue Factor Human Activity Assay Kit (AbCam).
A total of 1.2 x 10° of T-47D cells was seeded in a 10 cm dish for each experiment. The
next day, media were changed and cells were grown for 48h in phenol-free media
supplemented with 10% Charcoal/Dextran treated serum followed by an additional 48h of
culture in media containing either DHT at 100 nM (DHT group) or vehicle (control group).
Subsequently, each sample was lysed with 75 pl of 15 mM octyl-p-D-glucopyranoside
(Sigma-Aldrich) at 37°C for 15 minutes.

To assess the contribution of endogenous FVII to the overall TF activity, assays were carried
out for each experiment in the absence (lysate) or presence of exogenous FVII (lysate +
FVII). In this respect, TF-endogenous FVII activity was measured by adding 20 pul of each
cell lysate to 10 pl of FX and 50 pl of assay diluent followed by an incubation at 37 °C for
30 min. Next, 20 pl of FXa substrate was added and absorbance was measured at 405 nm. In
addition, total TF activity was assessed for each experiment by the addition of 10 pl of
exogenous FVII to each lysate followed by the assay procedure as outlined above. Finally,
the ratio of TF-FVII activity in each cell lysate was calculated relative to that of lysate +
exogenous FVII to assess the contribution of endogenous FVII in the overall TF activity. All
experiments were carried out in three replicates.

Statistical analysis

Results

Biostatistics was carried out using IBM SPSS Statistics 22. Student t-test and paired sample
t-test were applied for calculating the statistical significance. All error bars depict £ 2SEM.
Receiver operating characteristic (ROC) analysis was applied to predict FVII-IHC scores
based on the AR staining status in primary breast tumors. In this analysis, FVII scores
ranged from 0-3 and AR status was 0 (< 10% AR staining) or 1 (= 10% AR staining).

AR transcriptional network is enriched with cell cycle and metabolic genes

To identify the AR transcriptional network and key cellular functions associated with AR in
breast cancer, expression data from a cohort of 52 breast cancer cell lines encompassing
both ER+ and ER- subtypes was extracted from a study published by Neve et al. as
explained in methods [26]. Correlation of AR expression with that of every gene in the
dataset was calculated using the Pearson’s method to identify AR co-expressed genes. This
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analysis resulted in the identification of a total of three hundred AR co-expressed genes that
had a |CC| of > 0.5 with AR expression (p< 0.001, Supplementary File 1). It is notable that
among the AR co-expressed genes about 2/3 (a total of 195) had a positive correlation and
about 1/3 (a total of 105) showed a negative correlation with AR expression (Supplementary
File 1).

Moreover, functional annotation of the AR co-expressed genes was carried out based on GO
using DAVID Bioinformatics Resources. This analysis identified a total of thirteen GO
functions that significantly associated with the AR-transcriptional network (p< 0.01) and
fold enrichment (FE) for these groups ranged from 1.5 to 33 (Figure 1 and Supplementary
File 2). It is notable that the majority of these GO groups were related to cell cycle or
cellular metabolism including the following functions: cell cycle, regulation of mitosis,
regulation of mitotic metaphase/anaphase transition, glucose metabolism, oxygen
homeostasis, positive regulation of protein metabolic process, macromolecular complex
assembly, nucleoside monophosphate metabolic process, and regulation of catabolic process
(Figure 1 and Supplementary File 2). Overall, these results suggest that there is a distinct
network of AR co-expressed genes in breast cancer that is significantly enriched with cell
cycle and metabolic genes.

F7 and AR are highly co-expressed in breast cancer

The microarray dataset was further analyzed to identify genes that have a highly correlated
expression pattern with AR across a cohort of 52 breast cancer cell lines. For this purpose a
cutoff |CC| of > 0.6 (p< 0.001) with AR expression was adopted to identify this gene set;
termed “AR gene-signature”. Notably, there were a total of 35 genes in the dataset,
excluding the AR gene itself, which correlated with AR expression at this cutoff (Table 1). In
addition, the direction of correlation with AR expression was positive in 60% and negative in
40% of these AR-signature genes (Table 1). Importantly, there were only three genes in the
dataset, accounting for 1% of AR co-expressed genes that demonstrated a |CC|> 0.7 with AR
expression (Table 1). Among these, gene encoding coagulation factor VII (F7) had the
strongest positive correlation with AR across the cohort with a CC= 0.716 followed by
PATZ1 (CC=0.709). In addition, PRNP showed the strongest negative correlation with AR
with a CC=-0.75 (Table 1). Therefore, genes that are highly co-expressed with AR
represent only a small fraction of genome and among these F7 is the most positively
correlated gene across the cohort.

To further delineate the pattern of gene-expression in this AR-signature, a proximity matrix
was generated based on the CC values for every pair of genes within the signature
(Supplementary File 3). Next, hierarchical clustering of AR-signature genes was carried out
using a centroid linkage method with intervals measured by CC values (Figure 2). Notably,
there were two main clusters in AR gene-signature based on the direction of CC values with
AR expression and these were further subdivided into four and two sub-clusters for the
positively and negatively AR co-expressed arms of dendrogram, respectively (Figure 2).
Importantly, F7 clustered at the closest proximity to AR in this dendrogram, which provides
further evidence for a highly correlated expression pattern between these two genes across
the cohort (Figure 2).

Exp Cell Res. Author manuscript; available in PMC 2016 February 01.
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FVII protein expression is associated with AR in primary breast tumors

The association between FVII and AR expression in breast cancer was further investigated
using IHC staining in a TMA cohort of 209 malignant breast tumors. In this respect, the
pattern of AR expression was first characterized in the TMA cohort using IHC as described
before [8, 19]. For each tumor sample the percentage of AR nuclear staining was measured
as the average percentage of staining for duplicate cores and tumors with =10% nuclear-
stained cells were considered positive for AR (Figure 3A and Supplementary File 4). In
addition, FVII expression was assessed using an IHC scoring system ranging from 0 to 3
based on the intensity of cytoplasmic staining in each core as described in methods (Figure
3B and Supplementary File 4). Next, the average IHC score for duplicate cores of each
sample was calculated to measure FVII staining in each tumor.

IHC results were subsequently analyzed to examine an association between FVII and AR
expression in breast tumors. In this process, IHC scores for FVII were compared between
AR+ and AR- breast tumors across the TMA cohort and AR+ tumors showed a significantly
higher level of FVII expression compared to that of AR- cancers with average scores of 2.1
and 1.6, respectively (p< 0.01, Figure 3C). In addition, the percentage of AR staining was
compared between breast tumors that had a relatively low FVII staining (scores: 0-1) and
those with a relatively high level of FVII (scores: 2-3). Notably, tumors with higher levels
of FVII also demonstrated a significantly higher percentage of AR expression across the
cohort with AR staining at 52% (z 2.5) and 36% (z 4.7) for FVII (2-3) and FVII (0-1)
groups, respectively (p< 0.01, Figure 3D). Finally, ROC analysis was applied to predict
FVII expression scores based on the positive or negative status of AR staining in breast
tumors. Importantly, AR status could reliably predict FVII expression with an area under the
curve (AUC) of 0.664 (p< 0.01, confidence interval: 0.578-0.749, Figure 3E). Altogether,
these findings suggest that there is a positive association between the protein levels of FVII
and AR in primary breast tumors.

F7 is a target gene of AR in breast cancer

In view of the highly correlated expression pattern between AR and factor VII at transcript
and protein levels, the possibility of F7 transcriptional regulation by AR was investigated in
breast cancer cells. To examine this hypothesis, AR+/ER+ cell line T-47D and AR+/ER-
line MFM-223 [19, 39], were tested to assess the effect of AR activation by DHT on F7
transcription. Incubation with DHT at 100 nM was carried out at two time points of 24h and
48h in phenol red-free media supplemented with 10% Charcoal/Dextran treated serum.
Next, total RNA was extracted at each time-point from DHT-treated and control
experiments followed by gRT-PCR assessment of F7 expression in T-47D and MFM-223
cell lines. Notably, AR activation by DHT significantly increased F7 expression in T-47D
cells by approximately 2 and 2.5-fold at 24h and 48h time points, respectively (p< 0.01,
Figure 4A). In addition, in MFM-223 cell line, F7 expression was significantly increased by
approximately 1.5-fold (p< 0.01) following DHT treatment for 48h without a change in the
expression of this gene at the 24h time-point (Figure 4B). These findings indicate that AR
activation results in an induction of F7 transcription in breast cancer cells.

Exp Cell Res. Author manuscript; available in PMC 2016 February 01.
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A similar approach was followed to assess the effect of AR activation with DHT on PATZ1
expression, which is another gene that is highly co-expressed with AR (Table 1). However,

as opposed to F7, DHT treatment did not stimulate PATZ1 expression in breast cancer cell

lines (Supplementary File 5).

The induction of F7 by AR activation raises the question whether F7 is a direct AR target
gene in breast cancer. This possibility was first investigated by the bioinformatics analysis
of the 2 kb promoter region of F7 gene using PROMO software, which demonstrated a total
of seven putative AR binding sites in this promoter region (Figure 4C). Moreover, the effect
of AR activation on FVII protein level was assessed following DHT treatment of T-47D cell
line for 48h and cell lysates and conditioned media were examined separately for fold-
changes in FVII level relative to the controls using western blot analysis. Importantly, there
was a 2-fold increase in FVII protein level following DHT treatment in T-47D cell lysates
compared to the control samples (Figure 4D). In addition, it is notable that FVII protein was
not detectable in the condition media of T-47D cells (Figure 4D). Therefore, in agreement
with the F7 transcription data, FVII is induced at the protein level following AR activation
and there are several putative AR binding sites in F7 promoter region.

To investigate whether F7 is a direct AR target gene, ChlP assays were carried out using a
ChIP-grade AR antibody and two primer-sets in the 2 kb region of F7 promoter. These
primer sets were designed to amplify regions that contained putative AR bindings in F7
promoter (Figure 4C). In this respect, primer set 1 and primer set 2 were applied to generate
amplicons for —24 to —90 bp (P1) and —1779 to —1896 bp (P2) regions of F7 promoter,
respectively (Figure 4C). Amplification of 1% of input chromatin was applied as the input
control and ChIP assays using non-specific 1gG served as a negative control. Following
gRT-PCR, ChiIP-signal was calculated as fold enrichment of F7-amplicon relative to the
negative control for each experimental set. Importantly, ChlP with AR antibody for the P1
amplicon region demonstrated a significant enrichment by approximately 25-fold compared
to the negative control antibody (p< 0.01, Figure 4E). In contrast, P2 amplicon did not have
an enrichment using ChlIP assays (Figure 4E). In addition, P1 and P2 regions both showed
amplification using the input chromatin (Figure 4E). These data suggest that AR binds to F7
promoter in a region close to the ATG start codon. Therefore, we can conclude that AR is a
direct transcriptional activator of F7 in breast cancer.

Moreover, T-47D cell line was treated with AR antagonist flutamide at 20 uM concentration
for 48h and expression of F7 was assessed relative to the control using gRT-PCR. Notably,
there was a reduction in F7 transcription by 30% following AR inhibition (p< 0.01, Figure
5A). This finding indicates that AR activity is necessary for the baseline expression of F7 in
T-47D cells and further supports a key role for AR in the transcriptional regulation of F7.

FVII activity is induced by AR in T-47D breast cancer cell line

The effect of AR-mediated induction of FVII on the activity of this protein was assessed by
measuring the conversion of FX to FXa in breast cancer cells. T-47D cell line was treated
with either DHT at 100 nM or vehicle control for 48h followed by cell lysate extraction and
measurement of TF-FVII activity. To assess the contribution of endogenous FVII to the
overall TF activity, assays were carried out for each experiment in the absence (lysate) or

Exp Cell Res. Author manuscript; available in PMC 2016 February 01.
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presence of exogenous FVII (lysate + FVII) as described in methods. Next, the ratio of TF-
FVII activity in each cell lysate was calculated relative to that of lysate + exogenous FVII
and compared between the DHT-treated and control groups. Importantly, AR activation
significantly increased the ratio of endogenous TF-FVII activity/total TF activity from 0.57
(x0.01) in the control group to 0.80 (x 0.04) in the DHT-treated cells (p< 0.03, Figure 5B).
This finding indicates that AR activation induces FVII activity in breast cancer cells.

Discussion

Although the functional significance of AR in prostate cancer has long been established, the
importance of this nuclear receptor in breast cancer biology has been the subject of more
recent studies [4, 13, 15, 16, 23, 40, 41]. In this respect, emerging data suggest that there are
functional cross-talks between AR and some of the key signaling pathways in breast cancer
including ErbB2, ERK-CREBL, PTEN, and WNT7B-ErbB3 [13, 15, 16, 41]. In addition,
there is evidence for a close transcriptional cooperation between AR and FOXAL1 in
molecular apocrine cells [22]. Despite these findings, due to the fact that breast cancer is
highly heterogenous, a comprehensive assessment of various molecular subtypes of this
disease is required to elucidate the overall function of AR in breast cancer. In addition, AR
target genes that have a key role in the AR signaling pathway have remained largely
unknown. In this study, a transcriptional network of AR co-expressed genes was identified
using a cohort of 52 breast cancer cell lines. It is notable that we have previously carried out
a similar approach to discover a gene-signature for PIP expression that highly correlated
with the cellular functions of this gene [19]. Importantly, the identification of this AR-
network provides the opportunity to investigate AR-associated cellular functions and novel
targets of this gene in breast cancer.

The functional annotation of AR co-expressed genes showed a significant enrichment for the
process of cell cycle including mitosis (Figure 1, Supplementary File 2). This is in
agreement with the studies that demonstrated AR modulation using either ligand-mediated
activation or blockage of this receptor with specific inhibitors would significantly alter
proliferation of breast cancer cells [4, 13, 16, 18, 23]. In addition, these findings are
compatible with a suggested role for AR in cell cycle progression of prostate cancer cells
[42-44]. Interestingly, functional annotations revealed an overlap between some of the cell
cycle functions associated with the AR co-expressed genes and those of PIP-signature. In
particular, both AR and PIP co-expressed genes had significant enrichments for some of the
key mitotic transition genes including BUB1, CDC20, and TTK (Supplementary File 2),
[19]. Moreover, PIP itself is co-expressed with AR and is an established AR target gene with
a significant function in cell cycle progression (Supplementary File 1, [17, 19, 21]).
Therefore, we can conclude that AR and PIP may be involved in similar cell cycle pathways
in breast cancer.

Another group of GO functions that showed a significant level of enrichment among the AR
co-expressed genes belonged to cellular metabolism of glucose, protein, and nucleoside as
well as oxygen homeostasis (Figure 1). These findings are intriguing since there is a
growing appreciation for the fact that metabolic signals are integrated and coupled to cell
cycle progression [45]. Therefore, the combined enrichments for cell cycle and metabolic
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functions would suggest that AR may play a role in the metabolic regulation of cell cycle in
breast cancer cells. Moreover, the association of AR-network with the metabolic pathways in
breast cancer has a similar pattern to the findings of a genomic study on LNCaP cell line that
showed AR is involved in the regulation of metabolism and biosynthesis in prostate cancer
cells [44], indicating that this may represent a preserved AR function across different types
of cancer. Altogether, functional annotations of AR co-expressed genes suggest that cell
cycle and metabolism are the main cellular functions associated with AR expression in breast
cancer.

In the AR-transcriptional network, a subset of 35 genes showed a highly correlated
expression pattern with AR across the dataset; “AR gene-signature” (Table 1). The set of
genes with the strongest positive correlation with AR included F7 as well as a group of
transcriptional regulators namely PATZ1, NFATC4, and SPDEF that have been associated
with AR but their function in breast cancer remains largely unknown. Among these PATZ is
a coregulator of AR that attenuates the RNF4-mediated enhancement of AR-dependent
transcription in prostate cancer cells [46]. Moreover, PATZ, RNF4 and AR belong to the
same protein complex in prostate cancer cell line LNCaP [46]. In view of PATZ co-
regulatory function with AR and the fact that our data does not show a direct induction of
PATZ1 expression by AR activation, it is likely that the observed co-expression between AR
and PATZ1 is due to a common transcriptional regulatory mechanism for these genes in
breast cancer.

Another AR-signature gene with transcriptional activity is NFATC4, which is a member of
nuclear factors of activated T cells DNA-binding transcription complex (NFAT) [47]. NFAT
is a transcription factor family that has been associated with the expression of constitutively
active AR variants in prostate cancer and links these variants to cell proliferation [48].
Furthermore, SPDEF encodes a protein that belongs to the ETS family of transcription
factors, which directly interacts with the DNA binding domain of AR and enhances
androgen-mediated activation of the prostate-specific antigen promoter in prostate cancer
cells [49]. Moreover, the most negatively correlated AR-signature gene is PRNP that
encodes a prion protein, which is involved in the pathogenesis of several neurodegenerative
disorders as well as regulation of apoptosis [50, 51]. Therefore, the AR gene-signature
contains several transcriptional regulators that have been associated with AR in prostate
cancer and their role in the biology of breast cancer deserves further investigation.

It is notable that F7 had the strongest positive correlation with AR expression in the dataset
and clustered at the closest proximity to AR in hierarchical clustering of the gene-signature
(Figure 2). F7 encodes coagulation FVI1I protein that is constitutively produced in various
cancer cells and after binding to TF on the cell surface forms TF/FVIla complex, which in
turn activates the extrinsic coagulation cascade mediated through FX [52, 53]. Published
data suggest that the ectopic expression of FVII by cancer cells is involved in the
pathobiology of thromboembolic events in malignancies and promotes cancer cell
proliferation, invasion, and migration through the activation of protease-activated receptor-2
(PAR2) signaling [52-56]. Importantly, this ectopic production of FVII would circumvent
the requirement for FVI1I from the blood circulation for TF/V1la/PAR2 signaling [54], and
therefore has a key function in the biology of cancer cells.
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Mechanisms involved in the ectopic expression of FVII by malignancies including breast
cancer are poorly understood. Although, it is known that binding of transcription factor
HNF-4 is crucial for F7 gene activation in hepatocytes, HNF-4 is not responsible for F7
expression in breast cancer cells [57]. On the other hand, Sp1 binding to the F7 promoter
region is essential for the constitutive activation of this gene in breast cancer and epigenetics
regulation by histone acetyltransferases p300 and CBP may also be involved in the process
of ectopic FVII expression [57]. In this study, gene expression and IHC data demonstrated
that FVII and AR are highly co-expressed at both transcript and protein levels in breast
cancer. Importantly, these findings are explained by the fact that F7 is a novel AR target
gene as evident from the induction of FVII transcription and protein expression by AR
activation in breast cancer cells in addition to the direct binding of AR to a proximal region
of F7 promoter (Figure 4). Furthermore, the absence of secreted FVII in conditioned media
of T-47D cells (Figure 4D) is in agreement with a previous study that showed unlike
hepatocytes, FVI1I is not secreted into culture media of cancer cells [57], suggesting that
ectopically synthesized FVII is involved in TF/FV1la complex formation on the surface of
cancer cells in an autocrine manner.

Moreover, AR activation induces endogenous FVII activity in breast cancer cells indicating
that the AR-mediated transcriptional activation of F7 has functional implications by
increasing the conversion of FX to FXa. Therefore, we can propose a model for the
regulation of ectopic FVII expression by AR in breast cancer (Figure 5C). In this process,
AR induces FVII expression and leads to an increased activity of FVIla/TF complex in
breast cancer cells, which in turn activates FX to FXa conversion (Figure 5C). Importantly,
this activation of coagulation FVII by AR provides a novel mechanism for the
transcriptional regulation of ectopic FVII expression in cancer cells. In addition, this model
implicates a potential role for AR signaling in the pathobiology of thromboembolic events
and the regulation of FVII/TF signaling pathway in breast cancer.

Conclusions

This study has identified a transcriptional network for AR co-expressed genes in breast
cancer that is significantly enriched for cell cycle and metabolic functions. In this network, a
set of 35 “AR-signature” genes were highly co-expressed with AR that included several
transcriptional regulators. Furthermore, F7 demonstrated the strongest positive correlation
with AR expression in the genomic dataset and FVII protein level was significantly
associated with that of AR in a cohort of breast tumors. These findings were explained by
demonstrating that F7 is a novel AR target gene in breast cancer. Moreover, this study
suggests that AR activation leads to the induction of FVII activity in FVII/TF complex.
Therefore, we can conclude that AR regulates the ectopic expression and activity of FVII in
breast cancer.
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FVII coagulation factor V11 protein
F7 gene encoding coagulation factor VII
AR androgen receptor
ER estrogen receptor
PIP Prolactin-Induced Protein
TF Tissue Factor
FX factor X
FXa activated factor X
DHT dihydrotestosterone
ERK extracellular signal-regulated kinase
PAR2 protease-activated receptor-2
gRT-PCR quantitative real time-polymerase chain reaction
ChiP chromatin immunoprecipitation
IHC immunohistochemistry
TMA tissue microarray
DAVID Database for Annotation, Visualization and Integrated Discovery
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ROC receiver operating characteristic
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Figure 1.
Functional annotation of AR co-expressed genes based on Gene Ontology. Functional

annotation of AR co-expressed genes was performed based on Gene Ontology (GO) using
DAVID Bioinformatics Resources. Listed GO functions are significantly associated with the
network of AR co-expressed genes (p< 0.01). Fold enrichment and p values are depicted for
each GO group.
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Dendrogram using Centroid Linkage for AR Gene-Signature
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Figure 2.
Dendrogram for hierarchical clustering of AR gene-signature based on centroid linkage

analysis. Hierarchical clustering of AR gene-signature was performed using centroid linkage
method and intervals were measured by Pearson correlation coefficients. Arrow indicates
the location of AR within the cluster. F7 has the closest proximity to AR in this dendrogram.
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Figure 3.
Association of factor VII and AR protein expression in breast tumors using

immunohistochemistry. (A) Immunohistochemistry (IHC) to demonstrate breast tumors with
a high level (top panel) and a low level (bottom panel) of AR expression. Magnifications are
at 10X. (B) IHC to demonstrate breast tumors with a high level (top panel) and a low level
(bottom panel) of coagulation factor VII (FVII) expression. Magnifications are at 10X. (C)
FVII expression scores using IHC for AR+ and AR- breast tumors. *, p< 0.01 is for AR+ vs.
AR- groups. (D) Percentage of AR expression using IHC for breast tumors with a low FVII
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staining (scores: 0-1) and those with a high level of FVII (scores: 2-3). *, p< 0.01 is for
FVII (2-3) vs. FVII (0-1). (E) Receiver operating characteristic (ROC) analysis to predict
FVII-IHC scores based on the AR status in primary breast tumors. FVII scores ranged from
0-3 and AR status was 0 (< 10% AR staining) or 1 (= 10% AR staining). CI: confidence
interval. Dashed line is a diagonal reference line. All Error Bars: = 2SEM.
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Figure 4.

Primer set1

Primer set2

Regulation of factor VI transcript and protein levels by AR in breast cancer. (A) Relative
expression of F7 using gRT-PCR in T-47D cell line following treatment with DHT for 24
and 48 hours. Expression values are presented relative to the control (CTL) experiments at
each time-point. Experiments were carried out in 6 replicates and *, p< 0.01 is for DHT-
treated vs. control groups. (B) Relative expression of F7 in MFM-223 cell line following
treatment with DHT as outlined in (A). (C) Putative AR-binding sites in the 2 Kb promoter
region of F7 gene using PROMO software. Binding sites were predicted within a
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dissimilarity margin < 15%. Location with respect to the ATG start codon, sequence, and
dissimilarity margin is depicted for each putative binding site. P1 and P2 represent the
amplicons used for ChIP assays. (D) Western blot analysis to show FVII level following
DHT treatment for 48h in T-47D cell line using cell lysates or conditioned media. Fold
change (RR) in band density was measured relative to the control in three replicate
experiments. Rabbit a-tubulin antibody was applied to assess loading for cell lysates. (E)
Chromatin immunoprecipitation (ChIP) with two primer sets for F7 promoter and AR
antibody (AR-Ab). Amplification of 1% of input chromatin was used as the input control
and non-specific antibody (CTL) served as a negative control. Each assay was carried out in
six replicates and ChIP-signal was calculated as fold enrichment of F7-amplicon relative to
the negative control. *, p< 0.01 is for AR-Ab vs. CTL. Error Bars: + 2SEM.
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Figure 5.
The effect of AR inhibition on F7 expression and AR activation on factor VII activity, and a

schematic model for AR induction of factor VII. (A) Relative expression of F7 using qRT-
PCR in T-47D cell line following treatment with flutamide (FLU) for 48 hours. Expression
values are presented relative to the control (CTL) experiments. *, p< 0.01 is for FLU-treated
vs. control groups. (B) The effect of AR activation by DHT on FVII in T-47D cell line using
Tissue Factor (TF)-FVII activity assay. T-47D cells were treated either with DHT or vehicle
control for 48h followed by cell lysate extraction and measurement of TF-FVII activity. The
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ratio of TF-FVII activity in each cell lysate was calculated relative to that of lysate +
exogenous FVII and compared between the DHT-treated and control groups. Error Bars: +
2SEM. (C) A schematic model for the AR-mediated induction of factor VI in breast cancer.
In this model, AR induces FVII expression and leads to an increased activity of FVIIa/TF
complex in breast cancer cells, which in turn activates FX to FXa conversion. TF: Tissue
Factor, FVII: factor VI, FX: factor X, FXa: activated factor X, red arrows indicate a
stimulatory effect.
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List of genes that are highly co-expressed with AR in breast cancer

Table 1

Positively-correlated genes CC Negatively-correlated genes CC
F7 0.716 PRNP -0.75
PATZ1 0.709 DONSON -0.681
ZNF205-ASL 0699 TIK -0.662
NFATC4 0.681 EHBP1 -0.654
SPDEF 0.67 PICALM -0.649
MXD4 0.661 NAB1 -0.644
CTNND2 0.651 USP1 -0.642
SLCO2A1 0.645 GALNT2 -0.63
RHOH 0.643 PGM1 -0.628
SGSvI3 0.638 GLS -0.613
TP53TG1 0.636  STIL -0.612
FGFR4 0.634 TOP2A -0.612
PYGO1 0.633 BUBL -0.609
MGAT5 0.632 GART -0.609
PCDHAS5 0.621

DALRD3 0.616

SLC9A1 0.614

IGHM 0.612

AMBP 0.603

CRAT 0.601

MVK 0.601
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Each gene has an absolute Pearson correlation coefficient (|CC|) of > 0.6 with AR expression (p< 0.001) across a cohort of 52 breast cancer cell

lines.
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