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Abstract
Purpose Triple-negative breast cancer (TNBC) is the most aggressive subtype of breast cancer. Eribulin was approved for 
the treatment of metastatic breast cancer through the EMBRACE trial, and a subgroup analysis in this clinical trial indicated 
the efficacy of eribulin in patients with TNBC. However, the prognosis of patients with TNBC is still poor due to various 
molecular characteristics. Therefore, there is an urgent need for a more effective treatment for the management of TNBC.
Methods We investigated the synergistic effect of a novel histone deacetylase (HDAC) inhibitor, OBP-801, and eribulin in 
TNBC cell lines because OBP-801 has been known to enhance the anti-tumor activities of other chemotherapeutic agents. 
The cell growth was analyzed, and the flow cytometry analysis was conducted to evaluate the effects on cell cycle and the 
induction of apoptosis. The mechanism underlying the enhancement of inhibition of TNBC cell growth was investigated 
through Western blot analyses.
Results The combination treatment of OBP-801 with eribulin showed the synergistic inhibition of the growth in TNBC 
cells, involved with the enhancement of apoptosis. We, for the first time, found that eribulin upregulated survivin and also 
that OBP-801 could remarkably suppress the upregulation of survivin by eribulin. Moreover, this combination potently sup-
pressed Bcl-xL and the MAPK pathway compared with either agent alone.
Conclusion We found that the combination of OBP-801 and eribulin synergistically inhibited the growth with apoptosis in 
TNBC cells, suggesting that this combination might be a promising novel strategy for treating TNBC patients.
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Abbreviations
TNBC  Triple-negative breast cancer
HDAC  Histone deacetylase
ER  Estrogen receptor

HER2  Human epidermal growth factor receptor 2
DMSO  Dimethyl sulfoxide
FBS  Fetal bovine serum
PgR  Progesterone receptor
CCK-8  Cell Counting Kit-8
CI  Combination index
AIF  Apoptosis-inducing factor
cDNA  Complementary DNA
SD  Standard deviation
ZEB1  Zinc finger E-box binding homeobox 1

Introduction

Systemic therapy has important roles in breast cancer man-
agement. Therapy decisions are based on the subtypes of 
invasive ductal carcinoma of the breast. Since triple-neg-
ative breast cancer (TNBC) has no major effective target 
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molecules, most patients must receive cytotoxic chemo-
therapy. However, the prognosis of TNBC is poor, perhaps 
due to heterogeneity [1]. Therefore, a new effective therapy 
is desired for patients with TNBC.

Eribulin is a well-tolerated cytotoxic drug in the man-
agement of metastatic breast cancer. A phase 3 randomized 
clinical trial (EMBRACE trial) showed that eribulin sig-
nificantly improved the overall survival, and it has been 
approved for the treatment of refractory and metastatic 
breast cancer in Japan, the US, and Europe [2]. A subgroup 
analysis of this clinical trial also indicated that eribulin was 
more effective in patients with TNBC than estrogen receptor 
(ER)-positive breast cancer [3]. We administer eribulin as 
a monotherapy or in combination with anti-human epider-
mal growth factor receptor 2 (HER2) antibodies [4], and a 
clinical trial of eribulin and the anti-PD-1 antibody pem-
brolizumab therapy for metastatic TNBC is now in progress 
(ClinicalTrial.gov Identifier: NCT02513472). The combi-
nation therapy using eribulin might have the potential to 
improve the prognosis of patients with TNBC.

Histone deacetylase (HDAC) inhibitors are epigenome-
targeting drugs that have been approved for the treatment 
of cutaneous and peripheral T-cell lymphoma and multi-
ple myeloma. HDAC inhibitors are reported to enhance 
the anti-tumor activities of other chemotherapeutic agents 
[5, 6]. Various clinical trials of combination therapies of 
HDAC inhibitors have been carried out. For breast cancer, 
the combination of the HDAC inhibitor entinostat with the 
non-steroidal aromatase inhibitor exemestane for ER-posi-
tive breast cancer significantly improved the overall survival 
[7], receiving a breakthrough therapy designation from the 
FDA. A clinical trial of entinostat and the anti-PD-L1 anti-
body atezolizumab for TNBC is also in progress (Clinical-
Trial.gov Identifier: NCT02708680). OBP-801, originally 
known as spiruchostatin A, as an enhancer of plasminogen 
activator inhibitor-1 gene expression [8], was identified as 
a novel HDAC inhibitor in our previous study using p21 
promoter-reporter screening [9]. OBP-801 showed the most 
potent HDAC inhibitory activity in our study, being about 50 
times more effective than the HDAC inhibitor vorinostat [9]. 
This novel HDAC inhibitor OBP-801 is now under clinical 
trial in the US (ClinicalTrial.gov Identifier: NCT02414516).

In order to find a new strategy for the treatment of TNBC 
with a poor prognosis, we investigated whether OBP-801 
could enhance the inhibitory effect of eribulin on human 
TNBC cells. We expected that OBP-801 known to suppress 
survivin [10, 11] was an appropriate agent for the combi-
nation with eribulin when eribulin was proved to upregu-
late survivin in TNBC like other microtubule dynamics 
inhibitors [12]. Our findings showed that the combination 
treatment of OBP-801 and eribulin induced the synergistic 
growth inhibition of TNBC cells through apoptosis with the 
suppression of Bcl-xL and the MAPK pathway as well as 

survivin. The combination therapy of OBP-801 and eribulin 
might be a promising treatment for patients with TNBC.

Materials and methods

Reagents

Eribulin was purchased from Eisai Co., Ltd. (Tokyo, Japan), 
and OBP-801 was provided by Oncolys BioPharma Inc. 
(Tokyo, Japan). These agents were dissolved in dimethyl sul-
foxide (DMSO). The pan-caspase inhibitor zVAD-fmk was 
purchased from R&D Systems (Minneapolis, MN) and also 
dissolved in DMSO. DMSO and these agents were diluted 
1:1000 in culture medium.

Breast cancer cell lines and cell culture

Human breast cancer SUM159PT cells were purchased 
from Asterand Bioscience (Detroit, MI); MDA-MB-231, 
MCF-7, and Hs-578-t cells were obtained as cell lines of 
NCI-60 from the NCI Developmental Therapeutics Program 
(Bethesda, MD); and MDA-MB-436 cells were obtained 
from the American Type Culture Collection (Manassas, VA). 
SUM159PT cells were maintained in Ham’s F-12 medium 
supplemented with 5% fetal bovine serum (FBS), 1 µg/ml 
hydrocortisone, and 5 µg/ml insulin at 37 °C in 5%  CO2. 
MDA-MB-231 cells were cultured in RPMI 1640 medium 
with 10% FBS, 2 mM glutamine, 50 units/ml penicillin, and 
100 µg/ml streptomycin at 37 °C in 5%  CO2. MCF-7, Hs-
578-t, and MDA-MB-436 cells were maintained in DMEM 
medium supplemented with 10% FBS, 4 mM glutamine, 50 
units/ml penicillin, and 100 µg/ml streptomycin at 37 °C in 
5%  CO2. SUM159PT, MDA-MB-231, Hs-578-t, and MDA-
MB-436 cells do not express ER, progesterone receptor 
(PgR), or HER2, while MCF-7 cells express a high level 
of ER, low level of PgR, and no detectable level of HER2.

Cell growth assay

Cell growth was evaluated using the Cell Counting Kit-8 
(CCK-8) (Dojindo, Kumamoto, Japan), as previously 
reported [13].

Combination index

The combination index (CI) values were calculated using the 
CalcuSyn software program (Biosoft, Great Shelford, UK). 
Synergism is defined as more than the expected additive 
effect with a CI < 1.0.
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Detection of apoptosis and cell cycle analyses

SUM159PT and MDA-MB-231 cells treated with agents 
were harvested by trypsinization, centrifuged, and sus-
pended in PBS containing 0.1% Triton X-100 and 150 µg/
ml RNase A, and the nuclei were stained with 50 µg/ml 
propidium iodide. The DNA content in stained nuclei was 
analyzed by FACSCalibur (Becton Dickinson, Franklin 
Lakes, NJ). The hypodiploid population (sub-G1) was 
quantified using the CellQuest software program (Bec-
ton Dickinson) to detect apoptosis, while the ModFit LT 
Ver2.0 software package (Verity Software House, Top-
sham, ME) was used to analyze the cell cycle.

Western blot analyses

SUM159PT and MDA-MB-231 cells treated with agents 
were lysed with RIPA buffer (50 mM Tris–HCl [pH 8.0], 
150 mM NaCl, 1% NP-40, 0.5% deoxycholic acid, 0.1% 
SDS, 1 mM DTT, and 0.5 mM PMSF) or lysis buffer 
(50 mM Tris–HCl [pH 8.0], 1% SDS, 2 µg/mL aprotinin, 
1 mM DTT, and 0.5 mM PMSF) and sonicated. When 
nuclear extracts were prepared from the cells treated with 
agents, Nuclear Extract Kit was used (Active Motif, Carls-
bad, CA). Western blotting was performed, as previously 
reported [13]. Primary antibodies were rabbit anti-acetyl 
histone H3 (9649; Cell Signaling Technology, Danvers, 
MA), anti-histone H3 (9715; Cell Signaling Technol-
ogy), anti-survivin (AF886; R&D Systems), anti-Bcl-xL 
(2762; Cell Signaling Technology), anti-Bcl-2 (ab32124; 
Abcam, Cambridge, UK), anti-Mcl-1 (4572; Cell Sign-
aling Technology), anti-Bax (sc-493; Santa Cruz Bio-
technology, Dallas, TX), anti-Bad (9268; Cell Signaling 
Technology), anti-Bim (2933; Cell Signaling Technology), 
anti-phosphorylated ERK (9101; Cell Signaling Technol-
ogy), anti-ERK (9102; Cell Signaling Technology), and 
anti-apoptosis-inducing factor (AIF) (ab32516; Abcam) 
antibodies, as well as mouse anti-XIAP (MAB822; R&D 
Systems) and anti-β-actin (A5441; Sigma-Aldrich, St. 
Louis, MO) antibodies.

Quantitative real‑time RT‑PCR

Total cellular RNA extraction from SUM159PT and MDA-
MB-231 cells and complementary DNA (cDNA) synthesis 
were performed as previously reported [13]. A quantita-
tive real-time RT-PCR analysis was performed with the 
cDNA and TaqMan probes (Thermo Fisher Scientific, 
Waltham, MA) to survivin (Hs04194392_s1) and GAPDH 
(Hs02758991_g1).

Colony formation assay

Cells were seeded at a density of 200 cells per well in 6-well 
plates. After incubating for 24 h, the cells were treated with 
each agent. The cells were fixed with 10% formalin and 
stained with 0.1% crystal violet after incubation for fur-
ther 9 days. The number of colonies in each cell line was 
counted.

Statistical analyses

Data are represented as the mean ± standard deviation (SD) 
in triplicate. Statistical analyses were performed using a one-
way analysis of variance (ANOVA) followed by Bonferroni 
post hoc tests. Samples were considered significantly dif-
ferent at P < 0.05.

Results

Eribulin and the HDAC inhibitor OBP‑801 
synergistically inhibit the growth of TNBC cells 
with apoptosis

Since clinical data have indicated that eribulin is more 
effective for treating patients with TNBC than ER-positive 
breast cancer [3], we initially evaluated the inhibition of 
cell growth by eribulin in several human TNBC cell lines 
compared with ER-positive breast cancer MCF-7 cells. 
Eribulin inhibited the growth of the TNBC cell lines in a 
dose-dependent manner, and the result was more effective 
than that for MCF-7 cells (Supplementary Fig. 1a). The  IC50 
value of eribulin on TNBC SUM159PT cells was 8.93 nM, 
and that on TNBC MDA-MB-231 cells was 0.90  nM 
(Fig. 1a). The HDAC inhibitor OBP-801 also inhibited the 
growth of the TNBC cell lines in a dose-dependent manner, 
and the degree of inhibition was more effective than that 
for MCF-7 cells (Supplementary Fig. 1b). The  IC50 value 
of OBP-801 on SUM159PT cells was 8.82 nM, and that on 
MDA-MB-231 cells was 5.49 nM (Fig. 1a).

Since HDAC inhibitors are known to potentiate other 
chemotherapeutic agents [5, 6], we investigated whether 
OBP-801 enhanced the effectiveness of eribulin against 
TNBC cells. As shown in Fig. 1b, the growth of TNBC 
cells was synergistically inhibited by the combination treat-
ment in comparison to either agent alone in SUM159PT 
and MDA-MB-231 cells. The CI values of this combination 
treatment were much less than 1.0 in both TNBC cells, thus 
indicating a synergistic effect (Fig. 1b). We also evaluated 
the dose-dependent activity in each combination ratio. The 
combination treatment of eribulin and OBP-801 inhibited 
the growth of the both TNBC cells in a dose-dependent man-
ner (Fig. 1c).
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We next examined the effect of this combination treat-
ment on the cell cycle of TNBC cells. As a result, OBP-801 
enhanced the G2/M arrest induced by eribulin in MDA-
MB-231 cells, but not in SUM159PT cells (Fig. 2a). The 

common finding for this combination treatment on both 
TNBC cells was an enhancement of apoptosis (Fig. 2b), and 
the apoptosis was partially dependent on caspase pathway 
(Fig. 2c).

a

b

cell lines IC50 (eribulin)

SUM159PT 8.93 nM

MDA-MB-231 0.90 nM0

0.5

1

NT DM 0.1 0.3 1 3 10 30 100

noitarefilorplle
C

ra
te

eribulin (nM)

SUM159PT
MDA-MB-231

cell lines IC50 (OBP-801)

SUM159PT 8.82 nM

MDA-MB-231 5.49 nM0

0.5

1

NT DM 0.1 0.3 1 3 10 30 100

noitarefilorplle
C

ra
te

OBP-801 (nM)

SUM159PT
MDA-MB-231

0

0.5

1

DM E O E+O

noitarefilorplle
C

ra
te

SUM159PT

0

0.5

1

DM E O E+O

C
el

l p
ro

lif
er

at
io

n 
ra

te
MDA-MB-231 E  / O 

(nM)   CI

SUM
159PT 4.0 / 7.5 0.62

MDA-
MB-231 0.5 / 3.0 0.56

c

0

0.5

1

DM 0.25 / 1.5 0.5 / 3 0.75 / 4.5 1 / 6

C
el

l p
ro

lif
er

at
io

n
ra

te

eribulin / OBP-801 (nM)

MDA-MB-231

0

0.5

1

DM 2 / 3.75 4 / 7.5 6 / 11.25  8 / 15

noitarefilorplle
C

ra
te

eribulin / OBP-801 (nM)

SUM159PT

Fig. 1  Eribulin and OBP-801 synergistically inhibit the growth of 
TNBC cells. a SUM159PT and MDA-MB-231 cells were treated 
with the indicated concentrations of eribulin and OBP-801 for 72 h. 
NT non-treated, DM treated with DMSO. The inhibition of cell 
growth was evaluated using CCK-8. The cell proliferation rate of 
each treatment was calculated by comparison with the NT samples. 
b SUM159PT cells were treated with 4.0  nM eribulin and 7.5  nM 
OBP-801, while MDA-MB-231 cells were treated with 0.5 nM eribu-
lin and 3.0  nM OBP-801. DM treated with DMSO, E treated with 
eribulin, O treated with OBP-801, E + O treated with the combination 
of eribulin and OBP-801. SUM159PT cells were treated with DMSO 
or eribulin and/or OBP-801 for 72 h, and MDA-MB-231 cells were 

similarly treated for 96 h. The inhibition of the cell growth was evalu-
ated using CCK-8. The cell proliferation rate of each treatment was 
calculated by comparing the DMSO samples. The CI was calculated 
using CalcuSyn. Columns, mean values of triplicate data; bars, SD. 
*P < 0.05. c Combination treatment of eribulin and OBP-801 inhib-
ited the growth of TNBC cells in a dose-dependent manner. DM 
treated with DMSO. SUM159PT or MDA-MB-231 cells were treated 
with the indicated concentrations of eribulin and OBP-801 for 72 or 
96 h, respectively. The inhibition of cell growth in the combination 
was evaluated using CCK-8. The cell proliferation rate of each treat-
ment was calculated by comparison with the DM samples
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Combination treatment of eribulin and OBP‑801 
enhances apoptosis with the suppression of survivin 
and Bcl‑xL

In order to clarify the mechanisms underlying the 
enhancement of caspase-dependent apoptosis in the 
combination treatment, we investigated the effect of this 
treatment on apoptosis-related proteins. At first, OBP-801 
increased the acetylation of histone H3, indicating that 
OBP-801 possessed an HDAC inhibitory activity under 
this treatment condition (Fig. 3a). The treatment of eribu-
lin alone upregulated the expression of survivin, one of 
the anti-apoptotic molecules, at the protein level in both 
SUM159PT and MDA-MB-231 cells. On the other hand, 

the treatment of OBP-801 alone clearly downregulated 
survivin in both TNBC cells. It was interesting to note 
that OBP-801 markedly suppressed the expression of sur-
vivin upregulated by eribulin at the protein and mRNA 
levels (Fig. 3a, b). Apart from that, Bcl-xL, one of the 
anti-apoptotic molecules, was more strongly suppressed 
by the combination treatment at the protein level than 
by OBP-801 alone in both cells, while Bcl-xL was not 
suppressed by eribulin alone (Fig. 3a). Taken together, 
these findings suggest that OBP-801 enhanced apoptosis 
by the suppression of survivin and Bcl-xL in the combina-
tion treatment with eribulin against TNBC cells. In addi-
tion to the suppression of survivin and Bcl-xL, OBP-801 
alone induced the expression of the apoptotic proteins, 
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Fig. 2  Combination treatment of eribulin and OBP-801 inhibits the 
growth with apoptosis in TNBC cells. SUM159PT cells were treated 
with 4.0  nM eribulin and 7.5  nM OBP-801, while MDA-MB-231 
cells were treated with 0.5  nM eribulin and 3.0  nM OBP-801. DM 
treated with DMSO, E treated with eribulin, O treated with OBP-801, 
E + O treated with the combination of eribulin and OBP-801. a The 
TNBC cells were treated with DMSO or eribulin and/or OBP-801 for 
72 h, and the cell cycle populations were analyzed by flow cytometry. 
The cell cycle populations of combination treatment were compared 

with those for each single treatment. b The TNBC cells were treated 
with DMSO or eribulin and/or OBP-801 for 72  h, and the sub-G1 
population was analyzed by flow cytometry. The sub-G1 population 
of combination treatment was compared with that of each single treat-
ment. c The TNBC cells were treated with DMSO or the combination 
of eribulin and OBP-801 with or without 20 µM zVAD-fmk for 72 h. 
Z zVAD-fmk. The sub-G1 population of combination treatment was 
compared by the presence of zVAD-fmk. Columns, mean values of 
triplicate data; bars, SD. *P < 0.05
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Bax, Bad, and Bim in SUM159PT and only Bim in MDA-
MB-231 cells (Fig. 3a). The induction of Bim by the com-
bination treatment in both cells was not clearly stronger 
than OBP-801 alone, whereas that was obviously potent 
compared with that treated by eribulin alone (Fig. 3a). It 
raises a possibility that the induction of Bim by OBP-801 
partially contributes to the enhancement of apoptosis by 
eribulin in TNBC cells. We moreover investigated the 
mechanisms underlying the enhancement of caspase-inde-
pendent apoptosis involved with AIF. AIF is one of the 
important proteins which an HDAC inhibitor leads cas-
pase-independent apoptosis [14]. We evaluated that the 
translocation of AIF into the nucleus, but the expression 
of AIF in the nuclear extracts in the combination treat-
ment was not higher than each agent alone in SUM159PT 
and MDA-MB-231 cells (Supplementary Fig. 2).

Combination treatment of eribulin and OBP‑801 
also suppresses the MAPK pathway

Next, we investigated the effects of the combination treatment 
on the MAPK pathway. Among microtubule dynamic inhibi-
tors, vinca alkaloids are known to suppress the MAPK path-
way [15], while paclitaxel enhances it in other carcinoma cells 
[16]. Therefore, we investigated whether eribulin enhanced 
or suppressed the MAPK pathway in TNBC cells. Eribulin 
was found to weakly decrease the phosphorylated ERK protein 
in SUM159PT and MDA-MB-231 cells (Fig. 4a). Given that 
HDAC inhibitors also reportedly suppress the phosphorylation 
of ERK in TNBC [17], we evaluated the effect of OBP-801 
on the phosphorylation of ERK. A higher concentration of 
OBP-801 clearly decreased the phosphorylated ERK protein, 
but neither 7.5 nM OBP-801 in SUM159PT cells nor 3.0 nM 

Fig. 3  Combination treatment 
of eribulin and OBP-801 down-
regulates survivin and Bcl-xL 
in TNBC cells. SUM159PT 
cells were treated with 4.0 nM 
eribulin and 7.5 nM OBP-801, 
while MDA-MB-231 cells were 
treated with 0.5 nM eribulin 
and 3.0 nM OBP-801 in the 
same way as in Fig. 2. DM 
treated with DMSO, E treated 
with eribulin, O treated with 
OBP-801, E + O treated with 
the combination of eribulin and 
OBP-801. a A Western blot 
analysis of acetylated histone 
H3 (Ace-His H3), histone H3, 
survivin, Bcl-xL, and other 
apoptosis-related proteins, 
including Bcl-2 family in TNBC 
cells treated with DMSO or 
eribulin and/or OBP-801 for 
48 h. b A real-time RT-PCR 
analysis of survivin in TNBC 
cells treated with DMSO or 
eribulin and/or OBP-801 for 
48 h. Values show the fold-
change compared with DMSO 
treatment. Columns, mean 
values of triplicate data; bars, 
SD. *P < 0.05
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OBP-801 in MDA-MB-231 cells sufficiently inhibited the 
MAPK pathway (Fig. 4b). Unexpectedly, the combination of 
eribulin with these low concentrations of OBP-801 in which 
we showed the synergistic effect (Fig. 1b), clearly decreased 
the phosphorylation of ERK (Fig. 4c). These results suggest 
that the inhibition of the MAPK pathway might be associated 
with the enhancement of apoptosis by the combination treat-
ment against TNBC cells.

Combination treatment of eribulin and OBP‑801 
also inhibits the growth of TNBC more potently 
than either agent alone in the long‑term in vitro 
combination activity

As an in vitro preclinical model, we also examined the com-
bination activity in the long-term incubation. We performed 
colony formation assay of SUM159PT and MDA-MB-231 
cells. As shown in Fig. 5a, b, the combination of eribulin and 
OBP-801 resulted in the significant inhibition of the colony 
formation more potently than either agent alone in the both 
TNBC cells. These data suggest that this combination treat-
ment might be effective in vivo and clinical studies in TNBC 
models and TNBC patients.

Discussion

To identify a new strategy for the treatment of TNBC, we 
focused on eribulin, a well-tolerated chemotherapeutic agent 
against metastatic breast cancer that has promising efficacy, 
especially for TNBC [3]. Eribulin exerts its effects as a 
microtubule dynamic inhibitor via the different mechanism 
from other inhibitors such as taxanes and vinca alkaloids 
[18]. Eribulin is a unique microtubule dynamic inhibitor and 
has been recently shown to have several attractive effects on 
the microenvironment of breast cancer, such as reversing 
epithelial–mesenchymal transition [19, 20] and improving 
hypoxia in cancer [21, 22].

Survivin has been implicated in not only the inhibition of 
apoptosis but also mitosis regulation [23, 24]. As shown in 
Fig. 3a, we found in our research that eribulin upregulated 
survivin in TNBC cells. To our knowledge, this is the first 
report to describe the upregulation of survivin by eribulin, 
while other microtubule inhibitors, paclitaxel and vincris-
tine, were shown to enhance the expression of survivin [12]. 
Survivin is highly expressed in malignant tissues but it is 
not expressed in normal tissues [25], and the upregulation 
of survivin has been reported to have clinical importance 
as a poor prognostic marker in breast cancer [26–28]. We 
found a novel HDAC inhibitor OBP-801 to be a promising 
candidate for enhancing the effect of eribulin by suppressing 
survivin in TNBC (Fig. 3a). Since HDAC leads to the forma-
tion of transcriptionally silenced chromatin, HDAC inhibi-
tors upregulate various silenced genes. However, they are 
also known to downregulate various genes. HDAC inhibitors 
were recently reported to suppress the promoter activity of 
survivin through AMPK and p38MAPK signaling, and Sp1 
in colon cancer cells [29]. As shown in Fig. 3a, b, our data 
demonstrated that OBP-801 suppressed the expression of 
survivin at the protein and mRNA levels in TNBC cells, 
which is consistent with that.
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Fig. 4  Combination treatment of eribulin and OBP-801 suppresses 
the MAPK pathway in TNBC cells. a A Western blot analysis of 
phosphorylated ERK and total ERK in TNBC cells treated with the 
indicated concentrations of eribulin for 48 h. b A Western blot analy-
sis of phosphorylated ERK and total ERK in TNBC cells treated with 
the indicated concentrations of OBP-801 for 48 h. c A Western blot 
analysis of phosphorylated ERK and total ERK in TNBC cells treated 
with DMSO or eribulin and/or OBP-801 for 48 h. SUM159PT cells 
were treated with 4.0 nM eribulin and 7.5 nM OBP-801, while MDA-
MB-231 cells were treated with 0.5  nM eribulin and 3.0  nM OBP-
801 in the same way as in Figs. 2 and 3. DM treated with DMSO, E 
treated with eribulin, O treated with OBP-801, E + O treated with the 
combination of eribulin and OBP-801. The image of β-actin in MDA-
MB-231 is the same as that in Fig. 3a due to the use of the same gel
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HDAC inhibitors have also been reported to induce apop-
tosis through the regulation of various anti- and/or pro-apop-
totic molecules, such as Bcl-2 family molecules [30–33]. 
The mechanism underlying the suppression of Bcl-xL pro-
tein by HDAC inhibitors has been reported to be regulated 
at the transcriptional or translational level in several carci-
nomas, including TNBC [32, 33]. In our research, the sup-
pression of Bcl-xL protein was more potently suppressed by 
the combination treatment than by OBP-801 alone in TNBC 
cells, while Bcl-xL was not suppressed by eribulin alone 
(Fig. 3a). Since other microtubule inhibitors were reported 
to induce the phosphorylation of Bcl-xL [34], the suppres-
sion of Bcl-xL in the combination treatment of OBP-801 
and eribulin was thought to be resulted from various regula-
tion at the transcriptional, translational, or posttranslational 
level. As shown in Supplementary Fig. 1b and other previous 
report [35], HDAC inhibitors have a potent anti-proliferative 
effect in TNBC cells. However, the administration of HDAC 
inhibitors in clinical as monotherapy is limited, and their 
therapeutic potential may lie in combination therapy with 
other chemotherapeutic agents [36]. In the present study, 
we showed that the combination treatment of OBP-801 and 
eribulin induced the synergistic growth inhibition of TNBC 
cells, partially through apoptosis. Eribulin proved to be a 
good partner for combination therapy with HDAC inhibitors.

The MAPK pathway is essential for cell proliferation, 
angiogenesis, and survival. The suppression of the MAPK 

pathway by the MEK inhibitor selumetinib was found to be 
effective in preventing lung metastasis of TNBC through 
the reversal of epithelial–mesenchymal transition, as 
reported in vitro and in vivo [37]. In patients with TNBC, 
the overexpression of ERK2 was found to indicate a high 
risk of death [38]. As shown in Fig. 4c, our results interest-
ingly showed that the combination treatment of eribulin 
and OBP-801 suppressed the MAPK pathway more effec-
tively than single agent alone in TNBC. Recently, vincris-
tine has also been reported in lung cancer to downregulate 
the phosphorylated ERK protein, resulting in the suppres-
sion of the zinc finger E-box binding homeobox 1 (ZEB1), 
an activator of epithelial–mesenchymal transition [15]. 
Eribulin has been shown to reverse epithelial–mesenchy-
mal transition both in vitro and in vivo [19, 20]. Therefore, 
the suppression of the MAPK pathway by eribulin with 
OBP-801 in TNBC cells, as shown in our research, might 
efficiently suppress the ERK–ZEB1 pathway.

In conclusion, this is the first report to demonstrate that 
treatment with an HDAC inhibitor and eribulin inhibits 
growth with inducing apoptosis in TNBC cells. We believe 
that OBP-801 and eribulin are an effective combination 
therapy for treating TNBC.
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Fig. 5  Combination treat-
ment of eribulin and OBP-801 
inhibits TNBC cell growth more 
potently than either agent alone 
in colony formation assay. DM 
treated with DMSO, E treated 
with eribulin, O treated with 
OBP-801, E + O treated with 
the combination of eribulin and 
OBP-801. a SUM159PT cells 
were treated with DMSO or 
4.0 nM eribulin and/or 7.5 nM 
OBP-801, and MDA-MB-231 
cells were treated with DMSO 
or 0.5 nM eribulin and/or 
3.0 nM OBP-801. After incuba-
tion for colony formation, 
the number of colonies was 
counted. The percent of colony 
numbers was calculated by 
comparing the DMSO samples. 
Columns, mean values of trip-
licate data; bars, SD. *P < 0.05. 
b The representative images of 
stained colonies are also shown
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