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Abstract: The treatment success of tamoxifen is mainly dependent on the expression of the estrogen receptor 
(ER) in the breast carcinoma. However, a large percent of responding patients ultimately develop tamoxifen resis-
tance. Given that increasing evidence has shown that miRNAs are involved in modulating tamoxifen resistance and 
Tanshinone IIA (TSA) exhibits great anti-cancer effects on both ER-positive and -negative breast cancer cells, the 
present study examined the effects of TSA on tamoxifen resistance. To this end, we derived a tamoxifen-resistant 
breast cancer cell line (i.e., MCF-7-TamR) using MCF-7 cells. We evaluated the effects of tamoxifen and TSA treat-
ment on the proliferation, clonogenic potential, and apoptosis of MCF-7 and MCF-7-TamR cells, and explored the 
expression of miRNAs after TSA treatment in MCF-7 and MCF-7-TamR cells. Our results showed that 0.1, 0.5, or 1 
µM, but not 5 or 10 µM, tamoxifen failed to alter cell proliferation in tamoxifen-resistant MCF-7-TamR cells. However, 
a low dose of TSA (0.05 µM) treatment, which alone failed to alter the proliferation in either MCF-7 or MCF-7-TamR 
cells, was able to attenuate cell proliferation and clonogenic potential, and increase apoptosis in tamoxifen-resis-
tant MCF-7-TamR cells when co-treated with 1 µM of tamoxifen. Furthermore, 0.05 µM of TSA treatment alone 
enhanced the expression of miRNA-22 in MCF-7 or MCF-7-TamR cells, which is correlated with attenuated expres-
sion of c-Myc. Taken together, our results suggested that low dose of TSA promotes the sensitivity to tamoxifen in 
tamoxifen-resistant cells in vitro likely involving miRNA-22 and c-Myc mediated signaling pathways.
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Introduction

As the second most common type of cancer in 
women [1], breast cancer can be classified into 
three subtypes based on the expression of the 
estrogen receptor (ER), progesterone receptor 
(PR), and cell surface receptor of human epi-
dermal growth receptor 2 (HER2), which have 
been the most commonly used predictive fac-
tors in chemotherapy selections for breast can-
cer patients [2, 3]. However, current chemo-
therapies for breast cancer often lead to the 
development of drug resistance. For example, 
tamoxifen has long been used for the syste- 
mic treatment of patients with breast cancer. 
The treatment success of tamoxifen is main- 
ly dependent on the expression of the estro- 
gen receptor (ER) in breast carcinoma [4, 5]. 
However, a large percent of responding pa- 
tients ultimately develop tamoxifen resistance 
[6, 7]. Therefore, searching for effective regi-

mens that could prevent or reverse the tamo- 
xifen resistance may bring great benefits in 
breast cancer treatment and research. 

Tanshinone IIA (TSA) is an important lipophilic 
diterpene extracted from a traditional herbal 
medicine Salvia miltiorrhiza Bunge (Danshen) 
[8]. TSA has been widely used in eastern Asia 
for the treatment of cardiovascular, cerebrovas-
cular, and postmenopausal syndromes [9-11]. 
Previous studies have indicated that it has 
potent anti-oxidant and anti-inflammatory prop-
erties. However, emerging evidence has dem-
onstrated that TSA exhibits great anti-cancer 
effects on both ER-positive and -negative 
breast cancer cells [12-15]. For instance, TSA 
inhibits the growth of breast cancer cells 
through epigenetic modification of Aurora A 
expression and function [16]. Furthermore, TSA 
can also reverse chemotherapy resistance. For 
example, it has been shown that TSA can block 
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epithelial-mesenchymal transition through HIF-
1α down-regulation, reversing hypoxia-induced 
chemotherapy resistance in breast cancer cell 
lines [17]. Interestingly, TSA has been shown  
to alter the expression of various microRNAs  
in cardiac myocytes [18-20]. However, little is 
known about the effects of TSA on miRNA ex- 
pressions in the breast cancer cell lines.

MiRNAs play an important role in the regu- 
lation of the expression of various genes. An 
increasing number of studies have reported 
that miRNAs are involved in modulating tamoxi-
fen resistance [21, 22]. Specifically, estradiol 
treatment increases accumulation of miRNA-
98 and miRNA-21 in MCF-7 cells [23]. Such  
a change in miRNA expressions may alter pa- 
tient response to tamoxifen treatment. Fur- 
thermore, estradiol can reduce the express- 
ion of miRNA-181a and miRNA-26a, which in 
turn attenuate cell proliferation [24]. Addition- 
ally, more and more miRNAs, including miRNA-
375, miRNAs 221/222, miRNA-200, miRNA-
342, and miRNA-519a, have been discovered 
as potential biomarkers for the tamoxifen re- 
sponse [25-29]. 

Therefore, the present study was undertaken to 
examine the effects of TSA on tamoxifen resis-
tance. To this end, we derived a tamoxifen-
resistant breast cancer cell line (i.e., MCF-7-
TamR) using MCF-7 cells. We evaluated the ef- 
fects of tamoxifen and TSA treatment on the 
proliferation and apoptosis of MCF-7 and MCF-
7-TamR cells. Meanwhile, the putative mecha-
nisms underlying the effects of TSA on tamoxi-
fen resistance were explored. Specifically, we 
explored the effects of TSA treatment on the 
expression of several miRNAs. 

Materials and methods

Cell culture

The human mammary carcinoma cell line 
MCF-7 was obtained from the Cell Resource 
Center of Peking Union Medical College (Bei- 
jing, China), and was maintained in 10% fetal 
bovine serum-supplemented Dulbecco’s mo- 
dified Eagle’s medium (DMEM) (Gibco, Grand. 
Island, NY, U.S.A.). We derived Tamoxifen-re- 
sistant MCF-7 cell line (MCF-7-TamR) by contin-
uously exposing it to tamoxifen (1 μM; Diluted 
in 0.1% ethanol) for more than 12 months us- 
ing the method described in previous studies 
[30, 31]. All cell cultures were maintained in  
a humidified incubator at 37°C and 5% CO2. 

Consistent with previous studies, MCF-7-TamR 
cell line exhibited ER positive [32].

Cell proliferation assays

Cell counting kit-8 (CCK-8; Boppard, Shanghai, 
China) was used to measure the cell prolifera-
tion. MCF-7 or MCF-7-TamR cells were seeded 
in full growth medium, which was replaced with 
RPMI-1640 24 h later, and the cells were cul-
tured for additional 48 h. Next, approximate 
3000 cells in 100 μl medium were seeded in a 
96-well plate for 24 h and then the medium 
was replaced by 200 μl of full growth medium, 
which contained Tamoxifen or Tanshinone IIA. 
The cells were cultured for 5 days. Five repli-
cates for each treatment were conducted on 
the plate. When the cell proliferation assay 
started, 10 μl of CCK-8 solution was added to 
the medium and then the plate was placed in 
incubator at 37°C. Two hours later, cell num-
bers were evaluated by measuring the absor-
bance at 450 nm using an ELx800 Univer- 
sal Microplate Reader (Biotek Instrument Inc., 
Highland Park, VT, USA).

Apoptosis test

MCF-7 or MCF-7-TamR cells (1.5×105/well) were 
treated with either 0.1% ethanol (control) or 
Tanshinone IIA in full growth medium contain-
ing 1 μM tamoxifen for 5 days. Cells were then 
stained with FITC-conjugated anti-Annexin V 
antibodies. Cell apoptosis was further analy- 
zed by using the Annexin V-FITC Apoptosis De- 
tection kit (Abcam, Shanghai, China) with flow 
cytometry (Biosciences, Franklin Lakes, NJ, 
USA).

Soft agar assay

Anchorage-independent soft agar colony for-
mation assay was used to examine the colony 
formation ability of MCF-7 and MCF-7-TamR 
cells. Briefly, base agar was formed by adding 
1.5 ml FBS supplemented medium containing 
0.5% agarose into 35-mm cell culture dishes. 
Approximate five thousand cells were then 
seeded in 1.5 mL medium supplemented with 
0.35% agarose on top of the bas agar. For 
tamoxifen and TSA treatments, tamoxifen and/
or TSA was then added in 2 ml of liquid me- 
dium and disperse on the top of base agar. The 
cells were then cultured for 10 days at 37°C 
under 5% CO2. 0.005% crystal violet was then 
used to stain the cells in the dishes, the colony 
formation was further examined under micro-
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scope, and images were taken with digital 
camera.

RNA extraction and quantitative real-time-PCR 
(qPCR) for miRNA 

Total miRNA-enriched RNAs from cell culture 
were extracted from MCF-7 and MCF-7-TamR 
cells following 0.05 µM of TSA treatment for 5 
days using TRI Reagent (Sigma, St Louis, MO, 
USA). The purity and concentration of RNAs 
was evaluated using NanoDrop 1000 spectro-
photometer (Thermo Scientific, Wilmington, DE, 
USA). RNAs were then converted into cDNA us- 
ing ImPro-II reverse transcriptase (Promega, 
Beijing, China) followed by qPCR using a  
SYBR PrimeScript miRNA RT-PCR kit (Takara 
Biotechnology Co. Ltd, Dalian, China) with the 
miRNA primer sets for miR-22, miR-221, miR-
222, miR-200a, miR-200b, or miR-200c (San- 
gon Biotech, Shanghai, China) on the 7500 
Real-Time PCR systems (Applied Biosystems, 
Carlsbad, CA, USA). U6RNA was used as an 
internal standard for normalization, and the 
2-ΔCT (ΔCT=CTmicroRNA-CTU6 RNA) method was used  
to quantify relative amount of miRNA. The 
change in miRNA expression was then convert-
ed to fold-change, relative to control group. 
Real-time PCR primers are shown in Table 1. 

Western blotting

The expression of c-myc (~65 kDa) was deter-
mined by Western blot following 0.05 µM of  
TSA treatment for 5 days. MCF-7 or MCF-7-
TamR cells were lysed in RIPA buffer (50 mM 
Tris-HCl, pH 7.4, 150 mM NaCl, 1% Triton X-100, 

were boiled for 5 min before loading. 10% run-
ning gel (25% of 40% acrylamide stock, Beyo- 
time; 0.375 M of 1.5 M Tris-HCl, pH 8.8; 1%  
of 10% sodium dodecyl sulfate; 1% of 10% 
ammonium persulfate; 0.1% Tetramethylethy- 
lenediamine) was utilized. The gel was trans-
ferred to a same size Nitrocellulose transfer 
membrane (Thermo Scientific, Waltham, MA, 
USA) within transfer buffer (25 mM Tris base, 
192 mM glycine, 0.037% sodium dodecyl sul-
fate, and 20% methanol) under 45 V for 40 
min, and probed with the first antibody against 
c-Myc (#9402; Santa Cruz Biotechnology, 
Santa Cruz, CA, USA) with a 1/1000 dilution  
in blocking buffer (50 mM Tris base; 100 mM 
NaCl; 0.02% Tween 20; and 3% BSA) overnight. 
The membrane was washed by TTBS (0.1% 
Tween 20, 10 mM Tris base, 100 mM NaCl, pH 
7.5) for three times before adding secondary 
antibody (ab6721, Abcam, Shanghai, China) 
with 1/5000 dilution in blocking buffer for 2 
hours. Background color was reduced careful- 
ly by washing with TTBS. The results were visu-
alized using ECL kit (Abcam, Shanghai, China), 
and protein levels were normalized to GAPDH 
and quantified using Tanon Gel image system 
(Tanon, Shanghai, China).

Statistical analysis

Results were collected as the average of at 
least five independent experiments. All the 
data were presented as means ± standard 
deviation. The data were analyzed using multi-
factor ANOVA followed by Tukey’s post hoc  
test with GraphPad PRISM software package 

Table 1. List of real-time PCR primers
MicroRNA Sequences of probes
Mir 22 F: 5’-ACACTCCAGCTGGGTTCGACGGTCAACTTC-3’

R: 5’-CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGACAGTTCT-3’
Mir 221 F: 5’-AGCTACATTGTCTGCTGG-3’

R: 5’-GTATCCAGTGCAGGGTCC-3’
Mir 222 F: 5’-AGCTACATCTGGCTACTGG-3’

R: 5’-GTATCCAGTGCAGGGTCC-3’
Mir 200a F: 5’-CTTACCGGACAGTGCTG-3’

R: 5’-GAACATGTCTGCGTATCTC-3’
Mir 200b F: 5’-CTTACTGGGCAGCATTG-3’

R: 5’-GAACATGTCTGCGTATCTC-3’
Mir 200c F: 5’-GTCTTACCCAGCAGTGT-3’

R: 5’-GAACATGTCTGCGTATCTC-3’
U6 F: 5’-GCGCGTCGTGAAGCGTTC-3’

R: 5’-GTGCAGGGTCCGAGGT-3’

1% sodium dodecyl sulfate, 
1% sodium deoxycholate,  
1 mM EDTA) containing a 
EDTA-free protease inhibi-
tor cocktail (Abcam, Shang- 
hai, China), 1 mM phenyl 
methylsulfonyl fluoride, and 
phosphatase inhibitors (5 
mM sodium orthovanada- 
te). Each sample was then 
added into 20 μl 2× sample 
loading buffer (0.125 M of 
5 M Tris-HCl, amresco; 20% 
glycerol, usb; 4% of 10% 
sodium dodecyl sulfate, 
amresco; 1% β-mercapto- 
ethanol, amresco; 0.2% of 
0.05% (w/v) bromophenol 
blue, sigma). The samples 
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(GraphPad Software, Inc.). Data were deter-
mined to be statistically different when P<0.05.

Results

Effects of tamoxifen or TSA treatment on the 
proliferation of MCF-7 and MCF-7-TamR cells

We established tamoxifen resistant breast can-
cer cell lines MCF-7-TamR cells by continuously 
exposing MCF-7 cells to 1 μM of tamoxifen for 
about 12 months using a method described in 
previous studies. We first examined the effects 
of different concentrations of tamoxifen or TSA 
alone on the proliferation of MCF-7 and MCF- 
7-TamR cells using CCK8. Overall, MCF-7-TamR 
cells exhibited higher proliferation than MCF-7 
cells after tamoxifen treatment (cell line main 
effect, F(1, 48)=29.12, P=0.0001), and tamoxifen 
dose-dependently decreased the proliferation 
of MCF-7 and MCF-7-TamR cells (dose main  
and interaction effects, F(5, 48)=13.27-12.24, P= 
0.001; Figure 1A). Furthermore, the lowest 
effective dose of tamoxifen was 0.5 µM in 
MCF-7 cells (Tukey test, P<0.01; Figure 1A), but 
the lowest effective dose of tamoxifen was 5 
µM in MCF-7-TamR cells (Tukey test, P<0.01; 
Figure 1A). Therefore, 1 µM of tamoxifen was 
employed as the optimal dosage in further in- 
vestigation of the effects of TSA on tamoxifen 
resistance.

Similar to the effects of tamoxifen treatment, 
TSA treatment dose-dependently decreased 

potential, and apoptosis of MCF-7 and MCF-7-
TamR cells

We then explored the effect of co-treatment  
of TSA and tamoxifen on the proliferation of 
MCF-7 and MCF-7-TamR cells. Cell proliferation 
was examined following the treatments of 
either 0.1% ethanol (control) or 0.05 µM of  
TSA in full growth medium containing 1 μM of 
tamoxifen for 5 days. Consistently, MCF-7-TamR 
cells exhibited higher proliferation than MCF-7 
cells under the treatment of 0.1% ethanol and 
1 μM of tamoxifen (cell line main effect, F(1, 

16)=17.84, P=0.001; Figure 2A). Interestingly, 
0.05 µM of TSA treatment reduced the pro- 
liferation in either MCF-7 or MCF-7-TamR cells 
(treatment main effect, F(1, 16)=19.38, P=0.001; 
interaction effect F(1, 16)=10.07, P=0.01; Figure 
2A), as compared to control. This is surprising 
because 0.05 µM of TSA treatment alone fail- 
ed to alter the proliferation in either MCF-7 or 
MCF-7-TamR cells (Figure 1B). More specifi- 
cally, 0.05 µM of TSA and 1 μM of tamoxifen 
treatment decreased the proliferation of MCF-
7-TamR cells to a similar level of MCF-7 cells 
after 0.1% ethanol treatment (Figure 2A).

Furthermore, we conducted the soft agar colo-
ny formation assay in order to assess the ef- 
fects of co-treatment of TSA and tamoxifen on 
the clonogenic potential of MCF-7 and MCF-7-
TamR cells, which has been shown to correlate 
with tumor formation in vivo [33]. As shown in 

Figure 1. Effects of tamoxifen or TSA treatment on the proliferation of MCF-7 
and MCF-7-TamR cells. Five days after (A) tamoxifen or (B) TSA treatment, the 
cell proliferation assay was conducted using CCK-8 kit. Cell numbers were 
evaluated by measuring the absorbance at 450 nm. Five replicates for each 
treatment were conducted on the plate. Asterisks (P<0.05) represent the 
ANOVA simple main effect, as compared to MCF-7 cell line. Ponds (P<0.05) 
represent the ANOVA simple main or main effects, as compared to no treat-
ment control.

the proliferation of MCF-7  
and MCF-7-TamR cells (dose 
main effect, F(5, 48)=25.11, P= 
0.0001; Figure 1B). However, 
in contrast to the effects of 
tamoxifen, higher doses of 
TSA (i.e., 0.1 µM or more) 
treatment decreased the pro-
liferation of MCF-7 and MCF- 
7-TamR cells similarly regard-
less of the cell lines (cell line 
main effect, F(1, 48)=1.54, P= 
0.31; Figure 1B). Specifical- 
ly, the lowest effective dose  
of TSA was 0.1 µM, and cell 
proliferation was significantly 
accelerated (Tukey test, P< 
0.01; Figure 1B). 

Effects of co-treatment of 
TSA and tamoxifen on the 
proliferation, clonogenic 
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Figure 2B, MCF-7-TamR cells treated with 0.1% 
ethanol and 1 μM of tamoxifen treatment ex- 
hibited higher focus number as compared with 
MCF-7 cells (cell line main effect, F(1, 16)=16.31, 
P=0.01; Figure 2B). However, 0.05 µM of TSA 
and 1 μM of tamoxifen treatment reduced the 
focus number in either MCF-7 or MCF-7-TamR 
cells (treatment main effect, F(1, 16)=19.24, P= 
0.001; interaction effect F(1, 16)=9.71, P=0.02; 
Figure 2B).  

Additionally, we examined the effect of co-treat-
ment of TSA and tamoxifen on the apoptosis  
of MCF-7 and MCF-7-TamR cells. Cell apoptosis 
was examined with flow cytometry following  
the treatments of either 0.1% ethanol (control) 
or 0.05 µM of TSA in full growth medium con-
taining 1 μM tamoxifen for 5 days. During apop-

tosis, phosphatidylserine (PS) translocation in 
the cell membrane is assumed to be an early 
feature of apoptosis, and Annexin V has the 
ability to bind to the translocated PS on the cell 
membrane during the early apoptotic stage. 
Propidium iodide (PI) can bind to DNA in the 
middle and late stage of apoptosis when cell 
membrane and nucleus membrane are perme-
able. Therefore, FITC-conjugated Annexin V and 
PI were used to identify apoptotic cells in the 
present study. In general, MCF-7 cells exhibited 
higher apoptosis than MCF-7-TamR cells under 
the treatment of 0.1% ethanol and 1 μM of 
tamoxifen (cell line main effect, F(1, 16)=8.83, 
P=0.02; Figure 2C and 2D). Furthermore, 0.05 
µM of TSA treatment enhanced the apoptosis 
in either MCF-7 or MCF-7-TamR cells (treatment 
main effect, F(1, 16)=14.26, P=0.001; interaction 

Figure 2. Effects of co-treatment of 0.05 µM of TSA and 1 µM of tamoxifen on the proliferation, clonogenic potential, 
and apoptosis of MCF-7 and MCF-7-TamR cells. A. Relative cell proliferation after MCF-7 or MCF-7-TamR cells were 
treated with either 0.1% ethanol (control) or 0.05 µM of TSA in full growth medium containing 1 μM of tamoxifen 
for 5 days. B. Anchorage-independent soft agar colony formation assay was used to examine the colony formation 
ability of MCF-7 and MCF-7-TamR cells. 0.005% crystal violet was used to stain the cells in the dishes, and images 
were taken with digital camera. The focus number was counted and the result represented as mean ± standard 
deviation (n=5). C and D. Apoptosis test in MCF-7 or MCF-7-TamR cells after being treated with either 0.1% ethanol 
(control) or Tanshinone IIA in full growth medium containing 1 μM tamoxifen for 5 days. Asterisks (P<0.05) represent 
the ANOVA simple main effect, as compared to control in MCF-7 cells. Ponds (P<0.05) represent the ANOVA simple 
main effect, as compared to control in MCF-7-TamR cells.
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effect F(1, 16)=7.98, P=0.03; Figure 2C and 2D), 
as compared to control. More specifically, 0.05 
µM of TSA treatment increased the apoptosis 
of MCF-7-TamR cells to a similar level in MCF-7 
cells after 0.1% ethanol treatment (Figure 2C 
and 2D).

Effects of TSA treatment on miRNA expression 
in MCF-7 and MCF-7-TamR cells

We next explored the putative mechanisms 
underlying the sensitizing effects of 0.05 µM  
of TSA treatment on tamoxifen resistance by 
examining the expression of various miRNAs, 
including miRNA-22, miRNA 221/222, and 
miRNA 200 families, following 0.05 µM of TSA 
treatment. As shown in Figure 3, the expres-
sion of miRNA-22 and miRNA 200 families, 
including 200a, 200b, and 200c was attenuat-

ed in MCF-7-TamR cells, but the expression  
of miRNA 221/222 was enhanced in MCF-7-
TamR cells (all cell line main effect, F(1, 16)= 
13.96-27.84, P=0.0001-0.001), as compared 
to MCF-7 cells. However, 0.05 µM of TSA treat-
ment only altered the expression of miRNA- 
22 in either MCF-7 or MCF-7-TamR cells (treat-
ment main effect, F(1, 16)=13.96, P=0.001; inter-
action effect F(1, 16)=8.29, P=0.02; Figure 3A). 
Specifically, 0.05 µM of TSA treatment incre- 
ased the expression of miRNA-22 in MCF-7-
TamR cells to a similar level in MCF-7 cells  
after 0.1% ethanol treatment.

Effects of TSA treatment on c-Myc expression 
in MCF-7 and MCF-7-TamR cells

Given that previous studies have shown that 
the expression of miRNA-22 is modulated by 

Figure 3. Effects of TSA treatment on miRNA expression in MCF-7 and MCF-7-TamR cells after 0.05 µM of TSA 
treatment for 5 days. Total miRNA-enriched RNAs from cell culture were extracted from MCF-7 and MCF-7-TamR 
cells following Tanshinone IIA treatment, and the expression of (A) miRNA-22, (B) miRNA-221, (C) miRNA-222, (E) 
miRNA-200a, (D) miRNA-200b, and (F) miRNA200c was evaluated using quantitative Real-Time-PCR. U6RNA was 
used as an internal standard for normalization. Results were converted to fold as compared to control group in MCF-
7 cells. Asterisks (P<0.05) represent the ANOVA simple main or main effects, as compared to control in MCF-7 cells 
or MCF-7 cell line, respectively. Pond (P<0.05) represents the ANOVA simple main effect, as compared to control in 
MCF-7-TamR cells.
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c-Myc, we explored the effects of TSA treat-
ment on the expression of c-Myc in MCF-7 and 
MCF-7-TamR cells. As shown in Figure 4, the 
expression of c-Myc was robustly increased in 
MCF-7-TamR cells, as compared to MCF-7 cells 
(cell line main effect, F(1, 16)=10.78, P=0.01). 
However, 0.05 µM of TSA treatment reduced 
the expression of c-Myc in either MCF-7 or  
MCF-7-TamR cells (treatment main effect, F(1, 

16)=9.04, P=0.02; interaction effect F(1, 16)= 
7.58, P=0.03). Specifically, 0.05 µM of TSA 
treatment attenuated the expression of c-Myc 
in MCF-7-TamR cells to a similar level in MCF- 
7 cells after 0.1% ethanol treatment.

Discussion

The present study first examined the putative 
effects of TSA on the tamoxifen resistance.  
We have demonstrated that 0.1, 0.5, or 1 µM, 
but not 5 or 10 µM, tamoxifen failed to alter  
cell proliferation in tamoxifen-resistant MCF-7-
TamR cells. However, a low dose of TSA (0.05 
µM) treatment, which alone failed to alter the 

proliferation in either MCF-7 or MCF-7-TamR 
cells, was able to attenuate cell proliferation 
and clonogenic potential, and increase apopto-
sis in tamoxifen-resistant MCF-7-TamR cells 
when co-treated with 1 µM of tamoxifen. Fur- 
thermore, 0.05 µM of TSA treatment alone at- 
tenuated the expression of c-Myc in MCF-7  
or MCF-7-TamR cells, which is correlated with 
enhanced expression of miRNA-22 following 
0.05 µM of TSA treatment. Taken together, our 
results suggested that a low dose of TSA like- 
ly promotes the sensitivity to tamoxifen in ta- 
moxifen-resistant cells in vitro via miRNA-22 
and c-Myc mediated signaling pathways.

Our findings of the anti-tamoxifen resistance 
effects of TSA have shed new lights on the 
molecular mechanisms underlying the antican-
cer effects of TSA. Traditional Chinese medi-
cine practice has been using Danshen (Salvia 
miltiorrhiza Bunge) widely in the treatment of 
coronary artery disease and cerebrovascular 
diseases for centuries. It has shown minimal 
side effects for these treatments. Previous 
studies have shown that Danshen contains at 
least about 20 different phenolic acids and 
more than 30 diterpene compounds. Among 
these compounds, abundant tanshinones, in- 
cluding tanshinone I, tanshinone IIA, cryptotan-
shinone, dihydrotanshinone and tanshinone II 
have been isolated [9]. Importantly, an incre- 
asing number of studies have demonstrated 
that tanshinones show some activities against 
human cancer cells. For instance, as one of the 
major diterpenes isolated from Danshen, tan-
shinones show cytotoxic effects on various hu- 
man cancer cell lines, which are derived from 
various human carcinomas of the liver, neuro-
glia, ovary, lung, mouth, and colon [15, 34-37]. 
The cytotoxic effects of TSA can induce apopto-
sis in various human cancer cells, including leu-
kemia, human hepatocellular carcinoma, and 
nasopharyngeal carcinoma cells [34, 38, 39], 
as well as both ER-positive and -negative bre- 
ast cancer cells [12-15]. Interestingly, recent 
studies have shown that TSA can inhibit the 
angiogenesis and growth of breast cancer in 
vivo [40], which is likely due to its suppress- 
ing effects on protein synthesis of hypoxia-
inducible factor 1α (HIF-1α) and expression of 
vascular endothelial growth factor (VEGF) via 
the mTOR/p70S6K/4E-BP1 signaling pathway 
[40]. Such an effect on down-regulation of HIF-
1α expression can ameliorate hypoxia-induced 

Figure 4. Effects of TSA treatment on c-Myc expres-
sion in MCF-7 and MCF-7-TamR cells after 0.05 
µM of TSA treatment for 5 days. The expression of 
c-Myc was determined by Western blot in MCF-7 or 
MCF-7-TamR cells. Protein levels were normalized to 
GAPDH, and converted to fold as compared to con-
trol group in MCF-7 cells. Asterisks (P<0.05) repre-
sent the ANOVA simple main effect, as compared to 
control in MCF-7 cells. Pond (P<0.05) represents the 
ANOVA simple main effect, as compared to control in 
MCF-7-TamR cells.
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doxorubicin resistance [41]. Adding to the liter-
ature, the present study has shown that TSA at 
a relatively low concentration, which did not 
have apparent cytotoxic effects on breast can-
cer cell lines, can promote the sensitivity of 
tamoxifen-resistant breast cancer cells to 
tamoxifen treatment. This effect is correlated 
with enhanced expression of miRNA-22 and 
decreased expression of c-Myc. Thus, future 
studies will be necessary to explore in depth 
the molecular mechanisms underlying this 
phenomenon.

Systemic treatment with tamoxifen for the 
patients with breast cancer has been routinely 
performed for over three decades [42]. The 
success rate of tamoxifen treatment is large- 
ly relying on the expression level of the estro-
gen receptor (ER) in the breast carcinoma [42-
44]. Clinical studies have revealed that more 
than half of patients with advanced ER-posi- 
tive breast cancer fail to respond to tamoxifen. 
Even in the initially responding patients, tamox-
ifen-resistant phenotype will ultimately deve- 
lop following prolonged tamoxifen treatment 
[42]. Numerous studies have elucidated that 
multiple mechanisms can lead to intrinsic and 
acquired tamoxifen resistance, including the 
alterations in the structure and function of the 
ER, the tumor environment, genetic alterations 
in the breast cancer cells, or pharmacology of 
tamoxifen per se [4, 42]. For example, breast 
cancer antiestrogen resistance (BCAR) genes 
have been reported to play a critical role in  
the intrinsic and acquired tamoxifen resistance 
in human breast cancer cells [4, 45]. Primary 
breast tumors that are ER-positive and are 
associated with intrinsic resistance to tamoxi-
fen treatment often exhibit high levels of BC- 
AR1/pl30C as protein expression [42]. Further- 
more, tamoxifen resistance is associated with 
increased expression of alternative G-protein 
coupled receptor GPR-30 (GPER) and estrogen 
receptor splice products (e.g., ERα36) on the 
plasma membrane [4], and may recruit the sig-
naling pathways involving the epidermal growth 
factor EGF, the inflammation associated tran-
scription factor NF-κB, and IGF-1 [4]. It is not 
clear whether the expressions of these genes 
are modulated by the miRNAs, it will be impor-
tant to explore this question in the future.

While miRNA analysis in a Danish Breast Can- 
cer Co-operative Group (DBCG) study discov-

ered that no single miRNA profile was able  
to predict tamoxifen treatment outcome [46], 
increasing evidence has revealed the impor-
tant role of various miRNAs in modulation of 
tamoxifen resistance. Specifically, expression 
of miR-320a is up-regulated in tamoxifen-re- 
sistant ER-positive breast cancer cells, and it  
is negatively correlated with the expression of 
ARPP-19 and ERRγ, and the downstream gene 
expression of c-Myc and Cyclin D1, which may 
relate to tamoxifen resistance [47]. In addition, 
MiR-873 can reduce the transcriptional ac- 
tivity of ERα and tamoxifen resistance via tar-
geting CDK3 in breast cancer cells [48]. Adding 
to this literature, results in the present study 
have suggested that TSA might increase ta- 
moxifen sensitivity by enhancing the expres-
sion of miRNA-22. While TSA treatment fail- 
ed to alter the expression of miRNA-221/222 
or the families of miRNA-200 in the present 
study, previous studies have shown that these 
miRNAs are important in modulation of tamo- 
xifen resistance [49-52]. Given the emerging 
numbers of miRNAs have been demonstrated 
in tamoxifen resistance, it will be necessary to 
systematically investigate the effects of TSA  
on miRNA expressions in breast cancer cells  
in order to provide in depth understandings of 
such a phenomenon.  

Although evidence has indicated the critical 
role of miRNAs in modulation of tamoxifen re- 
sistance, it appears that different sets of miR-
NAs may involve in the growth, invasion, and 
metastasis of breast tumors. In clinical stu- 
dies, using the correlations of hormone recep-
tor status and proliferation index with the 
expression profiles of miRNA collected from 
breast tumor samples, basal and luminal tu- 
mor subtypes can be distinguished [53, 54]. 
Specifically, miR-150 is over-expressed in bas- 
al, ERα-negative primary breast cancers, and  
is shown to promote breast cancer growth  
[55]. Additionally, over-expression of miR-135b 
is correlated with early metastasis of breast 
cancer cells [56]. Furthermore, over-expression 
of miR-126 and miR-10a in luminal, ERα-posi- 
tive breast cancers may reduce the risk of re- 
lapse in patients after tamoxifen treatment 
[57]. Furthermore, using miRNA in situ hybrid-
ization staining, miR-21 is shown to be up-re- 
gulated in primary invasive breast cancer sam-
ples as compared with normal breast tissue 
[58]. Beyond the clinical studies of expression 
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profiles of miRNAs, laboratory studies on spe-
cific miRNAs have shown the direct functional 
link between miRNA function and the breast 
tumor proliferation, invasion, and metastasis. 
Specifically, over-expression of miR-373 and 
miR-520c in lymph node metastases of breast 
tumor likely promote the tumor invasion and 
metastasis via suppression of the CD44 gene, 
which codes for a hyaluronan receptor, a met- 
astasis suppressor in breast cancer [59, 60]. 
Inhibition of HRAS and high mobility group 
AT-hook2 (HMGA2) genes, which are involved  
in self-renewal and differentiation, by let-7 
miRNA family can increase the proliferation of 
breast tumor-initiating cells derived from cell 
lines and primary patient tumors [61]. Addi- 
tionally, the present study has confirmed that 
the expression of miRNA-22 is up-regulated in 
tamoxifen-resistant breast cancer cells, which 
is consistent with the results from previous 
studies [62, 63]. Therefore, it will be also im- 
portant to examining the effects of TSA on 
these miRNAs in order to explore the antican-
cer effects of TSA in a broader range. 

In summary, the present study was the first  
to show that TSA can promote the sensitivity  
to tamoxifen treatment in tamoxifen-resistant 
breast cancer cells in vitro, and this phenome-
non may involve the miRNA-22 and c-Myc sig-
naling pathways. Hence, it will be necessary to 
evaluate the in vivo effects of TSA on tamoxifen 
resistance in the future. The concept of combi-
nation of tamoxifen and anti-miRNA treatment 
may help alleviate the issue of tamoxifen re- 
sistance in clinical therapy. In support of this, 
co-delivery of anti-miRNA-21 and 4-Hydroxy- 
tamoxifen has been shown to inhibit the pro- 
liferation of human breast cancer cells [64]. 
Therefore, the line of research on the effects  
of TSA on miRNA expression in breast cancer 
cells would help the development of this drug 
combination for use in the treatment of tamo- 
xifen-resistance breast cancer.
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