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Selective Androgen Receptor Modulators (SARMs)
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Abstract

Introduction: The androgen receptor (AR) is the most highly expressed steroid receptor in breast cancer with 75-95% of
estrogen receptor (ER)-positive and 40-70% of ER-negative breast cancers expressing AR. Though historically breast cancers
were treated with steroidal androgens, their use fell from favor because of their virilizing side effects and the emergence of
tamoxifen. Nonsteroidal, tissue selective androgen receptor modulators (SARMs) may provide a novel targeted approach to
exploit the therapeutic benefits of androgen therapy in breast cancer.

Materials and Methods: Since MDA-MB-453 triple-negative breast cancer cells express mutated AR, PTEN, and p53, MDA-
MB-231 triple-negative breast cancer cells stably expressing wildtype AR (MDA-MB-231-AR) were used to evaluate the in
vitro and in vivo anti-proliferative effects of SARMs. Microarray analysis and epithelial:mesenchymal stem cell (MSC) co-
culture signaling studies were performed to understand the mechanisms of action.

Results: Dihydrotestosterone and SARMs, but not bicalutamide, inhibited the proliferation of MDA-MB-231-AR. The SARMs
reduced the MDA-MB-231-AR tumor growth and tumor weight by greater than 90%, compared to vehicle-treated tumors.
SARM treatment inhibited the intratumoral expression of genes and pathways that promote breast cancer development
through its actions on the AR. SARM treatment also inhibited the metastasis-promoting paracrine factors, IL6 and MMP13,
and subsequent migration and invasion of epithelial:MSC co-cultures.

Conclusion: 1. AR stimulation inhibits paracrine factors that are important for MSC interactions and breast cancer invasion

and metastasis. 2. SARMs may provide promise as novel targeted therapies to treat AR-positive triple-negative breast
cancer.
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Introduction

Breast cancer is the most commonly diagnosed cancer in
women. Over 235,000 women will be diagnosed and about 40,000
women will die from breast cancer in the United States in 2014
[1]. Breast cancer is a highly heterogeneous disease with diverse
clinical (tumor size, histological subtype and grade, and lymph
node status) and molecular characteristics [2]. Treatment decisions
for advanced breast cancer are guided by the expression of three
major therapeutic targets: estrogen receptor-o. (ER), progesterone
receptor (PR) and human epidermal growth factor receptor-2
(HER?2) [3]. While ER-positive breast cancers are treated with ER
antagonists such as fulvestrant or tamoxifen and aromatase
inhibitors, HER2-positive tumors are treated with HER2 inhib-
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itors such as Herceptin [4]. Aggressive triple negative breast
cancers that do not express these three proteins and breast cancers
resistant to the above mentioned treatments still await the
introduction of new therapeutic options [5].

While ER, PR, and HER2 are oncogenic in breast cancer,
another member of the steroid hormone receptor family, the
androgen receptor (AR), has historically been considered anti-
proliferative and beneficial [6,7]. Expression of AR is prognos-
tically favorable [6-8]. Until the 1970s, breast cancer was treated
mostly with non-aromatizable androgens such as dihydrotestos-
terone or fluoxymesterone [9-11]. AR is the most highly expressed
receptor in breast cancer with more than 75-95% of ER-positive
and 40-70% of ER-negative breast cancers expressing AR [8,12—
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15]. Evidence also suggests that the AR target gene, PSA, is a
favorable prognostic marker in breast cancer [16-18]. A study
conducted with 156 breast cancer samples to histologically
determine AR and PSA expression showed that 72% of the
samples expressed the two proteins with significant positive
correlation between them [13]. Other studies found inverse
correlation between AR expression and progression-free survival
both in ER positive and triple-negative breast cancers [6,12,19].
One of the recent papers even recommended the use of AR as one
of the three proteins to classify breast cancers [7].

Despite evidence of benefit, therapeutic efforts with androgens
for breast cancer preceded knowledge regarding AR expression
and the use of these agents fell from favor due to virilizing side
effects, fears of aromatization to estrogen, and the advent of
tamoxifen. Selective androgen receptor modulators (SARMs) are a
new class of drugs under development for a variety of diseases due
to their high specificity for AR, selective anabolic activity, lack of
virilizing side effect, and ability to extend androgen therapy to
women [20-22]. Enobosarm (GTx-024) is the most advanced
SARM in clinical development. In multiple Phase II clinical trials,
enobosarm demonstrated a significant increase in lean body mass
and physical function in men and postmenopausal women without
the undesirable side effects of its steroidal counterparts [23-25].

Organ-confined cancers acquire metastatic potential as a result
of epithelial:mesenchymal stem cell (MSC) interaction. Either one
of the two cell types alone lack the capability to metastasize to
distant organs. Invasion of other organs arises due to paracrine
factors secreted during epithelial: MSC interaction [26]. Although
three factors, namely CCL5, IL6, and MMP13 are up-regulated
during the interaction, in vilro and in vivo studies indicate that
CCLS5 is the key contributor to the metastatic characteristics of
breast cancer [26]. Other studies have also identified the role of
IL6 in metastasis and trastustumab-resistance [27]. These findings
underscore the importance of these paracrine factors in breast
cancer metastasis and abrogating these factors and subsequently
epithelial:MSC interactions will prevent metastasis.

Here we provide evidences, using various preclinical models
that non-aromatizable AR agonists are anti-proliferative in breast
cancer cells. The growth of triple negative MDA-MB-231 breast
cancer cells stably over-expressing AR (MDA-MB-231-AR) was
inhibited by AR agonists, but not by antagonists or structurally
similar non-binders. The growth of the above indicated tumors in
nude mice was completely inhibited by SARMs, GTx-027 and
GTx-024, at doses as low as 5 mg/kg/day p.o. Microarray
analyses with tumors obtained from xenograft studies indicated
that GTx-027 inhibited the expression of mRNA for oncogenes
and induced tumor suppressor genes. GTx-027 inhibited IL6 and
MMP13, but not CCL5, expression that occurs during MDA-MB-
231-AR:MSC interactions. Despite the lack of effect on CCLS3,
GTx-027 inhibited the migration and invasion of MDA-MB-231-
AR-MSC co-cultures, potentially through mechanisms indepen-
dent of CCL5. These studies unambiguously demonstrate the role
of AR in epithelial:MSC interaction and suggest that SARMs may
represent a selective therapeutic approach to the treatment of AR-
positive breast cancer.

Materials and Methods

Reagents

AR antibody, PG-21, was obtained from Millipore (Billerica,
MA). Actin antibody was procured from Chemicon International
(Temecula, CA). Platypus migration assay was obtained from
Fisher Scientific (Pittsburg, PA) and transwell migration chambers
were obtained from Life Technologies (Carlsbad, CA). Breast
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cancer cDNA array, BCRT102, was obtained from Origene
(Rockville, MD). All reagents used in the study were of analytical

grade.

Cell culture

All cells, except MSCs, were obtained from ATCC (Manassas,
VA) and were grown according to the instructions provided. The
cell lines were authenticated by the provider and were cultured for
less than 6 months after resuscitation in the laboratory. Human
MSCs were obtained from Lonza (Walkersville, MD). MDA-MB-
231 cells were grown in Leibovitz (L-15) medium supplemented
with 10% fetal bovine serum (FBS) in a COjy free incubator.
Human MSCs (Lonza) were grown in MSC basal media
supplemented with singlequots of growth supplement (Lonza).
For transactivation studies, MDA-MB-231 cells were plated in
DME+5%csFBS w/o phenol red and for growth assay the cells
were plated under growth conditions.

Transfection and transactivation assay

Plasmids and transfection assays were described earlier [28].
GRE-LUC was kindly provided by Dr. Nancy L. Weigel and Dr.
Bert W O’Malley (Baylor College of Medicine, Houston, TX).
Stable cell lines were generated by lentiviral infection of AR
cloned into pLenti U6 Pgk-puro vector as described earlier
[29,30]. LacZ, AR, and estrogen receptor-f (ER-f) adenovirus
were made at Seven Hills Bioreagents (Cincinnati, OH). For
transfection, cells were plated at 90, 000 cells per well of a 24 well
plate in DME+5% csFBS w/o phenol red. The cells were
transfected using Lipofectamine (Invitrogen, Carlsbad, CA) with
0.25 ug GRE-LUC, 0.02 ug CMV-LUC (renilla luciferase) and
25 ng of human AR. The cells were treated 24 hrs after
transfection with SARMs, DHT or an inactive isomer of SARM
(SARM R-isomer) and the luciferase assay performed 48 hrs after
transfection. Human AR plasmid was cloned [CR3.1 vector
backbone and sequence to ensure absence of any mutation. For
adenoviral infection, cells were plated in growth medium in 10 cm
dishes at 4 million cells and infected with adenovirus containing
the respective plasmid. Cells were harvested 24 hrs after infection
and plated at 10,000 cells/well in 96 well plate in growth medium.
Cells were treated for respective time points and cell viability was
measured using Sulfrhodamine blue reagent (SRB). Cells left over
from the 4 million cells were re-plated in 10 cm dishes and protein
extracts were prepared as indicated earlier and Western blot
analysis performed for AR and actin [31].

RNA isolation and gene expression

Cells for RNA isolation were plated in 96 well plates at 10,000
cells/well. RNA was isolated using Cell-to-Ct kit (Applied
Biosystems, Carlsbad, CA) and realtime PCR was performed
using TagMan primers and probes from Applied Biosystems on
ABI 7900 (Applied Biosystems) and normalized to GAPDH. RNA
from tumors was extracted using Qiagen RNA extraction kit
(Qiagen, Valencia, CA) and the concentrations were determined
using Nanodrop. RNA concentrations were normalized to the
same concentration using DEPC water and the RNA was
subjected to further analysis.

Tumor xenograft experiments

All animal protocols were approved by The University of
Tennessee Animal Care and Use Research Committee. Xenograft
experiments were performed as previously published [28]. Briefly,
a mixture of cells was suspended in 0.05 ml RPMI+10% FBS and
0.05 ml Matrigel/animal and was injected subcutaneously. Once
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Figure 1. AR agonists inhibit proliferation of breast cancer cells expressing AR. A. AR transactivation in breast cancer cells. MDA-MB-231
cells plated in DME+5%csFBS were transfected using lipofectamine with 0.25 ug GRE-LUC, 10 ng CMV-renilla-LUC, and 25 ng CMV-hAR, treated as
indicated and luciferase assay performed. B and C. MDA-MB-231 (B) and HCC-38 (C) breast cancer cells plated in their respective medium at 4 million
cells/dish were infected with adenovirus expressing LacZ (diamond) or AR (200 pL-square; 500 pl-triangle). Twenty four hours after infection, cells
were trypsinized and plated in growth medium at 10,000 cells/well in 96 well plate. Cells were treated with indicated concentrations of the drugs for
3 days. Cells were fixed and stained with sulforhodamine B (SRB) and optical density (OD) was measured at 535 nm. Inset shows AR expression in
adenovirus infected MDA-MB-231 cells. D. Over-expressed ER-f does not inhibit MDA-MB-231 cell growth. MDA-MB-231 breast cancer cells were
infected with adenovirus expressing LacZ (open triangle) or ER- (200 uL-closed circle; 500 uL-open circle; 1000 pl-closed triangle). Cells were treated
with indicated concentrations of estradiol for 3 days. Cells were fixed and stained with sulforhodamine B (SRB) and optical density (OD) was measured
at 535 nm. E. AR agonists reduce proliferation of MDA-MB-231-AR cells. MDA-MB-231 cells stably over-expressing AR (MDA-MB-231-AR), plated in 96
well plates at 10,000 cells/well in respective medium, were treated as indicated for 6 days and the number of cells counted using coulter counter. All
experiments were performed in replicates and represented as mean = S.E.

doi:10.1371/journal.pone.0103202.g001
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the tumor size reached 200-300 mm?, the animals were random-
ized and treated orally with the indicated drugs formulated in
Tween 80:Captex 200:water (0.8:0.2:9). Tumor volume and body
weight were measured thrice weekly. At the end of study, animals
were sacrificed, tumors excised, weighed, and stored for various
analyses.

Microarray analysis

RNA from tumors was isolated and verified qualitatively and
quantitatively. Samples from each group (n=28; 100 ng/ul; total
1000 ng) were pooled and hybridized to Affymetrix human ST2.0
gene array. Data from the array were analyzed using Ingenuity
Pathway Analysis software (IPA3). The data has been deposited in
“Gene Expression Omnibus” and the accession number is

GSE58196.

MDA-MB-231:MSC Co-culture experiments

MDA-MB-231-AR cells and Human MSCs were plated in 96
well plates. The MDA-MB-231-AR or MDA-MB-231-GFP cells
were plated at 5000 cells/well in Leibovitz growth medium (L-15
medium) supplemented with 10% FBS and grown in 0% COs,.
The MSC were plated at 10,000 cells/well in 100 uL. of MSC
basal media + MSC growth factors Singlequot. The combination
of MDA-MB-231-AR or MDA-MB-231-GFP cells and MSC were
plated at 5,000 and 10,000 cells/well, respectively, in 100 pL/well
of MSC basal media + MSC growth factor Singlequot, and
incubated at 5% CO,. The day after plating media was removed
from each well. The cells were treated with vehicle (DMSO) or
GTx-027. Three days after treatment the cells were harvested and
RNA extracted using Cells to CT kit and expression of various
genes measured by realtime PCR.

Platypus and transwell migration assays
MDA-MB-231-AR and Human MSCs were plated (250,000
and 500,000 cells/well) in the top wells of 6 well plate migration
chamber (Life Technologies). All the cells were plated in MSC
basal media supplemented with MSC growth media singlequots.
The day after plating, medium was replaced with fresh medium
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Table 1. Correlation between AR transactivation and growth inhibition of MDA-MB-231 cells with different AR ligands.
Activity Cell growth IC5, (nM)
ECso ICso
AR agonists
DHT 0.2 1+0.1
GTx-024 1 77x16
GTx-026 1 77+23
GTx-027 2 81*6
GTx-025 5 134£70
GTx-019 9 486+113
GTx-024R No effect
AR antagonists
Bicalutamide 224 No effect
CBD-I-185 6.7 No effect
CBD-IV-69 8.7 No effect
AR transactivation assay as indicated in Figure 1A was performed in MDA-MB-231 cells with the indicated ligands and represented as ECs. Simultaneously growth assay
was performed in MDA-MB-231 cells as described in Figure 1 B and represented as ICs, values. All experiments were performed in replicates and represented as mean *+
S.D.

and treated with vehicle or GTx-027. Two days after treatment
the top wells were removed and the cells that had migrated to the
bottom were counted with Scepter Coulter counter.

MDA-MB-231-AR and MSC cells were plated (5,000+10,000
cells/well) in MSC: basal medium supplemented with MSC growth
factor singlequots in 96 well platypus cell migration plate. Stoppers
were removed 24 hrs after plating and cells were treated with
vehicle or 1 pM GTx-027. Cells were imaged at 0, 4, 8, 16, and
24 hrs to track the migration of cells towards the center of the
plate as a measure of invasion.

Human breast cancer array panel

Breast cancer cDNA array, BCRT102, (Data S1) was obtained
from Origene (Rockville, MD). Respective TagMan probes were
mixed with TagMan master mix added to the wells containing
cDNA, and expression of various genes was evaluated using ABI

7900 realtime PCR.

Statistical analysis

All statistical analyses were performed using JMP pro using
appropriate statistical analysis. * represents P<<0.05, ** represents
P<0.01, *** represents P<<0.001.

All in vitro experiments were performed in triplicate. Data are
represented as mean * S.E. Human breast cancer gene expression
data and correlation were analyzed using graph pad prism.

Results

SARMs are AR agonists in triple-negative breast cancer
cells

Previous work from several groups demonstrated that local pool
of cofactors and active intra-cellular signaling pathways alter the
characteristics of ligands [32-34]. We characterized several
SARMs whose structures were earlier published [35] in transient
transfection and proliferation assays. Before evaluating SARMs’
growth inhibitory potential in breast cancer cells, we performed
AR transactivation assays to determine if the SARMs are agonists
in MDA-MB-231 cells. AR transactivation assays demonstrated

July 2014 | Volume 9 | Issue 7 | e103202
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Figure 2. GTx SARMs inhibit triple negative breast cancer xenograft growth in nude mice. A and B. MDA-MB-231-AR cells (5 million cells/
mouse) were mixed with matrigel and implanted subcutaneously in female nude mice (n=8). Once tumors reached 200-300 mm?, animals were
randomized and treated orally with vehicle or 30 mg/kg/day GTx-027. Tumor volumes (A) were measured thrice weekly. Five weeks after initiation of
treatment, the animals were sacrificed, tumors weighed (B) and stored for various analyses. C. GTx-027 and GTx-024 inhibit tumor growth and
increase body weight gain. Nude mice xenograft was performed as indicated in panel A (n=8) with dose response of GTx-027 and GTx-024. Tumor
volumes (top left panel) and body weights (bottom panel) were measured thrice weekly. At sacrifice, tumors were weighed (top right panel) and

stored for further analyses. TGI-Tumor growth inhibition; *-p<<0.05; ***-p<<0.001. Results are represented as mean = S.E.

doi:10.1371/journal.pone.0103202.9002

that SARMSs are agonists in breast cancer cells (Figure 1A) and
their IC50s and rank order were comparable to the transactivation
results obtained in HEK-293 cells or COS-1 cells.

AR agonists inhibit breast cancer cell proliferation

Triple negative breast cancer in vitro and in vivo models were
developed and non-aromatizable androgens were evaluated to test
the hypothesis that increasing AR function would reduce breast
cancer growth. MDA-MB-231 (Figure 1B) triple negative breast
cancer cells were infected with LacZ or AR adenovirus, treated
with DHT, GTx-027, or bicalutamide, and cell viability was
measured. Although several groups use endogenously AR-
expressing MDA-MB-453 cells to evaluate androgen actions in
triple negative breast cancers, MDA-MB-453 cells have AR,

PLOS ONE | www.plosone.org

PTEN, and PIK3CA oncogenic mutations, HER2 over-expression
and are p53 null [8]. We believe these phenotypic changes could
alter the characteristics of non-steroidal AR ligands in triple-
negative breast cancer cells (Figure S1). AR agonists DHT and
GTx-027 reduced the proliferation of AR-expressing MDA-MB-
231 (Figure 1B) cells by more than 50% compared to vehicle-
treated cells. AR protein expression is shown above Figure 1B.
These experiments were repeated and results were confirmed in
another triple-negative breast cancer cells, HCC-38 (Figure 1C).

To understand if over-expressing other receptors in MDA-MB-
231 cells elicits anti-proliferative effects in response to their
respective ligand, ER-f adenovirus was prepared and used. MDA-
MB-231 cells were infected with ER-B adenovirus, treated with
increasing concentrations of estradiol and cell proliferation was

July 2014 | Volume 9 | Issue 7 | e103202
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Figure 3. AR Agonist Negatively Regulate Cancer Genes in MDA-MB-231-AR Xenograft. A. Microarray analyses. RNA from tumors in panel
A was isolated, pooled (n=8/group) and subjected to microarray analysis (Affymetrix Human Gene ST2.0 array). Number of genes up- or down-
regulated by GTx-027 is represented as box plot. B. Validation of microarray results using realtime PCR. Gene expression assays to validate the
microarray results were performed in RNA from individual tumor samples (n =8) using realtime PCR primers and probes. Expression of various genes
was normalized to GAPDH. C. Ingenuity canonical pathway analysis. The genes that were differentially regulated by GTx-027 were analyzed using
Ingenuity pathway analysis software (IPA3). The canonical pathways that are over-represented in GTx-027 treated tumors are given as bar graphs.

doi:10.1371/journal.pone.0103202.g003

evaluated 3 days after treatment. Though activated ER-B was
shown to regulate breast cancer cell proliferation [36,37],
expression of ER-B in this cell line failed to provide any anti-
proliferative effects (Figure 1D).

MDA-MB-231 cells were stably transfected with AR (MDA-
MB-231-AR) and the effect of DHT and SARMs on its

PLOS ONE | www.plosone.org

proliferation was evaluated and compared with bicalutamide.
Corroborating the results obtained in MDA-MB-231 cells
transiently expressing AR, MDA-MB-231-AR cells were also
growth inhibited by DHT, GTx-024, and GTx-027, but not by
bicalutamide (Figure 1E).

July 2014 | Volume 9 | Issue 7 | 103202
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Modifications

Diseases and Disorders

Name p-Value
Cancer 4.98E-08
Organismal Injury and Abnormalities 7.00E-08
Reproductive System Disease 7.00E-08
Endocrine System Disorders 7.56E-07
Infectious Disease 3.20E-06
Molecular and Cellular Functions

Cellular growth and functions 7.84E-10
Cellular Movement 1.99E-09
Cell Death and Survival 2.41E-09
Cellular Development 2.19E-06
Free Radical Scavenging 5.56E-05

Physiological System Development and Function

Cardiovascular System Development and Function  5.56E-06
Organismal Development 5.56E-06
Organismal Survival 8.43E-05
Hematological System Development and Function  8.45E-05
Hair and Skin Development and Function 9.31E-05
Top Canonical Pathways

Actin Nucleation by ARP-WASP Complex 1.93E-04
ErbB Signaling 4.96E-04
Germ Cell-Sertoli Cell Junction Signaling 5.26E-04
Oncostatin M Signaling 7.6E-04
Coagulation System 8.72E-04

ID Associated Network Functions Score
1 Cell death and survival, Gastrointestinal Disease, Hepatic System Disease 37
2 Gene Expression, Cellular Movement, Cardiovascular System Development and Function 33
3 Cell Death and Survival, Cellular Movement, Cell Cycle 31
4 Cellular Movement, Cellular Development, Cellular Growth and Proliferation 29
5 Hereditary Disorder, Skeletal and Muscular Disorders, RNA Post-Transcriptional 22

# Molecules
135

121

105

33

12

115
74
110
81
17

39
25
12
19
24

doi:10.1371/journal.pone.0103202.t002

In addition to the above indicated ligands, proliferation of
MDA-MB-231 cells in the presence of several SARMs was tested.
Interestingly, all SARMSs, but not antagonists, elicited anti-
proliferative effects in MDA-MB-231 cells expressing AR
(Table 1). AR transactivation EC5 results were compared with
the IC50 values obtained from MDA-MB-231-AR cell growth
assays (Table 1). Anti-proliferative SARMs were agonists in breast
cancer cells with similar rank order for agonistic activity and anti-
proliferative effects, indicating that highly potent androgens also
possess robust anti-proliferative effects in MDA-MB-231-AR cells.

GTx-027 reduces MDA-MB-231-AR tumor growth in nude
mice

To confirm the in vitro results in a xenograft model, MDA-MB-
231-AR cells were implanted subcutaneously in female nude mice
and treated orally with vehicle or 30 mg/kg/day GTx-027. While
vehicle-treated tumors grew robustly from 200 mm”® to 1000 mm”
in 5 weeks, GTx-027-treated tumors grew very slowly, resulting in
greater than 75% tumor growth inhibition (Figure 2A) and more
than 50% tumor weight reduction (Figure 2B). Despite the high

PLOS ONE | www.plosone.org

dose of GTx-027, animals did not show any toxicity, including
increases in serum ALT), a classic androgenic effect in liver [38].

To ensure that GTx-027 and the clinical SARM candidate
GTx-024 (Enobosarm) inhibit MDA-MB-231-AR tumor growth
at lower doses, tumor bearing animals were treated orally with a
dose response and tumor growth was measured. While vehicle-
treated tumors grew robustly, tumor growth was completely
inhibited in GTx-027- and GTx-024-treated animals (Figure 2C
left panel), with tumor weight (Figure 2C right panel) reduced by
greater than 90%.

One of the side effects of advanced stage cancer is cachexia,
which is progressive loss of body weight and muscle mass [39].
SARMs increase lean body mass and physical function and are
currently being evaluated in clinical trials as a treatment for muscle
wasting assoclated with cancer [25,40]. While, the vehicle-treated
animals gained minimal weight during the course of the study,
animals treated with GTx-024 and GTx-027 gained an average of
approximately 3-5 gms weight in 5 weeks (Figure 2C bottom
panel).
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Microarray analysis of MDA-MB-231-AR tumors

To evaluate the mechanism for the anti-tumor effects of SARMs
in triple negative breast cancer, gene expression array studies were
conducted. RNA from tumors treated with vehicle or 30 mg/kg
GTx-027 were pooled and subjected to microarray analysis. Genes
that were increased or decreased by 2-fold or more were
considered for further analyses. Unlike in prostate cancer, where
AR agonists induce more genes than they repress, in MDA-MB-
231-AR tumors, GTx-027 inhibited 2.5X the number of genes
(1092 vs. 456) than it activated (Figure 3A). Functional clustering
of the genes indicated that GTx-027 modified more breast cancer
genes (Table 2) than other pathway genes. Genes that regulate the

Table 3. Top disease pathway genes regulated by GTx-027 in MDA-MB-231-AR tumor xenografts.

Gene Function GTx-027
NQO1 Anti-proliferative, reduces oxidative stress of cells Increased
B-Adrenoceptor2 Increases proliferation and metastasis of breast cancer, increases inflammation Decreased
Aurora Kinase Increases proliferation of breast cancer and aurora kinase inhibitors are effective preclinically Decreased
BUB1 S/T kinase Expression correlates with tumor status, node- and distant-metastasis, and histological grade in BC Decreased
CENPE Promotes breast cancer growth, small molecule inhibitors of CENPE inhibit BC cell growth Decreased
EHMT2 Up-regulated in variety of cancers, including breast Decreased
ERCC1 Expressed in 70% TNBCs and its expression leads to resistance to chemotherapy Decreased
IGFBP3 Increases proliferative disease, higher IGFBP3 in serum correlates with higher grade disease Decreased
ITGA2 Cancer development and metastasis Decreased
PARP1 PARP inhibitors are currently under development for breast cancer Decreased
POLD1 Associated with multiple cancers, including breast cancer Decreased
PRPRJ Tumor suppressor Increased
SERPINE1 Tumor suppressor and inhibitor of angiogenesis, invasion and metastasis Increased
doi:10.1371/journal.pone.0103202.t003

function of others cancers, such as colorectal, lung, and oral, and
metabolic diseases were also favorably altered by G'Tx-027. Breast
cancer proliferative genes, such as aurora kinase, ERCCI,
IGFBP3 were inhibited and growth inhibitory genes, such as
NQOL1, PTPR]J were activated by GTx-027 (Table 3). Many of
the established androgen responsive-genes were also activated by
GTx-027 (Table 4), indicating that breast cancer growth inhibi-
tory role of GTx-027 evolved from its agonistic activity.

Erbb signaling is the most affected signaling pathway by GTx-
027 in MDA-MB-231-AR tumor xenografts (Figure 3C). Genes
belonging to this pathway, including Amphiregulin, NCKI,
NCK2, PAK, and others were differentially regulated by GTx-
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Table 4. Genes involved in breast cancer growth regulated by GTx-027 in MDA-MB-231-AR tumor xenografts.
Gene Veh GTx-027 Fold Function

TFPi2 876 4168 4.76 Tumor suppressor, protease inhibitor

F3 529 3672 6.94 Coagulation function

Carboxipeptidase 986 3202 3.25 Androgen-responsive gene

SNAI2/SLUG 1113 2513 2.10 Androgen-responsive gene

ASAM 581 1902 3.27

DUSP1 413 1708 4.14 Inactivates MAPK, androgen-responsive gene

Col12a1l 260 1541 5.93

Amphiregulin 296 1322 447 Regulated by androgens and estrogens

Protein S 315 1163 3.69 Estrogen (down) and progestin (up) regulated gene

PDLIM1 425 1090 2.06 PR-regulated gene

FBX032 158 1044 6.62 Androgens inhibit in muscle, promotes muscle atrophy, ubiquitin, mixed functions in cancer
RASD1 55 1044 18.62 GC-stimulated gene, Down-regulated in GC-resistant melanoma
IRS2 216 951 4.40

FKBP51 0 541 0 Androgen and GC stimulated

MUC1 78 704 9 Androgen and estrogen stimulated

DUSP23 125 917 7.35 Androgen-stimulated

PTGS2 59 822 14 Androgen-stimulated

RHOB 81 642 7.92 Androgen-regulated

doi:10.1371/journal.pone.0103202.t004
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Figure 4. GTx-027 inhibits metastatic factors during breast cancer epithelial-mesenchymal stem cell interaction. A. MDA-MB-231-AR
(AR) or MDA-MB-231-GFP (GFP) cells were plated alone or in combination with MSCs and treated as indicated in the figures. Three days after
treatment, RNA was extracted and expression of indicated genes was measured and normalized to GAPDH using realtime PCR. B. Left panel: GTx-
027 inhibits migration of MDA-MB-231-AR-MSCs. MDA-MB-231-AR cells were co-cultured with MSCs in platypus migration assay plate and treated
with vehicle or 1 uM GTx-027. Images were acquired immediately after treatment (0 hrs) and after 24 hrs (24 hrs). Right panel: MDA-MB-231-
AR:MSC co-cultures were plated in the upper wells of transwell migration and treated with vehicle or 1 uM GTx-027 for 3 days and the number of cells
migrated from top to the bottom wells were measured twenty four hours after initiation of the experiment by staining the cells with crystal violet.
Closed bars are vehicle-treated and open bars are GTx-027-treated. All experiments were performed in replicates and represented as mean = S.E.

doi:10.1371/journal.pone.0103202.9g004

027. All these growth promoting genes were up-regulated by GTx-
027. Hence, other powerful anti-proliferative pathways might have
played a pivotal role in GTx-027’s growth inhibitory effect on
these tumors. In addition to Erbb signaling, other pathways such
as integrin, paxillin, ILK, and PAK were also differentially
regulated by GTx-027. With respect to the genes regulated in the
disease and disorders category, cancer and endocrine systems
disorders were the top categories influenced by GTx-027. The
results from the microarray studies were deposited in “Gene
Expression Omnibus” databank and the accession number is
GSE58196.

A subset of GTx-027 regulated genes from the microarray was
validated with individual samples using realtime PCR (Figure 3B).
All genes that were taken for this validation reproduced the
microarray results and the magnitude of change was much more
than that observed in the array.

GTx-027 inhibits paracrine factors secreted during
epithelial:MSC interaction in MDA-MB-231-AR cells
Epithelial:MSC interaction is a critical event preceding invasion
and metastasis of breast cancer cells to distant organs [26].
Although three paracrine factors, CCL5, IL6, and MMP13, are
increased during this interaction, it is well established that CCL5 is
the primary mediator of the metastatic event [26]. In order to test
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the role of AR and its ligands during this interaction and also to
understand if expression of a therapeutic target in one of the two
cell types is sufficient to elicit the effect, if any, MSCs were co-
cultured with MDA-MB-231-GFP or MDA-MB-231-AR cells and
were treated with vehicle or GTx-027. Expression of CCL5, IL6,
MMP13, and the AR target gene, FKBP5, was measured and
normalized to GAPDH. As demonstrated earlier [26], CCL5, IL6,
and MMP13 all increased only when MDA-MB-231 cells were co-
cultured with MSCs. Interestingly, GTx-027 only inhibited the
expression of IL6 and MMP13, but not the expression of CCL3, in
MDA-MB-231-AR co-culture and not in MDA-MB-231-GFP co-
culture (Figure 4A). As expected, GTx-027 increased FKBP5
expression in MDA-MB-231-AR cells, but not MDA-MB-231-
GFP cells. GTx-027 also inhibited the effects on minimal
expression of IL6 and MMP13 in MDA-MB-231-AR cells
(Figure 4A), indicating that IL6 and MMPI13 expression evolve
from MDA-MB-231 cells and CCL5 expression from MSCis.
Platypus migration assay in MDA-MB-231-AR:MSC co-culture
treated with vehicle or G'Tx-027 was performed to understand the
effect of inhibiting two out of three paracrine factors during
epithelia:MSC interaction. Surprisingly, GTx-027 inhibited the
migration of cells 24 hrs after treatment initiation (Figure 4B left
panel). Since AR is expressed only in MDA-MB-231 epithelial
cells but not in MSCs, the regulation of migration and invasion
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Figure 5. Metastatic factors inversely correlate with AR function in breast cancers. A. PSA gene expression is significantly reduced in
breast cancer. AR and PSA gene expression were quantified by realtime PCR in cDNAs from breast cancer samples (n=43) and normal tissues (n=>5).
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Gene expression was normalized to GAPDH and represented as fold difference from normal non-cancerous breast samples using ddCt method.
Average of normal samples was taken for the ddCt calculation. P<0.001 for PSA. B. Metastatic factors inversely correlate with AR function in breast
cancer. Expression of AR, PSA, CCL5, and IL6 was quantified by realtime PCR in cDNAs from 43 breast cancer samples and corresponding normal
tissues. Expression of the above indicated genes was normalized to GAPDH and represented as fold difference from normal non-cancerous samples
using ddCt method. Average of normal samples was taken for the ddCt calculation. Correlation between PSA or AR and CCL5 or IL6 in normal and
cancerous samples was obtained and plotted as indicated in the figures. Values represented on the figures are correlation coefficient.

doi:10.1371/journal.pone.0103202.g005

should emanate from MDA-MB-231 cells. To confirm these
results and the hypothesis, MDA-MB-231-AR:MSC co-cultures
were plated in the top wells of transwell migration chambers,
treated with vehicle or GTx-027, and the migration of cells from
top to bottom layers was evaluated. Interestingly, GTx-027
reduced the number of cells migrated from top to the bottom
(Figure 4B right panel), confirming the results obtained with
platypus migration assay.

AR function and epithelial:MSC paracrine factors
inversely correlate in breast cancer samples

Although previous reports have demonstrated AR expression in
breast cancer [12,14,19], its function in breast cancer was not
quantified and compared to normal breast tissue. Breast cancer
arrays containing cDNAs from 43 breast cancers and 5 normal
breast tissues (Data S1) were probed for AR and its target gene,
PSA. While AR expression was comparable between breast cancer
and normal breast tissue, PSA expression was significantly reduced
(P<<0.001) in breast cancer compared to normal breast samples
(Figure 5A).

In order to understand the epithelial:MSC paracrine results and
their correlation with AR function in breast cancer specimen, the
expression of paracrine factors were correlated with PSA. PSA
expression inversely correlated with CCL5 and IL6 expression
with correlation coefficients of -0.4652 and -0.6781 (Figure 5B).
Impairment of AR function (Figure 5A) inversely correlates with
expression of metastatic factors CCL5 and IL6 and this could be
due to the repression relieved by the absence of androgens.
However, this correlation did not exist in ¢cDNAs from normal
breast samples nor between AR and CCLS5.

Discussion

The role of androgens and AR in triple-negative breast cancer
has been controversial for the last half a century, since the first
reports of the “hyperandrogenic” theory [41,42]. Equal evidence
favors and opposes the use of androgens in breast cancer.
However, most of the evidence was generated with enzymatically
metabolizable androgens, such as testosterone or DHT. Studies
presented herein systematically evaluate non-metabolizable AR
agonists, SARMs, for the treatment of breast cancer. SARMs
could evolve as a targeted therapeutic for not only ER-positive
breast cancer, but also for aggressive triple negative breast cancers,
for which chemotherapy is the only therapeutic option. Addition-
ally, due to their ability to increase muscle mass and restore bone
mineral density [23,25,43], SARMs will treat muscle wasting and
osteoporosis, common side-effects in late-stage breast cancers,
while reducing the aggressiveness of breast cancer.

Cancers eventually overcome the suppression elicited due to
selective inhibition of a therapeutic target, by mutating or
activating alternate pathways. Since AR is activated by SARMs,
utilizing the AR as a therapeutic target is less likely to result in
resistance. SARMs not only inhibited the growth and proliferation
of breast cancer cells and tumors, but also inhibited epithe-
lial: MSC interaction and subsequent invasion and metastasis. The
results shown in Figure 4A address some fundamental questions as

PLOS ONE | www.plosone.org

1

to which cell type secretes these paracrine factors, CCLS, IL6, and
MMP13, and where the therapeutic target should be expressed to
inhibit the interaction. Interestingly, the model used in this study
with AR expressed only in the epithelial cells, address these
questions, providing additional clarity. The results suggest that
while expression of CCL) arises from MSCis, expression of IL6
and MMP13 evolve from epithelial cells. As is evidenced by the
observation that even in the absence of MSCs, epithelial cells
express minimally IL6 and MMP13, which were inhibited by
GTx-027 (Figure 4A). Although MSCs express higher levels of IL6
and MMP13 compared to epithelial cells, the IL6 and MMP13
produced during interaction emanate from epithelial cells.

Although these results raise the question that CCL5 might not
be the only paracrine factor playing a role, it might be possible that
IL6 and MMP13 are downstream targets of CCL5 and regulating
these two factors might be sufficient to reduce migration and
invasion. In B-cell malignancy, Waldenstrom Macroglobulinemia
(WM), CCL5 modulated IL6 expression through the JAK/STAT
signaling pathway [44]. While CCL5 in the absence of IL6 had no
effect on migration and metastasis, CCL5 promoted migration and
invasion when it had the potential to increase IL6 expression. This
suggests that CCL5’s function is mediated by its downstream
target IL6. Similarly, another study to elucidate the mechanism for
breast cancer migration and metastasis indicated that the
metastasis promoted by CCL5 and CCL9 was inhibited by
inhibitors of their downstream target MMP13 [45]. These results
suggest that though CCL5 might be an important factor in
metastasis, its effects are mediated by its downstream target 1L6
and MMP13. SARMs by inhibiting the downstream targets IL6
and MMP13, abrogate migration and invasion.

Opverall, these studies establish the importance of androgens and
AR to treat triple-negative breast cancers.

Supporting Information

Figure S1 Effect of GTx-027 on proliferation of MDA-
MB-453 cells. MDA-MB-453 cells were plated in 5% charcoal
stripped FBS containing L-15 medium at 10,000 cells/well in 96
well plate and incubated in 0%COg containing incubator.
Medium was changed and cells were treated as indicated in the
figure for 3 days. Cells were fixed, stained with SRB and the
staining intensity as a measure of cell number was measured at
OD 535 nm. Data are representative of n =3 and represented as
mean = S.E.

(PPTX)

Data S1 Microarray data table containing the genes
differentially regulated by GTx-027 in MDA-MB-231-AR
xenograft.

(XLSX)
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