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The Effects of Eribulin on Breast Cancer Microenvironment
Identified Using Eribulin-resistant Breast Cancer Cell Lines
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Abstract. Background/Aim: Eribulin is currently used to treat
advanced and metastatic breast cancer in the clinical setting;
however, its efficacy is inhibited by resistance acquisition in
many cases. Thus, the present study established two eribulin-
resistant breast-cancer cell lines, and used these to investigate
the mechanisms that underly eribulin-resistance acquisition.
Materials and Methods: Eribulin-resistant breast-cancer cell
lines were generated by culturing MDA-MB-231 and MCF-7
cells with increasing concentrations of eribulin. Results: The
eribulin-resistant cells acquired resistance to eribulin, as well
as several other anticancer drugs. After eribulin treatment, the
eribulin-resistant cell lines showed no morphological change,
no increased expression of epithelial-cadherin, nor any
significant alteration in cell-cycle distribution. In contrast, the
expression levels of programmed death-ligand 1 were increased
in the MCF-7/eribulin-resistant compared to MCF-7 cells.
Conclusion: The herein developed eribulin-resistant cell lines
acquired cross-resistance to various anticancer agents, and
displayed resistance to eribulin-induced effects on microtubule
function and epithelial-mesenchymal transition (EMT).

Eribulin is a non-taxane, synthetic microtubule-dynamics
inhibitor that binds microtubule ends to prevent microtubule
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polymerization, and thereby induces G,/M cell-cycle arrest,
and subsequent cell death by apoptosis (1-3). It is currently
an approved treatment for patients with locally advanced or
metastatic breast cancer (MBC), since it was previously
shown by a phase-III trial (study 305/EMBRACE) to
significantly improve the overall survival (OS) of patients
with  MBC who had previously been administered
chemotherapy, including with an anthracycline and a taxane
drug (4). Interestingly, eribulin has been reported to exert
some unique anticancer effects; for example, a previous
study by Funahashi et al. suggested that eribulin treatment
improves tumor perfusion in breast cancer, and ameliorates
tumor hypoxic stress (5), while another by Yoshida et al.
revealed that eribulin suppresses epithelial-mesenchymal
transition (EMT) in breast-cancer cells (6). We previously
investigated and confirmed these effects using clinical tumor
samples (7), and moreover, showed that eribulin enhances
the antitumor immune response by improving the immune
tumor microenvironment (8).

Nevertheless, most breast-cancer cells eventually acquire
resistance to eribulin. Chemotherapy-resistance acquisition
is often associated with hypoxia or EMT (9, 10); however,
since eribulin is known to ameliorate these phenomena in the
tumor microenvironment, the precise mechanism underlying
eribulin-resistance acquisition has not yet been elucidated.
Thus, the present study examined this mechanism by
establishing, and investigating the biological characteristics
of two eribulin-resistant cell lines from standard human
breast-cancer cell lines.

Materials and Methods

Cell lines and culture conditions. Two human breast-cancer cell
lines (MDA-MB-231 and MCF-7) were purchased from the
American Type Culture Collection (ATCC; Rockville, MD, USA),
and cultured (37.0°C, 5% CO,, in a humidified chamber) in
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Dulbecco’s Modified Eagles Medium (DMEM; Wako, Osaka,
Japan) that was supplemented with 10% fetal bovine serum (FBS;
Equitech-Bio, Kerrville, TX, USA), 100 ug/ml streptomycin, and
100 U/ml penicillin (Gibco, Grand Island, NE, USA). The culture
medium was replaced every 3 days.

Establishment of eribulin-resistant cell lines. Eribulin-resistant cell
lines, comprising MDA-MB-231/eribulin-resistant (E) and MCF-
7/E, were established from the MDA-MB-231 and MCF-7 cells,
respectively, via continuous exposure to increasing concentrations
of eribulin (Eisai Co., Ltd., Tokyo, Japan). Specifically, the cells
were exposed to an initial eribulin concentration of 0.2 nmol/l, and
this concentration was increased by a factor of 1.5 upon resistance
acquisition (minimum time, 2 wks), until a final concentration of
131.4 nmol/l was reached.

Chemosensitivity assay. The sensitivity of the eribulin-resistant cell
lines to various drugs was evaluated using a cell proliferation assay
kit (MTT) (Sigma-Aldrich, St Louis, MO, USA), according to the
manufacturer’s instructions. Briefly, cells (1x103 cells/well in a 96-
well plate) were cultured (24 h) in 90 pul of DMEM that was
supplemented with 10% FBS. A 10 pl aliquot of medium containing
a graded concentration of eribulin, as well as paclitaxel (PTX; Bristol-
Myers Squibb Co., NY, USA), vinorelbine (VNB), 5-fluorouracil
(5-FU; Kyowa Hakko Kirin Co., Ltd., Tokyo, Japan), gemcitabine
(GEM; Eli Lilly & Co., IN, USA), or cisplatin (CDDP; Pfizer Inc.,
NY, USA), was then added to each well. After incubation for 72 h,
10 pl of the MTT regent was added to each well. After an additional
2 h incubation, the supernatant was discarded, and 100 pl of dimethyl
sulfoxide was added to each well. After shaking for 10 min, the
absorbance of each well was measured at 510 nm using a microplate
reader (Perkin-Elmer, MA, USA), and the cell viability was
determined. All samples were analyzed at least three times.

Analysis of cell-cycle progression. Cancer cells were seeded (1x106
cells/well) into six-well tissue culture plates. After 24 h, the cells
were harvested and washed twice with phosphate-buffered saline
(PBS), before being stained using the CycleTESTTM PLUS DNA
Reagent Kit (Becton Dickinson Biosciences, CA, USA), according
to the manufacturer’s instructions. The resultant staining was
analyzed using BD LSR II flow cytometry FACSDiva™ software
(Becton Dickinson Biosciences, CA, USA).

Western blot analysis. Proteins were extracted from cancer cells using
PRO-PREPTM extraction solution (iNtRON Biotechnology,
Seongnam, South Korea). The resultant lysates were separated via
sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and
protein bands were transferred to polyvinylidene difluoride membrane
using the Trans-Blot Turbo™ Transfer System (Bio-Rad, Hercules,
CA, USA). After blocking, the membranes were probed with anti-
microtubule-end-binding 1 (EB1) (1:1,000; Bethyl laboratories, TX,
USA), and anti-multi-drug resistance 1/ATP binding cassette
subfamily B member 1 (MDR1/ABCB1) (1:1,000; Cell Signaling
Technology, MA, USA) antibodies. [3-actin (1:1,000; Cell Signaling
Technology, MA, USA) was used as a loading control. Membrane-
bound primary antibodies were detected using horseradish
peroxidase-conjugated anti-mouse or anti-rabbit immunoglobin-G
secondary antibodies (GE healthcare, Buckinghamsire, UK), and
protein bands were visualized using the Luminescent Image Analyzer
LAS 4000-plus (Fuji Film, Tokyo, Japan).
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Quantitative real-time-polymerase chain reaction (qRT-PCR). The
total RNA from cultured cells was extracted using the RNeasy Mini
kit (Qiagen, CA, USA). Relevant cDNA was amplified via qRT-
PCR using Taqg DNA polymerase (Nippon Gene, Tokyo, Japan), the
StepOnePlus RT-PCR system (Applied Biosystems, CA, USA), and
TagMan gene expression assays for epithelial cadherin (CDHI;
assay 1D, Hs01023894), cluster of differentiation 274 (CD274; assay
ID, Hs01125301), and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH;, assay 1D, Hs02758991) (Applied Biosystems, MA, USA).
RT-PCR was carried out at 95°C for 15 sec, followed by 40 cycles
of 60°C for 60 sec.

In vivo tumor model. In vivo experiments were carried out on
4-week-old female athymic BALB/c nu/nu mice (CLEA Japan,
Tolyo, Japan), using a protocol that was approved by the Osaka City
University Ethical Committee, Osaka, Japan. The mice were housed
in a standard animal laboratory, and provided ad libitum access to
food and water. MDA-MB-231 and MDA-MB-231/E (10x10° cells)
were injected into the backs of the mice to produce subcutaneous
xenografts, and the volumes (length x width) of the resultant tumors
were measured weekly. All mice were sacrificed on day 21 after
inoculation. Selected tissue sections were fixed in 10% neutral
buffered formalin solution, and subjected to immunohistochemical
staining.

Statistical analysis. Statistical analyses were performed using
JMP13 software (SAS Institute, Cary, NC, USA). Comparisons
between groups were made using a student’s #-test. A p-value <0.05
was considered to indicate statistical significance.

Results

Effect of eribulin treatment on cancer-cell morphology. MDA-
MB-231/E and MCF-7/E cell lines were established via the
continuous exposure of MDA-MB-231 and MCF-7 cells,
respectively, to increasing concentrations (0.2-131.4 nmol/l)
of eribulin. They were then subjected to various assays to
assess their biological characteristics.

Initially, the MDA-MB-231 cells exhibited a spindle-
shaped phenotype; however, after eribulin treatment,
surviving MDA-MB-231 cells instead displayed an
epithelial-like cuboidal-shaped phenotype. In contrast, the
MDA-MB-231/E cells exhibited a spindle-shaped phenotype
both before and after eribulin treatment, and likewise, the
phenotypes of both the MCF-7 and MCF-7/E cells were
unchanged after eribulin treatment (Figure 1).

Sensitivity of parental and eribulin-resistant breast-cancer
cells to eribulin. The sensitivity of the parental and eribulin-
resistant cells to eribulin was evaluated via an MTT assay,
which revealed half maximal inhibitory concentration 50
(IC4() values of 1.3,30.6 0.1, and 0.3 nmol/l for the MDA-
MB-231, MDA-MB-231/E, MCF-7, and MCF-7/E cells,
respectively. Thus, each eribulin-resistant cell line exhibited
a higher level of resistance to eribulin than its parental cell
line (Figure 2).
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Figure 1. Representative images of MDA-MB-231, MDA-MB-231/E, MCF-7, MCF-7/E following treatment with eribulin. The MDA-MB-231 cells
exhibited a spindle-shaped phenotype; however, after eribulin treatment, surviving MDA-MB-231 cells instead displayed an epithelial-like cuboidal-
shaped phenotype. In contrast, the MDA-MB-231/E cells exhibited a spindle-shaped phenotype both before and after eribulin treatment, and likewise,
the phenotypes of both the MCF-7 and MCF-7/E cells were unchanged after eribulin treatment. E: Eribulin-resistant.
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Figure 2. Dose-response curves of MDA-MB-231, MDA-MB-231/E, MCF-7 and MCF-7/E to eribulin. The sensitivity of the parental and eribulin-
resistant cells to eribulin was evaluated via an MTT assay, which revealed half-maximal inhibitory concentration 50 (ICsg) values of 1.3, 30.6 0.1,
and 0.3 nmol/l for the MDA-MB-231, MDA-MB-231/E, MCF-7, and MCF-7/E cells, respectively. E: Eribulin-resistant.
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Table 1. Dose-response curve of MDA-MB-231, MDA-MB-231/E to paclitaxel, vinorelbine, gemcitabine, 5-FU and cisplatin.

Eribulin Paclitaxel Vinorelbine Gemcitabine 5-FU Cisplatin
IC5 RI IC5 RI IC5 RI IC5 RI IC5, RI IC5 RI
(nmol/l) (nmol/1) (nmol/1) (pmol/l) (umol/1) (umol/1)
MDA-MB-231 1.3 235 40 73 252 35 4.5 0.7 273 14 52.8 0.6
MDA-MB-231/E 30.6 29.2 87.6 32 39.1 330
MCEF-7 0.1 30 29 37 2.1 37 29 1.0 0.5 5.8 03 2.0
MCEF-7/E 03 10.7 7.8 2.8 29 0.6

E: Eribulin-resistant; IC5: inhibitory concentration 50; RI: resistance index.

Cross-resistance of the eribulin-resistant breast-cancer cell
lines to other drugs. Generally, cells resistant to one drug
also acquire resistance to several other anticancer drugs (11);
therefore, we examined whether the MDA-MB-231/E and
MCEF-7/E acquired cross-resistance to PTX, VNB, GEM,
5-FU, and/or CDDP (Figure 3) (Table I). By analyzing the
calculated dose-responsive curves and ICs, values for these
drugs, the MDA-MB-231/E cells were found to be cross-
resistant to PTX and VNB, but to remain sensitive to GEM,
5-FU, and CDDP. Conversely, the MCF-7/E cells acquired
cross-resistance to PTX, VNB, 5-FU, and CDDP, but
retained their sensitivity to GEM.

Cell-cycle progression in the parental and eribulin-resistant
cancer cells. A flow-cytometric cell-cycle assay was
performed to investigate the effect of eribulin on cell-cycle
progression in the MDA-MB-231 and MDA-MB-231/E cells.
The results of this analysis showed that the proportions of
MDA-MB-231 cells that were in G,/M and G(/G; phase were
significantly increased and decreased, respectively, after
eribulin treatment. In contrast, the proportions of MDA-MB-
231/E cells that were observed in each cell-cycle phase were
not significantly altered after eribulin treatment (Figure 4).

Effects of eribulin treatment on protein expression in the
parental and eribulin-resistant cancer cells. Although the
expression of microtubule end-binding protein 1 (EB1) was
decreased after eribulin treatment in the MDA-MB-231 cells,
it was not altered by eribulin treatment in the MDA-MB-
231/E cells (Figure 5). In contrast, EB1 expression was
decreased in both the MCF-7 cells and MCF-7/E cells after
eribulin treatment. According to previous studies, ATP-
binding cassette (ABC)-family proteins such as MDR1 are
associated with multiple-drug resistance in breast cancer (12,
13); therefore, we examined the MDR1 expression in the
parental and eribulin-resistant breast-cancer cell lines via
western blot analysis. The results of this analysis showed no
MDRI1 expression in the eribulin-resistant cell lines.
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CDHI and CD274 mRNA expression in the parental and
eribulin-resistant cancer cells. The total RNA was extracted
from surviving parental breast cancer cells treated with
eribulin for three days and eribulin-resistant cells, and was
assayed via qRT-PCR. Notably, eribulin treatment
consistently upregulated CDHI expression levels in both the
MDA-MB-231 and MCF-7 cells; however, the MDA-MB-
231/E and MCF-7/E cells exhibited lower CDHI expression
levels than their respective parental cell lines (Figure 6A).
We previously suggested that eribulin improves both
immune responses to tumors, and the tumor microenvironment
(8); thus, CD274 expression in the parental and eribulin-
resistant breast-cancer cells was also examined. Interestingly,
the CD274 expression levels in the MDA-MB-231/E cells
were significantly lower than those in the MDA-MB-231 cells,
while conversely, CD274 expression levels were significantly
higher in the MCF-7/E than in the MCF-7 cells (Figure 6B).

Eribulin-resistant tumor growth in vivo. MDA-MB-231 and
MDA-MB-231/E subcutaneous xenografts were produced on
the backs of nude mice, and the sizes of resulting tumors
were measured weekly. The results of this analysis showed
that the size of tumors produced using the eribulin-resistant
breast-cancer cells was larger than that produced using
parental breast-cancer cells (Figure 7A). The conducted
immunohistochemical examination of the microenvironment
in these tumors revealed no significant differences in the
expression of programmed death-ligand 1 (PD-L1) between
the MDA-MB-231 and MDA-MB-231/E-derived tumors
(Figure 7B).

Discussion

Drug resistance is a major obstacle to the effective use of
chemotherapy to treat breast cancer in the clinical setting.
Recent studies have indicated that several anti-cancer agents
induce EMT, and furthermore, EMT is associated with drug
resistance (14-16). In contrast, current preclinical studies
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Figure 3. Dose-response curves of MDA-MB-231, MDA-MB-231/E (A) and MCF-7, MCF-7/E (B) to paclitaxel, vinorelbine, gemcitabine, 5-FU and
CDDP. By analyzing the calculated dose-responsive curves and ICsg values for these drugs, the MDA-MB-231/E cells were found to be cross-
resistant to PTX and VNB, but to remain sensitive to GEM, 5-FU, and CDDP. The MCF-7/E cells acquired cross-resistance to PTX, VNB, 5-FU,
and CDDP, but retained their sensitivity to GEM.
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Figure 4. Cell-cycle analysis of MDA-MB-231, MDA+EribulinlOnM and MDA-MB-231/Eribulin. The results of this analysis showed that the
percentage of MDA-MB-231 cells in G,/M and Gy/G| phases were significantly increased and decreased, respectively, after eribulin treatment. In
contrast, the proportions of MDA-MB-231/E cells that were observed in each cell-cycle phase were not significantly altered after eribulin treatment.

E: Eribulin-resistant.

suggest that eribulin reverses the EMT induced by TGF-f3 or
5-FU administration in triple-negative breast cancer (TNBC)
(6, 17); thus, it is a promising drug to treat cancer cells with
previously acquired chemotherapy resistance. Notably, the
results of the present study suggest that this effect (i.e. EMT
reversal) does not occur in eribulin-resistant breast-cancer
cells.

In addition, the present study showed that the analyzed
eribulin-resistant cell lines exhibited cross-resistance to other
anticancer drugs. Previous studies have suggested that
multiple-drug  resistance is  associated with the
overexpression of a drug efflux pump (18); specifically, the
ATP-binding cassette (ABC)-family proteins, including
multi-drug resistance 1 (MDR1 or ABCB1), and the breast
cancer resistance protein (BCRP), have been implicated as
key efflux transporters that enable the development of multi-
drug resistance in breast cancer (19). Accordingly, Oba et al.
demonstrated that ABCB1 and ABCCI11 overexpression
conferred eribulin resistance, as well as PTX, doxorubicin,
and 5-FU cross-resistance to breast-cancer cells (13). In
contrast, the MDA-MB-231/E cell line established by the
present study did not acquire cross-resistance to GEM, 5-FU,
nor CDDP, and similarly, the MCF-7/E cells did not acquire
cross-resistance to GEM. Furthermore, the conducted
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western blot analysis showed that neither eribulin-resistant
cell line exhibited MDR1 expression. Yahiro et al. previously
reported no significant differences in P-glycoprotein (Pgp)
protein levels between parental and eribulin-resistant
leiomyosarcoma cell lines (20), and furthermore, previous
studies have revealed that the combined treatment of ABC
family proteins with inhibitors and cytotoxic drugs does not
incur any significant improvement in patient outcomes
compared to treatment with cytotoxic drugs alone (21, 22).
Together, these results suggest that ABC family proteins may
not play a dominant role in the acquisition of eribulin
resistance, such as that observed in our established cell lines.

Eribulin binds specifically to the plus ends of microtubules,
which are polymers composed of a- and f-tubulin (2). The
present study showed that administering eribulin to the MDA-
MB-231 cells reduced EB1 levels and induced G,/M arrest;
however, neither effect was induced by eribulin treatment in
the MDA-MB-231/E cells. Interesting, the MDA-MB-231/E
cells exhibited cross-resistance to PTX and VNB. While the
binding sites and mechanisms utilized by PTX and VNB differ
from those employed by eribulin, they are nevertheless
considered to be anti-tubulin agents (23, 24). Consistent with
this, previous studies have reported that alterations to the
expression profiles of B-tubulin isotypes, particularly [3-tubulin
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Figure 5. EBI and MDRI protein expression analysis. Although the expression of EBI was decreased after eribulin treatment in the MDA-MB-231
cells, it was not altered by eribulin treatment in the MDA-MB-231/E cells. In contrast, EBI expression was decreased in both the MCF-7 cells and

MCF-7/E cells after eribulin treatment. E: Eribulin-resistant.

3 (TUBB3), are associated with the acquisition of resistance to
microtubule inhibitors, such as PTX and VNB (25). Moreover,
Wilson et al. showed that TUBB3 weakens the effects of
eribulin (26), and similarly, TUBB3 overexpression has been
implicated in the acquisition of eribulin-resistance in several
cancers (20, 27). In the present study, continuous exposure to
increasing concentrations of eribulin may have induced
TUBB3 overexpression in the parental breast-cancer cell lines,
and thereby facilitated eribulin-resistance acquisition; however,
further research is needed to confirm this hypothesis.

To date, the impact of eribulin resistance-acquisition on
the maintenance of immune checkpoints remains unknown.
To the best of our knowledge, this is the first study to
investigate CD274 expression levels in eribulin-resistant
breast-cancer cell lines. We previously reported that patients
that responded to eribulin treatment were more likely to
show decreased PD-L1 expression than those who did not
(8); hence, we expected to observe PD-L1 overexpression in
the established eribulin-resistant cell lines in the present
study. However, the conducted qRT-PCR assay showed that
the MDA-MB-231/E and MCF-7/E cell lines displayed
significantly lower and higher CD274 expression than the
parental cell lines, respectively. Notably, differences have
been observed between the production of EB1 and the
acquisition of cross-resistance in eribulin-resistant TNBC
and luminal-type breast-cancer cell lines, suggesting that the
mechanism underlying eribulin resistance-acquisition may
differ in various breast-cancer subtypes. Further
metabolomic analyses of specific eribulin-resistant cell lines
is required to confirm this hypothesis, and elucidate the
mechanisms involved.

Notably, the eribulin-resistant cells in the present study
tended to grow more rapidly in vivo than the parental cells;
however, unlike in the conducted in vitro experiments, no

significant differences in PD-L1 expression were observed
between tumors that were derived from the parental
compared to the eribulin-resistant cells. Thus, the activity of
eribulin-resistant cells in mice is anticipated to be associated
with various mechanisms.

While many anticancer drugs have been recently
developed to improve breast-cancer therapies, and thus, the
prognosis of patients with recurrent or metastatic breast
cancer (28), most breast-cancer cases acquire multidrug
resistance after a series of treatments. Consistent with this
finding, the herein established eribulin-resistant cell lines
exhibited cross-resistance to other anti-tubulin agents.
Recently, the cyclin-dependent kinase 4 and 6 (CDK4/6)
inhibitors palbociclib and abemaciclib were shown to be
clinically effective in treating breast cancer in patients with
endocrine-therapy resistance (29-32). Given that CDK4/6
inhibitors are critical regulators of cell-cycle progression, it
will be interesting to investigate whether they are effective
against eribulin-resistant cancer cells, which the present
study showed that they do not exhibit cell-cycle arrest.
Further studies are necessary to unravel the complex
mechanisms underlying eribulin-resistance acquisition, and
to design strategies for the clinical treatment of eribulin- and
mutli-drug-resistant breast-cancer cases.

Conclusion

We herein developed two eribulin-resistant breast-cancer cell
lines to investigate the mechanisms that underlie drug-
resistance acquisition. We found that they acquired cross-
resistance to other anticancer agents, and resisted the anti-
microtubule effect and EMT inhibition that is normally
elicited by eribulin treatment. Furthermore, our findings also
suggest that eribulin-resistant cells in some subtypes of breast
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significantly higher in the MCF-7/E than in the MCF-7 cells.

cancer may evade immune responses. Thus, the herein
established eribulin-resistant cell lines will be useful tools for
future studies aiming to identify novel mechanisms underlying
the acquisition of eribulin-resistance in breast cancer.
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Figure 7. Tumor volumes of MDA-MB-231 and MDA-MB-231/E cells xenografts in mice (A). Immunostaining images of PD-L1 in MDA-MB-231, MDA-
MB-231/E, MCF-7, and MCF-7/E cells xenografts in mice (B). The size of tumors produced using the eribulin-resistant breast-cancer cells was larger
than that produced using parental breast-cancer cells (A). The conducted immunohistochemical examination of the microenvironment in these tumors
revealed no significant differences in the expression of PD-LI between the MDA-MB-231 and MDA-MB-231/E-derived tumors (B). E: Eribulin-resistant.
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