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Abstract. Tamoxifen, a selective estrogen receptor (ER) 
modulator, is the most widely used endocrine therapy for 
patients with ER‑positive breast cancer. However, ~30% of 
tamoxifen‑treated breast cancers do not initially respond to 
tamoxifen, and neither do they eventually develop tamoxifen 
resistance. Bcl‑2‑associated athanogene  1 (BAG‑1) is a 
multifunctional protein that interacts with a wide range of 
molecules to protect cells from apoptosis otherwise induced 
by cytotoxic drugs, growth factor withdrawal, radiation and 
stress. The aim of the present study was to investigate the func-
tion of BAG‑1 in tamoxifen resistance. Immunohistochemistry 
techniques were used to determine BAG‑1 expression in 119 
stage I‑III primary breast cancer tissues and it was identified 
that BAG‑1 was significantly overexpressed in ER‑positive 
breast cancer (P=0.001). Knockdown of BAG‑1 by short inter-
fering RNA was revealed to downregulate ER, and upregulate 
phospho (p)‑protein kinase B (Akt) and p‑mammalian target 
of rapamycin (mTOR) levels. Furthermore, significantly 
decreased tamoxifen‑induced apoptosis (41.70±1.93 vs. 
55.03±2.39%; P=0.012) was observed in T47D cells following 
the silencing of BAG‑1. In contrast, overexpression of BAG‑1 
long enhanced apoptosis (65.10±2.35 vs. 55.03±2.39%; 
P=0.039) in T47D cells treated with tamoxifen. Combination 

treatment of tamoxifen and an mTOR inhibitor restored 
the inhibitory effects of tamoxifen in T47D cells exhibiting 
low BAG‑1 expression levels (66.87±2.27 vs. 57.07±2.46%; 
P=0.037). In conclusion, there results of the present study indi-
cated that suppression of BAG‑1 expression may activate the 
phosphoinositide 3‑kinase/Akt/mTOR pathway and protect 
ER‑positive breast cancer cells from tamoxifen‑induced inhibi-
tion of proliferation. ER‑positive breast cancer cells exhibiting 
low BAG‑1 expression appeared to be more sensitive to treat-
ment with the mTOR inhibitor rapamycin. Furthermore, the 
results indicated that combination treatment targeting ER with 
tamoxifen and targeting mTOR with rapamycin may signifi-
cantly potentiate the inhibitory effect in BAG‑1‑silenced cells.

Introduction

Breast cancer is a heterogeneous disease, presenting with 
distinctive clinical features, behavior and responses to 
therapy. An estimated 70‑80% of breast cancer cases express 
estrogen receptor (ER) (1‑3). The therapeutic management 
of ER‑positive cancer includes the application of tamoxifen, 
which is a selective ER modulator that competes with estrogen 
for binding with ER. Theoretically, patients with ER‑positive 
breast cancer should benefit from treatment with tamoxifen 
and other endocrine agents (such as aromatase inhibitors). 
However, a proportion of breast cancer cases fail to initially 
respond, whereas certain types of breast cancer develop 
acquired resistance to endocrine therapy over time. Novel 
therapeutic approaches are required to enhance the efficacy 
of endocrine therapy and overcome resistance exhibited by 
breast cancer.

Mammalian target of rapamycin (mTOR), a serine/ 
threonine protein kinase and a downstream member of the 
phosphoinositide  3‑kinase (PI3K)/protein kinase  B (Akt) 
signaling pathway, is a crucial regulator of cell proliferation and 
metabolism. A previous study identified that ER‑positive cells 
exposed to long‑term culture in estrogen‑deprived medium 
became more dependent on the mTOR signaling pathway for 
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proliferation and exhibit greater sensitivity to inhibition of the 
mTOR signaling pathway (4), which suggests that inhibition of 
this signaling pathway using an mTOR inhibitor may restore 
sensitivity to tamoxifen. Rapamycin and its analogs represent 
promising candidates for the suppression of mTOR pathway 
activity.

Bcl‑2‑associated athanogene 1 (BAG‑1) is a multifunc-
tional protein that interacts with a wide range of molecules 
and subsequently affects various cellular functions  (5‑10). 
BAG‑1 protects cells from apoptosis otherwise induced by 
treatment with cytotoxic drugs, growth factor withdrawal, 
radiation and stress (11‑15). BAG‑1 is expressed in three main 
isoforms, which differ in their translation initiation starting 
positions  (16,17). BAG‑1 long (BAG‑1L; p50) has been 
reported to enhance ER function and to be associated with 
disease outcomes in patients with ER‑positive breast cancer 
receiving endocrine therapy (18,19). BAG‑1 mRNA has also 
been revealed to represent a prognostic biomarker in Oncotype 
DX (20). Although the significance of BAG‑1 as a biomarker 
in ER‑positive breast cancer has been well‑established, little is 
known about the molecular mechanism underlying the asso-
ciation between BAG‑1 and the cellular response to tamoxifen. 
In the present study, BAG‑1 expression was assessed in clin-
ical breast cancer specimens. In breast cancer cells, multiple 
approaches were used to investigate the function of BAG‑1 in 
endocrine therapy and to investigate the underlying molecular 
mechanisms of the association of BAG‑1 with breast cancer 
endocrine resistance.

Materials and methods

Tumor tissues and immunohistochemistry analysis. Human 
breast cancer tissue microarrays (TMAs) were purchased 
from Shanghai Outdo Biotech Co., Ltd. (Shanghai, China; 
cat. no. HBre‑Duc159Sur‑01). Informed consent was obtained 
from all patients according to Shanghai Outdo Biotech Co., 
Ltd., and the study protocol was approved by the Ethics 
Committee of Tianjin Medical University Cancer Institute and 
Hospital (Tianjin, China). The TMA slides included 119 cases 
of invasive ductal carcinoma of stages I‑III, and 40 cases of 
normal adjacent tissue. Slides (5‑µm) were deparaffinized 
and rehydrated through a graded series of ethanol. Following 
antigen retrieval, slides were blocked for endogenous peroxi-
dase activity in 3% H2O2 and were blocked in 5% normal 
goat serum blocking solution (OriGene Technologies, Inc., 
Beijing, China) for 1 h at room temperature. Tissue sections 
were incubated with rabbit anti‑BAG‑1 primary antibodies 
(1:100; cat. no. ab32109; Abcam, Cambridge, UK) overnight 
at 4˚C. Slides were incubated with a biotinylated mouse 
anti‑hemagglutinin tag rabbit secondary antibody (1:1,000; 
cat. no. TA183062; OriGene Technologies, Inc.) for 2 h at room 
temperature. Each section was treated with horseradish perox-
idase‑conjugated streptavidin (OriGene Technologies, Inc.) 
and subsequently stained using 3,3'‑diaminobenzidine (1:20) 
at room temperature. The nuclei were counterstained with 
hematoxylin for 1 min at room temperature.

Staining of BAG‑1 in the nucleus and cytoplasm was 
described in terms of intensity (0, absent; 1+, weak; 2+, 
moderate; 3+, intense) and the total percentage of cells exhib-
iting positive staining (0‑100%). Calculation of H‑scores was 

on the basis of the percentage of positively stained cells multi-
plied by the staining intensity score, with H‑scores ranging 
between 0 and 300 (18). An H‑score of >100 was considered 
to indicate a positive result. Evaluation was carried out by four 
independent observers.

Cell culture and treatment. T47D breast cancer cells (American 
Type Culture Collection, Manassas, VA, USA) were maintained 
in RPMI‑1640 medium (Gibco; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA) with 10% fetal bovine serum (Gibco; 
Thermo Fisher Scientific, Inc.) and 100 U/100 µg penicillin/
streptomycin (Gibco; Thermo Fisher Scientific, Inc.) at 37˚C 
in a humidified 5% CO2 incubator (Sanyo Electric Co., Ltd., 
Osaka, Japan). 4‑Hydroxytamoxifen (4‑OH TAM), an active 
metabolite of tamoxifen, and rapamycin were purchased from 
Sigma‑Aldrich; Merck KGaA (Darmstadt, Germany).

Cell transfection. BAG‑1 short interfering RNA (siRNA; 
Guangzhou RiboBio Co., Ltd., Guangzhou, China) sequences 
used for transfection were as follows: 5'‑CCA​CAA​UAG​AGC​
AGU​UUA​U‑3' (sense) and 3'‑GGU​GUU​AUC​UCG​UCA​AAU​
A‑5' (antisense). A scrambled siRNA (Guangzhou RiboBio 
Co., Ltd.) was used in parallel. Overexpression of BAG‑1L 
was achieved by transfecting GV144‑BAG‑1 (Shanghai 
GeneChem Co., Ltd., Shanghai, China) into T47D cells 
and T47D cells transfected with an empty vector GV144 
(cytomegalovirus‑enhanced green fluorescent protein‑multiple 
cloning site‑simian virus 40‑neomycin) were used as a control. 
Transfection was performed using Lipofectamine™ 3000 
reagent (Thermo Fisher Scientific, Inc.), according to the manu-
facturer's protocol. Briefly, between 2x105 and 3x105 cells/well 
were seeded into 6‑well plates and incubated overnight in 
medium in the absence of antibiotics. The following day, 2‑4 µg 
plasmids were mixed with Lipofectamine™ 3000, and the 
mixture was subsequently added to each well. The cells were 
then incubated at 37˚C in a CO2 incubator for 24 h. Following 
incubation, cells were prepared for subsequent assays.

Western blot analysis. Cells were lysed on ice using radio-
immunoprecipitation assay mammalian cell lysis reagent 
(Beijing Solarbio Science & Technology Co., Ltd., Beijing, 
China) containing phenylmethylsulfonyl fluoride (Sigma; 
Merck KGaA). Subsequently, cell lysates were centrifuged at 
16,000 x g for 20 min at 4˚C, and the protein concentration was 
subsequently determined using a Bicinchoninic Acid assay kit 
(Beijing Solarbio Science & Technology Co., Ltd.). Following 
separation of denatured proteins (20‑50 µg) by SDS‑PAGE 
(8‑15% gels), proteins were transferred onto a polyvinyli-
dene difluoride membrane using a transfer system (Bio‑Rad 
Laboratories, Inc., Hercules, CA, USA) at 250 mA for 1‑3 h, and 
the membrane was blocked in 5% non‑fat milk for 1 h at room 
temperature prior to incubation with the following primary 
antibodies overnight at 4˚C: Anti‑BAG‑1 (1:500; cat. no. 3920; 
Cell Signaling Technology, Inc., Danvers, MA, USA), anti‑ER 
(1:1,000; cat.  no.  8644; Cell Signaling Technology, Inc.), 
anti‑mTOR (1:1,000; cat. no. 2983; Cell Signaling Technology, 
Inc.), anti‑phospho (p‑)mTOR (1:1,000; cat. no. 2971; Cell 
Signaling Technology, Inc.), anti‑Akt (1:1,000; cat. no. 9272; 
Cell Signaling Technology, Inc.), anti‑p‑Akt (Ser473; 1:1,000; 
cat. no. 4060; Cell Signaling Technology, Inc.) and anti‑β‑actin 
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(1:10,000; cat. no. sc‑47778; Santa Cruz Biotechnology, Inc., 
Dallas, TX, USA). The membrane was washed three times 
in TBST (Tris‑buffered saline containing 0.05% Tween‑20) 
and incubated with horseradish peroxidase‑conjugated goat 
anti‑mouse (1:3,000; cat. no. 7076; Cell Signaling Technology, 
Inc.) or anti‑rabbit secondary antibodies (1:3,000; cat. no. 7074; 
Cell Signaling Technology, Inc.) for 2 h at room temperature. 
Following washing with TBST, proteins were visualized 
using the Enhanced Chemiluminescence detection reagent 
(EMD Millipore, Billerica, MA, USA) and analyzed using a 
Gel Doc 1000 instrument (Bio‑Rad Laboratories, Inc.). All 
western blotting was performed three times.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA was extracted using TRIzol® reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.), according to the 
manufacturer's protocol. cDNA was synthesized from 0.5 µg 
total RNA using a PrimeScript RT reagent kit (Takara Bio, 
Inc., Otsu, Japan), according to the manufacturer's protocol. 
qPCR was carried out in triplicate using a CFX96 real‑time 
PCR system (Bio‑Rad Laboratories, Inc.) and SYBR Premix 
Ex Taq II (Takara Bio, Inc.). The cycling conditions were 50˚C 
for 2 min, 95˚C for 10 min, followed by 40 cycles of 95˚C for 
15 sec and 60˚C for 30 sec. β‑actin was used as an internal 
control. Relative quantification of BAG‑1 and ER expres-
sion levels was performed using the 2‑ΔΔCq method (21). The 
sequences of the primers used were as follows: BAG‑1, 5'‑GTT​
CTT​TGG​ATG​GAG​CCT​GTG‑3' (forward) and 5'‑TGC​CTG​
CTT​TAC​TCA​TTC​TGG​TG‑3' (reverse); ERα, 5'‑TCA​GGC​
ACA​TGA​GTA​ACA​AAG​G‑3' (forward) and 5'‑AAG​GAA​
TGC​GAT​GAA​GTA​GAG​C‑3' (reverse); β‑actin, 5'‑TGA​CGT​
GGA​CAT​CCG​CAA​ACG‑3' (forward) and 5'‑CTG​GAA​GGT​
GGA​CAG​CGA​GG‑3' (reverse).

Cell cycle and apoptosis analysis. Cells were incubated 
in RPMI‑1640 medium with 10% fetal bovine serum with 
10 µmol/l 4‑OH TAM and/or 10 µmol/l rapamycin. Cells were 
harvested after 48 h by trypsinization.

Cell cycle analysis was investigated using a cell cycle 
detection kit (Nanjing KeyGen Biotech Co., Ltd., Nanjing, 
China). Following harvesting of drug‑treated cells, the cells 
were collected and fixed using ice‑cold 70% ethanol in PBS 
for 24 h at 4˚C. Cells were treated with RNase A for 30 min, 
labeled with propidium iodide for 30 min at 37˚C in the dark 
and subsequently analyzed via flow cytometry. Cell apoptosis 
assays were performed using an Annexin V‑allophycocyanin 
(APC)/7‑aminoactinomycin D (7‑AAD) nuclear peridinin‑ 
chlorophyll protein complex (PerCP) Apoptosis Detection kit 
(Nanjing KeyGen Biotech Co., Ltd.), according to the manu-
facturer's protocol. Cells were resuspended in binding buffer, 
incubated with Annexin V‑APC followed by 7‑AAD at room 
temperature for 15 min in the dark and subsequently analyzed 
by flow cytometry using a FACSCanto  II flow cytometer 
(BD Biosciences, San Jose, CA, USA). All experiments were 
performed in triplicate.

Statistical analysis. All statistical analyses were performed 
using GraphPad Prism (version 6.02; GraphPad Software, 
Inc., La Jolla, CA, USA). A χ2  test was used to determine 
statistically significant differences among clinicopathological 

features. Data are presented as the mean ± standard deviation. 
Student's t‑test or one‑way analysis of variance followed by 
Tukey's multiple comparisons test was used to determine the 
differences between groups. P<0.05 was considered to indicate 
a statistically significant difference.

Results

BAG‑1 is highly expressed in ER‑positive breast cancer. To 
assess the function of BAG‑1 and its association with ER 
status in human breast cancer, immunohistochemistry was 
performed using TMAs including 119 human breast invasive 
ductal carcinoma cases (Table I). The expression rate of BAG‑1 
protein was 95.8% (114/119). BAG‑1 was localized in either the 
nucleus or the cytoplasm, and the majority of specimens exhib-
ited positive nuclear and cytoplasmic staining results (Fig. 1A). 
The association of BAG‑1 expression with the principal clini-
copathological features of patients with breast cancer included 
in the TMA are summarized in Table I. Overexpression of 

Table I. Association of BAG‑1 expression with clinicopatho-
logical features of patients with breast cancer included in the 
tissue microarray.

	 BAG‑1
	 expression
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Characteristic	 Total no.b	 Low	 High	 P‑value (χ2)

Age, years				    0.820
  <50	 54	 15	 39
  ≥50	 64	 19	 45
Tumor size, cm 				    0.022
  ≤5	 96	 28	 78
  >5	 12	 7	 5
Tumor grade				    <0.001
  I	 40	 21	 19
  II+III	 79	 14	 65
Nodal status				    0.458
  Negative	 43	 15	 28
  Positive	 64	 18	 46
ERa	 			   0.001
  Negative	 43	 20	 23
  Positive	 75	 14	 61
PRa	 			   0.003
  Negative	 51	 22	 29
  Positive	 66	 12	 54
HER‑2a	 			   0.002
  Negative	 89	 20	 69
  Positive	 30	 15	 15

aAs retrieved from TMA. bOwing to missing information, numbers 
do not always total 119. IHC, immunohistochemistry; ER, estrogen 
receptor; PR, progesterone receptor; HER‑2, human epidermal 
growth factor 2.
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BAG‑1 was positively associated with ER positivity (P=0.001; 
Fig. 1B), progesterone receptor positivity (P=0.003), tumor 
size  (P=0.022) and tumor grade  (P<0.001), but negatively 
associated with human epidermal growth factor receptor‑2 
amplification status  (P=0.004). To verify the association 
between BAG‑1 and ER expression, BAG‑1L, which has been 
identified previously (22) to interact with numerous other nuclear 
hormone receptors was investigated. BAG‑1L expression 
levels were determined using western blotting and RT‑qPCR. 
The results indicated that BAG‑1L was overexpressed in T47D 
cells (Fig. 2A and B). Expression of ER mRNA was increased 
almost 7‑fold, and enhanced expression of ER protein was also 
observed in T47D/BAG‑1L+ cells at 48 h post‑transfection 
using western blot analysis (Fig. 2C and D). In addition, the 
expression levels of ER protein and mRNA following knock-
down of BAG‑1 were decreased (Fig. 2C and D).

Modulation of BAG‑1 expression affects the proliferation of 
T47D cells treated with tamoxifen. Tamoxifen has been iden-
tified to significantly improve survival rates of patients with 
breast cancer. However, patients treated with tamoxifen remain 
at risk of cancer recurrence and mortality owing to drug resis-
tance. To investigate the potential association between BAG‑1 
and the response to tamoxifen exhibited by ER‑positive cells, 

Figure 1. Immunohistochemical staining of BAG‑1 in breast cancer tissue 
microarrays. (A) Representative images of immunohistochemical staining 
using BAG‑1 in breast cancer specimens. Scale bar, 20 µm. (B) BAG‑1 
expression in ER+ and ER‑ breast cancer tissues. BAG‑1, Bcl‑2‑associated 
athanogene 1; ER, endoplasmic reticulum.

Figure 2. BAG‑1 expression in T47D cells is positively associated with ER expression. (A) Representative western blot analysis of T47D cells overex-
pressing BAG‑1L (T47D/BAG‑1L+), and T47D cells transfected with vector controls (T47D/control) or with scrambled siRNA (T47D/scramble) and siRNA 
(T47D/siBAG‑1). β‑actin was used as a loading control. (B) BAG‑1 mRNA expression in T47D/BAG‑1L+, T47D/control and T47D/siBAG‑1 and T47D/scramble 
siRNA cells. (C) Representative western blot analyses of ER proteins in T47D/BAG‑1L+, T47D/control, T47D/siBAG‑1 cells at 48 h post‑transfection. β‑actin 
was used as a loading control. (D) mRNA expression of ER in T47D/BAG‑1L+, T47D/control, T47D/siBAG‑1 and T47D/scramble siRNA cells. BAG‑1, 
Bcl‑2‑associated athanogene 1; BAG‑1L, BAG‑1 long; si/siRNA, short interfering RNA; ER, estrogen receptor; BAG‑1M, BAG‑1 medium; BAG‑1S, BAG‑1 
short. *P<0.05, **P<0.001 (one‑way analysis of variance followed by Tukey's multiple comparisons test).
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cells were treated with 4‑OH TAM at a concentration of 
10 µmol/l for 48 h, and cell cycle and apoptosis analyses were 
performed to determine cell proliferation. BAG‑1 silencing 
led to a decreased apoptosis rate (41.70±1.93 vs. 55.03±2.39%; 
P=0.012; Fig. 3A and B) when compared with control cells 
following treatment with 10 µmol/l 4‑OH TAM. In contrast, 
T47D cells overexpressing BAG‑1L exhibited significantly 
increased levels of 4‑OH TAM‑induced apoptosis at a concen-
tration of 10 µmol/l (65.10±2.35 vs. 55.03±2.39%; P=0.039; 
Fig.  3A  and  B). Furthermore, a decreased proportion of 
T47D/siBAG‑1 cells was blocked in G1 phase compared with 
that of control cells (51.27±2.67 vs. 62.15±2.46%; P=0.007; 

Fig. 3C and D) following treatment with 10 µmol/l 4‑OH 
TAM. In addition, cells overexpressing BAG‑1L exhibited a 
slightly increased proportion of cells in G1 phase compared 
with that of control cells  (66.72±2.63 vs. 62.15±2.46%; 
P=0.093; Fig. 3C and D). Taken together, these results indi-
cated that BAG‑1L overexpression may enhance the sensitivity 
of ER‑positive cells to treatment with tamoxifen, and silencing 
of BAG‑1 may attenuate the proliferation‑inhibitory effect of 
tamoxifen in ER‑positive cells.

mTOR inhibitor restores tamoxifen sensitivity in ER‑positive 
breast cancer cells. The mTOR protein is a critical component 

Figure 3. Modulation of BAG‑1 expression affects the proliferation of ER‑positive cells treated with tamoxifen. (A) T47D/BAG‑1L+, T47D/control and 
T47D/siBAG‑1 cells were cultured in 4‑OH TAM (10 µmol/l) for 48 h. Cell apoptosis was determined using flow cytometry. (B) Representative flow cytometric 
plots of Annexin V assays using three groups of cells treated with 4‑OH TAM (10 µmol/l) for 48 h. (C) Quantification of G1‑phase cells in T47D/BAG‑1L+, 
T47D/control and T47D/siBAG‑1 cells after 48 h of treatment with 4‑OH TAM (10 µmol/l). (D) Representative cell cycle histograms of T47D/BAG‑1L+, 
T47D/control and T47D/siBAG‑1 cells after 48 h of treatment with 4‑OH TAM (10 µmol/l). *P<0.05 (one‑way ANOVA with Tukey's multiple comparisons 
test; n=3). BAG‑1, Bcl‑2‑associated athanogene 1; BAG‑1L, BAG‑1 long; 4‑OH TAM, 4‑hydroxytamoxifen; si, short interfering RNA; 7‑AAD, 7‑aminoacti-
nomycin D; PerCP, peridinin‑chlorophyll protein complex; APC, allophycocyanin; PI, propidium iodide.
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in the PI3K/Akt/mTOR signaling pathway, which is a key 
intracellular signaling system involving in multiple cellular 
processes, including proliferation and survival. Hyperactivation 

of this pathway is associated with cell resistance to endocrine 
therapy (23). The mTOR inhibitor rapamycin was reported to 
be able to reverse endocrine therapy resistance exhibited by 

Figure 4. Rapamycin restores cell sensitivity to 4‑OH TAM. (A) T47D/BAG‑1L+, T47D/control and T47D/siBAG‑1 cells were cultured with either 4‑OH TAM 
(10 µmol/l) or rapamycin (10 µmol/l) alone, or with 4‑OH TAM (10 µmol/l) in combination with rapamycin (10 µmol/l), for 48 h. Cell apoptosis was determined 
using flow cytometry. *P<0.05, **P<0.01 (one‑way ANOVA with Tukey's multiple comparisons test; n=3). (B) T47D/BAG‑1L+, T47D/control and T47D/siBAG‑1 
cells were cultured with either 4‑OH TAM (10 µmol/l) alone, or with 4‑OH TAM (10 µmol/l) in combination with rapamycin (10 µmol/l), for 48 h. Cell apoptosis 
was determined using flow cytometry. *P<0.05 (Student's t‑test; n=3). (C) Representative flow cytometric plots of annexin assays using T47D cells treated with a 
combination of 4‑OH TAM (10 µmol/l) and rapamycin (10 µmol/l) for 48 h. (D) Quantification of G1‑phase cells in T47D/BAG‑1L+, T47D/control and T47D/siBAG‑1 
cells after 48 h of treatment with either 4‑OH TAM (10 µmol/l) or rapamycin (10 µmol/l) alone, or with 4‑OH TAM (10 µmol/l) in combination with rapamycin 
(10 µmol/l). *P<0.05, **P<0.01, ***P<0.001 (one‑way ANOVA with Tukey's multiple comparisons test; n=3). (E) Quantification of G1‑phase cells in T47D/BAG‑1L+, 
T47D/control and T47D/siBAG‑1 cells after 48 h of treatment with 4‑OH TAM (10 µmol/l) and rapamycin (10 µmol/l) in combination. *P<0.05 (Student's t‑test; 
n=3). (F) Representative cell cycle histograms of T47D/BAG‑1L+, T47D/control and T47D/siBAG‑1 cells after 48 h of treatment with 4‑OH TAM (10 µmol/l) and 
rapamycin (10 µmol/l) in combination. 4‑OH TAM, 4‑hydroxytamoxifen; BAG‑1, Bcl‑2‑associated athanogene 1; BAG‑1L, BAG‑1 long; si, short interfering RNA; 
ANOVA, analysis of variance; 7‑AAD, 7‑aminoactinomycin D; PerCP, peridinin‑chlorophyll protein complex; APC, allophycocyanin; PI, propidium iodide.
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breast cancer cells (24,25). To demonstrate whether the inhi-
bition of mTOR signaling was able to restore cell sensitivity 
to treatment with tamoxifen, T47D/BAG‑1L+, T47D/control 
and T47D/siBAG‑1 cells were treated with either 4‑OH 
TAM or rapamycin alone, or 4‑OH TAM in combination 
with rapamycin at a concentration based on a predetermined 
half‑maximal inhibitory concentration. The results suggested 
that T47D/siBAG‑1 cells were more susceptible to treatment 
with rapamycin alone compared with the two other groups 
of cells (T47D/siBAG‑1 vs. T47D/BAG‑1L+, 66.87±2.27 
vs. 50.7±0.59%; P=0.003; T47D/siBAG‑1 vs. T47D/control, 
66.87±2.27 vs. 57.07±2.46%; P=0.037; T47D/BAG‑1L+ vs. 
T47D/control, 50.7±0.59 vs. 57.07±2.46%; P=0.173; Fig. 4A). 
T47D/siBAG‑1 cells exposed to combination treatment exhib-
ited a greater increase in susceptibility to rapamycin treatment 
compared with the two other groups of cells (T47D/siBAG‑1 
vs. T47D/control vs. T47D/BAG‑1L+, 71.23±2.23 vs. 58.8±1.89 
vs. 66.93±1.27%; P=0.008; Fig. 4A). Furthermore, rapamycin 
markedly enhanced 4‑OH TAM‑induced apoptosis in 
T47D/siBAG‑1 cells (41.70±1.93 vs. 71.23±2.23%; P<0.001; 
Fig. 4B, whereas levels of apoptotic cell death were slightly 
increased in T47D/BAG‑1L+ cells (65.1±2.35 vs. 66.93±1.27%; 
P=0.531; Fig.  4C and T47D/control cells (55.03±2.39 vs. 
58.8±1.89%; P=0.284; Fig. 4B). Representative results of cell 
apoptosis 48 h after treatment are presented in Fig. 4C.

Analysis of the cell cycle was performed to assess the inhi-
bition of proliferation mediated by treatment with 4‑OH TAM 
and rapamycin either separately or in combination. The propor-
tion of cells in G1 phase was increased following treatment 
with a combination of 4‑OH TAM and rapamycin compared 
with cells treated with 4‑OH TAM alone. T47D/siBAG‑1 cells 
exhibited a more marked increase in G1 arrest (70.53±2.30 vs. 
51.27±2.67%; P<0.001; Fig. 4D), whereas the proportion of cells 
in G1 phase in the control group (63.02±3.80 vs. 62.15±2.46%; 
P=0.755; Fig. 4D) and the T47D/BAG‑1L+ group (67.28±3.80 
vs. 66.72±2.63%; P=0.840; Fig.  4D) was only slightly 
increased compared with that of T47D/siBAG‑1 group. The 

results indicated that a greater proportion of T47D/siBAG‑1 
cells were arrested in G1 phase compared with the other two 
groups 48 h after combination treatment; however, the differ-
ences were not statistically significant (T47D/siBAG‑1 vs. 
T47D/control vs. T47D/BAG‑1L+, 70.533±2.30 vs. 63.02±3.80 
vs. 66.72±2.63%; P=0.086; Fig. 4E). Overall, these results indi-
cated that rapamycin could restore sensitivity to 4‑OH TAM in 
ER‑positive breast cancer cells, particularly in cells exhibiting 
low levels of BAG‑1 expression. Representative results of the 
cell cycle distribution 48 h after combination treatment of 
4‑OH TAM and rapamycin are presented in Fig. 4F.

Additionally, the protein levels of total Akt, p‑Akt, total 
mTOR and p‑mTOR in cells overexpressing BAG‑1 and in 
BAG‑1‑knockdown cells were investigated. The results of 
western blot analysis revealed a noticeable increase in p‑Akt and 
p‑mTOR levels in T47D cells following the silencing of BAG‑1 
expression, whereas upregulation of BAG‑1L was revealed 
to decrease levels of p‑Akt and p‑mTOR (Fig. 5A and B). 
This suggests that Akt/mTOR signaling was activated in 
BAG‑1‑silenced cells.

Discussion

ER is expressed in the majority of patients with breast cancer. 
The functions of estrogen and anti‑estrogen are associated 
with ER expression. Previous studies have yielded inconsistent 
results regarding the association between BAG‑1 expression 
and ER status in breast cancer. The first study analyzing this 
association was published in 1999 and exhibited increased 
levels of positive BAG‑1 nuclear or cytoplasmic staining in the 
majority of ER‑positive breast cancer tumors compared with 
ER‑negative tumors (26); however, no statistical analysis was 
performed owing to the limited sample size. A further cohort 
study of 122 female patients with stage I to II breast cancer 
failed to identify an association between BAG‑1 expression and 
ER positivity (27). In a more homogeneous and larger cohort 
study including 138 breast cancer cases, BAG‑1 expression 

Figure 5. Western blot analysis of protein levels of p‑mTOR, mTOR, p‑Akt, Akt, BAG‑1 and β‑actin in T47D/BAG‑1L+, T47D/control, T47D/siBAG‑1 and 
T47D/scramble siBAG‑1 cells. (A) Representative western blot images. (B) Quantitative analysis. *P<0.05 one‑way ANOVA with Tukey's multiple comparisons 
test; n=3. p‑, phospho‑; mTOR, mammalian target of rapamycin; Akt, protein kinase B; BAG‑1, Bcl2‑associated athanogene 1; BAG‑1L, BAG‑1 long; si, short 
interfering RNA.
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was identified to be moderately correlated with ER (19). A 
further two studies identified the positive correlation between 
BAG‑1 and ER expression (18,28). The association between 
BAG‑1 protein and ER expression has also been investigated 
in endometrial cancer, which is another estrogen‑dependent 
cancer. No significant difference between the ER‑negative and 
ER‑positive groups was identified in the proportion of samples 
exhibiting positive BAG‑1 expression  (29). Explanations 
for these inconsistent results may include differences in the 
antibodies used, differing immunohistochemistry techniques 
and scoring methods, and a different proportion of patients 
with ER‑positive breast cancer in the clinical cohorts. In the 
present study, total BAG‑1 protein expression was investigated 
via immunohistochemistry using 119 breast cancer cases. It 
was identified that high BAG‑1 expression was associated with 
ER‑positive breast cancer. In addition, in vitro experiments 
were performed, which revealed that knockdown of BAG‑1 
subsequently downregulated ER expression in ER‑positive 
breast cancer cells. In contrast, BAG‑1 overexpression was 
demonstrated to upregulate ER expression. However, subcel-
lular localization of associated isoforms was not investigated 
in the present study. Further studies are required to determine 
the respective contribution of specific isoforms to the asso-
ciation between BAG‑1 and ER expression. In conclusion, 
this association between BAG‑1 and ER expression suggested 
that BAG‑1 may have a function in the response to endocrine 
therapy in ER‑positive breast cancer. The PI3K/Akt/mTOR 
signaling pathway is able to promote cell proliferation in the 
absence of estrogen via activation of estrogen‑independent 
ER transcription activity (23). Thus, hyperactivation of this 
pathway may contribute to endocrine resistance by promoting 
hormone‑independent proliferation.

Previous clinical studies have revealed that enhanced 
BAG‑1 protein expression in breast cancer specimens is an 
independent factor that may predict a favorable outcome in 
ER‑positive patients receiving endocrine therapy  (18,19). 
BAG‑1 was included as a favorable predictive biomarker in 
the Oncotype DX test. In accordance with these published 
results, it was identified in the present study that increased 
BAG‑1 expression levels were associated with enhanced 
responses to tamoxifen in breast cancer cells, whereas 
knockdown of BAG‑1 expression led to attenuated inhibition 
of cell proliferation. Furthermore, enhanced levels of p‑Akt 
and p‑mTOR were observed in cells following silencing of 
BAG‑1 expression. On the basis of the results of the present 
and previous studies (4,30) suggesting that activation of the 
mTOR signaling pathway promotes anti‑estrogen resistance, 
we hypothesized that BAG‑1 may represent an inhibitor of the 
PI3K/Akt/mTOR signaling pathway and may be associated 
with tamoxifen resistance. Knockdown of BAG‑1 expression 
activated this pathway, resulting in decreased sensitivity 
to tamoxifen. Furthermore, an association between BAG‑1 
overexpression and resistance to tamoxifen in MCF‑7 cells 
was observed  (Lu et al, unpublished data). Such differing 
results may be due to the following factors: Different cell lines 
with distinct biological characteristics used for investigation, 
complex crosstalk in cellular signaling pathways and different 
concentrations of tamoxifen used to treat cells.

The PI3K/Akt/mTOR signaling pathway is frequently 
activated in breast cancer (31,32). Activation of this pathway 

has been associated with resistance to endocrine therapy in 
patients with ER‑positive breast cancer (33‑35). Pre‑clinical 
studies have revealed that the mTOR inhibitor rapamycin and 
its analogs may reverse endocrine resistance in ER‑positive 
breast cancer cells with activated PI3K/Akt/mTOR signaling 
pathways  (30,36). Clinical trials have demonstrated that 
combined treatment of everolimus and tamoxifen, or a 
combinatory treatment of everolimus and exemestane, are 
more effective than the use of either endocrine agent alone 
in patients who have become resistant to endocrine therapy 
and their disease state has progressed. The BOLERO‑2 trial 
was a phase III randomized trial that compared the combi-
natory treatment of everolimus  (an mTOR inhibitor) and 
exemestane with treatment using a placebo and exemestane 
in post‑menopausal women with HR‑positive advanced breast 
cancer. Improved progression‑free survival was observed in 
patients treated with a combination of everolimus and exemes-
tane (10.6 vs. 4.1 months; P<0.0001)  (37). The TAMRAD 
trail evaluated the efficacy of treatment with tamoxifen alone 
compared with combinatory treatment with tamoxifen and 
everolimus in patients with aromatase inhibitor‑resistant 
metastatic breast cancer. This study revealed that combina-
tory treatment with tamoxifen and everolimus significantly 
improved the clinical benefit rate  (61 vs. 42%; P=0.045) 
and progression rates  (8.6 vs. 4.5 months; P=0.002)  (38). 
Considering the possible involvement of BAG‑1 in the mTOR 
pathway, the inhibitory effect on cells was assessed following 
silencing of BAG‑1 expression post‑treatment with tamoxifen 
alone as well as post‑combinatory treatment with tamoxifen 
and rapamycin. The results of the present study indicated 
that rapamycin is able to restore the sensitivity of ER‑positive 
breast cancer cells to treatment with 4‑OH TAM. Furthermore, 
cells exhibiting decreased BAG‑1 expression appeared to have 
a greater sensitivity to rapamycin, and combinatory treatment 
involving the targeting of ER with tamoxifen and the targeting 
of mTOR with rapamycin significantly potentiated inhibition 
of cell proliferation following the silencing of BAG‑1 expres-
sion. These results may be partly due to hyperactivation of 
the PI3K/Akt/mTOR signaling pathway induced by the 
downregulation of the BAG‑1 pathway inhibitor. A previous 
study has revealed that overactivity of the PI3K/Akt/mTOR 
signaling pathway may result in ER‑positive cells exhibiting a 
greater sensitivity to rapamycin and its analogs (27). In further 
work, animal experiments are required, using animals with 
high expression of target genes and gene knockout animals, 
or using in vivo injection blockers to further verify the results 
of cell experiments to explore the function of BAG‑1 in 
tamoxifen resistance and its potential underlying molecular 
mechanism.

In conclusion, the results of the present study revealed that 
loss of BAG‑1 expression may activate the PI3K/Akt/mTOR 
signaling pathway and protect ER‑positive breast cancer 
cells from tamoxifen‑induced inhibition of proliferation. 
ER‑positive breast cancer cells with low BAG‑1 expression 
appeared to exhibit a greater sensitivity to treatment with the 
mTOR inhibitor rapamycin. Furthermore, the results of the 
present study suggested that combinatory treatment targeting 
ER with tamoxifen and targeting mTOR with rapamycin may 
significantly potentiate the proliferation inhibitory effect in 
cells following the silencing of BAG‑1.
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