ONCOLOGY REPORTS 31: 2561-2568, 2014

Tanshinone ITA blocks epithelial-mesenchymal transition
through HIF-1a downregulation, reversing hypoxia-induced
chemotherapy resistance in breast cancer cell lines
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Abstract. The aim of the present study was to investigate the
effects of tanshinone ITA (Tan ITA), an active constituent of
Salvia miltiorrhiza Bunge, on epithelial-mesenchymal transi-
tion (EMT) and hypoxia-induced chemoresistance in breast
cancer cells. To induce hypoxia, MCF-7 and HCC1973 cells
were treated with 100 yM deferoxamine followed by doxoru-
bicin (DOX). Cell viability and proliferation were examined
using the CCK-8 and EdU assays, respectively. Western blot
and immunofluorescence analyses of the expression of two
EMT markers, E-cadherin and vimentin, were also carried
out. The role of HIF-1a and TWIST in mediating the effects
of Tan ITA was determined through siRNA. Based on the
results, hypoxia-induced DOX resistance was observed in
both MCF-7 and HCC1973 cells (both P=0.001), which was
reversed with Tan ITA. Specifically, in hypoxic conditions,
Tan IIA significantly decreased cell viability and proliferation
(all P<0.001), but not apoptosis. Hypoxia also significantly
reduced E-cadherin and increased vimentin protein levels
(P<0.005), which returned to control levels with Tan ITA. In
addition, silencing both HIF-1a. and TWIST expression abro-
gated the effects of Tan IIA on cell viability. Taken together,
Tan ITA ameliorated hypoxia-induced DOX resistance and
EMT in breast cancer cell lines, which may be attributed to the
downregulation of HIF-1a expression. Further in vivo studies,
however, are required to fully elucidate the therapeutic poten-
tial of Tan ITA in increasing the sensitivity of breast cancer
cells to chemotherapy.
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Introduction

Despite advancements in tumor screening and detection as
well as development of new treatments, breast cancer remains
the leading cause of cancer-related mortality for women
worldwide (1). In solid tumors, certain regions may become
hypoxic (2); however, tumor cells overcome this condition
through increased angiogenesis, glycolysis, growth factor
expression as well as inhibition of apoptosis (3). In some
cases, hypoxia can induce resistance to radiotherapy and
chemotherapy and increase metastasis (4) due, in part, to the
downregulation of adhesion molecules (5).

Certain genes are altered in the presence of hypoxia,
including hypoxia-inducible factor 1 (HIF-1) (4), a
heterodimer consisting of HIF-1a and HIF-1f transcription
factors (6). In contrast to the constitutively expressed nuclear
HIF-1 (ARNT) (7), HIF-1a is a cytoplasmic protein that is
upregulated in response to hypoxia. In normoxia, HIF-1a is
hydroxylated via O,-dependent enzyme activity, resulting in
ubiquitin-proteasome-mediated degradation (8). Hypoxia-
induced radioresistance of some tumor cells is mediated by
HIF-1 (9). Moreover, a role for HIF in epithelial-mesenchymal
transition (EMT) and prostate cancer cell migration has been
reported (10).

Tanshinone ITA (Tan ITA), a major lipophilic component
found in Salvia miltiorrhiza Bunge root extract, has been used
to treat myocardial infarction, angina pectoris, stroke, diabetes,
and sepsis (11). In addition, Tan ITA alleviated residual tumor
hypoxia and inhibited EMT in vivo without altering HIF-1a
expression (12). Thus, the present study examined the hypoth-
esis that Tan ITA downregulates HIF-1a and blocks EMT,
thereby reversing hypoxia-induced chemoresistance in breast
cancer cells.

Materials and methods

Cell culture, induction of hypoxia and Tan IIA treatment.
MCF-7 cells were maintained in Dulbecco's modified Eagle's
medium (DMEM) containing 10% fetal bovine serum (FBS)
and 1% penicillin/streptomycin at 37°C in an environment
with 5% CO,. All culture reagents were purchased from Life
Technologies (Carlsbad, CA, USA). HCC1937 cells were
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maintained in RPMI-1640 medium containing 10% FBS and
1% penicillin/streptomycin at 37°C in an environment with
5% CO,. To induce hypoxia, cells were treated with 100 M
deferoxamine (Novartis, Basel, Switzerland) for 24 h as previ-
ously reported (13). Cells in the Tan ITA groups received 10 uM
Tan IIA (Nanjing Zelang Medical Technology Co., China).

CCK-8 assay. MCF-7 cells were maintained in MEM
containing 10% FBS and seeded onto 96-well plates at a
density of 1x10* cells/well. HCC1937 cells were grown in
RPMI-1640 containing 10% FBS and seeded onto 96-well
plates at a density of 5x10° cells/well. On the next day, cells
were cultured in serum containing antibiotic-free medium
with 100 M deferoxamine with and without 10 M Tan ITA
for 48 h at 37°C after which 100 ul of CCK-8 solution
(Dojindo, Kumamoto, Japan) was added per well for an addi-
tional 3 h at 37°C. The optical density (OD) was measured at
450 nm with an MRX II microplate reader (Dynex, Chantilly,
VA, USA).

Transfection of HIF-la and TWIST siRNA. Scrambled,
HIF-1a and TWIST siRNA were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). siRNAs (100 nM) were
transfected into cells in the presence of Lipofectamine 2000
transfection reagent (Invitrogen, Carlsbad, CA, USA) following
the manufacturer's instructions. After 6-8 h, the medium was
removed and cells were maintained in normal medium for an
additional 24 h.

Western blot assay. Cells were washed with cold PBS and
treated with lysis buffer (Cell Signaling, Danvers, MA, USA)
at 4°C or on ice for 2 h. After the protein concentration was
determined with BCA kit (Thermo Fisher Scientific, Rockford,
IL, USA), proteins (40 pg) were separated by SDS-PAGE and
transferred onto a PVDF membrane (Millipore, Billerica, MA,
USA). After the membranes were blocked with 5% bovine
serum albumin (BSA) in 0.1% Tween-20 (TBS/T) on ice for
2 h, they were incubated with the following primary anti-
bodies (1:1,000; all from Abcam, Cambridge, MA, USA) at
4°C overnight: HIF-1a, E-cadherin, vimentin and p-actin.
The membranes were then incubated with the appropriate
secondary antibody (1:2,000; Abcam) at room temperature
for 2 h. Bands were visualized by chemiluminescence
(GE Healthcare, Piscataway, NJ, USA), and the membranes
were exposed to film (Kodak, Rochester, NY, USA).

Immunofluorescence staining. After the cells were washed
with cold PBS and fixed in 4% paraformaldehyde for 15 min,
they were blocked with 5% BSA at room temperature for
30 min. The cells were next incubated with anti-E-cadherin
or anti-vimentin antibodies (1:200; Abcam) at 4°C overnight.
After washing with PBS, cells were treated with FITC- or
CY3-conjugated secondary antibodies (1:200; Abcam) at
room temperature for 2 h. Nuclear staining was performed
with DAPI (Sigma) at room temperature for 2 min. Following
washing in PBS twice, observation was performed under an
inverted fluorescence microscope (Olympus, Tokyo, Japan).

Flow cytometry. The BU-Annexin V-FITC apoptosis detection
kit (Biouniquer Technology Co., Nanjing, China) was used to
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evaluate the effects of DOX and Tan IIA on apoptosis. Cells
were digested with an EDTA-free trypsin solution (0.25%;
Life Technologies), and a single-cell suspension (1-5x109)
was prepared. After washing in PBS twice, 100 pl of Binding
Buffer and 5 ul of FITC-conjugated Annexin-V (20 pg/ml)
were added and incubated at room temperature in the dark for
30 min. Following addition of 5 pl of propidium iodide (PI) at
50 pg/ml for 5 min in the dark, 400 pl of Binding Buffer was
added. Flow cytometry was performed immediately (within
1 h) with a FACScan flow cytometer (BD Biosciences, San Jose,
CA, USA). In the negative control groups, Annexin V-FITC
and/or PI were not added.

5-Ethynyl-2'-deoxyuridine (EdU) assay. MCF-7 and HCC1937
were seeded onto 96-well plates at a density of 3x10° cells/well
in their respective growth media. The medium was replaced
with the corresponding serum-free medium to synchronize the
cells. After 24 h, the serum-free medium was replaced with
growth media containing 100 uM deferoxamine to induce
hypoxia as well as 0.2 pg/ml DOX without and with 10 yM
Tan ITA for 48 h. Cell proliferation was assessed using an
EdU assay using the Click-iTEdU imaging kit (Invitrogen)
according to the manufacturer's instructions.

Statistical analysis. Data are expressed by the mean and
standard deviation (SD). Comparisons among two indepen-
dent groups were performed by the two independent samples
t-test; comparisons among three or more independent groups
were performed by the one-way ANOVA with the Bonferroni
post-hoc test. The relative cell viabilities between various
treatment groups and various DOX dosages were evaluated
by ANCOVA with one covariate of DOX dosage. The two-
tailed P-values <0.05 were considered to indicate statistically
significant differences. Statistical analyses were performed
using SPSS 15.0 (SPSS, Chicago, IL, USA).

Results

Hypoxia induces resistance to DOX, which is reversed with
Tan IIA. To investigate the sensitivity of MCF-7 and HCC1937
cells to DOX in normoxia and hypoxia, a CCK-8 assay was
employed. For both MCF-1 and HCC1937 cells, the tumor cell
viabilities were significantly decreased with the increasing
DOX concentrations (P<0.001; Fig. 1A and B). In the presence
of 0.25, 0.5, and 1 pg/ml a significantly higher cell viability
was observed when cells were cultured in hypoxic conditions
as compared to normoxia (P=0.001; Fig. 1A and B). Thus, we
confirmed that hypoxia induced DOX resistance in MCF-1
and HCC1937 cancer cell lines.

To determine if Tan IIA could reverse the hypoxia-induced
DOX resistance, cells were next cultured in hypoxic conditions
without and with Tan ITA. As shown in Fig. 1C, the relative cell
viability of MCF-7 cells cultured in hypoxia and treated with
DOX+Tan ITA was significantly decreased as compared to the
cells treated with DOX for 24 h (50.7 vs. 72.3%, respectively,
P<0.001),48 h (46.1 vs. 75.9%, respectively, P<0.001),and 72 h
(35.7 vs. 63.7%, respectively, P<0.001). Similar results were
also observed in HCC1937 cells (all time points, P<0.001;
Fig. 1D), suggesting that Tan IIA may reduce the resistance to
DOX induced by hypoxia.
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Figure 1. Tan ITA reverses hypoxia-induced DOX resistance in breast cancer cell lines. (A-D) Cell viability and (E and F) proliferation of MCF-7 and HCC1937
cells was determined using the CCK-8 and EdU assays. (A) MCF-7 and (B) HCC1937 cell viability in hypoxic (100 M deferoxamine) and normoxic conditions
with the indicated DOX dosages (relative to control) for 24 h. (C) MCF-7 and (D) HCC1937 cell viability in hypoxic conditions after treatment with DOX
(0.2 pg/ml) and DOX+Tan ITA (10 uM) for the indicated time points (relative to control). (E) MCF-7 and (F) HCC1937 cell proliferation in the control+DOX,
hypoxia+DOX, and hypoxia+DOX+Tan ITA treatment groups. "P<0.05 compared to the control group; 'P<0.05 compared to the hypoxia group.

Effects of hypoxia, DOX and Tan IIA on cell proliferation.  EdU assay. As shown in Fig. 1E and F, culturing either MCF-7
The effects of hypoxia and Tan IIA on cell proliferation were ~ or HCC1937 cells in hypoxia significantly increased the
next assessed in the presence of 0.2 pg/ml DOX using the  proportion of EdU-positive cells as compared to the control
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Figure 2. Tan ITA does not induce (A) MCF-7 or (B) HCC1937 cell apoptosis. Apoptosis was determined using flow cytometry in the following treatment
groups: control (normoxia), hypoxia, hypoxia+DOX (0.2 pg/ml), hypoxia+DOX+Tan ITA (10 zM). "P<0.05 compared to the control group.

(normoxia, both P=0.001). Furthermore, cell proliferation was
significantly reduced in the presence of hypoxia with the addi-
tion of Tan ITA (both P<0.001).

Effects of hypoxia, DOX and Tan IIA on cell apoptosis. To
determine if Tan IIA increased the sensitivity of MCF-7 or
HCC1937 cells to DOX by inducing apoptosis, flow cytometry
was performed to measure apoptosis rates in the presence of
hypoxia, DOX, and Tan ITA. As shown in Fig. 2A and B,
the apoptosis rates of both MCF-1 and HCC1937 cells were
significantly higher than control when cultured in the pres-
ence of hypoxia, hypoxia+DOX, or hypoxia+DOX+Tan IIA
(all P<0.001). However, no significant differences were
observed between the three groups, indicating that the
reduced viability observed with Tan ITA was not due to
apoptosis induction.

Effects of hypoxia, DOX and Tan IIA on EMT. To determine
if the effects of hypoxia and Tan ITA were mediated by
changes in EMT, E-cadherin and vimentin protein expres-
sion was determined by western blot analysis. As shown in
Fig. 3A and B, E-cadherin protein expression was significantly
decreased in response to hypoxia (both P<0.001). Treatment
with Tan ITA significantly increased it, but not to control levels
in MCF-7 cells (both P=0.002). In contrast, vimentin expres-
sion levels were significantly increased in the hypoxia group
compared to control in both cell lines (P<0.002). Treatment
with Tan ITA ameliorated the effects of hypoxia on vimentin

expression (both P<0.005; Fig. 3A and B). Similar results were
observed with immunofluorescence analysis (Fig. 3C).

Given the importance of TWIST regulation by HIF-la in
EMT (14), the effects of its knockdown were next assessed
in cells cultured in the presence of hypoxia and Tan ITA. As
shown in Fig. 4A, TWIST siRNA reduced TWIST protein
expression in both MCF-1 and HCC1937 cells. After TWIST
knockdown, no significant difference in tumor cell viability
was observed between the hypoxia and hypoxia+Tan IIA
groups in response to DOX (Fig. 4B and C). These results
suggest that Tan ITA may inhibit hypoxia-induced EMT.

Effects of Tan IIA on cell viability and proliferation are
mediated by HIF-1a expression. As shown in Fig. 3A and B,
HIF-1la expression levels were significantly increased in the
hypoxia group compared to control in both cell lines (both
P<0.001), and treatment with Tan ITA ameliorated the effects
of hypoxia on HIF-1a expression (both P<0.005).

To determine if the effects of Tan IIA were mediated by
HIF-1a, both MCF-1 and HCC1937 cells were transfected
with HIF-1a siRNA. As shown in Fig. 5A, transfection of
both MCF-1 and HCC1937 cells with HIF-1a siRNA reduced
HIF-1a protein expression levels. In HIF-1a siRNA-transfected
cells, no significant differences in cell viability (Fig. 5B and C)
and proliferation (Fig. 5D and E) in response to DOX were
observed between the hypoxia and hypoxia+Tan IIA groups.
These results suggest that HIF-1a mediates the biological
effects of Tan ITA.
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Figure 3. HIF-1a, E-cadherin and vimentin protein expression in response to hypoxia and Tan ITA. (A) MCF-7 and (B) HCC1937 cells were cultured in normoxia,
hypoxia, and hypoxia+Tan IIA. (A and B) Western blot analysis of HIF-1a, E-cadherin, and vimentin protein expression was determined. (C) Immunofluorescence
staining of MCF-7 and HCC1937 cells for E-cadherin and vimentin expression. "P<0.05 compared to the normoxic group; "P<0.05 compared to the hypoxic group.
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(D and E) cell proliferation after transfection with HIF-1a siRNA in the presence of hypoxia with and without Tan IIA.

Discussion

Considering the in vitro and in vivo growth inhibitory effects
of Tan ITA on leukemia cells (15), prostate cancer cells (16),
colon cancer cells (17), pancreatic cancer cells (18), hepatocel-
lular carcinoma (19), gastric cancer cells (20), cervical cancer
cells (21), and breast cancer cells (22), the effects of Tan ITA
on hypoxia-induced DOX resistance were analyzed in two
breast cancer cell lines. Tan IIA increased the sensitivity of
both MCF-1 and HCC1937 cells cultured in hypoxia to DOX

in part through HIF-1a. Tan ITA also reduced the expression
of EMT markers, suggesting that it may play a role in reducing
metastasis.

In the present study, Tan IIA reduced MCF-1 and HCC1937
cell viability and proliferation, suggesting that Tan IIA targets
the cell cycle. Cell cycle arrest at the GO/G1 phase in response
to Tan ITA has previously been reported in LNCaP prostate
cancer cells (16) through p53 activation (23). Similar cell cycle
arrest was observed in pancreatic (18), gastric (20) and cervical
(21) cancer cells. However, Chiu et al (16) reported that these



ONCOLOGY REPORTS 31: 2561-2568, 2014

effects were mediated through endoplasmic reticulum (ER)
stress. Further studies will assess the effects of Tan IIA on
the cell cycle progression of both MCF-1 and HCC1937 cells.

Induction of apoptosis by Tan IIA in human leukemia cell
lines through caspase-3 activation, downregulation of bcl-2
and bcl-x] and upregulation of bax has been reported (15).
Similar results were reported for H146 small cell lung cancer
cells (24), hepatocellular carcinoma (19), chronic myeloid
leukemia cells (25) as well as BxPC-3 pancreatic cancer
cells (18). However, no changes in apoptosis were observed in
the present study. These differences may be due to cell-type
specific effects of Tan IIA. Alternatively, Tan ITA may only
induce apoptosis in normoxic conditions.

In the present study, Tan ITA increased the sensitivity
of breast cancer cell lines to DOX, which is similar to that
reported for SGC7901 gastric cancer cells in response to
adriamycin and 5-fluorouracil (20). The mechanisms of cell
growth inhibition by Tan IIA were also explored in vitro. The
increased chemosensitivity observed with Tan ITA in hypoxia
was in part mediated through HIF-1a. This is consistent with
Xu et al (26) who reported that Tan IIA reduced LPS-induced
sepsis syndrome through targeting HIF-1a. However, in hepa-
tocellular carcinoma cells, HIF-1o levels were not altered with
Tan IIA in hypoxic conditions in vitro (12).

Differences in oxygen levels, presence of immune cells,
growth factor expression as well as EMT between the center
and periphery of solid tumors may result in resistance of some
of these tumors to chemotherapies (27). Given the role of EMT
in cancer progression and metastasis, the effects of Tan IIA on
EMT marker expression were assessed. Hypoxia altered the
expression of E-cadherin and vimentin EMT markers, which
returned to control levels with Tan IIA in vitro. These results
suggest that Tan ITA may inhibit metastasis (28) possibly
through inhibition of HIF-1o0/TWIST-induced EMT (14).
These results are partially consistent with Wang et al (12) who
reported reduced EMT with Tan IIA in an in vivo model of
hepatocellular carcinoma. However, similar results were not
observed in hypoxic conditions in vitro (12). These inconsis-
tencies may be due to differences in establishing the hypoxic
conditions; they may also indicate cell-type differences in
response to Tan IIA.

The present study is limited in that the pathway mediating
changes in HIF-1a expression in response to Tan ITA treatment
was not investigated. Tan IIA activated the c-Jun N-terminal
protein kinase (JNK) pathway in chronic myeloid leukemia
cells (25) as well as the IL-6/STAT3/NF-«B signaling path-
ways in breast cancer cells (22); therefore, these pathways
will be assessed in breast cancer cells in future studies. In
addition, although the effect of Tan ITA on EMT markers is
suggestive of inhibition of migration, further analyses will
specifically assess the effects of Tan IIA on cell migration
in vitro and metastasis in vivo. Furthermore, the results were
not confirmed using in vivo studies, which will be undertaken
in further analyses.

In conclusion, Tan IIA ameliorated hypoxia-induced
chemotherapy resistance to DOX and EMT in breast cancer
cell lines, which may be attributed to the downregulation of
HIF-1a expression. Further in vivo studies are required to fully
elucidate the therapeutic potential of Tan ITA in increasing the
sensitivity of breast cancer cells to chemotherapy.
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