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Triple-negative breast cancer (TNBC) occurs in 10–15% of patients yet accounts for almost half of all breast cancer deaths. TNBCs
lack expression of estrogen and progesterone receptors and HER-2 overexpression and cannot be treated with current targeted
therapies. TNBCs often occur in African American and younger women. Although initially responsive to some chemotherapies,
TNBCs tend to relapse and metastasize. Thus, it is critical to find new therapeutic targets. A second ER gene product, termed ER𝛽,
in the absence of ER𝛼may be such a target. Using human TNBC specimens with known clinical outcomes to assess ER𝛽 expression,
we find that ER𝛽1 associates with significantly worse 5-year overall survival. Further, a panel of TNBC cell lines exhibit significant
levels of ER𝛽 protein. To assess ER𝛽 effects on proliferation, ER𝛽 expression in TNBC cells was silenced using shRNA, resulting in
a significant reduction in TNBC proliferation. ER𝛽-specific antagonists similarly suppressed TNBC growth. Growth-stimulating
effects of ER𝛽may be due in part to downstream actions that promote VEGF, amphiregulin, and Wnt-10b secretion, other factors
associated with tumor promotion. In vivo, insulin-like growth factor-2 (IGF-2), along with ER𝛽1, is significantly expressed in TNBC
and stimulates highER𝛽mRNA inTNBCcells.Thisworkmayhelp elucidate the interplay ofmetabolic and growth factors inTNBC.

Dedicated to the memory of the authors’ distinguished colleague and friend Dr. Lee Goodglick (1960–2014)
who made major contributions in cancer research during his career

1. Introduction

Breast cancer (BC) is the most common malignancy in
women [1, 2]. About 70% of patients with breast cancer
express estrogen receptor-𝛼 (ER𝛼). Due to the success of
endocrine therapies, the mortality of patients with ER𝛼-
positive tumors has declined significantly in the past decade.

Similarly, about 15% of patients have tumors that overex-
press HER2 receptor and thus are candidates for HER2-
targeted treatments. In contrast, TNBC occurs in 10–15%
of patients, yet this disease subtype accounts for about half
of all breast cancer deaths. TNBCs lack clinical expression
of ER𝛼, progesterone receptor, and HER2 overexpression
(ER𝛼−/PR−/HER2−). TNBCs have incomplete overlap with
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basal-like breast tumors, a subgroup of breast cancers defined
by gene-expression profiling that express specific cytoker-
atins, and with some hereditary breast cancers. Though
heterogeneous, TNBCs typically occur in younger women
andAfricanAmericanwomen aswell as among somepatients
with BRCA1 gene defects [1, 2]. Population-based data show
that African American women have a higher incidence
of TNBC and present with more advanced stages than
Caucasian women [3]. This cancer subtype also associates
with adverse biological features including high mitotic count
and very aggressive behavior. Of note, some recent reports
indicate that the incidence of ER𝛼-negative BC and TNBC,
high-risk breast cancer subtypes, may correlate with the
extent of African ancestry [4]. Though initially responsive to
chemotherapy, TNBCs tend to relapse and metastasize early
and have a prognosis worse than other subtypes. Currently
specific therapies for TNBC are unavailable [1–3].

Estrogens promote progression of ER𝛼-positive cancers,
effects exerted by binding of estradiol to ER𝛼, a ligand-
activated transcription factor [5]. ER𝛼 is predominantly
a nuclear-localized protein. Immunohistochemical (IHC)
detection of nuclear ER𝛼 in tumors is a standard clinical
assay used to plan patient management [6]. Of special note,
recent reports show that a second type of estrogen receptor,
termed estrogen receptor-beta (ER𝛽), is expressed in TNBC
cells [7, 8]. ER𝛼 and ER𝛽 are encoded by two different
genes, yet ER𝛽 has 96% homology with ER𝛼 at the DNA-
binding domain and 60% homology at the ligand-binding
domain (LBD). However, it is important to note that ER𝛽 is
not identified in standard assays for ER𝛼. The role of ER𝛽
in breast cancer remains to be elucidated but some studies
show ER𝛽 is a biomarker related to a more aggressive clinical
course [8] and correlates with Ki-67, a marker of proliferation
[7, 9]. Early studies demonstrate higher levels of ER𝛽 in
breast tumors of AfricanAmerican as compared toCaucasian
women, suggesting that ER𝛽may play a critical role in TNBC
development [10–14].

Based on current data, estradiol regulates gene expression
by genomic and nongenomic inputs [15, 16]. Genomic signals
involve direct action of nuclear-localized ER𝛼 as an estradiol-
regulated transcription factor or coregulator. By contrast,
nongenomic signaling involves extranuclear events mediated
by extranuclear ERs often in cooperation with coactivator
or adaptor proteins [17]; these then impact gene expression
indirectly by modulating signaling cascades such as MAPK,
PI3K/AKT, and mTOR [8, 14–19] to regulate transcription
[5, 15, 16]. In target cells, extranuclear ER𝛼 forms are derived
from the same transcript as nuclear ER𝛼; however minor
extranuclear ER𝛼 splice variants occur [15, 16]. In TNBC, less
is known about the role of ER𝛽 in cancer progression [7, 8,
11]. Several ER𝛽 isoforms occur in breast cancers, including
ER𝛽1, ER𝛽2, ER𝛽4, and ER𝛽5, but only ER𝛽1 retains an intact
LBD to interact with specific ligands, thus ER𝛽1 is a preferred
clinical target [17, 20–22]. ER𝛽 forms occur in tumor cell
nuclei but, as ER𝛼 forms, may also occur at extranuclear
sites [15, 16, 23]. Like ER𝛼, ER𝛽 activates transcription by
genomic pathways or nongenomic pathways by interaction
with coactivators/coregulators [17] that in turn modulate
signaling cascades to impact gene expression and tumor

progression [5, 12, 14, 20, 21, 23]. Of note, ER𝛽 target genes
appear to be those that regulate cell death and survival, cell
movement, and cell development, growth, and proliferation,
as well as genes involved in the Wnt/𝛽-catenin and the G1/S
cell cycle phase checkpoint pathways [24].

Obesity and the metabolic syndrome are associated with
multiple factors that may cause an increased risk for can-
cer and cancer-related mortality [25]. One example is the
insulin family of proteins which have pleiotropic effects on
metabolism and growth. A large body of evidence indicates
the insulin/insulin-like growth factor (IGF-1, IGF-2) pathway
in breast cancer progression [25–29]. Of note, IGF-2 occurs
in an unprocessed (pIGF-2) and mature (mIGF-2) form and
plays a role in breast cell proliferation and inhibition of
apoptosis [28–33]. Under normal conditions, IGF-2 is tightly
bound and sequestered [34–38], but overexpression of IGF-2
is associated with breast cancer development and increased
tumor formation [39, 40]. Most human cancers overexpress
both the IGF-1 receptor (IGF-1R) and insulin receptor (IR)
isoforms, leading to the formation of hybrid IGF-1R/IRs. IGF-
2 is a known ligand for these receptors aswell as themannose-
6-phosphate/IGF-2R and high-affinity binding proteins [25–
29, 32]. IGF-2 expression is strongly enhanced in invasive
breast cancers and downstreammTOR signaling is stimulated
[41] as is TNBC cell migration [29]. Of note, disparities in
the expression of IGF-2 and its receptors are reported to
occur in breast tissue samples fromAfricanAmericanwomen
as compared to Caucasian women and may contribute to
differences in clinical outcomes [42]. IGF-2 is detected in
both tumor stroma and epithelial breast cancer cells and
correlates with both breast epithelial [27, 43–45] and stromal
cell proliferation [46]. Westley and May [26] also report
that estrogen signaling may cross communicate with IGF
pathways, with estrogen promoting increased breast cancer
production of IGF-2.

This report details interactions of ER𝛽 with IGF-2 and
other growth factor pathways in TNBC [46–52]. Our findings
using TNBC models and archival specimens suggest that
IGF-2 may regulate ER𝛽 expression which in turn modulates
metabolic and growth factor pathways in cancer progression.

2. Materials and Methods

2.1. Breast Cancer Cell Lines. For these studies, we used
the following triple-negative breast cancer cell lines (ATCC)
which have been previously well characterized as lacking
expression of ER𝛼 and PR as well as overexpression of HER2
[47, 48]: MDA-MB-231, MDA-MB-435, BT549, HCC38,
HCC1143, HCC1937, and HCC1806. As controls, we used
MCF-7 (expressing abundant ER𝛼 and minimal/no ER𝛽)
and T47D (expresses ER𝛼 and more abundant ER𝛽). Cell
cultures were routinely maintained at 37∘C in a 5% CO

2

incubator using RPMI 1640 media supplemented with peni-
cillin/streptomycin (10,000 units/mL penicillin and 10,000
units/mL streptomycin sulfate) and 10% fetal bovine serum
unless other specific media were recommended by the sup-
plier (ATCC). For the MDA-MB-231 cell line, we created
stable transfectants with a specific ER𝛽 shRNA producing a
knockdown of ER𝛽. As controls, we used a stable transfectant
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with a scrambled shRNA and vector control prepared as
detailed below (all reagents from Origene).

2.2. Reagents. ER𝛽 ligands for use in these experiments
included the following: (a) diarylpropionitrile (DPN), an ER𝛽
agonist (Tocris), (b) 4-[2-phenyl-5,7-bis(trifluoromethyl)-
pyrazolo[1,5-a]pyrimidin-3-yl]phenol (PHTPP), ER𝛽 antag-
onist, and (c) 4,4,4-(4-propyl-[1H]-pyrazole-1,3,5-triyl)tris-
phenol (PPT), an ER𝛼 agonist [49, 50].

2.3. Assays for Cell Proliferation. In experiments to assess
proliferative effects of ER𝛽 ligands, cells were grown in phe-
nol red-free, estrogen-free media with 0.1% dextran-coated
charcoal-treated- (DCC-) FBS for 48 hours and then treated
with selected doses of DPN, PPT, or PHTPP. Cell counts and
viability tests (Trypan blue) were done every 24 hours for
3 days. After 72 hours, proliferation was assessed using the
BrdU cell proliferation ELISA (Roche). Cell numbers were
also assessed initially by cell counts to confirm ELISA data.

2.4. Assays for Growth Factor Secretion. Tumor cells were
cultured in estrogen-free media and then treated 20–120
minutes with DPN, followed by harvest of particle-free
media and application of established ELISA assays for VEGF,
amphiregulin, WNT 10b/12 [51–53], signaling molecules that
activate angiogenesis, EGFR, and WNT pathways, respec-
tively, which promote TNBC [1, 52, 53].

2.5. Knockdown of ER𝛽 Expression. To suppress ER𝛽 expres-
sion, we used the HuSH 29 mer shRNA constructs (Origene)
designed to target human ER𝛽 (ESR2) and included positive
and negative controls. Plasmids were designed and validated
specifically to knockdown expression of specific genes by
RNA interference and allow for enrichment of transfected
cells. Each vector expresses a short hairpin RNA (shRNA)
under control of the U6 promoter and puromycin resistance
gene to select stably transfected cells. Cells were trans-
fected with negative control, scrambled negative control, and
shRNA plasmids for ER𝛽 using MegaTran 1.0 transfection
reagent (Origene). After 48 hours, cells were replated at
low density in the presence of an effective concentration
of puromycin. Culture medium was replaced every 2-3
days, with cells replated every week for 2 weeks. As stable
transfectants were obtained, we isolated total RNA to identify
colonies with optimal ER𝛽1 knockdown, as confirmed by
qRT-PCR and immunoassays. Expression of transcripts was
done as before [14] and protein levels of ER𝛽 variants were
determined (data not shown). After ER𝛽1 knockdown, cell
proliferation was determined by established methods in the
presence of vehicle or specific ER𝛽 ligands.

2.6. ER𝛽 Expression by Quantitative RT-PCR (QRT-PCR). To
assess ER𝛽 transcript levels in TNBC cells [54], total RNA
was isolated by the Aurum total RNA mini kit (Bio-Rad).
UV spectroscopy and RNA quality indicator (RQI) values
obtained from the Experion automated electrophoresis sys-
tem (Bio-Rad) were used to determine RNA integrity. Primer
pairs used for ER𝛽 (Qiagen SA Biosciences): ER𝛽 forward:
5-GCTCATCTTTGCTCCAGATCTTG-3 and ER𝛽 reverse:

5-GATGCTTTGGTTTGGGTGATTG-3. cDNA was syn-
thesized using the iScript cDNA synthesis kit (Bio-Rad)
with 400 ng total RNA. The iQ SYBR Green Supermix (Bio-
Rad) was used for PCR amplification. Each reaction was
performed in triplicate and ribosomal protein 36B4 mRNA,
a housekeeping gene unaffected by estrogen, was used as the
internal control. The cycling conditions consisted of 95.0∘C
for 30 seconds followed by 39 cycles of 95.0∘C for 5 seconds,
57.0∘C for 15 seconds, and 72.0∘C for 90 seconds in a CFX96
Touch Thermocycler (Bio-Rad). Transcript levels of ER𝛽
were normalized to 36B4. Fold induction or repression was
measured relative to controls and calculated after adjusting
for 36B4 RNA (endogenous control) using 2−ΔΔCt, where
ΔCt = Ct interested gene − Ct 36B4 RNA and ΔΔCt =
ΔCt treatment −ΔCt vehicle control. For experiments that
evaluated IGF-2 effects on ER𝛽, cell lines were seeded and
cultured to 70–75% confluence in complete media followed
by 24 hours in serum/phenol red-free media. Following
serum starvation, cultures were treated with 100 ng/mL of
human recombinant pIGF-2 or mIGF-2 (GroPep) for 24
hours in serum-free, phenol-red-freemedia before total RNA
isolation.

2.7. Gel Electrophoresis and Immunoblotting. TNBC cells
were maintained in estrogen-free conditions 48 hours before
experiments. Cells were then incubated with vehicle con-
trol or 10 nM DPN for 15 minutes or 24 hours and
then harvested and lysed. Total cell proteins were resolved
by 4–15% SDS-PAGE, transferred to polyvinylidene diflu-
oride membranes, and probed with antibodies directed
against phosphotyrosine-1068-EGFR (Cell Signaling Tech-
nology D7A5), total EGFR (Calbiochem, GR15), or HER-3
(Santa Cruz Biotechnology, C17). Phospho-p44/p42 MAPK
(Thr202/Tyr204; #9101), total MAPK (#9102), phospho-
mTOR (Ser-2448, clone D9C2), and total mTOR (7C10)
antibodies were from Cell Signaling Technology. Proteins
were detected by using horseradish peroxidase (HRP) conju-
gated secondary antibodies andThermo Scientific Pierce ECL
Western Blotting Substrate with enhanced chemiluminescent
for detection of activity fromHRP.Membranes were stripped
and reprobed with 𝛽-actin as a loading control; anti-beta-
actin antibody C4 was from Santa Cruz Biotechnology (sc-
47778). Immunoblots shown in figures are a representative of
at least three independent experiments.

2.8. Patients and Analyses of Archival TNBC Specimens.
Overall 19 TNBC cases were available for this study, with
14 provided by tumor banks associated with the UCLA
Early Detection Research Network [55, 56] and the Division
of Cancer Research at Charles Drew University School of
Medicine and Science (CDU) [57]. Patient specimens were
obtained from archival breast cancer studies between 1995
and 2007. This study was approved by our Institutional
Review Boards and written informed consent was obtained
from all participants. TNBC was confirmed by surgical
biopsy/pathology and follow-up data. Of the 14 UCLA-CDU
cases, each is linked to deidentified clinical and outcome data.
Follow-up time was performed up to 5 years. The specimens
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include those from 11 non-Hispanic Caucasian and 3 non-
Hispanic African American female patients. General charac-
teristics of these patients were reported previously [55–57].

An additional 15 specimens were provided by the NCI-
supported Cooperative Human Tissue Network (http://www
.chtn.nci.nih.gov/).These archival specimens included 5 cases
from female patients with TNBC as well as controls for
comparison from female patients with ER𝛼-negative breast
cancer (non-TNBC) (𝑛 = 5) and ER𝛼-positive breast cancer
(𝑛 = 5). Overall, all histologies included cases with invasive
tumors with some associated with metastases. Among the
15 NCI CHTN tumor cases, tissue samples were taken from
neighboring regions of nonmalignant tissue (𝑛 = 9). All
specimens were collected with the appropriate institutional
human subject protection committee approvals and patient
consent.

Formalin-fixed and paraffin-embedded tissue samples
were stained using standard IHC protocols as before [55–
62]. Antibodies used included ER𝛼 (clone 1D5, DAKO);
ER𝛽, anti-ER𝛽 (GeneTex); anti-ER𝛽-1 clone PPG5/10 (AbD
Serotec); IGF-2 (Abcam); EGFR; and Ki-67 (DAKO). Appro-
priate controls were included to assess specificity and validate
each antibody including (i) appropriate preimmune control,
(ii) dose-dependent titration, (iii) known positive and nega-
tive tissues, (iv) use of specific peptide competitors, and (v)
other established approaches in our laboratory [58, 62]. For
IHC, antibody bindingwas detected by using the “Envision+”
System-HRP (DAB) followed by chromogen detection with
diaminobenzidine (DAKO). Sections were counterstained
with Harris hematoxylin, followed by dehydration through
graded alcohol solutions, and mounted. Images were cap-
tured by using an Olympus BX41 microscope hooked to a
Pixera Pro 150 ES or Evos xl Coremicroscope. Care was taken
to evaluate staining of specific target structures only. Both
intensity of staining and percentage of cells were recorded
for both neoplastic and normal cells expressing antigen in
both nuclear and extranuclear localizations. Board-certified
pathologists quantified expression as before [55–58]. We
used an Allred scoring system to quantify expression in
tumors [62]. Of note, stromal expression of growth factors
or steroid receptors in endometrial cancer are reported to
be biomarkers to predict response to hormonal therapy [63].
Hence, we explored stromal as well as tumor expression of
selected biomarkers, particularly ER𝛽1 and IGF-2 (Abcam).

2.9. Statistical Analyses. For in vitro work, experiments were
done in triplicate. Student’s 𝑡-test, ANOVA, or Kruskal-Wallis
test, if outcomes were nonnormally distributed, was used to
compare intervention groups. Analyses were evaluated using
bar and scatter graphs with means, SD, and SE. Time trend
curves for agents under different conditions were obtained as
appropriate. Repeated measures ANOVA were used to assess
time, condition, and time by condition interaction effects.𝑃 <
0.05was considered significant. For analyses of clinical TNBC
specimens, we used methods and protocols for assessing
novel associations with clinical/pathological variables as well
as marker associations as detailed before [56–62]. The log-
rank test was used to compare overall survival (OS) between

Table 1: Demographic characteristics.

Variable 𝑁 (%)
Race
African American 3 (21.4)
Caucasian 11 (78.6)

AJCC stage
0-I 0
II 7 (50)
III-IV 7 (50)

Ki-67 status
Low 3 (21.4)
High 11 (78.6)

Age, mean years (range)
<50 yrs 8 (32–58)
>50 yrs 6 (53–65)

Table 2: ER𝛽1 biomarker distribution.

Variable 𝑁 (%)
Nuclear ER𝛽1 primary tumor
Positive 8 (57.1)
Negative 6 (42.8)

those subjects with positive nuclear ER𝛽1 expression score
versus those with negative scores.

3. Results

3.1. ER𝛽 Expression in Archival TNBC Specimens. Several
reports indicate that ER𝛽 expression in node-positive breast
cancer is a biomarker for more aggressive disease [8, 21].
For these studies, we used 14 archival TNBC specimens
with demographic characteristics including American Joint
Committee on Cancer (AJCC) stages provided in Table 1.
Using immunohistochemistry, specific ER𝛽1 staining was
observed and scored in nuclear sites, with our observations
noted in Table 2. Representative immune staining patterns
are shown in Figure 1. Of note, we also observed evidence of
diffuse extranuclear ER𝛽1 staining inmost specimens but this
staining was not scored or analyzed for this report. In further
analyses, we assessed the clinical outcome of 14 patients with
a 5-year follow-upwhose tumors expressed or did not express
ER𝛽1. In this group of patients with advanced TNBC, overall
survival (OS) was significantly worse for TNBC patients with
high nuclear ER𝛽1 (positive) as compared to those with low
(negative) ER𝛽1 (𝑃 < 0.001; see Figure 2). Finally, we note
that, of the AfricanAmerican patients included in our sample
of 14 TNBC patients (11 Caucasian and 3 African American
women), all three had tumors that were ER𝛽1-positive.

3.2. ER𝛽 Expression in Breast Cancer Cell Lines. We assessed
ER𝛽 expression in a panel of established TNBC [47, 48] and
control breast cancer cell lines, MCF-7 and T47D. All TNBC
cell lines were confirmed to express ER𝛽. Lysates of reported
TNBC cells (MDA-MB-231, MDA-MB-435, BT549, HCC-38,
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Figure 1: ER𝛽1 expression in archival TNBC specimens. Representative examples are shown of IHC staining of tumor and nonmalignant
tissue specimens using anti-ER𝛽1 antibody (AbDSerotec PPG5/10). (a) TNBC specimen shows nuclear (and cytoplasmic) immunostaining of
ER𝛽1 at lowmagnification. (b)The same TNBC specimen shows nuclear (and cytoplasmic) immunostaining of ER𝛽1 at higher magnification.
(c) Expression of nuclear ER𝛽1 is also observed in neighboring nonmalignant mammary tissue from the clinical specimen used in panels (a)
and (b). (d) Negative ER𝛽1 detected in a different clinical specimen as shown as comparison. Antibody binding was detected by using the
“Envision+” amplification system followed by chromogen detection with diaminobenzidine (DAKO). Sections were counterstained with
Harris hematoxylin followed by dehydration through graded alcohol solutions and mounting. See Table 2 for a summary of findings on all
TNBC cases examined.

HCC-1143, and HCC-1937) and nuclear ER𝛼-positive con-
trols (MCF-7, T47D) were subjected to gel electrophoresis
and immunoblots with anti-ER𝛽 antibody and anti-ER𝛼
antibody. Results are shown in Figure 3. T47D cells were also
used as a positive control for ER𝛽 expression. These findings
indicate significant expression of ER𝛽 TNBC cell lines.

3.3. ER𝛽 Regulates Breast Cancer Cell Proliferation. MDA-
MB-231 TNBC cells were stably transfected with an empty
control vector, nonspecific shRNA scrambled sequence con-
trol plasmid, or an ER𝛽-specific shRNA plasmid to suppress
ER𝛽 expression. Evidence of expected molecular alterations
in ER𝛽 protein expression in MDA-MB-231 cells is shown
in Figure 4(a). Transfected cells were treated with known
estrogen receptor agonists and/or antagonists [49, 50] includ-
ing DPN (ER𝛽 agonist), PPT (ER𝛼 agonist), and PHTPP
(ER𝛽 antagonist) alone. As shown in Figure 4(b), PHTPP
decreased proliferation in ER𝛽-expressing cells but not in
cells where ER𝛽 expression was suppressed. Notably, DPN
(ER𝛽 agonist) increased proliferation only in cells expressing
ER𝛽 (Figure 4(b)). These results are consistent with the
hypothesis that ER𝛽1 plays a significant role in modulating
TNBC proliferation. This finding is consistent with reports

that associate ER𝛽1 expression with Ki-67, a marker of cell
proliferation, in ER𝛼-null tumors [17].

3.4. ER𝛽1 Stimulates Secretion of Growth Factors in TNBC.
To investigate potential cross talk between ER𝛽1 and growth
factor signaling pathways [15] which may promote TNBC
progression (such as VEGF, amphiregulin, andWNT 10b/12)
[1, 15, 52, 53, 64], we cultured TNBC cells in the presence
and absence of DPN. Using established ELISA methods as
detailed before [51], levels of selected secreted growth factors
were assayed in particle-free, extracellular media (Figure 5).
DPN promoted secretion of several critical growth factors
(𝑃 < 0.001).

3.5. Activation of ER𝛽1 Correlates with an Increase in EGFR
Expression and Activation of Downstream Signaling Pathways.
Since EGFR is known to be expressed and active in many
TNBCs [1, 64], we explored cross communication between
ER𝛽 activation and EGFR in TNBC cells. MDA-MB-231 cells
treated with DPN for 15 minutes showed increased phospho-
rylation of Tyr1068-EGFR as well as downstream signaling
demonstrated by phosphorylation of p44/p42-MAPK and
phospho-Ser2448-mTOR (see Figure 6(a)). Further, TNBC
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Figure 2: ER𝛽1 expression reduces overall survival (OS) in TNBC.
TNBCs from 3 African American and 11 Caucasian women were
scored for nuclear ER𝛽1 using IHC with validated antibody (see
Table 2). Allred scores >2 are denoted as positive. In this group of
patients with advanced TNBC, overall survival (OS) was signifi-
cantly worse for TNBC patients with high nuclear ER𝛽1 (positive)
as compared to those with low (negative) ER𝛽1 (𝑃 < 0.001). We
noted that TNBCs from all 3 African American women were ER𝛽1-
positive.

cells treated with DPN for 24 hours had increased EGFR
protein levels but levels of HER-3, a related EGFR family
member, were not increased (Figure 6(b)). Our findings in
Figure 5 that note ER𝛽-induced promotion of amphireg-
ulin, a known EGFR ligand, as well as EGFR expression
(Figure 6(b)) implicate a cascade that could potentially pro-
mote downstream EGFR signaling modules such as the
Ras/Raf/MEK/ERK1/2 and mTOR pathway for TNBC pro-
gression [15, 65]. Hence, ER𝛽1 elicits increased phosphory-
lation of EGFR, as well as activation of MAPK and mTOR.

3.6. IGF-2 Stimulates ER𝛽 Transcription. To evaluate poten-
tial effects of unprocessed or big (pIGF2) and processed
(mIGF2) IGF-2 on ER𝛽 transcription, we used a real-time
PCR approach. As compared to T47D cells, which express
both ER𝛼 and ER𝛽, higher transcript levels of ER𝛽 were
stimulated by mIGF-2 in HCC 1806 and MDA-MB-231 cell
lines (Figure 7).These findings indicate a role of IGF-2 in ER𝛽
transcription.

3.7. IGF-2 and ER𝛽1 Expression in Archival TNBC Specimens.
IGF-2 is a secreted protein highly expressed in breast tumor
tissue. To assess the association of elevated IGF-2 with
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Figure 3: ER𝛽 is expressed inTNBCcells. Lysates of reportedTNBC
cells (MDA-MB-231, MDA-MB-435, BT549, HCC38, HCC1143, and
HCC1937) and nuclear ER𝛼-positive controls (MCF-7, T47D) were
subjected to polyacrylamide gel electrophoresis and immunoblots
with anti-ER𝛽 antibody (D7N, Zymed/Invitrogen; confirmed with
GeneTex ER𝛽1 antibody (not shown)) and anti-ER𝛼 antibody (1D5,
DAKO). T47D cells are also a positive control for ER𝛽 expression.
𝛽-actin is used as a loading control. Methods were as before [60,
61]. Blot shown is a representative of at least three independent
experiments.

a specific tumor subtype, we evaluated IGF-2 expression lev-
els in epithelial and neighboring stromal components of ER𝛼-
positive (ER+), ER𝛼-negative (ER−), and TNBC tumors.
Following pathology review, we obtained archival tissue from
5 patients in each subtype. The patients selected ranged in
age from 35 to 61 years (average age 50) with additional
demographic characteristics shown in Table 3. In comparison
to ER+ and ER− epithelium, TNBC epithelia expressed
significantly higher levels of IGF-2 (𝑃 < 0.01; see Figure 8(a)).
Additionally, IGF-2 staining in neighboring stromal cells was
highest in TNBCs as compared to ER− tumors (𝑃 = 0.05) and
ER+ tumors (𝑃 < 0.01; see Figure 8(b)).These results support
a potential apocrine and/or paracrine role of IGF-2 in cancer
progression.

Since the expression of IGF-2 and ER𝛽1 is associated with
poor patient outcomes, we evaluated their coexpression in
normal breast tissue and TNBC tumors (Figure 9). Using
immunohistochemistry, archival TNBC tumors and adjacent
nonmalignant breast specimens were evaluated for IGF-2 and
ER𝛽1 expression (Figure 9(a)). In the samples evaluated and
scored, notably increased expression of IGF-2 (𝑃 < 0.01) and
ER𝛽1 (𝑃 < 0.005) is found in all TNBC tumors examined
(Figure 9(b)).

4. Discussion

Thediscovery of ER𝛽 and its expression in TNBC raised hope
that targeting ER𝛽 might offer new treatment options for
TNBC patients where previously only aggressive chemother-
apies were available [1, 2, 17]. However, these predictions
have yet to be realized. Some investigators report that ER𝛽
is a favorable prognostic factor [13] or tumor suppressor
[10], while others find that ER𝛽 correlates with aggressive
phenotypes and worse prognosis [8, 14, 17, 58]. These dif-
ferences may be due in part to use of nonspecific antibod-
ies to assay ER𝛽 and some studies of archival specimens
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Figure 4: Blockade of ligand-induced proliferation of triple-
negative MDA-MB-231 cells by ER𝛽 antagonists and by ER𝛽
shRNA. (a) Estrogen receptor-𝛽 knockdown. MDA-MB-231 TNBC
cells were transfected with shRNA control (CON), ER𝛽-targeted
shRNA (1, 2, 3), and scrambled shRNA vectors (SCRB) (Origene
#TG320347). Stable transfectants were selected using puromycin.
Cell lysates were processed for Western blot, with results shown
for a negative control (CON), 3 different ER𝛽 knockdown clones
(1, 2, and 3), and scrambled shRNA (SCRB). 𝛽-actin was used as
a loading control. (b) Blockade of ligand-induced proliferation of
triple-negative MDA-MB-231 cells by ER𝛽 antagonists and by ER𝛽
shRNA.Cells were stably transfectedwith empty vector (white bars),
nonspecific shRNA scrambled-sequence plasmid (grey bars), or an
ER𝛽 shRNA plasmid (black bars). As indicated in the figure, cells
were treated with different ligands: DPN (ER𝛽1 agonist), PPT (ER𝛼
agonist), and PHTPP (ER𝛽 antagonist) [49, 50]. Cell proliferation
was determined after 72 hours using the BrdU cell proliferation
ELISA (Roche) (𝑛 > 3). Graph shows percentage of surviving
cells relative to untreated controls (vehicle control), defined as 100%
for each transfection condition: empty vector, scrambled, and ER𝛽
shRNA. ∗𝑃 = 0.007, ∗∗𝑃 = 0.005, and ∗∗∗𝑃 = 0.006. Data represents
at least three independent experiments.

lack validation of a true TNBC phenotype [17, 20, 21]. To
address these problems, we used validated ER𝛽 antibodies
[58, 67] and established TNBC specimens (ER𝛼-negative/PR-
negative/HER2-overexpression-negative). Our findings sup-
port earlier reports on the prognostic potential of ER𝛽
isoforms in TNBC [7, 8, 11, 17, 20, 21, 68, 69], particularly
ER𝛽1. Our data show specific staining for ER𝛽1 isoform
in TNBC specimens, a finding consistent with other recent
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Figure 5: ER𝛽1 stimulates secretion of VEGF, amphiregulin,
and WNT 10b/12. TNBC cells (MDA-MB-231) were cultivated in
estrogen-free media and then treated for 20–120 minutes with ER𝛽
agonist (10 nMDPN), followed by harvesting of medium and ELISA
assays for VEGF, amphiregulin (AREG), andWNT 10b/12, signaling
molecules that are each reported to contribute to the progression of
TNBC [52, 53, 64]. Assays were done in triplicate in 3 independent
experiments. DPN promoted secretion of several critical growth
factors (all at 𝑃 < 0.001) as compared to appropriate controls.

reports that both ER𝛽1 and ER coregulator SRAP are pre-
dictive biomarkers of tamoxifen-response/benefit in women
with ER𝛼-negative breast cancer [17, 70]. It is independently
reported that high levels of nuclear ER𝛽2 are associated
with lymph node involvement and serve as an independent
biomarker for early tumor relapse in ER𝛼-negative breast
cancers, particularly in TNBC subgroups [69]. Since ER𝛽1
and ER𝛽2 tend to correlate positively, ER𝛽2 expression may
contribute in part to this finding.Thismay be critical as ER𝛽2
can heterodimerize with ER𝛽1 andmodulate gene expression
[22, 68]. It will be important in future work to assess the
ratio of ER𝛽1 : ER𝛽2 expression in a larger sample of TNBC
specimens and to correlate receptor protein and transcript
levels with treatment outcomes [21]. Expression of ER𝛽1 is
of particular interest because it is the only ER𝛽 isoform that
contains an intact LBD, thereby serving as a potential drug
target in the clinic [17, 21, 22].

In pursuit of new approaches to treat TNBC, it is
important to consider results of some recent studies on
TNBC and related ER𝛼-negative disease. Our data appear
consistent with independent reports of ER𝛽1 as a biomarker
for improved survival in TNBC patients when treated with
tamoxifen [13, 17, 21, 70]. Although previous work suggests
that tamoxifen use only reduced the risk of ER𝛼-positive
breast cancer, Yan et al. [17] report that both ER𝛽1 and ER
coregulator SRAP are predictive biomarkers of tamoxifen-
response/benefit in women with ER𝛼-negative breast cancer.
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Figure 6: Estrogen receptor-𝛽 agonist DPN promotes expression and activation of EGFR and downstream signaling in MDA-MB-231 cells.
(a) Cells were treated with DPN for 15 minutes. Thereafter, cells were lysed and processed for gel electrophoresis and Western immunoblot
using antibodies against phosphotyrosine-1068- and total-EGFR, phospho-p44/42- and total-MAPK, and phosphoserine-2448- and total-
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loading control. Blot shown is representative of at least three independent experiments.

In ER𝛼-negative tumors, ER𝛽1 expression correlates with Ki-
67 proliferation marker suggesting that ER𝛽1 may have a role
in driving proliferation; thus antiestrogen treatment aimed
at ER𝛽1 inhibition could slow tumor progression [17]. With
the discovery of ER𝛽 expression alone in TNBC, this presents
the possibility that, in this ER𝛼-negative cohort, antiestrogen
strategies may potentially mediate activity via ER𝛽1, the full-
length ligand-binding receptor isoform [57, 71, 72].

Although earlier work confirmed that ER𝛼-positive
breast cancer cells are more sensitive than ER𝛼-negative
breast cells to the growth-inhibitory effects of tamoxifen,
moderate antiproliferative responses to tamoxifen and to ICI-
164,384 are found in ER𝛼-negative cells [73–75].These effects
may be modulated in part by a second unique binding site
identified for hydroxytamoxifen in the coactivator-binding
groove of ER𝛽 that may disrupt ER𝛽-coactivator interactions
[76]. Collectively, these reports have important implications
since approved breast cancer treatments (tamoxifen, ralox-
ifene) are largely well tolerated and orally administered.
Such medications may be alternative treatments for ER𝛽-
positive TNBC patients with generally few options other than
cytotoxic chemotherapy [1, 17, 21]. A clinical trial to test this
hypothesis in TNBC patients with ER𝛽-positive status was
recently launched [77].
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Figure 7: IGF-2 modulates the transcription of ER𝛽 in HCC 1806
and MDA-MB-231 cell lines. Cells were seeded and then cultured
for 24 hours in serum-free, phenol red-free media. Following serum
starvation, cultureswere treatedwith 100 ng/mLof pIGF-2 ormIGF-
2 (GroPep). Following a 24-hour incubation period, total RNA
was extracted and qRT-PCR was performed. Data presented are
the result of at least six independent experiments performed in
triplicate. Statistical significance was determined using Student’s 𝑡-
test (Graphpad). Error bars: SE. ∗𝑃 value = 0.05.
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Table 3: Demographic characteristic of archival ER+, ER−, and TNBC breast samples.

Variable ER+ ER− TNBC
Race ER𝛼+/PR+/HER2+ ER𝛼−/PR−/HER2+ ER−/PR−/HER2−

African American 3 (60%) 1 (20%) 2 (40%)
Caucasian 2 (40%) 4 (80%) 3 (60%)

AJCC stage
0-I 2 (40%) None 1 (20%)
II 2 (40%) None None
III-IV 1 (20%) 5 (100%) 4 (80%)

Ki-67 status
Not recorded 4 (80%) 1 (20%) 1 (20%)
Low 1 (20%) 1 (20%) 1 (20%)
High 3 (60%) 3 (60%)

Metastasis
Not recorded 1 (20%)
Positive 2 (40%) 3 (60%) 2 (40%)
Negative 3 (60%) 2 (40%) 2 (40%)

Age, mean years (range)
<50 yrs 3 (45–49) 2 (35–49) 2 (45–49)
>50 yrs 2 (50–70) 3 (50–70) 3 (50–70)
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Figure 8: High levels of IGF-2 occur in archival TNBC tumors as compared to ER𝛼+ and ER𝛼− breast cancers. Archival breast tissues from
patients with ER𝛼-positive (ER+, 𝑛 = 5), ER𝛼-negative (ER−, 𝑛 = 5), and TNBC (𝑛 = 5) breast cancer were evaluated for IGF-2 expression.
Validated IHC staining methods were used to evaluate IGF-2 expression in tumor epithelium (a) and neighboring stroma (b). Scoring was
done using an Allred-based criterion. (a) Significantly higher expression of IGF-2 is found in the epithelium of TNBC tumors as compared
to ER+ (∗∗𝑃 < 0.01) and ER− breast cancers (∗∗𝑃 < 0.01). (b) Compared to ER+ and ER− archival breast tumors, stromal tissue adjacent to
TNBC tumors expressed significantly higher levels of IGF-2 than stromal tissue neighboring non-TNBCs (∗∗𝑃 < 0.01 and ∗𝑃 < 0.05 for ER+
and ER−, resp.). Error bars: SD.

We note that ER𝛽 activity is generally considered antag-
onistic to that of ER𝛼 when both receptors occur together
in a cell, but, in isolation, the role of ER𝛽 forms is not
well-documented. Molecular studies show that when both
ER𝛼 and ER𝛽 are present together in tumor cells, each
ER restricts the binding site occupancy of the other, with
ER𝛼 generally being dominant to ER𝛽. It is clear that ER𝛽
binding and actions in gene regulation are different in the
absence of ER𝛼 expression in breast tumor cells [78]. Indeed,
correlation of ER𝛽 with high proliferative biomarkers is
reported in ER𝛼-negative tumors but not in those with ER𝛼
expression [13, 17]. Among the first studies on stable trans-
fection of ER𝛽 in MDA-MB-231 cells, it was determined that

the proliferation rate of the tumor cells positively corre-
lates with the level of ER𝛽 expression [23]. Results using
stable ER𝛽 clones in ER𝛼-negative tumor cells demonstrate
increased proliferation as ER𝛽 expression increased.A confir-
mation of these experiments was published whenMDA-MB-
435 cells transfected with ER𝛽 led to significant stimulation
of tumor progression as well as metastasis in vivo [79]. These
reports support ER𝛽 stimulated tumor proliferation in ER𝛼-
negative breast cancer cells [23, 79] and complement the data
presented in this study. In contrast, in other studies with
ER𝛽 transfection in ER𝛼-low or -negative breast cancer cells,
cell proliferation was inhibited [80, 81]. Several reasons may
explain such contrasting results. For example, transfection of
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Figure 9: IGF-2 and ER𝛽1 are highly expressed in TNBC tumors. Archival breast tissue from patients with TNBC along with adjacent normal
tissue adjacent to TNBC tumors was obtained from the NIH CHTN and UCLA Early Detection Research Network. Immunohistological
assays were used to evaluate tissue samples for IGF-2 and ER𝛽1 expression (see Section 2). (a) Representation of IGF-2 and ER𝛽1 expression in
normal andTNBCbreast tissue. IGF-2 (A andB) andER𝛽1 (C andD) expressionwere evaluated and visualized using Evos xl Coremicroscope.
Representative images are presented. (b) Allred scoring of IGF-2 and ER𝛽1 in archival breast tissue. Samples from neighboring normal tissue
(𝑛 = 7) and from TNBC tumors (𝑛 = 11) were stained for IGF-2 and ER𝛽1 then scored using Allred-based criterion (see Section 2). IGF-
2 (∗∗𝑃 < 0.01) and ER𝛽1 (∗∗∗𝑃 < 0.005) were notably expressed in TNBC tumor samples. Statistical significance was determined using
Student’s 𝑡-test (Graphpad). Error bars: SE.
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ER𝛼 led to the paradoxical finding that ER𝛼 was a growth
inhibitor in breast cancer, a result that is clearly inconsistent
with established clinical findings [82–84]. This unexpected
result and similar ER𝛽 transfection data may be due, in part,
to excessive levels of ER expression in the model systems
used or other complicating factors [23]. Further, conflicting
data could be the result of differences in ER𝛽1 and ER𝛽2
expression/activity. High nuclear ER𝛽2 is an independent
marker of early relapse in ER𝛼-negative breast cancer and
especially TNBC [69]. As noted above, it will be important to
assess the impact of ER𝛽2 [22]. It is possible that ER𝛽1 and
ER𝛽2 are both necessary partners in promoting aggressive
TNBC [85]. Finally, there are conflicting reports on activity
of ER𝛽-specific ligands in TNBC as well as other tumor types
[86, 87]. ER𝛽1 expression correlates with tumor proliferation
and progression in lung cancer [58, 87–89] but not in colon
cancer [90]. An important new report with direct relevance
to TNBC shows that under basal conditions ER𝛽 agonists
induced apoptosis in breast cancer cells [65]. However, when
extracellular signal-regulated kinases 1 and 2 (ERK1/2) were
activated by coincubation with epidermal growth factor
(EGF), ER𝛽1 agonist DPN induced proliferation in breast
cancer cells [65]. Such results indicate EGFR-induced signal-
ing activity, known to be frequently overexpressed and active
in TNBCs, can modulate ER𝛽 growth-promoting effects [15,
91].

Emerging evidence highlights the increased frequency of
obese patients afflicted with TNBC [25, 92–94] and a recent
meta-analysis indicates that obese women are at a greater
risk of presenting with a TNBC than nonobese women [95].
The insulin family of growth factors are notably critical
mediators of metabolic factors [25, 93]. IGF-2 expression is
strongly enhanced in invasive breast cancers and stimulates
downstream mTOR signaling and TNBC cell migration [29,
41]. An IGF gene signature including those involved in cell
growth, survival, metabolism, and biosynthesis is activated
in TNBC and ER𝛼-negative breast tumors [96, 97]. Of
note, this IGF signature altered mRNA levels of numerous
members of both the PI3K and ERK1/2 pathways with
enrichment for transcriptional targets of PI3K/Akt/mTOR
and EGFR/Ras/MAPK pathways.

Our findings show that ER𝛽 transcripts are stimu-
lated severalfold in TNBC cells treated with IGF2 and
elevated IGF-2 expression occurs in both archival TNBC
and neighboring stromal cells. These data are consistent
with independent reports that detected IGF-2 in both tumor
stroma and epithelial breast cancer cells and correlated IGF-
2 expression with breast epithelial [27, 43–45] and stromal
cell proliferation [46]. Westley and May [26] also report
cross communication between estrogen and IGF pathways,
with estrogen promoting increased production of IGF-2.
Extensive cross talk between the IGF signaling pathway and
two major growth regulators in breast cancer, namely, ER
and EGFR, is detailed in numerous studies [15, 33]. Previous
ideas about why patients with TNBC have more aggressive
tumors that relapse earlier than patients with other types
of breast cancer have focused only on tumor cell-intrinsic

properties. Our results support the notion that the host
systemic environment and local stromal cell niches may also
play a role in tumor behavior [98]. Cross talk between epithe-
lium and stroma is essential for neoplastic transformation
in many hormonally regulated tissues [99, 100]. One way
this cross talk occurs is through reciprocal signals regulating
hormone receptor expression or activity in each cellular
compartment. In patients with TNBC, progression of tumor
cell populations may depend in part on complex interactions
and the bioavailability of IGF-2 and ER𝛽 [98].

5. Conclusions

Results of this study indicate that ER𝛽1 expression in archival
TNBC specimens associates with significantly worse 5-year
overall survival, a common characteristic of this disease.
Significant expression of ER𝛽 in a panel of TNBC cell lines
is consistent with these findings. Of note, IGF-2, known
to associate with breast cancer promotion, is expressed in
TNBC and neighboring cells in archival clinical specimens
and stimulates increased levels of ER𝛽 mRNA in TNBC
cells. Using shRNA to silence ER𝛽 expression, we find that
ER𝛽 suppression significantly reduced TNBC proliferation.
ER𝛽-specific antagonists similarly reduced TNBC growth.
In TNBC, ER𝛽 may stimulate growth through downstream
actions that promote VEGF, amphiregulin, and Wnt-10b
secretion which in turn activate specific receptor signaling
pathways known to be associated with TNBC progression.
This work may further our understanding on the interplay
of metabolic and growth factors in TNBC, and, hopefully,
lead to new therapeutics tomanage patients afflicted with this
deadly disease.
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