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ABSTRACT
This study aimed to elucidate the mechanisms underlying the resistance of breast
cancer to eribulin. Seven eribulin-resistant breast cancer cell lines (MCF7/E, BT474/E,
ZR75-1/E, SKBR3/E, MDA-MB-231/E, Hs578T/E, and MDA-MB-157/E) were established.
mRNA and protein expression of ATP-binding cassette subfamily B member 1 (ABCB1)
and subfamily C member 11 (ABCC11) increased in all eribulin-resistant cell lines
compared to the parental cell lines. When ABCB1 or ABCC11 expression was inhibited by
small interfering RNA in MCF7/E, BT474/E, and MDA-MB-231/E cells, eribulin sensitivity
was partially restored. Moreover, eribulin resistance was attenuated additively by
inhibiting ABCB1 and ABCC11 in MCF7/E cells. Additionally, overexpression of exogenous
ABCB1 or ABCC11 in HEK293T cells conferred resistance to eribulin. MCF7/E and MDA0%(FHOOVVKRZHGFURVVUHVLVWDQFHWRSDFOLWD[HOGR[RUXELFLQDQGÀXRURXUDFLO
Inhibition of ABCB1 partially restored paclitaxel and doxorubicin sensitivity. Partial
UHVWRUDWLRQRIÀXRURXUDFLOVHQVLWLYLW\ZDVLQGXFHGE\LQKLELWLQJ$%&&LQ0&)(
and MDA-MB-231/E cells. Both ABCB1 and ABCC11 are involved in the development of
eribulin resistance in breast cancer cells in vitro regardless of the breast cancer subtype.
Thus, ABCB1 and ABCC11 expression may be used as a biomarker for predicting the
response to eribulin in patients with breast cancer. Concomitant inhibition of ABCB1
and ABCC11 might help enhance the antitumor effects of eribulin.

mechanisms underlying this resistance to eribulin have not
been fully elucidated.
ATP-binding cassette (ABC) transporters are primary
DFWLYHWUDQVSRUWHUVWKDWFRQIHUGUXJUHVLVWDQFHE\HIÀX[LQJ
anticancer agents [4]. ABC transporters consist of 48
PHPEHUV WKDW DUH FODVVL¿HG LQWR VHYHQ VXEIDPLOLHV IURP
ABCA to ABCG based on their sequence similarity [5].
Among them, ABC subfamily B member 1 (ABCB1)/Pglycoprotein (MDR1) has been implicated as the major
HIÀX[WUDQVSRUWHUUHVSRQVLEOHIRUWKHUHVLVWDQFHRIFDQFHU
cells to many anticancer agents such as cisplatin, docetaxel,
anthracyclines (doxorubicin, epirubicin), etoposide,
irinotecan, methotrexate, paclitaxel, and vincristine [5, 6].
Members of the ABC subfamily C/multidrug resistance
protein (ABCC/MRP) superfamily consist of 13 subfamily
members (ABCC1 to ABCC13). Among the ABCC
subfamily members, ABCC1 (MRP1) and ABCC2 (MRP2)

INTRODUCTION
Eribulin mesylate (eribulin) is a synthetic macrocyclic
ketone analog of the marine sponge natural product
halichondrin B and is an inhibitor of microtubule dynamics
[1, 2]. Eribulin inhibits microtubule polymerization by a
mechanism distinct from those of other antitubulin agents
such as vinblastine or taxanes. When administered to
patients with metastatic breast cancer who had previously
received both an anthracyclin and a taxane in either
WKH DGMXYDQW RU PHWDVWDWLF VHWWLQJ HULEXOLQ VLJQL¿FDQWO\
increased their overall survival by monotherapy; thus,
eribulin is currently an approved treatment for patients with
advanced breast cancer [3]. However, most patients fail to
respond to eribulin within several months, a phenomenon
that has also been observed for many other cytotoxic drugs
that were previously administered for breast cancer, and the
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are known to have transport mechanisms for a wide variety
of chemotherapeutic agents; they also confer resistance
to various anticancer agents including anthracyclines,
etoposide, methotrexate, mitoxantrone, and cisplatin [5,
±@ZKHUHDV$%&&FRQIHUVUHVLVWDQFHWRÀXRURXUDFLO
methotrexate, and pemetrexed [14–21]. However, the
involvement of ABC transporters in the resistance of cancer
cells to eribulin has not yet been reported.
To elucidate the mechanisms underlying the
development of eribulin resistance in breast cancer cells,
we established several eribulin-resistant cell lines using
different breast cancer cell subtypes. In the present study,
ZH GHPRQVWUDWHG IRU WKH ¿UVW WLPH WKDW $%&% DQG
ABCC11 confer eribulin resistance in breast cancer cells
regardless of their subtype.

6 months. The eribulin-resistant cell lines were designated
as MCF7/E, BT474/E, ZR75-1/E, SKBR3/E, MDA-MB231/E, Hs578T/E, and MDA-MB-157/E, respectively. The
relative eribulin resistance of each eribulin-resistant cell
line compared to the corresponding parental cell line was
determined using a WST assay (Figure 1). Although an
eribulin-resistant cell line was established for each breast
cancer cell line, the IC50 for the eribulin-resistant cell lines
varied among the cell lines. The IC50 for the parental cell
lines ranged from 0.1 to 1.3 nM, whereas the IC50 for the
eribulin-resistant cell lines ranged from 4.7 to 556.7 nM.
The eribulin resistance of the eribulin-resistant cell lines was
7.9-fold to 672.1-fold greater than that of the parental cell
lines. The MCF7/E cell line showed the highest IC50 (556.7
± 108.4 nM), whereas the SKBR3/E cell line showed the
lowest IC50 (4.7 ± 0.4 nM).
7KH H[SUHVVLRQ RI HVWURJHQ UHFHSWRU Į (5Į  DQG
human epidermal growth factor receptor-2 (HER2) in
each parental cell line was evaluated by western blotting.
([SUHVVLRQRI(5ĮZDVGHWHFWHGLQ0&)%7DQG
ZR75-1 cells. Expression of HER-2 was detected in
BT474 and SKBR3 cells (Supplementary Figure 1).
The characteristics of the parental cell lines and IC50 for
eribulin in the parental and eribulin-resistant cell lines are
summarized in Table 1.

RESULTS
Establishment of eribulin-resistant breast cancer
cell lines
Eribulin-resistant breast cancer cell lines were
obtained by culturing MCF7, BT474, ZR75-1, SKBR3,
MDA-MB-231, Hs578T, and MDA-MB-157 cells with
stepwise increases in the eribulin concentration for more than

Figure 1: Sensitivity to eribulin in eribulin-resistant breast cancer cells and their parental cells. Eribulin-resistant breast
cancer cell lines were obtained by culturing MCF7, BT474, ZR75-1, SKBR3, MDA-MB-231, Hs578T, and MDA-MB-157 cells with
stepwise-increasing doses of eribulin for more than 6 months. Sensitivity to eribulin was assayed by using the WST assay. Each cell line
ZLWK³(´LQGLFDWHVDQHVWDEOLVKHGHULEXOLQUHVLVWDQWFHOOOLQH&ORVHGFLUFOHV Ɣ LQGLFDWHSDUHQWDOFHOOVZKHUHDVRSHQFLUFOHV ż LQGLFDWH
eribulin-resistant cells. The error bars represent the standard error of the value obtained in the experiments performed in triplicate.
www.impactjournals.com/oncotarget
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Table 1: Characteristics and IC50 for eribulin in the parental and eribulin-resistant breast cancer cell lines
MCF7

BT474

ZR75-1

SKBR3

MDAMB-231

Hs578T

MDAMB-157

(5Į

+

+

+

-

-

-

-

HER2

-

+

-

+

-

-

-

Cell line

Parental or
eribulinresistant
IC50 (nM)
(mean ± SD)
Relative
resistance
ratioa

P

1.3 ±
0.5

E

P

E

P

556.7
0.6 ±
±
0.1
108.4

20.8
± 8.8

0.6 ±
0.1

428.2

34.6

E

P

E

P

E

P

E

P

E

403.3
0.1 ±
±
0.1
32.9

4.7 ±
0.4

1.1 ±
0.1

8.7 ±
1.4

0.7 ±
0.0

26.2
± 1.2

0.6 ±
0.0

56.7
± 9.4

672.1

47.0

7.9

37.7

94.5

P: parental cell, E: eribulin-resistant cell, IC50KDOIPD[LPDOLQKLELWRU\FRQFHQWUDWLRQ(5ĮHVWURJHQUHFHSWRUĮ+(5
human epidermal growth factor receptor type 2.
a
Relative resistance ratio = IC50 of eribulin-resistant cells/IC50 of parental cells.

that were detected by western blot analyses were similar
to the expression increases observed in the real-time RTPCR analyses. Hence, upregulation of both ABCB1 and
ABCC11 in breast cancer cells was induced by continuous
treatment regardless of the subtype of the cells.

Increased expression of ABCB1 and ABCC11 in
eribulin-resistant breast cancer cell lines
Prior to the present study, we compared the gene
H[SUHVVLRQ SUR¿OH EHWZHHQ 0&) DQG 0&)( FHOOV
by microarray analysis. The expression of ABCB1 and
ABCC11 in MCF7/E cells increased 56.1-fold and 19.7fold, respectively, compared to that in the parental MCF7
cells (data not shown). Based on this result, we examined
the expression of ABCB1 and ABCC11 in seven breast
cancer cell lines and their eribulin-resistant cells by realtime RT-PCR and western blotting. Figure 2A and 2B
show the ABCB1 mRNA expression levels quantitated
by real-time RT-PCR and the representative western blots
of ABCB1, respectively, for the parental and eribulinresistant cell lines. Although the expression levels varied
from cell line to cell line, ABCB1 mRNA expression was
VLJQL¿FDQWO\LQFUHDVHGLQDOOHULEXOLQUHVLVWDQWFHOOOLQHV
compared to the expression in the corresponding parental
cell lines. In BT474/E, ZR75-1/E, and MDMB-157/E
FHOOV D VLJQL¿FDQW LQFUHDVH LQ $%&% H[SUHVVLRQ ZDV
observed in both the real-time RT-PCR and western blot
analyses, whereas the increased ABCB1 expression that
was detected by real-time RT-PCR did not correspond to
the results of the western blot analyses in the MCF7/E and
SKBR3/E cells.
Figure 2C and 2D show the ABCC11 mRNA
expression levels quantitated by real-time RT-PCR and
representative western blots of ABCC11, respectively,
for the parental and eribulin-resistant cell lines. Realtime RT-PCR revealed that expression of ABCC11 was
VLJQL¿FDQWO\LQFUHDVHGLQDOOHULEXOLQUHVLVWDQWFHOOOLQHV
compared to the expression in the corresponding parental
cell lines; moreover, the increases in ABCC11 expression
www.impactjournals.com/oncotarget

Restoration of eribulin sensitivity by ABCB1 or
ABCC11 knockdown in eribulin-resistant breast
cancer cells
To further examine the involvement of ABCB1
and ABCC11 in the development of eribulin resistance
in breast cancer cells, we tested whether knockdown of
ABCB1 or ABCC11 would restore eribulin sensitivity
in eribulin-resistant breast cancer cells. We chose three
eribulin-resistant cell lines (MCF7/E, BT474/E, and
MDA-MB-231/E) for the experiment. Inhibition of
ABCB1 expression by small interfering RNA (siRNA)
ZDVFRQ¿UPHGDWERWKWKHP51$DQGSURWHLQOHYHOVIRU
the three cell lines (Figure 3A). Eribulin sensitivity was
partially restored in MCF7/E and BT474/E cells, whereas
siRNA targeting of ABCB1 resensitized the MDA-MB231/E cells to eribulin to the same IC50 level as the parental
MDA-MB-231 cells (Figure 3B).
Inhibition of ABCC11 expression by siRNA was
FRQ¿UPHGDWERWKWKHP51$DQGSURWHLQOHYHOVLQWKHWKUHH
cell lines (Figure 3C). Eribulin sensitivity was partially
restored in the three selected eribulin-resistant cell lines.
The restoration effect was more potent in MCF7/E cells
than in the other cells (Figure 3D). The growth inhibitory
effects induced by eribulin in the eribulin-resistant cell
lines in these experiments were of lower magnitude than
the effects demonstrated in Figure 1, and this discrepancies
was considered to result from the shorter incubation times
70013
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Figure 2: mRNA and protein expression of ABCB1 and ABCC11 in eribulin-resistant breast cancer cells and their
parental cells. A.$%&%P51$H[SUHVVLRQTXDQWLWDWHGE\UHDOWLPH573&5ȕDFWLQZDVXVHGDVDQLQWHUQDOFRQWURO³3´LQGLFDWHV
parental cell line and “E” indicates eribulin-resistant cell line. The error bars represent the standard error of the value obtained in the
experiments performed in triplicate. B.$%&%SURWHLQH[SUHVVLRQDQDO\]HGZLWKZHVWHUQEORWWLQJȕDFWLQZDVXVHGDVDORDGLQJFRQWURO
C. ABCC11 mRNA expression quantitated by real-time RT-PCR. D. ABCC11 protein expression analyzed by western blotting. *P < 0.05
for parental cell line vs. eriburin-resistant cell line.
www.impactjournals.com/oncotarget
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Figure 3: Effects of ABCB1 or ABCC11 knockdown in eribulin-resistant breast cancer cells. The expression of ABCB1 and
ABCC11 in MCF7/E, BT474/E, and MDA-MB231/E cells was inhibited by siRNA, and the sensitivity to eribulin was tested using WST
assays. A. ABCB1 mRNA expression quantitated by real-time RT-PCR (upper panel) and representative results of western blot analyses
(lower panel) in MCF7/E, BT474/E, and MDA-MB-231/E cells transfected with siRNA targeting ABCB1 (si-ABCB1) or control siRNA
(si-control). *PIRUVLFRQWUROYVVL$%&%ȕDFWLQZDVXVHGDVDORDGLQJFRQWURO7KHHUURUEDUVUHSUHVHQWWKHVWDQGDUGHUURURIWKH
value obtained in the experiments performed in triplicate. B. Sensitivity to eribulin was measured in eribulin-resistant cells transfected with
VL51$ VLFRQWURORUVL$%&% DQGWKHSDUHQWDOFHOOV&ORVHGFLUFOHV Ɣ LQGLFDWHSDUHQWDOFHOOVZKHUHDVRSHQFLUFOHV ż LQGLFDWHHULEXOLQ
UHVLVWDQWFHOOVWUDQVIHFWHGZLWKVLFRQWUROFORVHGWULDQJOHV Ÿ LQGLFDWHHULEXOLQUHVLVWDQWFHOOVWUDQVIHFWHGZLWKVL$%&%UHVSHFWLYHO\

(Continued )
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Figure 3 (Continued ): C. ABCC11 mRNA expression quantitated by real-time RT-PCR (upper panel) and representative results of
the western blot analyses (lower panel) in MCF7/E, BT474/E, and MDA-MB-231/E cells transfected with siRNA targeting ABCC11 (siABCC11) or control siRNA (si-control). *PIRUVLFRQWUROYVVL$%&&ȕDFWLQZDVXVHGDVDORDGLQJFRQWUROD. Sensitivity to
HULEXOLQZDVPHDVXUHGLQHULEXOLQUHVLVWDQWFHOOVWUDQVIHFWHGZLWKVL51$ VLFRQWURORUVL$%&& DQGWKHSDUHQWDOFHOOV&ORVHGFLUFOHV Ɣ 
LQGLFDWHSDUHQWDOFHOOVRSHQFLUFOHV ż LQGLFDWHHULEXOLQUHVLVWDQWFHOOVWUDQVIHFWHGZLWKVLFRQWURODQGRSHQWULDQJOHV D) indicate eribulinresistant cells transfected with si-ABCC11.
(Continued )
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Figure 3 (Continued ): E. ABCB1 and ABCC11 mRNA expression quantitated by real-time RT-PCR (upper panel) and representative
results of the western blot analyses (lower panel) in MCF7/E cells transfected with siRNA targeting ABCB1 (si-ABCB1), ABCC11 (siABCC11), both ABCB1 and ABCC11 (si-ABCB1 + si-ABCC11), or control siRNA (si-control). *P< 0.05. F. Sensitivity to eribulin was
PHDVXUHGLQWKHSDUHQWDO0&)FHOOVDQGHULEXOLQUHVLVWDQW0&)(FHOOVWUDQVIHFWHGZLWKHDFKVL51$&ORVHGFLUFOHV Ɣ LQGLFDWHSDUHQWDO
0&)FHOOVRSHQFLUFOHV ż LQGLFDWH0&)(FHOOVWUDQVIHFWHGZLWKVLFRQWUROFORVHGWULDQJOHV ᇞ) indicate MCF7/E cells transfected with
si-ABCB1, open triangles (ᇞ LQGLFDWH0&)(FHOOVWUDQVIHFWHGZLWKVL$%&&DQGRSHQVTXDUHV Ƒ LQGLFDWH0&)(FHOOVWUDQVIHFWHG
with both si-ABCB1 and si-ABCC11. The error bars represent the standard error of the value obtained in the experiments performed in
triplicate.
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with the empty vector. Thus, exogenous overexpression
of both ABCB1 and ABCC11 was able to confer resistance
to eribulin in HEK293T cells, although the degree of
resistance induced by ABCB1 was more remarkable than
that induced by ABCC11 (Figure 4B).
Furthermore, HEK293T cells that were
transfected with ABCB1 became resistant to paclitaxel
and doxorubicin, whereas HEK293T cells that were
WUDQVIHFWHGZLWK$%&&EHFDPHUHVLVWDQWWRÀXRURXUDFLO
(Figure 4C–4E). However, transfection of HEK293T cells
with ABCC11 did not confer resistance to either paclitaxel
or doxorubicin, whereas transfection of HEK293T cells
ZLWK$%&%GLGQRWDOWHUWKHLUVHQVLWLYLW\WRÀXRURXUDFLO
(Figure 4C–4E).

in the siRNA experiments compared with the experiments
used to determine the IC50 for each cell line.
Next, to evaluate whether the sensitivity to eribulin
was restored additively by inhibiting expression of both
ABCB1 and ABCC11 in the eribulin-resistant MCF7/E
cells, knockdown of both ABCB1 and ABCC11 was
performed in the MCF7/E cells. When the MCF7/E cells
were transfected with siRNA that targeted ABCB1 and
siRNA that targeted ABCC11, the expression of both
ABCB1 and ABCC11 was inhibited to the same extent as
when the cells were transfected with either siRNA alone.
Expression of ABCB1 was not inhibited by transfection
with the ABCC11-targeting siRNA, and expression of
ABCC11 was not inhibited by transfection with the
ABCB1-targeting siRNA (Figure 3E). Inhibition of both
ABCB1 and ABCC11 expression in the MCF7/E cells
restored eribulin sensitivity to approximately the level
observed for the parental MCF7 cells (Figure 3F). These
results demonstrate that inhibiting the expression of either
ABCB1 or ABCC11 restored the sensitivity to eribulin,
although the degree of restoration varied depending on
the cell line, indicating that ABCB1 and ABCC11 are
involved in the development of eribulin resistance in these
breast cancer cells.

Cross-resistance to paclitaxel, doxorubicin, and
ÀXRURXUDFLOLQHULEXOLQUHVLVWDQWEUHDVWFDQFHU
cells
ABCB1 is known to confer resistance to a variety
of anticancer agents including paclitaxel and doxorubicin
>@$%&&LVDVVRFLDWHGZLWKUHVLVWDQFHWRÀXRURXUDFLO
[18]. In our experiments, overexpression of ABCB1
conferred resistance to doxorubicin, paclitaxel, and
eribulin in HEK293T cells, whereas overexpression of
$%&& FRQIHUUHG UHVLVWDQFH WR ERWK ÀXRURXUDFLO DQG
HULEXOLQ *LYHQ WKHVH ¿QGLQJV ZH H[DPLQHG ZKHWKHU
MCF7/E and MDA-MB231/E breast cancer cells would
demonstrate cross-resistance to paclitaxel, doxorubicin,
DQG ÀXRURXUDFLO $V GHPRQVWUDWHG LQ )LJXUH $ ERWK
MCF7/E and MDA-MB-231/E cells showed higher IC50
IRU SDFOLWD[HO GR[RUXELFLQ DQG ÀXRURXUDFLO FRPSDUHG
to their parental cell lines, indicating that both cell lines
acquired cross-resistance to these three drugs in the course
of developing resistance to eribulin (Figure 5 and Table 2).

Overexpression of either ABCB1 or ABCC11
confers resistance to eribulin in SV40transformed human embryonic kidney
(HEK293T) cells
7R FRQ¿UP WKDW ERWK$%&% DQG$%&& ZHUH
able to confer resistance to eribulin in breast cancer
cells, we tested whether transient overexpression of
ABCB1 or ABCC11 would alter the sensitivity to
eribulin in HEK293T cells. A plasmid containing FlagABCB1 or Flag-ABCC11 was introduced into HEK293T
cells. HEK293T cells transfected with an empty vector
(pcDNA3.1) were used as a control. In the HEK293T cells
transfected with the empty vector, no ABCB1 expression
was detected in western blots, whereas weak expression
of ABCC11 was detected. Thus, neither ABCB1 nor
ABCC11 was expressed at a high level in HEK293T cells.
In contrast, high expression of ABCB1 and ABCC11 was
detected in HEK293T cells that were transfected with the
vectors expressing ABCB1 or ABCC11. The production
of ABCB1 and ABCC11 by exogenously introduced
JHQHVZDVFRQ¿UPHGE\LPPXQREORWVZLWKDQDQWL)/$*
antibody (Figure 4A).
In the HEK293T cells that were transfected with an
empty vector, the IC50 for eribulin was 2.8 nM, whereas in
the HEK293T cells that were transfected with ABCB1, the
IC50 for eribulin was 833.3 nM, indicated a 297.6-fold in
resistance compared to the cells transfected with the empty
vector. In the cells that were transfected with ABCC11, the
IC50 for eribulin was 9.1 nM, which indicated a 3.3-fold
increase in resistance compared to the cells transfected
www.impactjournals.com/oncotarget

Inhibition of ABCB1 or ABCC11 alters the
cross-resistance to paclitaxel, doxorubicin, and
ÀXRURXUDFLOLQHULEXOLQUHVLVWDQWEUHDVWFDQFHU
cells
To further investigate the involvement of ABCB1
and ABCC11 in the observed cross-resistance to paclitaxel,
GR[RUXELFLQDQGÀXRURXUDFLOLQ0&)(DQG0'$0%
231/E cells, we inhibited ABCB1 or ABCC11 expression
with siRNA in these cells and evaluated the sensitivity to
SDFOLWD[HOGR[RUXELFLQDQGÀXRURXUDFLO )LJXUH %RWK
the mRNA and protein expression of ABCB1 and ABCC11
was decreased at 24 h after transfection with siRNA that
targeted ABCB1 or ABCC11, respectively (Supplementary
Figure 2). Inhibition of ABCB1 expression partially
restored the sensitivity to paclitaxel and doxorubicin in
both MCF7/E and MDA-MB-231/E cells (Figure 6A
and 6B). Inhibition of ABCB1 expression did not alter
WKHVHQVLWLYLW\WRÀXRURXUDFLOLQHLWKHUFHOOW\SH )LJXUH
6C). In contrast, partial restoration of the sensitivity to
70018
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Figure 4: Effects of ABCB1 or ABCC11 overexpression on the sensitivity of HEK293T cells to eribulin, paclitaxel,
GR[RUXELFLQ DQG ÀXRURXUDFLO $ SODVPLG H[SUHVVLQJ )ODJ$%&% SF'1$)/$*$%&%  RU )ODJ$%&& SF'1$
)/$*$%&& RUDQHPSW\YHFWRU SF'1$ ZDVWUDQVIHFWHGLQWR+(.7FHOOVDQGZHWHVWHGZKHWKHURYHUH[SUHVVLRQRI$%&%
RU$%&& DOWHUHG WKH VHQVLWLYLW\ WR HULEXOLQ SDFOLWD[HO GR[RUXELFLQ DQG ÀXRURXUDFLO LQ WKH WUDQVLHQWO\ WUDQVIHFWHG +(.7 FHOOV
A. ABCB1 and ABCC11 protein expression in HEK-293T cells transfected with the plasmid DNA 24 h after transfection. Exogenously
H[SUHVVHG$%&%DQG$%&&ZHUHGHWHFWHGE\WKHVSHFL¿FDQWLERGLHVIRU$%&%DQG$%&&DQGDOVRWKHDQWL)/$*DQWLERG\7KH
sensitivity to eribulin B. paclitaxel C. doxorubicin D.DQGÀXRURXUDFLOE. in HEK293T cells transfected with the empty vector (HEK293Tvector) or the expression vectors for ABCB1 (HEK293T-ABCB1) or ABCC11 (HEK293T-ABCC11) was determined 72 h after transfection.
&ORVHGFLUFOHV Ɣ LQGLFDWH+(.7YHFWRURSHQFLUFOHV ż LQGLFDWH+(.7$%&%DQGFORVHGWULDQJOHV Ÿ LQGLFDWH+(.7
ABCC11. The error bars represent the standard error of the value obtained in the experiments performed in triplicate.
www.impactjournals.com/oncotarget
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)LJXUH&URVVUHVLVWDQFHWRSDFOLWD[HOGR[RUXELFLQDQGÀXRURXUDFLOLQHULEXOLQUHVLVWDQWEUHDVWFDQFHUFHOOV Sensitivity
to paclitaxel A. doxorubicin B.DQGÀXRURXUDFLOC. in eribulin-resistant and parental MCF7 and MDA-MB231 cells was determined by
:67DVVD\&ORVHGFLUFOHV Ɣ LQGLFDWHSDUHQWDOFHOOVZKHUHDVRSHQFLUFOHV ż LQGLFDWHHULEXOLQUHVLVWDQWFHOOV7KHHUURUEDUVUHSUHVHQWWKH
standard error of the value obtained in experiments performed in triplicate.
www.impactjournals.com/oncotarget
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Table 2: IC50IRUSDFOLWD[HOGR[RUXELFLQDQGÀXRURXUDFLOLQSDUHQWDOHULEXOLQUHVLVWDQW0&)DQG0'$0%FHOOV
MCF7

0&)(

RR

MDA-MB231

0'$0%(

RR

Paclitaxel

2.1 ± 0.3 nM

29.3 ± 8.7 nM

13.9

4.1 ± 0.3 nM

50.3 ± 2.9 nM

12.3

Doxorubicin

79.3 ± 7.4 nM

376.7 ± 30.9 nM

4.8

50.3 ± 1.7 nM

453.3 ± 32.9 nM

9.0

Fluorouracil

ȝ0

ȝ0

15.7

ȝ0

ȝ0

6.4

RR: relative resistance ratio = IC50 of eribulin-resistant cells/IC50 of parental cells.

Figure 6 (Continued ): Effects of ABCB1 and ABCC11 knockdown on cross-resistance to paclitaxel, doxorubicin, and
ÀXRURXUDFLOLQHULEXOLQUHVLVWDQWEUHDVWFDQFHUFHOOV The expression of ABCB1 and ABCC11 in MCF7/E and MDA-MB231/E
FHOOVZDVLQKLELWHGE\VL51$DQGWKHVHQVLWLYLW\WRSDFOLWD[HOGR[RUXELFLQDQGÀXRURXUDFLOZDVWHVWHGE\:67DVVD\6HQVLWLYLW\WR
paclitaxel A. doxorubicin B.DQGÀXRURXUDFLOC. in eribulin-resistant cells transfected with si-ABCB1 or si-control and the parental cells.

(Continued )
www.impactjournals.com/oncotarget
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Sensitivity to paclitaxel.Figure 6 (Continued ): D. doxorubicin EDQGÀXRURXUDFLOF. in eribulin-resistant cells transfected with si$%&&RUVLFRQWURODQGWKHSDUHQWDOFHOOV&ORVHGFLUFOHV Ɣ LQGLFDWHSDUHQWDOFHOOVRSHQFLUFOHV ż LQGLFDWHHULEXOLQUHVLVWDQWFHOOV
WUDQVIHFWHGZLWKVLFRQWURODQGFORVHGWULDQJOHV Ÿ LQGLFDWHHULEXOLQUHVLVWDQWFHOOVWUDQVIHFWHGZLWKVL$%&% $%DQG& RUZLWK
si-ABCC11 (D, E, and F), respectively.

ÀXRURXUDFLOZDVRQLQKLELWLRQRI$%&&H[SUHVVLRQLQ
MCF7/E and MDA-MB231/E cells, whereas inhibition of
ABCC11 expression did not alter the sensitivity of either
cell type to paclitaxel and doxorubicin (Figure 6D–6F).
These results indicate that the cross-resistance to paclitaxel
and doxorubicin that was observed in the MCF7/E and
MDA-MB-231/E cells was mainly derived from ABCB1,
ZKHUHDVWKHFURVVUHVLVWDQFHWRÀXRURXUDFLOZDVPDLQO\
derived from ABCC11.

www.impactjournals.com/oncotarget

DISCUSSION
Thus far, the mechanisms underlying resistance to
eribulin have remained unknown. In the present study, we
demonstrated that the expression of two ABC transporters,
ABCB1 and ABCC11, which belong to different ABC
transporter subfamilies, was increased in eribulin-resistant
breast cancer cell lines. Furthermore, overexpression of
ABCB1 and ABCC11 conferred resistance to eribulin
independently in HEK293T cells. To the best of our
70022
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NQRZOHGJH WKLV LV WKH ¿UVW UHSRUW WR GHPRQVWUDWH WKH
involvement of ABCC11 in the development of eribulin
UHVLVWDQFHLQFDQFHUFHOOV$OWKRXJK/DXJKQH\HWDO>@
also reported an association between ABCB1 and eribulin
UHVLVWDQFHRXUVWXG\LVWKH¿UVWWRVKRZWKDWUHVLVWDQFH
to eribulin can be directly induced by transfecting cells
with the ABCB1 gene in vitro. Our data suggest that both
ABCB1 and ABCC11 are involved in the development of
eribulin resistance in breast cancer cells and that eribulin
or its metabolites might be substrates of ABCB1 and
ABCC11.
ABC transporters play biologically important roles
as membrane transporters [4]. In addition to their many
physiological functions in the normal cells of various
organs, some transporters have been known to induce
UHVLVWDQFH WR DQWLFDQFHU DJHQWV E\ HIÀX[LQJ WKH DJHQWV
themselves or their metabolites from cancer cells [23].
$%&% ZDV LGHQWL¿HG LQ  E\ -XOLDQR DQG /LQJ
[24] as a membrane glycoprotein that is overexpressed
in colchicine-resistant cell lines and reduces drug
permeability. ABCB1 has a wide substrate spectrum and
can therefore mediate the export of a variety of drugs
from different drug classes. These substrates include
chemotherapeutic drugs such as anthracyclines, taxanes,
and vinca alkaloids [6, 25–30].
,Q FRQWUDVW WKH FODVVL¿FDWLRQ RI WKH $%&&
VXEIDPLO\ RULJLQDWHG IURP WKH ¿QGLQJ RI PXOWLGUXJ
resistance protein-1 (MRP1) as the second major ABC
drug transporter by Cole et al. in 1992 [13]. Three
research groups cloned ABCC11, a member of the
ABCC subfamily, independently in 2001 [15, 16, 20].
Subsequent studies demonstrated that a nonsynonymous
single nucleotide polymorphism (538G>A) in the ABCC11
gene determines the type of human earwax and axillary
osmidrosis [31–33]. Additionally, it has been reported
that human ABCC11 functions as an ATP-dependent
HIÀX[ SXPS IRU DPSKLSDWKLF DQLRQV LQFOXGLQJ F\FOLF
nucleotides, leukotriene C4, estrone 3-sulfate, estradiol
17-beta-D-glucuronide, and anti-viral agents [14, 19,
21, 34, 35]. Guo et al. [14] demonstrated that pig kidney
epithelial cells transfected with wild-type ABCC11
H[KLELWHG LQFUHDVHG UHVLVWDQFH WR ÀXRURXUDFLO ZKHUHDV
increased resistance was not detected for vincristine,
paclitaxel, doxorubicin, or etoposide. In lung cancer cell
lines, ABCC11 has been reported to confer resistance to
ÀXRURXUDFLOPHWKRWUH[DWHDQGSHPHWUH[HG>±@
,QRXUVWXG\UHVLVWDQFHWRÀXRURXUDFLOZDVLQGXFHG
by overexpression ABCC11 in HEK293T cells, whereas
the sensitivity to paclitaxel or doxorubicin was not altered.
0RUHRYHUWKHVHQVLWLYLW\WRÀXRURXUDFLOZDVHQKDQFHGE\
inhibition of ABCC11 expression with siRNA in MCF7/E
cells that demonstrated increased ABCC11 expression
DQG FURVVUHVLVWDQFH WR ÀXRURXUDFLO7KXV RXU ¿QGLQJV
together with the results of previous studies, demonstrate
WKDW$%&&LVLQYROYHGLQWKHDOWHUDWLRQRIÀXRURXUDFLO
sensitivity in cancer cells. However, no previous studies
www.impactjournals.com/oncotarget

reported an association between ABCC11 and resistance
to eribulin. In the present study, increased ABCC11
expression was detected in all of the eribulin-resistant
clones established by exposing seven different breast
cancer cell lines to eribulin. In addition, exogenous
expression of ABCC11 decreased the sensitivity to
eribulin in HEK293T cells. Thus, it is clear that ABCC11
is involved in altering eribulin sensitivity in cancer
cells. Although many molecules are likely involved in
the development of eribulin resistance in clinical breast
FDQFHUVRXUUHSRUWLVWKH¿UVWWRFRQFUHWHO\UHYHDOVRPHRI
the mechanisms underlying eribulin resistance.
A meta-analysis of 31 studies previously
demonstrated that ABCB1 (MDR1/P-glycoprotein)
expression in tumors is associated with a poor response
to chemotherapy [9–36]. Although the strategy to
interfere with the transport activity of ABCB1 (MDR1/
P-glycoprotein) has not been applied successfully in a
clinical setting, accumulated data obtained from both in
vitro and clinical samples indicate that ABCB1 (MDR1/
P-glycoprotein) serves an important role in determining
phenotype, including the susceptibility of breast cancer
cells to anticancer agents [5, 6, 29, 36–38]. Ota et al.
[39] reported an association between a single nucleotide
polymorphism (538G>A) in ABCC11 and the risk of
EUHDVW FDQFHU LQ -DSDQHVH ZRPHQ ,Q DGGLWLRQ<DPDGD
et al. [40] recently reported that ABCC11 was expressed
VLJQL¿FDQWO\ PRUH IUHTXHQWO\ LQ DJJUHVVLYH VXEW\SHV
and was associated with a poor prognosis in patients
ZLWK EUHDVW FDQFHU 7KHVH ¿QGLQJV LQGLFDWH D FHUWDLQ
role of ABCC11 in the development and progression of
breast cancer. It is intriguing that the expression of two
$%& WUDQVSRUWHUV ZLWK GLIIHUHQW VXEVWUDWH VSHFL¿FLW\
was increased simultaneously by long-term exposure to
eribulin in seven breast cancer cell lines, regardless of the
receptor status of the cell lines. Eribulin binds to the vinca
domain of tubulin; however, its antimitotic mechanism is
distinct from that of other microtubule inhibitors such as
vinca alkaloids and taxanes. Although the mechanisms
underlying the transcriptional regulation of ABCC11 have
not been elucidated, a common transcriptional regulatory
mechanism might exist for up-regulation of the ABCB1
and ABCC11 genes induced by eribulin-mediated stress.
The biology of breast cancer is known to depend
largely on its subtype, which is determined mainly by
the receptor status, and it is globally accepted that the
therapeutic strategy is based on the subtype [41]. In
the present study, upregulation of both ABCB1 and
ABCC11 was observed in all seven breast cancer cell
OLQHVUHJDUGOHVVRIWKHLUUHFHSWRUVWDWXV7KHVH¿QGLQJV
highlight the universal involvement of these transporters
in the development of eribulin resistance in breast cancer
cells. However, the degree to which ABCC11 contributed
to eribulin resistance was much higher in MCF7 cells,
ZKLFK DUH SRVLWLYH IRU (5Į WKDQ LQ WKH WULSOHQHJDWLYH
breast cancer cell lines. Thus, the degree to which each
70023

Oncotarget

transporter contributes to eribulin resistance may vary
among breast cancer subtypes. Honorat et al. [42] reported
DSRVLWLYHFRUUHODWLRQEHWZHHQ$%&&DQG(5ĮLQEUHDVW
cancer cell lines and clinical specimens, and indicated
a possible contribution of ABCC11 to the sensitivity to
FKHPRWKHUDSHXWLFDJHQWVLQFOXGLQJÀXRURXUDFLOLQ(5Į
positive breast cancer that is resistant to tamoxifen. In the
present study, the increased ABCC11 expression induced
by the long-term exposure to eribulin conferred resistance
WR ÀXRURXUDFLO LQ (5SRVLWLYH 0&) FHOOV 7KHUHIRUH
our data strongly support that ABCC11 is involved in
WKHGHYHORSPHQWRIÀXRURXUDFLOUHVLVWDQFHLQ(5SRVLWLYH
breast cancer cells.
5HFHQWO\6KLHWDOGHPRQVWUDWHGWKDW(5ĮDFWLYDWHV
ABCB1 transcription and increases paclitaxel resistance
LQ (5ĮSRVLWLYH EUHDVW FDQFHU FHOOV >@ 7KHLU UHSRUW
together with the study of Honorat et al. described above
VXJJHVWVWKDW(5ĮLVLQYROYHGLQWKHUHJXODWLRQRIERWK
$%&%DQG$%&&H[SUHVVLRQLQ(5ĮSRVLWLYHEUHDVW
cancer cells, although these transporters were upregulated
in breast cancer cells regardless of the expression of
(5ĮLQWKHSUHVHQWVWXG\7KHUHIRUHIXUWKHUVWXGLHVDUH
required to elucidate the transcriptional regulation of these
WUDQVSRUWHUVLQERWK(5ĮSRVLWLYHDQG(5ĮQHJDWLYHEUHDVW
cancer cells.
Many anticancer agents have been applied in the
treatment of breast cancer, and the prognoses of patients
with recurrent or metastatic breast cancer have improved
[44]. However, multidrug resistance induced by previously
administered anticancer agents is frequently encountered
LQ FOLQLFDO SUDFWLFH DQG RIWHQ OLPLWV WKH HI¿FDF\ RI
subsequent anticancer agents. In the present study,
both MCF7/E and MDA-MB231/E cells showed crossresistance to three key drugs that are used to treat breast
FDQFHU QDPHO\ GR[RUXELQ SDFOLWD[HO DQG ÀXRURXUDFLO
Furthermore, the involvement of ABCB1 and ABCC11 in
WKHFURVVUHVLVWDQFHZDVFRQ¿UPHGE\VL51$PHGLDWHG
knockdown. Although further examination is necessary to
determine whether or not eribulin increases ABCB1 and
ABCC11 expression in clinically treated breast cancer,
the induction of resistance to key breast cancer treatment
drugs should be taken into consideration when designing a
treatment strategy for patients with recurrent breast cancer.
In conclusion, our study demonstrated that both
ABCB1 and ABCC11 were able to confer resistance to
eribulin; we also showed that increased expression of both
ABCB1 and ABCC11 may be involved in the development
of eribulin resistance in breast cancer cells, regardless of
the subtype. Our results suggest that ABCB1 and ABCC11
may be used as biomarkers for predicting the response
to eribulin in patients with breast cancer. Moreover, a
novel therapeutic strategy for enhancing or prolonging
the therapeutic effects of eribulin might be established by
revealing the precise mechanisms underlying the induction
RIWKHVHWUDQVSRUWHUVRUE\GHVLJQLQJDVSHFL¿FLQKLELWRU
for them.
www.impactjournals.com/oncotarget

MATERIALS AND METHODS
Cell culture and agents
Seven breast cancer cell lines (MCF7, BT474,
ZR75-1, SKBR3, MDA-MB-231, Hs578T, and MDAMB-157) were purchased from the American Type Cell
Collection (Manassas, VA) at the beginning of the study.
HEK293T cells were kindly donated by Dr. Takeshita
Toshikazu at Shinshu University. All cell lines were
cultured in RPMI with 10% FBS at 37.0°C under 5%
CO2. Eribulin-resistant cell lines were established in our
laboratory by continuous exposure to stepwise increases
in the concentration of eribulin for more than 6 months,
during which time the medium was replaced every 3 days
and the cultured cells were subcultured by trypsinization
ZKHQWKH\UHDFKHGFRQÀXHQF\7KURXJKWKLVSURFHVV
we selected several eribulin-resistant clones for each
breast cancer cell line, and then used one representative
clone in the subsequent experiments. The established
eribulin-resistant clones were maintained in the eribulincontaining media throughout the experiments.
(ULEXOLQZDVSXUFKDVHGIURP(LVDL&R/WG 7RN\R
-DSDQ  3DFOLWD[HO GR[RUXELFLQ DQG ÀXRURXUDFLO ZHUH
SXUFKDVHGIURP6LJPD$OGULFK 6DLQW/RXLV02 

WST assay
The growth inhibitory effects of eribulin, paclitaxel,
GR[RUXELFLQ DQG ÀXRURXUDFLO ZHUH PHDVXUHG XVLQJ D
tetrazolium salt-based proliferation assay (WST assay;
:DNR &KHPLFDOV 2VDND -DSDQ  DFFRUGLQJ WR WKH
PDQXIDFWXUHU¶V LQVWUXFWLRQV %ULHÀ\  î 3 cells were
FXOWXUHGLQZHOOSODWHVLQȝ/RIJURZWKPHGLXP
DQGLQFXEDWHGIRUK7KHQȝ/RIPHGLXPZLWKD
graded concentration of eribulin, paclitaxel, doxorubicin,
RU ÀXRURXUDFLO ZDV DGGHG LQWR HDFK ZHOO DQG FXOWXUHG
for 96 h in the experiment determining the IC50 for the
eribulin-resistant cells or 72 h in the experiments involving
WUDQVIHFWLRQZLWKVL51$RUSODVPLG'1$7KHQȝ/RI
WST-8 solution was added to each well, and the plates
were incubated at 37°C for another 3 h. The absorbance
was measured at 450 and 640 nm using SoftMax Pro
0ROHFXODU'HYLFHV7RN\R-DSDQ DQGWKHFHOOYLDELOLW\
was determined. Each experiment was independently
performed and repeated at least three times.

Total RNA extraction and quantitative real-time
RT-PCR
Total RNA was extracted using an RNeasy Mini kit
(Qiagen, Alameda, CA) according to the manufacturer’s
instructions. TaqMan Gene Expression Assays for ABCB1
(#Hs00184500_m1), ABCC11 (#Hs01090768_m1), and
ȕDFWLQ +VBP ZHUHSXUFKDVHGIURP$SSOLHG
Biosystems (Carlsbad, CA) and mRNA levels were
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TXDQWL¿HG LQ WULSOLFDWH XVLQJ$SSOLHG %LRV\VWHPV 
Real-Time PCR system (Carlsbad, CA).

Switzerland) following the manufacturer’s protocol. An
empty vector was included as a control in all experiments.
Twenty-four hours after transfection, proteins were
H[WUDFWHGDQGî3 cells/well were cultured in 96-well
tissue culture plates and incubated for 72 h after addition
of stepwise dilutions of eribulin, paclitaxel, doxorubicin,
RUÀXRURXUDFLO)LQDOO\WKHDEVRUEDQFHZDVPHDVXUHGE\
using the WST solution as described above.

Microarray analysis
Total RNA from parental MCF7 cells and
MCF7/E cells was extracted using an RNeasy Mini kit
(Qiagen, Alameda, CA) according to the manufacturer’s
instructions. Microarray analysis using an Agilent
SurePrint G3 Human GE v2 8x60K Microarray (Design
ID: 039494) was performed at DNA Chip Research Inc.
7RN\R-DSDQ 

Statistical analysis
The levels of mRNA expression obtained by realtime RT-PCR were examined by Student’s t-tests; P<0.05
ZDV FRQVLGHUHG VWDWLVWLFDOO\ VLJQL¿FDQW 6WDW)OH[ YHU
$UWHFK&R/WG2VDND-DSDQ 

Western blotting
Proteins were isolated from cells as previously
GHVFULEHG DQG XVHG LQ ZHVWHUQ EORW DQDO\VHV  ȝJ
lane) [36–37]. The membrane was probed with the
IROORZLQJ DQWLERGLHV DQWL(5Į DQWLERG\  6DQWD
Cruz Biotechnology, Heidelberg, CA), anti-HER2
antibody(1:1000; Cell Signaling Technology, Danvers,
MA), anti-ABCB1 antibody (1:1000; Cell Signaling
Technology, Danvers, MA), anti-ABCC11 antibody
(1:200; Santa Cruz Biotechnology, Heidelberg, CA),
DQG DQWL)/$* DQWLERG\  6LJPD 6DLQW /RXLV
02  ȕDFWLQ  6LJPD 6DLQW /RXLV 02  ZDV
used as a loading control. Each experiment was repeated
independently at least three times and one representative
EORWZDVFKRVHQIRUWKH¿JXUHV
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