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Abstract

Triple-negative breast cancer (TNBC) is associated with a higher incidence of recurrence and distant metastasis and
a poor prognosis, whereas effective treatment strategies remain to be established. Finding an effective treatment
for TNBC has become imperative. We examined the effect of the combination of S-1 (or 5-FU in an in vitro study)
and eribulin in TNBC cell lines. The in vitro effect of the combination was examined in four TNBC cell lines (MDA-MB-231,
MDA-MB-468, BT-549 and MX-1) using a combination index and isobolograms. In addition, we assessed the effect of
the combination in an MDA-MB-231 tumor xenograft model. A synergistic effect was observed in three TNBC cell lines
(MDA-MB-231, MDA-MB-468, and MX-1), and in an in vivo study, the combination of S-1 and eribulin resulted in
significantly higher antitumor effects compared with S-1 or eribulin alone. 5-FU induced epithelial-mesenchymal
transition (EMT) change in the TNCB cell line, as supported by the decreased expression of epithelial marker and
the increased expression of mesenchymal markers. Meanwhile, TGF-beta induced EMT changes in a TNBC cell
line and decreased the sensitivity to 5-FU. This result suggests that 5-FU-induced EMT changes reduce the
sensitivity to 5-FU. In contrast, eribulin induced a mesenchymal-epithelial transition (MET) in a TNBC cell line.
The EMT phenotype induced by 5-FU was also canceled by eribulin. We demonstrate that the combination of
S-1 (5-FU) and eribulin exerts a synergistic effect for TNBC cell lines through MET-induction by eribulin. Therefore, this
combination therapy may be a potential treatment option for TNBC.
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Introduction
Metastatic breast cancer is a heterogeneous disease in its
biology, clinical behavior, prognosis, and treatment. Whereas
patients with hormone receptor-positive and HER-2-positive
breast cancers have had favorable outcomes with chemo-
therapy and targeted therapies, triple-negative breast cancer
(TNBC) is not sensitive to conventional chemotherapies.
TNBC is a clinical phenotype characterized by a lack of
overexpression or gene amplification of hormone recep-
tors (estrogen receptor [ER] and progesterone receptor
[PR]) and human epidermal growth factor receptor-2
(HER-2). TNBC accounts for between 9% and 16% of all
breast cancers and is associated with a poor prognosis
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S-1 (Taiho Pharmaceutical Co., Tokyo, Japan) is an oral

fluoropyrimidine derivative composed of 1-(2-tetrahydro-
furyl)-5-fluorouracil (tegafur, a prodrug of 5-flurouracil
[5-FU]), combined with two modulators of 5-FU activity,
5-chloro-2, 4-dihydroxypyrimidine (gimeracil) and potas-
sium oxonate (oteracil) (Shirasaka et al. 1996). S-1 has
been widely approved for gastric cancer treatment in
many countries in Asia and Europe (Satoh & Sakata
2012) and for several other cancers in Japan (Shirasaka
2009). In a phase II clinical study, S-1 monotherapy was
demonstrated to have high antitumor activity with toler-
ated toxicities in metastatic breast cancer (Saek et al.
2004). Moreover, it was reported at the Annual Meeting
of The Japanese Breast Cancer Society (Futsuhara 2012)
that an additional treatment with S-1 for 12 months was
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acceptable for TNBC following treatment with anthra-
cycline or taxane.
Eribulin mesylate (eribulin; Eisai Co., Tokyo, Japan) is a

non-taxane, microtubule dynamics inhibitor with a novel
mechanism of the action, which induces irreversible mi-
totic block at the G2-M phase and apoptosis (Kuznetsov
et al. 2004; Towle et al. 2001; Jordan et al. 2005; Okouneva
et al. 2008; Smith et al. 2010; Towle et al. 2011). In a ran-
domized clinical phase III study (Eisai Metastatic Breast
Cancer Study Assessing Physician’s Choice Versus E7389,
EMBRACE) involving patients with heavily pre-treated lo-
cally recurrent or metastatic breast cancer, eribulin was
compared with the treatment of physician’s choice (TPC).
Patients who received eribulin exhibited a significant im-
provement in median overall survival compared with TPC
(Cortes et al. 2011). Recently, sub-group analysis from
phase III clinical trial demonstrated that women with
TNBC had significant response to treatment with eribu-
lin versus capecitabine, with a median overall survival of
14.4 months with eribulin, compared with 9.4 months
with capecitabine (Kaufman et al. 2012).
Because a monotherapy of S-1 or eribulin has shown

promising activity in TNBC and eribulin have a manage-
able toxicity and a modest incidence of neuropathy, which
appears to be lower than with other microtubule inhibitor
agents, the combination of S-1 and eribulin is a hopeful
combination regimen for breast cancer including TNBC.
Phase I trial of S-1 and eribulin combination therapy for
advanced or recurrent breast cancer pretreated by anthra-
cycline and taxane is being executed in Kinki University
Hospital. However, no preclinical studies of this combin-
ation have been performed. In this study, we investigated
the combination effect of S-1 (5-FU) and eribulin on
TNBC cell lines both in vitro and in vivo. In addition, we
investigated the mechanisms of the synergistic effects of
S-1 (5-FU) and eribulin.

Methods
Cell lines
This study was performed using four TNBC cell lines
(MDA-MB-231, MDA-MB-468, BT-549, and MX-1) and
two non-TNBC cell lines (MCF-7, T47D). These cells
were obtained from ATCC (Rockville, MD, USA) or CLS
(Eppelheim, Germany) and were maintained in RPMI-1640
medium (Sigma-Aldrich, St. Louis, MO, USA) supple-
mented with 10% fetal bovine serum (Gibco BRL, Grand
Island, NY, USA) and cultured under a humidified atmos-
phere of 5% CO2 at 37°C, passaged every 3–4 days.

Compounds
S-1 was prepared by mixing tegafur, gimeracil, and oter-
acil potassium (TCI, Tokyo, Japan) at a molar ratio of
1:0.4:1 in 0.5% HPMC. 5-FU was obtained from Sigma-
Aldrich for the in vitro study and eribulin was provided
by Eisai Co. These agents were dissolved in dimethyl
sulfoxide (DMSO).

In vitro growth inhibition assay
Cell growth was assessed using a standard 3-(4, 5-
dimenthyl-thiazoyl-2-yl) 2, 5-diphenyltetrazolium bromide
(MTT) assay and a previously described method (Tanaka
et al. 2009). Briefly, cells were seeded into a 96-well plate
and were cultured for 24 h before exposure to the com-
pounds. The cells were incubated for 72 h at 37°C with
various concentrations of 5-FU and eribulin. The experi-
ment was performed in triplicate.

Combination effect of 5-FU and eribulin in vitro
To evaluate the combination effect, the normalized ED50

isobologram was plotted using an MTT assay. An isobolo-
gram analysis is a frequently used method for analyzing
the effects of multiple drugs (Steel & Peckham 1979; Kano
et al. 1988). In addition, the combination index (CI) (Chou
& Talalay 1984) was calculated for each combination ratio
using the following formula:

CI ¼ Dð Þ1
Dað Þ1þ

Dð Þ2
Dað Þ2;

where (Da)1 and (Da)2 are the concentrations required
for single agents to achieve a% drug effect (in this ex-
periment, a = 50) and (D)1 and (D)2 are the concentra-
tions of 5-FU and eribulin used in combination to
achieve the same effect. In a normalized isobologram,
the diagonal line represents the additive effect. Experi-
mental data points, represented by dots located below,
on, or above the line, indicate synergism, additively, and
antagonism, respectively. The CI equation determines
the additive effect of drug combinations, with synergism
being defined as greater than the expected additive effect
and antagonism being defined as less than the expected
additive effect. Thus, CI values <1, 1, and >1 indicate
synergism, additively and antagonism, respectively.

Real-time reverse-transcription (RT) PCR
Total RNA was converted to cDNA using a GeneAmp®
RNA-PCR kit (Applied Biosystems, CA, USA). The cDNAs
were used for PCR analysis using oligonucleotide primers
specific for E-cadherin (forward 5’-TTAAACTCCTGGCC
TCAAGCAATC-3’ and reverse 5’-TCCTATCTTGGGCA
AAGCAACTG-3’) N-cadherin (forward 5’-CGAATGGAT
GAAAAGACCCATCC-3’ and reverse 5’-GGAGCCACTG
CCTTCATCGTCAA-3’) vimentin (forward 5’-TGAGTAC
CGGAGACAGGTGCAG-3’ and reverse 5’-TAGCAGCT
TCAACGGCAAAGTTC-3’) and Snail2 (forward 5’-ATGC
ATATTCGGACCCACACATTAC-3’ and reverse 5’-AGA
TTTGACCTGTCTGCAAATGCTC-3’). The PCR was
performed using Thermal Cycler Dice (TaKaRa, Otsu,



Table 1 IC50 value of 5-FU and eribulin

Cell lines 5-FU (μM) Eribulin (nM)

TNBC MDA-MB-231 13.0 ± 2.0 1.2 ± 0.3

MDA-MB-468 8.6 ± 2.5 0.7 ± 0.2

BT-549 5.3 ± 0.5 1.6 ± 0.2

MX-1 92.4 ± 3.7 4.3 ± 0.6

Non-TNBC MCF-7 2.3 ± 0.4 0.4 ± 0.0

T47D 5.1 ± 0.4 2.6 ± 1.1

Growth inhibitory effect of single agent 5-FU or eribulin in four TNBC cell lines
and two non-TNBC cell lines. MTT assays were performed. The IC50 values
of each agent were shown at 72 hours after exposure. Each value is the
average ± SD of three independent experiments.
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Japan) under the following conditions: 95°C for 5 min,
50 cycles of 95°C for 5 s, and 60°C for 10 s. The primers
were purchased from Sigma-Aldrich or TaKaRa and were
used with SYBR® Premix Ex Taq (TaKaRa). GAPDH was
used as an internal control to normalize and compare
each sample.

Immunoblotting
Immunoblot analysis was performed as described previ-
ously (Maegawa et al. 2009). Cells were washed twice
with phosphate-buffered saline (PBS) and lysed by incu-
bating in Lysis A buffer containing 1% Triton X-100,
20 mM Tris–HCl (pH7.0), 5 mM EDTA, 50 mM sodium
chloride, 10 mM sodiumpyrophosphate, 50 mM sodium
fluoride, 1 mM sodium orthovanadate, a protease inhibi-
tor cocktail tablet (Complete, Mini; Roche Diagnostics,
Basel, Switzerland) and phosphatase inhibitor cocktail
(Sigma-Aldrich). Proteins were resolved using SDS-PAGE
and were transferred to a PVDF membrane (Immobilon;
Millipore, Billerica, MA, USA). After blocking with
Tris-buffered saline (TBS) containing 0.02% Tween 20
and 5% nonfat milk, the strips of membrane were ex-
posed to anti-E-cadherin antibody, anti-N-cadherin
antibody, anti-vimentin antibody, anti-Snail2 antibody,
or anti-β-actin antibody. They were incubated with
HRP-conjugated anti-rabbit IgG antibody and the pro-
teins were visualized using an ECL Western Blotting
Detection System (GE Healthcare, Buckinghamshire,
UK). The antibodies were all purchased from Cell Sig-
naling (Beverly, MA, USA).

Immunofluorescence staining
Immunofluorescence staining of cells were performed as
described previously (Tamura et al. 2010) with minor
modifications. Cells were seeded onto cover slips in 6-well
plates and exposed to 5-FU, eribulin, or TGF-β. After ex-
posure, the cells were washed twice with PBS, then fixed
with 4% paraformaldehyde for 20 min. The fixed cells
were washed three times with PBS and were subsequently
incubated for 1 hour with 1.5% bovine serum albumin.
They were then incubated over night with anti-E-cadherin
or anti-vimentin antibodies at 4°C, followed by incubation
with Alexa Fluor 546 anti-rabbit IgG antibody (Molecular
Probes, Eugene, OR, USA) for 30 min. Finally, the cells
were treated with DAPI (6-diamidino-2-phenylindole) to
stain the nucleus and the stained cells were observed using
fluorescence microscopy (IX71; Olympus, Tokyo, Japan).

In vivo growth inhibition assay
Female BALB/c-nu/nu mice (5 weeks old; CLEA Japan
Inc., Tokyo, Japan) were used for the in vivo studies and
were cared for in accordance with the recommendations
for the handling of laboratory animals for biomedical re-
search compiled by the Committee on Safety and Ethical
Handling Regulations for Laboratory Animal Experiments,
Kinki University. MDA-MB-231 cells (4 × 106 viable cells)
in PBS containing 50% Matrigel were injected subcutane-
ously into each mouse. Thirty days following the inocula-
tion of the cells, the mice were divided randomly into 4
groups (control, S-1, eribulin, and S-1 plus eribulin; n = 3
each), and treatment was initiated. S-1 was administered
orally on days 1 to 16, and eribulin dissolved in saline con-
taining 2.5% DMSO was injected intravenously on days 1,
5, 9, and 13. The doses of S-1 and eribulin were 8.3 mg/kg
and 0.1 mg/kg, respectively. The tumor volumes were esti-
mated using the formula [(width)2 × length]/2 (mm3). To
evaluate the anti-tumor effects of the S-1, eribulin, and a
combination of S-1 and eribulin, the tumor sizes and body
weights were measured twice per week. Antitumor effects
were expressed as % T/C (treated versus control), dividing
the tumor volumes from the treatment groups by those of
the control groups and multiplying by 100.

Hematoxylin-Eosin (HE) staining and immunohistochemical
(IHC) analysis
Formalin-fixed tumors were paraffin-embedded. 4 μm sec-
tions were used for HE staining, and IHC using antibodies
against E-cadherin (1:100) and to vimentin (1:100). The
methods used in this section have been described previ-
ously (Tamura et al. 2013).

Statistical analysis
The statistical analyses were performed using Microsoft
Excel (Microsoft) to calculate the SD and to test for statis-
tically significant differences between the samples using a
Student's t test. A P value of <0.05 was considered statisti-
cally significant.

Results
Cellular sensitivity of TNBC cell lines to 5-FU and eribulin
The growth inhibitory effects of 5-FU and eribulin on
TNBC cell lines and non-TNBC cell lines are examined
using an MTT assay. The IC50 values of 5-FU and eribu-
lin for the cell lines fell within the ranges of 2.3-13.0 μM
and 0.4-4.3 nM, respectively. There was no difference in
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cellular sensitivity between the TNBC cell lines and the
non-TNBC cell line, except for the MX-1 cells (Table 1).
The MX-1 cells had a higher resistance to 5-FU (92.4 ±
3.7 μM) than the other cell lines.

In vitro combination effect of 5-FU and eribulin on TNBC
cell lines
To evaluate the potential combined effect of 5-FU and eri-
bulin, normalized ED50 isobolograms were plotted and the
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Figure 1 Combination effect of 5-FU and eribulin in four TNBC cell lin
TNBC cell lines after 72 hours exposure. (b) Normalized isobologram analys
points, represented by dots located below, on, or above this line indicate s
below and to the left of the line represent synergism.
CI values were determined using an MTT assay. A syner-
gistic interaction between 5-FU and eribulin was observed
in the TNBC cell lines (MDA-MB-231, MDA-MB-468,
and MX-1) (Figure 1a). In addition, the CI values were sig-
nificantly <1 and isobolograms clearly revealed synergy at
all explored concentrations (Table 2 and Figure 1b). An
additive effect was observed in the BT-549 cell line. Thus,
we found a synergistic or additive effect for the combin-
ation of 5-FU and eribulin in the TNBC cell lines.
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Table 2 CI value of combination of 5-FU and eribulin

Combination ratio Cell lines

5-FU (μM):
eribulin (nM)

MDA-MB-231 MDA-MB-468 MX-1 BT-549

1 : 0.003 0.95 1.12

1 : 0.01 0.61 0.81 0.46 1.27

1 : 0.03 0.58 0.73 0.27 1.08

1 : 0.1 0.60 0.63 0.44 1.08

1 : 0.3 0.63 0.64 0.60 1.18

1 : 1 0.57 0.61 0.73 1.09

1 : 3 0.61 0.70

The CI values were calculated in each combination ratio. The CI values of <1,
1, or >1 indicate synergism, additively, and antagonism, respectively.
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EMT changes reduce the sensitivity of MDA-MB-231 cells
to 5-FU
We analyzed the mechanisms of the synergistic inter-
action between 5-FU and eribulin. Several reports have
demonstrated that established 5-FU-resistant cell lines
exhibit EMT changes (Chung et al. 2000; Zhang et al.
2012), we examined focusing on EMT. First, we exam-
ined whether EMT changes in MDA-MB-231 cells might
reduce the cellular sensitivity to 5-FU. When MDA-MB-
231 cells were exposed to TGF-β (2.5 ng/mL) for 5 days,
an EMT-like morphological change was observed
(Figure 2a). The decreased expression of E-cadherin and
the increased expression of N-cadherin, vimentin and
a b

d e

Figure 2 TGF-β induces EMT in MDA-MB-231 cells after 5 days of exp
changes of MDA-MB-231 cells after exposure to 2.5 ng/mL of TGF-β. (b) Th
Snail2 were determined using real-time RT-PCR. GAPDH was used to norm
of three independent experiments. *P < 0.05 versus control. (c) Western blo
was used as an internal control. (d) Immunofluorescence staining of E-cadher
growth inhibition curves of 5-FU in MDA-MB-231 cells with or without TGF-β
Snail2 were observed at the mRNA and protein expres-
sion levels (Figure 2b and c). Immunofluorescence stain-
ing confirmed these changes in E-cadherin and vimentin
(Figure 2d). Figure 2e shows the cellular sensitivity of
MDA-MB-231 cells to 5-FU under this condition. The
cells that were exposed to TGF-β had an approximately
3-fold higher resistance to 5-FU, with IC50 values of
44.7 ± 5.8 μM, compared with that of cells without TGF-β
exposure (14.8 ± 1.0 μM). These results showed the EMT
changes in MDA-MB-231 cells reduced cellular sensitivity
to 5-FU.
5-FU induces epithelial-mesenchymal transition (EMT)
When MDA-MB-231 cells were treated with 5-FU
(1–10 μM), we observed that MDA-MB-231 cells dis-
played EMT-like changes in cell morphology, including
the elongation of the cell shape and cell scattering,
which are characteristic features of cells undergoing EMT
(Figure 3a). Real-time RT-PCR and western blotting dem-
onstrated the decreased of an epithelial marker (E-cadherin),
whereas the expressions of mesenchymal markers (N-cad-
herin and vimentin) and Snail2, which are transcriptional
repressors of E-cadherin, were increased after 5 days of 5-
FU exposure in dose-dependent manners (Figure 3b
and c). The decreased expression of E-cadherin and the
increased expression of vimentin were also confirmed
using immunofluorescence staining (Figure 3d). These
c

osure and reduced the sensitivity to 5-FU. (a) Morphological
e mRNA expression levels of E-cadherin, N-cadherin, vimentin and
alize the expression levels. The data shown represent the average ± SD
tting analysis for E-cadherin, N-cadherin, vimentin, and Snail2. β-actin
in and vimentin. The nucleus (blue) was stained with DAPI. (e) Cellular
exposure.



Figure 3 5-FU induces EMT in MDA-MB-231 cells after 5 days of exposure. (a) Morphological changes in MDA-MB-231 cells after exposure
to 1, 3, or 10 μM of 5-FU. (b) The mRNA expression levels of E-cadherin, N-cadherin, vimentin and Snail2 were determined using real-time
RT-PCR. GAPDH was used to normalize the expression levels. The data shown represent the average ± SD of three independent experiments.
*P < 0.05 versus control. (c) Western blotting analysis for E-cadherin, N-cadherin, vimentin, and Snail2. β-actin was used as an internal control.
(d) Immunofluorescence staining of E-cadherin and vimentin. The nucleus (blue) was stained with DAPI.
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results indicated that 5-FU directly induced EMT in
MDA-MB-231 cells and the EMT changes might reduce
the sensitivity to 5-FU.

Eribulin induces mesenchymal-epithelial transition (MET)
In contrast, MX-1 cells, which exhibit mesenchymal fea-
tures, displayed MET morphologically changes including a
cobblestone-like appearance and tight cell–cell junctions,
the reverse process of EMT, after 8 days exposure to eribu-
lin (0.3-3 nM) (Figure 4a). In agreement with these observa-
tions, the increased expression of E-cadherin and the
decreased expression of N-cadherin and vimentin in associ-
ation with decreased expression of Snail2 were detected in
dose-dependent manners (Figure 4b and c). Immunofluor-
escence staining also confirmed the increased expression of
E-cadherin and the decreased expression of vimentin
(Figure 4d). To examine whether eribulin cancels 5-FU-
induced EMT changes in MDA-MB-231 cells, the cells
were pre-exposed to 5-FU for 5 days, followed by expos-
ure to eribulin. Morphological changes from fibroblast-
like shapes to a cobblestone appearance were observed
after eribulin-exposure (0.3-3 nM) for 4 days (Figure 5a).
The increased expression of E-cadherin and the de-
creased expression of N-cadherin, vimentin and Snail2
were also observed in dose-dependent manners, as de-
tected using real-time RT-PCR, western blotting, and
immunofluorescence staining (Figures 5b-d). Thus, the
5-FU induced EMT phenotype in MDA-MB-231 cells
was also canceled by eribulin. These results suggested
the action of MET induction by eribulin reduced the 5-
FU resistance.

Combination effect of S-1 and eribulin in an MDA-MB-231
tumor xenograft model
To assess the combination effect of S-1 and eribulin
in vivo, we examined the antitumor activity of this com-
bination in an MDA-MB-231 tumor xenograft model.
Mice bearing MDA-MB-231 tumors were prepared and
treated with S-1 (days 1–16; p.o., 8.3 mg/kg), eribulin
(Q4D × 4; i.v., 0.1 mg/kg), or S-1 plus eribulin. The
mean tumor volumes (mm3) on day 36 following the
initial treatment of the 4 groups (i.e., control, S-1,
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Snail2vimentinE-cadherin N-cadherin

Figure 4 Eribulin induces MET in MX-1 cells after 8 days of exposure. (a) Morphological changes of MX-1 cells after exposure to 1, 3, or 10 nM of
eribulin. (b) The mRNA expression levels of E-cadherin, N-cadherin, vimentin and Snail2 were determined using real time RT-PCR. GAPDH was used to
normalize the expression levels. The data shown represent the average ± SD of three independent experiments. *P < 0.05 versus control. (c) Western
blotting analysis for E-cadherin, N-cadherin, vimentin, and Snail2. β-actin was used as an internal control. (d) Immunofluorescence staining of
E-cadherin (red) and vimentin (red). The nucleus (blue) was stained with DAPI.
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eribulin, and S-1 plus eribulin) were 1900 ± 473, 1055 ±
197, 900 ± 235, and 199 ± 26, respectively (Figure 6a,
P = 0.01, S-1 monotherapy versus S-1 plus eribulin; P =
0.04, eribulin versus S-1 plus eribulin). S-1 or eribulin
alone inhibited the tumor growth (T/C = 55.5%, 47.4%,
respectively), and a combination of S-1 and eribulin inhib-
ited the tumor growth of MDA-MB-231 xenografts
more intensively (T/C = 10.5%). Body weight loss related
to treatment with S-1 or eribulin was not observed in
any of the groups (Figure 6b). Further, we examined the
MET induction activity of eribulin using a xenograft
model. Immunohistchemical analyses were performed in
above four groups on day 7 following the initial treatment.
As a result, the decreased expression of E-cadherin and
the increased expression of vimentin were observed after
treatment of S-1. In contrast, the increased expression of
E-cadherin and the decreased expression of vimentin were
observed after treatment of combined with eribulin
(Figure 6c). These results were consistent with the in vitro
experiments.
Discussion
Patients with advanced or metastatic breast cancer have
limited treatment options. Patients with TNBC can re-
ceive systemic therapy only due to lack of targeted ther-
apies and many patients fail to respond or become
refractory to the treatment. In spite of high response
rate to chemotherapy in the initial treatment, TNBC pa-
tients develop rapid disease progression resulting in a
shorter overall survival compared to ER-positive breast
cancer (Foulkes et al. 2010). Metastatic breast cancer is
an incurable disease and the purpose of chemotherapy is
relieving symptoms and improving quality of life. Al-
though combination chemotherapies such as docetaxel-
capecitabine were demonstrated superior efficacy for
metastatic breast cancer, nonhematologic toxicities were
significantly higher (O'Shaughnessy et al. 2002). Re-
cently, in studies with selected patients referred for
BRCA genetic testing the frequency of TNBC has been
reported to be 57% in BRCA1 mutation carriers, and
23% in BRCA2 mutation carriers (Atchley et al. 2008).
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Figure 5 Eribulin induces MET in MDA-MB-231 cells in which EMT changes have been induced by 5-FU. (a) Morphological changes of
MDA-MB-231 cells after 5 days of 5-FU treatment and 3 additional days of eribulin treatment. (b) The mRNA expression levels of E-cadherin,
N-cadherin, vimentin and Snail2 were determined using real time RT-PCR. GAPDH was used to normalize the expression levels. The data shown
represent the average ± SD of three independent experiments. *P < 0.05 versus control. (c) Western blotting analysis for E-cadherin, N-cadherin,
vimentin, and Snail2. β-actin was used as an internal control. (d) Immunofluorescence staining of E-cadherin (red) and vimentin (red). The nucleus
(blue) was stained with DAPI.
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Several PARP inhibitors are being tested in clinical trials
such as olaparib, which has been shown to be safe and
effective in BRCA-related cancers. However, the benefit
of iniparib in phase II trial was not confirmed in the
subsequent phase III trial (Audeh et al. 2010). Thus,
novel therapies and treatment modalities for TNBC are
necessary.
In this study, we demonstrated that the combination

of 5-FU and eribulin exerted synergistic (3/4) or additive
(1/4) effects against TNBC cell lines in vitro. The syner-
gistic effect of S-1 with eribulin was also demonstrated
in a tumor-bearing model. In the in vivo experiment, we
analyzed the antitumor effects of S-1 and eribulin ac-
cording to the optimal dose and schedule for each drug.
The combination was tolerable and resulted in the remark-
able reduction of tumor growth in mice without remarkable
toxicities including body-weight loss and diarrhea. These
preclinical studies are first reports and these results show
that the combination may be potential therapy for TNBC
patients.
EMT has emerged to play important roles in the devel-
opment of the invasive and metastatic potentials of cancer
progression (Hugo et al. 2007; Peinado et al. 2007; Tsuji
et al. 2009). In addition to this action, recent evidence in-
dicates that EMT changes develop a resistance to a several
anti-cancer agents such as EGFR-tyrosine kinase inhibitor,
cisplatin, gemcitabine, and 5-FU (Singh & Settleman 2010;
Thomson et al. 2005; Frederick et al. 2007; Zhuo et al.
2008; Arumugam et al. 2009; Wang et al. 2009). Actually,
MX-1 cells, which assume intense mesenchymal feature,
show low sensitivity to 5-FU and we ascertained that
TGF-β-induced EMT change in TNBC cell line showed
remarkably resistant to 5-FU. Furthermore, 5-FU directly
induced EMT change in TNBC cells, and this action of
5-FU is likely to be associated with acquired resistance. In
contrast, the present study has shown that eribulin in-
duced MET, and current preclinical studies represent that
eribulin reverses EMT and induce MET in TNBC cells
through regulating TGF-β signal pathway, especially
down-regulation of Smad2 and Smad3 phosphorylation



a b

c

Figure 6 Combination effects of S-1 and eribulin in an in vivo xenograft model. (a) The tumor volumes of the four groups are plotted from
day 30 until day 66 after the inoculation of MDA-MB-231 cells. The data shown represent the average values (bars, SD). *P < 0.05 versus control,
**P < 0.05 versus S-1 or eribulin alone. (b) Body weight loss in mice. (c) HE staining assay and IHC assays using mouse tumor samples. Tumors
were collected after 7 days of treatment and the prepared tissue slides were analyzed with HE staining and IHC using anti-E-cadherin and
anti-vimentin antibodies.
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(Yoshida et al. 2014). Our results were consistent with the
report and eribulin moreover reversed the 5-FU-induced
EMT in TNBC cells. These results were conformed both
of in vitro and in vivo experiments. The action of eribulin
on MET may improve the 5-FU resistance, resulting in
produced a synergistic effect. Because of evidence of an
association between EMT change and resistance to several
other anti-cancer agents, these actions of eribulin provide
a rationale for the combination of these agents. Moreover,
a previous report demonstrated that a portion of TNBC
tumors among clinical samples exhibit EMT changes and
these subsets are significantly associated with a high histo-
logical grade (Jeong et al. 2012). Therefore, our combin-
ation treatment is expected to be a useful treatment
strategy for EMT-positive TNBC.
In conclusion, we showed that the combination of S-1

(5-FU) and eribulin exerts a synergistic anti-tumor effect
against TNBC cell lines in vitro and in vivo through the
MET induction by eribulin. This combination may be
beneficial to TNBC treatment, and the present evidence
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provides a good rationale to clinical studies for meta-
static breast cancer patients. Currently, we are conduct-
ing a clinical study of S-1 and eribulin combination for
metastatic breast cancer and clinical benefit of this regimen
is being evaluated.

Abbreviations
CI: Combination index; EMT: Epithelial-mesenchymal transition; ER: Estrogen
receptor; eribulin: Eribulin mesylate; HE: Hematoxylin-eosin; HER-2: Human
epidermal growth factor receptor-2; IHC: Immunohistochemical;
MET: Mesenchymal-epithelial transition; PR: Progesterone receptor;
RT: Reverse-transcription; SD: Standard deviation; TNBC: Triple-negative breast
cancer; 5-FU: 5-Fluorouracil.

Competing interests
All authors declare that they have no competing interests in regard to this
manuscript.

Authors’ contributions
MT, KS, and KN conceived and designed the experiments. MT performed the
in vitro experiments. MS, KS, and MD performed the in vivo experiments. YT,
HH, JT and KN participate in data analysis and interpretation. All authors read
and approved the final manuscript.

Acknowledgments
We thank Mr. Yoshihiro Mine, Ms. Eiko Honda, Ms. Tomoko Kitayama and Ms.
Ayaka Kurumatani for their technical assistance. This study was supported by
Third-Term Comprehensive 10-Year Strategy for Cancer Control.

Author details
1Department of Genome Biology, Kinki University Faculty of Medicine, 377-2
Ohno-higashi, Osaka-Sayama, Osaka 589-8511, Japan. 2Medical Oncology,
Kinki University Faculty of Medicine, 377-2 Ohno-higashi, Osaka-Sayama,
Osaka 589-8511, Japan.

Received: 29 July 2014 Accepted: 30 July 2014
Published: 8 August 2014

References
Arumugam T, Ramachandran V, Fournier KF, Wang H, Marquis L, Abbruzzese JL,

Gallick GE, Logsdon CD, McConkey DJ, Choi W (2009) Epithelial to
mesenchymal transition contributes to drug resistance in pancreatic cancer.
Cancer Res 69(14):5820–5828, doi:10.1158/0008-5472.CAN-08-2819

Atchley DP, Albarracin CT, Lopez A, Valero V, Amos CI, Gonzalez-Angulo AM,
Hortobagyi GN, Arun BK (2008) Clinical and pathologic characteristics of
patients with BRCA-positive and BRCA-negative breast cancer. J Clin Oncol
26(26):4282–4288, doi:10.1200/JCO.2008.16.6231

Audeh MW, Carmichael J, Penson RT, Friedlander M, Powell B, Bell-McGuinn KM,
Scott C, Weitzel JN, Oaknin A, Loman N, Lu K, Schmutzler RK, Matulonis U,
Wickens M, Tutt A (2010) Oral poly(ADP-ribose) polymerase inhibitor olaparib
in patients with BRCA1 or BRCA2 mutations and recurrent ovarian cancer: a
proof-of-concept trial. Lancet 376(9737):245–251, doi:2101016/S0140-6736
(1010)60893-60898 Epub 62010Jul 60896

Blows FM, Driver KE, Schmidt MK, Broeks A, van Leeuwen FE, Wesseling J,
Cheang MC, Gelmon K, Nielsen TO, Blomqvist C, Heikkila P, Heikkinen T,
Nevanlinna H, Akslen LA, Begin LR, Foulkes WD, Couch FJ, Wang X, Cafourek
V, Olson JE, Baglietto L, Giles GG, Severi G, McLean CA, Southey MC, Rakha E,
Green AR, Ellis IO, Sherman ME, Lissowska J, et al. (2010) Subtyping of breast
cancer by immunohistochemistry to investigate a relationship between
subtype and short and long term survival: a collaborative analysis of data for
10,159 cases from 12 studies. PLoS Med 7(5):e1000279, doi:10.1371/journal.
pmed.1000279

Chou TC, Talalay P (1984) Quantitative analysis of dose-effect relationships: the
combined effects of multiple drugs or enzyme inhibitors. Adv Enzyme Regul
22:27–55

Chung YM, Park S, Park JK, Kim Y, Kang Y, Yoo YD (2000) Establishment and
characterization of 5-fluorouracil-resistant gastric cancer cells. Cancer Lett
159(1):95–101

Cortes J, O'Shaughnessy J, Loesch D, Blum JL, Vahdat LT, Petrakova K, Chollet P,
Manikas A, Dieras V, Delozier T, Vladimirov V, Cardoso F, Koh H, Bougnoux P,
Dutcus CE, Seegobin S, Mir D, Meneses N, Wanders J, Twelves C (2011)
Eribulin monotherapy versus treatment of physician's choice in patients with
metastatic breast cancer (EMBRACE): a phase 3 open-label randomised study.
Lancet 377(9769):914–923, doi:10.1016/S0140-6736(11)60070-6

Curtis C, Shah SP, Chin SF, Turashvili G, Rueda OM, Dunning MJ, Speed D, Lynch
AG, Samarajiwa S, Yuan Y, Graf S, Ha G, Haffari G, Bashashati A, Russell R,
McKinney S, Langerod A, Green A, Provenzano E, Wishart G, Pinder S, Watson
P, Markowetz F, Murphy L, Ellis I, Purushotham A, Borresen-Dale AL, Brenton
JD, Tavare S, Caldas C, et al. (2012) The genomic and transcriptomic architec-
ture of 2,000 breast tumours reveals novel subgroups. Nature
486(7403):346–352, doi:10.1038/nature10983

Foulkes WD, Smith IE, Reis-Filho JS (2010) Triple-negative breast cancer. N Engl J
Med 363(20):1938–1948, doi:10.1056/NEJMra1001389

Frederick BA, Helfrich BA, Coldren CD, Zheng D, Chan D, Bunn PA Jr, Raben D
(2007) Epithelial to mesenchymal transition predicts gefitinib resistance in cell lines
of head and neck squamous cell carcinoma and non-small cell lung carcinoma.
Mol Cancer Ther 6(6):1683–1691, doi:10.1158/1535-7163.MCT-07-0138

Futsuhara K (2012) Feasibility study of S-1 as additional therapy after
neo-adjuvant or adjuvant chemotherapy for triple negative breast cancer
(SBCCSG-14). 20th Annual Meeting of The Japanese Breast Cancer Society
(JBCS), Kumamoto, Japan, June 28-30

Kuznetsov G, Towle MJ, Cheng H, Kawamura T, TenDyke K, Liu D, Kishi Y, Yu MJ,
Littlefield BA (2004) Induction of morphological and biochemical apoptosis
following prolonged mitotic blockage by halichondrin B macrocyclic ketone
analog E7389. Cancer Res 64(16):5760–5766, doi:10.1158/0008-5472.CAN-04-1169

Hugo H, Ackland ML, Blick T, Lawrence MG, Clements JA, Williams ED, Thompson
EW (2007) Epithelial–mesenchymal and mesenchymal–epithelial transitions in
carcinoma progression. J Cell Physiol 213(2):374–383, doi:10.1002/jcp.21223

Jeong H, Ryu YJ, An J, Lee Y, Kim A (2012) Epithelial-mesenchymal transition in
breast cancer correlates with high histological grade and triple-negative
phenotype. Histopathology 60(6B):E87–95, doi:10.1111/j.1365-2559.2012.04195.x

Jordan MA, Kamath K, Manna T, Okouneva T, Miller HP, Davis C, Littlefield BA,
Wilson L (2005) The primary antimitotic mechanism of action of the
synthetic halichondrin E7389 is suppression of microtubule growth. Mol
Cancer Ther 4(7):1086–1095, doi:10.1158/1535-7163.MCT-04-0345

Kano Y, Ohnuma T, Okano T, Holland JF (1988) Effects of vincristine in
combination with methotrexate and other antitumor agents in human acute
lymphoblastic leukemia cells in culture. Cancer Res 48(2):351–356

Kaufman PA, Awada A, Twelves C, Yelle L, Perez EA, Wanders J, Olivo MS, He Y,
Dutcus C (2012) A Phase III, Open-Label, Randomized, Multicenter Study of
Eribulin Mesylate versus Capecitabine in Patients with Locally Advanced or
Metastatic Breast Cancer Previously Treated with Anthracyclines and Taxanes.
In: Paper presented at the Thirty-Fifth Annual CTRC-AACR. San Antonio Breast
Cancer Symposium, San Antonio, TX, USA, December 4–8

Maegawa M, Arao T, Yokote H, Matsumoto K, Kudo K, Tanaka K, Kaneda H, Fujita
Y, Ito F, Nishio K (2009) EGFR mutation up-regulates EGR1 expression through
the ERK pathway. Anticancer Res 29(4):1111–1117

Montagna E, Maisonneuve P, Rotmensz N, Cancello G, Iorfida M, Balduzzi A,
Galimberti V, Veronesi P, Luini A, Pruneri G, Bottiglieri L, Mastropasqua MG,
Goldhirsch A, Viale G, Colleoni M (2013) Heterogeneity of triple-negative
breast cancer: histologic subtyping to inform the outcome. Clin Breast
Cancer 13(1):31–39, doi:10.1016/j.clbc.2012.09.002

Network TCGA (2012) Comprehensive molecular portraits of human breast
tumours. Nature 490(7418):61–70, doi:10.1038/nature11412

Okouneva T, Azarenko O, Wilson L, Littlefield BA, Jordan MA (2008)
Inhibition of centromere dynamics by eribulin (E7389) during mitotic
metaphase. Mol Cancer Ther 7(7):2003–2011, doi:10.1158/1535-7163.
MCT-08-0095

O'Shaughnessy J, Miles D, Vukelja S, Moiseyenko V, Ayoub JP, Cervantes G,
Fumoleau P, Jones S, Lui WY, Mauriac L, Twelves C, Van Hazel G, Verma
S, Leonard R (2002) Superior survival with capecitabine plus docetaxel
combination therapy in anthracycline-pretreated patients with advanced
breast cancer: phase III trial results. J Clin Oncol 20(12):2812–2823

Peinado H, Olmeda D, Cano A (2007) Snail, Zeb and bHLH factors in tumour
progression: an alliance against the epithelial phenotype? Nat Rev Cancer 7
(6):415–428, doi:10.1038/nrc2131

Saek T, Takashima S, Sano M, Horikoshi N, Miura S, Shimizu S, Morimoto K,
Kimura M, Aoyama H, Ota J, Noguchi S, Taguchi T (2004) A phase II study of
S-1 in patients with metastatic breast cancer–a Japanese trial by the S-1
Cooperative Study Group, Breast Cancer Working Group. Breast Cancer 11
(2):194–202



Terashima et al. SpringerPlus 2014, 3:417 Page 11 of 11
http://www.springerplus.com/content/3/1/417
Satoh T, Sakata Y (2012) S-1 for the treatment of gastrointestinal cancer. Expert
Opin Pharmacother 13(13):1943–1959, doi:10.1517/14656566.2012.709234

Shirasaka T (2009) Development history and concept of an oral anticancer agent
S-1 (TS-1): its clinical usefulness and future vistas. Jpn J Clin Oncol 39(1):2–15,
doi:10.1093/jjco/hyn127

Shirasaka T, Shimamato Y, Ohshimo H, Yamaguchi M, Kato T, Yonekura K,
Fukushima M (1996) Development of a novel form of an oral 5-fluorouracil
derivative (S-1) directed to the potentiation of the tumor selective cytotoxicity
of 5-fluorouracil by two biochemical modulators. Anticancer Drugs 7(5):548–557

Singh A, Settleman J (2010) EMT, cancer stem cells and drug resistance: an
emerging axis of evil in the war on cancer. Oncogene 29(34):4741–4751,
doi:10.1038/onc.2010.215

Smith JA, Wilson L, Azarenko O, Zhu X, Lewis BM, Littlefield BA, Jordan MA (2010)
Eribulin binds at microtubule ends to a single site on tubulin to suppress
dynamic instability. Biochemistry 49(6):1331–1337, doi:10.1021/bi901810u

Steel GG, Peckham MJ (1979) Exploitable mechanisms in combined
radiotherapy-chemotherapy: the concept of additivity. Int J Radiat Oncol
Biol Phys 5(1):85–91

Tamura D, Arao T, Tanaka K, Kaneda H, Matsumoto K, Kudo K, Aomatsu K, Fujita
Y, Watanabe T, Saijo N, Kotani Y, Nishimura Y, Nishio K (2010) Bortezomib
potentially inhibits cellular growth of vascular endothelial cells through
suppression of G2/M transition. Cancer Sci 101(6):1403–1408, doi:10.1111/
j.1349-7006.2010.01544.x

Tamura D, Arao T, Nagai T, Kaneda H, Aomatsu K, Fujita Y, Matsumoto K, De
Velasco MA, Kato H, Hayashi H, Yoshida S, Kimura H, Maniwa Y, Nishio W,
Sakai Y, Ohbayashi C, Kotani Y, Nishimura Y, Nishio K (2013) Slug increases
sensitivity to tubulin-binding agents via the downregulation of betaIII and
betaIVa-tubulin in lung cancer cells. Cancer Med 2(2):144–154, doi:10.1002/
cam4.68

Tanaka K, Arao T, Maegawa M, Matsumoto K, Kaneda H, Kudo K, Fujita Y, Yokote
H, Yanagihara K, Yamada Y, Okamoto I, Nakagawa K, Nishio K (2009) SRPX2 is
overexpressed in gastric cancer and promotes cellular migration and
adhesion. Int J Cancer 124(5):1072–1080, doi:10.1002/ijc.24065

Thomson S, Buck E, Petti F, Griffin G, Brown E, Ramnarine N, Iwata KK, Gibson N,
Haley JD (2005) Epithelial to mesenchymal transition is a determinant of
sensitivity of non-small-cell lung carcinoma cell lines and xenografts to
epidermal growth factor receptor inhibition. Cancer Res 65(20):9455–9462,
doi:10.1158/0008-5472.CAN-05-1058

Towle MJ, Salvato KA, Budrow J, Wels BF, Kuznetsov G, Aalfs KK, Welsh S, Zheng
W, Seletsky BM, Palme MH, Habgood GJ, Singer LA, Dipietro LV, Wang Y,
Chen JJ, Quincy DA, Davis A, Yoshimatsu K, Kishi Y, Yu MJ, Littlefield BA
(2001) In vitro and in vivo anticancer activities of synthetic macrocyclic
ketone analogues of halichondrin B. Cancer Res 61(3):1013–1021

Towle MJ, Salvato KA, Wels BF, Aalfs KK, Zheng W, Seletsky BM, Zhu X, Lewis BM,
Kishi Y, Yu MJ, Littlefield BA (2011) Eribulin induces irreversible mitotic
blockade: implications of cell-based pharmacodynamics for in vivo efficacy
under intermittent dosing conditions. Cancer Res 71(2):496–505, doi:10.1158/
0008-5472.CAN-10-1874

Tsuji T, Ibaragi S, Hu GF (2009) Epithelial-mesenchymal transition and cell
cooperativity in metastasis. Cancer Res 69(18):7135–7139, doi:10.1158/0008-
5472.CAN-09-1618

Wang Z, Li Y, Kong D, Banerjee S, Ahmad A, Azmi AS, Ali S, Abbruzzese JL, Gallick
GE, Sarkar FH (2009) Acquisition of epithelial-mesenchymal transition phenotype
of gemcitabine-resistant pancreatic cancer cells is linked with activation of the
notch signaling pathway. Cancer Res 69(6):2400–2407, doi:10.1158/0008-5472.
CAN-08-4312

Yoshida T, Ozawa Y, Kimura T, Sato Y, Kuznetsov G, Xu S, Uesugi M, Agoulnik S,
Taylor N, Funahashi Y, Matsui J (2014) Eribulin mesilate suppresses
experimental metastasis of breast cancer cells by reversing phenotype from
epithelial-mesenchymal transition (EMT) to mesenchymal-epithelial transition
(MET) states. Br J Cancer 110(6):1497–1505, doi:10.1038/bjc.2014.80
Zhang W, Feng M, Zheng G, Chen Y, Wang X, Pen B, Yin J, Yu Y, He Z (2012)
Chemoresistance to 5-fluorouracil induces epithelial-mesenchymal transition
via up-regulation of Snail in MCF7 human breast cancer cells. Biochem
Biophys Res Commun 417(2):679–685, doi:10.1016/j.bbrc.2011.11.142

Zhuo W, Wang Y, Zhuo X, Zhang Y, Ao X, Chen Z (2008) Knockdown of Snail, a
novel zinc finger transcription factor, via RNA interference increases A549 cell
sensitivity to cisplatin via JNK/mitochondrial pathway. Lung Cancer
62(1):8–14, doi:10.1016/j.lungcan.2008.02.007

doi:10.1186/2193-1801-3-417
Cite this article as: Terashima et al.: Synergistic antitumor effects of S-1
with eribulin in vitro and in vivo for triple-negative breast cancer cell
lines. SpringerPlus 2014 3:417.
Submit your manuscript to a 
journal and benefi t from:

7 Convenient online submission

7 Rigorous peer review

7 Immediate publication on acceptance

7 Open access: articles freely available online

7 High visibility within the fi eld

7 Retaining the copyright to your article

    Submit your next manuscript at 7 springeropen.com


	Abstract
	Introduction
	Methods
	Cell lines
	Compounds
	In vitro growth inhibition assay
	Combination effect of 5-FU and eribulin in�vitro
	Real-time reverse-transcription (RT) PCR
	Immunoblotting
	Immunofluorescence staining
	In vivo growth inhibition assay
	Hematoxylin-Eosin (HE) staining and immunohistochemical (IHC) analysis
	Statistical analysis

	Results
	Cellular sensitivity of TNBC cell lines to 5-FU and eribulin
	In vitro combination effect of 5-FU and eribulin on TNBC cell lines
	EMT changes reduce the sensitivity of MDA-MB-231 cells to 5-FU
	5-FU induces epithelial-mesenchymal transition (EMT)
	Eribulin induces mesenchymal-epithelial transition (MET)
	Combination effect of S-1 and eribulin in an MDA-MB-231 tumor xenograft model

	Discussion
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgments
	Author details
	References

