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Abstract
Although drug resistance is often observed in metastatic recurrence of breast cancer, little

is known about the intrinsic drug resistance in such metastases. In the present study, we

found, for the first time, that MDA-MB-231BR, a brain metastatic variant of a human breast

cancer cell line, was refractory to treatment with 5-fluorouracil (5-FU) even without chronic

drug exposure, compared to its parent cell line, MDA-MB-231, and a bone metastatic vari-

ant, MDA-MB-231SCP2. Both the mRNA and protein levels of COX-2 and BCL2A1 in

MDA-MB-231BR were significantly higher than those in MDA-MB-231 or MDA-MB-

231SCP2. Neither the COX-2 inhibitor celecoxib nor the NF-κB inhibitor BAY11-7082 could

sensitize MDA-MB-231BR to 5-FU, indicating that COX-2 plays little, if any, role in the resis-

tance of MDA-MB-231BR to 5-FU. Although BCL2-family inhibitor ABT-263 failed to sensi-

tize MDA-MB-231BR to 5-FU at a dose at which ABT-263 is considered to bind to BCL2,

BCL2-xL, and BCL2-w, but not to BCL2A1, ABT-263 did sensitize MDA-MB-231BR to 5-FU

to a level comparable to that in MDA-MB-231 at a dose of 5 μM, at which ABT-263 may dis-

rupt intracellular BCL2A1 protein interactions. More importantly, BCL2A1 siRNA sensitized

MDA-MB-231BR to 5-FU, whereas the overexpression of BCL2A1 conferred 5-FU-resis-

tance on MDA-MB-231. These results indicate that BCL2A1 is a key contributor to the

intrinsic 5-FU-resistance in MDA-MB-231BR. It is interesting to note that the drug sensitivity

of MDA-MB-231BR was distinct from that of MDA-MB-231SCP2 even though they have

the same origin (MDA-MB-231). Further investigations pertinent to the present findings

may provide valuable insight into the breast cancer brain metastasis.
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Introduction

Breast cancer is the most common malignancy among women worldwide. Despite recent
advances in targeted cancer therapies, breast cancer is still the second most frequent cause of
death in women [1]. Patients with triple-negative breast cancers (TNBC), characterized by the
absence of estrogen receptor, a progesterone receptor, and a human epidermal growth factor
receptor type 2 (HER2) expression, make up approximately 12 to 17% of the total number of
breast cancer patients and have a relatively poor prognosis. This hallmark makes TNBC diffi-
cult to treat by hormonal or anti-HER2 therapy, and only classical cytotoxic agents, such as
5-fluorouracil (5-FU), offer a viable option to those who develop distant metastasis. However,
in addition to their toxic side effects, classical cytotoxic agents often pose serious problems,
including multi-drug resistance and/or metastatic recurrence. These events are considered to
be associated with the overexpression of drug efflux transporters/certain enzymes, or the epi-
thelial-mesenchymal transition (EMT) [2]. Drug resistance following chronic treatment with
anticancer agents has been reported to trigger cancer metastasis [3, 4], although metastasis can
occur even prior to chemotherapy. In addition, breast cancer cells found at metastatic sites
may or may not be refractory to chemotherapy, regardless of prior exposure to anticancer
agents; i.e., metastatic breast cancer cells may develop drug resistance spontaneously. Despite
extensive research on drug resistance and breast cancer metastasis, little is known about their
relationship and particularly that between intrinsic drug resistance and breast cancer metasta-
sis. Considering that both drug resistance and metastasis are factors for a poor prognosis in
breast cancer patients, it would be important to investigate the relationship between intrinsic
drug resistance and breast cancer metastasis.

MDA-MB-231 is a highly invasive human breast cancer cell line that has been used as a
human TNBC cell line for more than three decades. Its metastatic variants MDA-MB-231BR
and MDA-MB-231SCP2 are increasingly gaining attention as a brain metastatic phenotype
and a bone metastatic phenotype, respectively. The vast majority of preclinical research that
has compared these cell lines has focused on factors related to metastasis and, to the best of our
knowledge, there have been no reports on drug resistance in these cell lines. In the present
study, we discovered that MDA-MB-231BR was refractory to 5-FU in comparison to both its
parent cell line, MDA-MB-231, and MDA-MB-231SCP2. We also found that the intrinsic
overexpression of BCL2A1 contributed to 5-FU-resistance in MDA-MB-231BR.

Materials and Methods

Cell Culture

The human breast carcinoma cell lines MDA-MB-231 (ECACC, Salisbury, UK), a brain meta-
static variant MDA-MB-231BR, a bone metastatic variant MDA-MB-231SCP2, MCF-7, and T-
47D (ECACC, Salisbury, UK) were cultured in RPMI-1640 (ThermoFisher Scientific Inc., Wal-
tham, MA) with 10% fetal bovine serum.MDA-MB-231BR and MDA-MB-231SCP2/TGL
(MDA-MB-231SCP2) were kind gifts from Dr. Patricia Steeg and Dr. Joan Massagué, respec-
tively. The human mammary epithelial cell line MCF-10A was purchased from ATCC (Manas-
sas, VA), and cultured in MEBM Basal Medium (Lonza, Basel, Switzerland) with 100 ng/mL
cholera toxin and the provided supplements. The human glioblastoma cell line U87MG was a
kind gift from Dr. Dmitri Artemov (the Johns Hopkins University School of Medicine), and
cultured in MEM-Alpha (ThermoFisher) with 10% fetal bovine serum and glucose at a final
concentration of 4.5 g/L. Contamination with Mycoplasma or fungi was routinely checked and
the cells were treated or discarded when necessary;only uncontaminated cells were used. All
cells were maintained under a humidified atmosphere of 5% CO2 at 37°C.
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Reagents

5-Fluorouracil (5-FU) and BAY11-7082 were purchased from Wako Pure Chemical Industries,
Ltd. (Osaka, Japan). Celecoxibwas obtained from Tokyo Chemical Industry Co., Ltd. (Tokyo,
Japan). ABT-263 was obtained from Selleck Chemicals (Houston, TX).

Cytotoxicity assay

A cytotoxicity study was performed using a Cell Counting Kit-8 (CCK-8; Dojindo Laborato-
ries, Kumamoto, Japan) in accordance with the manufacturer's instructions. Each cell line
(2×103 cells/well for T-47D; 5×103 cells/well for the other cell lines) was treated with various
concentrations of 5-FU or doxorubicin for 48 hrs, and cell viability was measured at 450 nm
using a microplate reader (BioRad, Hercules, CA) after a 4-hour incubation with CCK-8
reagent. IC50 values were calculated on GraphPad Prism software (San Diego, CA). For the
inhibition experiment, inhibitors (50 μM celecoxib, 1 μM BAY11-7082, or 0.3 and 5 μM ABT-
263) were added to the cells along with 5-FU. Since higher concentrations of BAY11-7082 (3
and 10 μM) had cytotoxicity by itself, which would overestimate the combination effect of
BAY11-7082 and 5-FU, we used BAY11-7082 at a concentration of 1 μM only. The cytotoxicity
experiments were performed at least in quadruplicate.

Flow cytometry

Since drug resistant human breast cancer cells are thought to have a large population of cancer
stem cells [5], CD44 and CD24 expression in MDA-MB-231 and its metastatic variants was
evaluated with flow cytometry using a double-staining technique. Briefly, each cell line was
incubated with PerCP-Cy5.5-conjugated anti-human CD44 antibody (BD Biosciences, San
Jose, CA) for 30 min, followed by PE-conjugated anti-human CD24 antibody (Abcam, Cam-
bridge, MA) for 30 min. Flow cytometrywas performed using a BD FACSVerse™ flow cytome-
ter (BD Biosciences).

RNA sequencing

Total RNA was isolated from each cell line using a mirVana™ Isolation Kit (ThermoFisher Sci-
entific Inc.), according to the manufacturer's instructions. Libraries for RNA-seq were con-
structed using SMARTer Stranded Total RNA-Seq Kit-Pico Input Mammalian (Takara Bio,
Tokyo, Japan) according to the manufacturer's instructions. Ten nanograms of total RNA were
transcribed into first-strand cDNA with SMARTScribe Reverse Transcriptase (RT) and N6
Primer (random primer). RT adds additional nucleotides to the 3’ end of cDNA, while the
Template Switching Oligo (TSO) hybridizes to the added nucleotides, and RT continues repli-
cating to the end of TSO. The resulting cDNA consisted of 5’ random primer sequences and 3’
specific sequences for the annealing of PCR primer used in the next step. Several cycles of PCR
amplification were carried out to add Illumina adaptors and barcodes. In the presence of R-
probes that hybridize to ribosomal RNAs (rRNAs), double-strandedDNAs derived from
rRNAs were cleaved with ZapR. The remaining double-strandedDNAs were amplified by PCR
(14 cycles) with SeqAmp DNA Polymerase to obtain RNA-seq libraries sufficient for sequenc-
ing. Libraries were purifiedwith AMPuteXP beads (BeckmanCoulter, Inc., Brea, CA), vali-
dated using a Tapestation 2200 system (Agilent Technologies, Inc., Santa Clara, CA), and
quantitated with a QuantiFluor dsDNA System (Promega Corp., Madison, WI). All libraries
were sequenced on Miseq (Illumina, Inc., San Diego, CA) with paired-end read (75 bp). The
75-bp-long paired-end sequence reads were mapped to a human genome reference sequence
(hg19) using CLC Genomics Workbench software (CLC bio, Aarhus, Denmark), and the
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mapped data were exported as BAM files and imported to Strand NGS analysis software (Agi-
lent Technologies). For downstream gene expression analysis, the expression level of genes was
quantitated by counting the number of reads mapped to the genes. The raw counts were nor-
malized with DESeq, and differentially expressed genes were manually selected.

Quantitative reverse transcription PCR (qRT-PCR)

Total RNA was isolated from each cell line using RNeasy (QIAGEN, Hilden, Germany),
according to the manufacturer's instructions. Reverse-transcriptionwas performedwith the
PrimeScript RT Master Mix (Takara Bio Inc., Shiga, Japan). The PCR primer sets used are
shown in S1 Table. qPCR was performed using SYBR Premix Ex Taq II (Takara Bio) and an
Applied Biosystems1 StepOnePlus™ Real-Time PCR System (ThermoFisher). The thermal
cycle profile was: 1) activating at 95°C for 30 sec; 2) denaturing at 95°C for 5 sec; and 3) anneal-
ing and extension at 60°C for 30 sec. PCR amplification was performed for 40 cycles. We used
RPS18, GAPDH, HPRT1, and RPLP2 mRNAs as reference genes, and data were expressed as
the expression relative to RPS18 mRNA as a housekeeping gene using the 2-deltadeltaCT method
because Ct values of RPS18 mRNA were most constant among cell lines used.

Immunoblotting

Cells were solubilized with a cell lysis buffer (Cell Signaling Technology, Danvers, MA), 1
mM phenylmethylsulfonyl fluoride (PMSF; Cell Signaling Technology), and a protease/phos-
phatase inhibitor cocktail (Cell Signaling Technology) for 30 min at 4°C. Cell lysates were
centrifuged at 14,000 ×g for 20 min at 4°C, and the supernatant was used for Western blot-
ting. After quantification of protein concentration each sample, the samples (50 μg of total
protein per lane) were run on 12% SDS-PAGE gels (BioRad, Hercules, CA) and immuno-
probed with COX-2 and BCL2A1 protein. Results were visualized by SuperSignal™ West
Femto chemiluminescent substrate (ThermoFisher Scientific,Waltham, MA). Rabbit mono-
clonal antibodies for COX-2 (Cell Signaling Technology) and BCL2A1 (Abcam, Cambridge,
UK) were used at 1:1,000 and 1:500 dilutions, and anti-rabbit IgG secondary antibody was
used at 1:20,000 dilution (Cell Signaling Technology). Antibody against β-actin (Cell Signal-
ing Technology) at a dilution of 1:1,000 was used as a loading control. Signals were detected
with an Amersham Imager 600 (GE Healthcare).

Enzyme-linked immunosorbent assay (ELISA) for BCL2A1 protein

Cell pellets were collected, lysed with 1X RIPA buffer, and cell lysates used for ELISA to deter-
mine BCL2A1 proteins in MDA-MB-231, MDA-MB-231SCP2, and MDA-MB-231BR, which
was carried out using a human BCL2A1 ELISA kit (MyBioSource, Inc., San Diego, CA) accord-
ing to the manufacturer's instructions. At least five independent samples were collected and
used for the assay.

siRNA delivery

SMARTpool: Accell Human BCL2A1 siRNA (GE Healthcare Dharmacon Inc., Lafayette,
CO) or control siRNA were transfected into MDA-MB-231BR at a final concentration of
1 μM with Accell siRNA delivery media with 2.5% FBS. Complexes of siRNA were added to
MDA-MB-231BR cells cultured in 24-well and 96-well plates to determine BCL2A1 mRNA/
protein expressions and the cytotoxicity of 5-FU, respectively, after transfection with
BCL2A1 siRNA. The knockdown efficiency of BCL2A1 mRNA and protein and cytotoxicity
were assessed by a quantitative RT-PCR, Western blot, and a CCK-8 assay, respectively, all
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of which were carried out 72 hr after transfection. Triplicate independent samples were col-
lected and used for each experiment.

Transfection of BCL2A1 vector into MDA-MB-231 and T-47D

pCMV-Myc-DDK-Entry vector or pCMV-Myc-DDK-BCL2A1 vector (Origene Technologies,
Inc., Rockville,MD) was transfected into MDA-MB-231 and T-47D using Lipofectamine1

LTX, PLUS™ reagent, and Opti-MEM reduced serum media, according to the manufacturer's
protocol (ThermoFisher Scientific Inc.). Complexes of a plasmid vector were added to
MDA-MB-231 and T-47D cells cultured in 24-well plates and 96-well plates to determine
BCL2A1 mRNA/protein expressions and the cytotoxicity of 5-FU, respectively, after transfec-
tion with the plasmid vector. BCL2A1 mRNA and protein expressions and the cytotoxicity
were assessed by a quantitative RT-PCR, Western blot, and a CCK-8 assay, respectively. At
least triplicate independent samples were collected and used for each experiment.

Statistical analysis

The statistical significance of differences was determined by one-way analysis of variance
(ANOVA) with the Bonferroni post hoc analysis or a one-tailed Student's t-test using Stat-
Plus1:mac (AnalystSoft Inc., Alexandria, VA, U.S.A.) software. A value of P<0.05 was consid-
ered significant.

Results

MDA-MB-231BR exhibits intrinsic resistance to 5-FU compared to

MDA-MB-231 and MDA-MB-231SCP2

Although MDA-MB-231BR and MDA-MB-231SCP2 have the same origin (MDA-MB-231),
three cell lines were morphologically different (Fig 1A–1C). Compared to MDA-MB-231,
MDA-MB-231BR was shaped like a nudibranch while MDA-MB-231SCP2 had a rounded
shape. This observation prompted us to explore the drug sensitivity of the cell lines to classical
cytotoxic anticancer agents, 5-FU and doxorubicin. Interestingly, intrinsic resistance to 5-FU
was observed in MDA-MB-231BR, but not in MDA-MB-231SCP2 (Fig 1D). The IC50 values of
5-FU against MDA-MB-231, MDA-MB-231SCP2, and MDA-MB-231BR were 38.2 μM,
40.7 μM and 293.8 μM, respectively. All three cell lines were equally sensitive to doxorubicin
(S1 Fig).

Gene and protein expressions of COX-2 and BCL2A1 in MDA-MB-

231BR were significantly higher than those in MDA-MB-231 and

MDA-MB-231SCP2

Next, to identify candidate genes that play an important role in drug resistance in MDA-MB-
231BR, we performedRNA sequencing using these cell lines. In contrast to our expectations,
there was little difference in the expression of genes related to 5-FU metabolism (Fig 2A). We
then checked the expression of drug efflux transporters and breast cancer stem cell markers
CD44+/CD24-, both of which are commonly considered to be key players in drug resistance;
there were no differences in the expression of drug efflux transporters (Fig 2A) or CD44+/
CD24- populations (Fig 2B–2D). Among genes related to 5-FU-resistance and cell death, the
expression levels of COX-2 (PTGS2) and the anti-apoptotic gene BCL2A1 were significantly
elevated in MDA-MB-231BR relative to MDA-MB-231 (Fig 3). Similarly, these proteins
expressed in MDA-MB-231BR were greater than that in the other cell lines (Fig 3B and S2 Fig).
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Fig 1. Morphological differences among MDA-MB-231 cell lines, and their cytotoxic response to 5-FU. (A-C)

Photomicrographs of (A) MDA-MB-231, (B) MDA-MB-231SCP2, and (C) MDA-MB-231BR. Scale bar, 100 μm. Scale bars

in the insets indicate 50 μm. (D) Cytotoxicity of 5-FU toward MDA-MB-231 (Parent), MDA-MB-231SCP2 (SCP2), and

MDA-MB-231BR (BR). The inset shows the IC50 of 5-FU against each cell line. Data represent the mean with SEM of at

least six independent samples (***p<0.001 vs. Parent and SCP2).

doi:10.1371/journal.pone.0164250.g001
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Fig 2. Gene expressions and breast cancer stemness in MDA-MB-231 and its metastatic variants. (A) Gene expression

levels in MDA-MB-231 (Parent), MDA-MB-231SCP2 (SCP2), and MDA-MB-231BR (BR). Candidate genes for drug resistance

were screened by RNA sequencing. The intensity of gene expression in the heat map is shown relative to that in the Parent. (B-D)

Flow cytometry analysis of MDA-MB-231 and its metastatic variants. (B) MDA-MB-231. (C) MDA-MB-231SCP2. (D) MDA-MB-

231BR. Both scatter plots and histograms demonstrate that the CD44+/CD24- populations of the two metastatic variants were not

different from those of their parent cell line.

doi:10.1371/journal.pone.0164250.g002

Intrinsic 5-FU Resistance in MDA-MB-231BR

PLOS ONE | DOI:10.1371/journal.pone.0164250 October 10, 2016 7 / 18



Fig 3. Elevated gene and protein expressions of COX-2 and BCL2A1 in MDA-MB-231BR. (A) Gene expression levels in MDA-MB-231 (Parent),

MDA-MB-231SCP2 (SCP2), and MDA-MB-231BR (BR). Candidate genes for drug resistance were screened by RNA sequencing. The intensity of gene

expression in the heat map is shown relative to that in the Parent. (B) COX-2 and BCL2A1 mRNA and protein expression levels in Parent, SCP2, and

BR. mRNA expression levels in the SCP2 and BR are shown relative to those in the Parent. Data represent the mean with SEM of at least three

independent samples (***P<0.001 vs. Parent and SCP2) for mRNA expressions.

doi:10.1371/journal.pone.0164250.g003
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Gene expression levels of other pro- or anti-apoptic genes in the BCL2 family in MDA-MB-
231BR relative to those in MDA-MB-231 were marginal.

BCL2A1 was a key contributor to 5-FU-resistance in MDA-MB-231BR

To further investigate the extent to which elevated COX-2 and BCL2A1 expressions may have
contributed to 5-FU-resistance in MDA-MB-231BR, we sought to restore the sensitivity of
MDA-MB-231BR to 5-FU using different types of modulators. Celecoxib, a selective inhibitor
of COX-2, could not sensitize MDA-MB-231BR to 5-FU (Fig 4). We also confirmed that cele-
coxib did not affect the expressions of COX-2/BCL2A1mRNA and protein in MDA-MB-
231BR (S3 Fig). Similarly, 1 μM BAY11-7082, an NF-κB inhibitor, failed to sensitize
MDA-MB-231BR to 5-FU (Fig 5A), although 1 μM BAY11-7082 significantly suppressed
COX-2 expression in MDA-MB-231BR up to the level in MDA-MB-231, as well as BCL2A1
expression, which was still 150-fold higher than that in MDA-MB-231 (Fig 5B and S4 Fig).

To verify the role that BCL2A1 plays in 5-FU-resistance in MDA-MB-231BR, we used the
pan-BCL2-family inhibitor ABT-263. ABT-263 binds with very high affinity to BCL2,
BCL2-xL, and BCL2-w (>1 nM), but with much lower affinity to Mcl-1 and BCL2A1 (>354
nM) [6, 7]. ABT-263 did not increase the sensitivity of MDA-MB-231BR to 5-FU at a low dose
(0.3 μM), but did sensitize MDA-MB-231BR to 5-FU to a level comparable to that in
MDA-MB-231 at a dose of 5 μM where ABT-263 alone did not affect cell viability (Fig 6). As
expected based on the inhibitory mechanism of ABT-263, i.e., disruption of intracellular BCL2
family protein-protein interactions, ABT-263 did not affect either COX-2/BCL2A1mRNA or
protein expressions in MDA-MB-231BR (S5 Fig). BCL2A1 siRNA also sensitizedMDA-MB-
231BR to 5-FU to a level similar to that in MDA-MB-231 (Fig 7A), which was consistent with
the phenomenal suppression of BCL2A1 (Fig 7B and S6 Fig). Conversely, when BCL2A1 was
overexpressed in the MDA-MB-231 and T-47D cell lines, both MDA-MB-231 and T-47D cell
lines developed resistance to 5-FU (Fig 8 and S7 Fig).

Fig 4. Effect of celecoxib on the cytotoxicity of 5-FU against MDA-MB-231BR. Cytotoxicity of 5-FU to

MDA-MB-231BR in the presence of 50 μM celecoxib. Blue broken lines parallel to x-axis represent the cell

viability of MDA-MB-231 (Parent) treated with 30 μM 5-FU. Data represent the mean with SEM of four

independent samples.

doi:10.1371/journal.pone.0164250.g004
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Fig 5. Effect of BAY11-7082 on MDA-MB-231BR as an NF-κB inhibitor. (A) Cytotoxicity of 5-FU to

MDA-MB-231BR in the presence of 1 μM BAY11-7082. Blue broken lines parallel to x-axis represent the cell

viability of MDA-MB-231 (Parent) treated with 30 μM 5-FU. Data represent the mean with SEM of four

independent samples. (B) Changes in protein expressions of COX-2 and BCL2A1 in MDA-MB-231BR in

response to 1 μM BAY11-7082.

doi:10.1371/journal.pone.0164250.g005
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BCL2A1 gene/protein expressions in MDA-MB-231BR were higher than

those in other human derived cell lines

To explore the BCL2A1 expression level in MDA-MB-231BR relative to other cell lines, we
evaluated BCL2A1 mRNA and protein expressions in other human cell lines. As predicted
from an earlier report [8], both BCL2A1 gene and proteins were expressed only marginally in
other human breast cancer cell lines, such as MCF-7 and T-47D, a human mammary epithelial
cell line MCF-10A, and a human glioblastoma cell line U87MG (Fig 9 and S8 Fig).

Discussion

Breast cancer supposedly has a subpopulation of refractory cancer cells [9] that slip past anti-
cancer agents, and metastasize to other parts of the body, while vulnerable breast cancer cells
metastasize to distant organs and may acquire drug resistance by genetic changes under the
new microenvironment of a metastatic niche [10, 11]. In either case, metastatic breast cancer
cells often show drug resistance even without prior exposure to anticancer agents. In the pres-
ent study, we found that MDA-MB-231BR, a brain metastatic variant of a human breast cancer
cell line, was refractory to treatment with 5-FU, while its parent cell line, MDA-MB-231, did
not have the same level of resistance. Since MDA-MB-231BR and MDA-MB-231SCP2 have
not been treated with any kinds of anticancer agents, the resistance of MDA-MB-231BR to
5-FU is intrinsic, and entirely distinct from conventional drug resistance. Interestingly, the sen-
sitivity of the bone metastatic variant MDA-MB-231SCP2 to 5-FU was comparable to that of
MDA-MB-231. Taken together, these metastatic phenotype-specificdifferences in 5-FU-resis-
tance may be a key feature of the brain tropism of breast cancer metastasis. Alternatively, it is

Fig 6. Effect of ABT-263 on the cytotoxicity of 5-FU against MDA-MB-231BR. Cytotoxicity of 5-FU to

MDA-MB-231BR in the presence of 0.3 or 5 μM ABT-263. Blue broken lines parallel to x-axis represent the

cell viability of MDA-MB-231 (Parent) treated with 30 μM 5-FU. Data represent the mean with SEM of four

independent samples (*P<0.05, BR treated with 30 μM 5-FU vs. BR treated with 30 μM 5-FU and 5 μM ABT-

263).

doi:10.1371/journal.pone.0164250.g006
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also conceivable that primary breast cancer cells that metastasize to the brain are genetically
changed by the brain's unique microenvironment [10, 12].

We next performedRNA sequencing using these cell lines to investigate the mechanism
underlying 5-FU-resistance in MDA-MB-231BR. The outcome of RNA sequencing indicated
little difference in the expression of genes related to 5-FU metabolism and drug efflux

Fig 7. Effect of specific knockdown of BCL2A1 on MDA-MB-231BR. (A) Cytotoxicity of 5-FU to

MDA-MB-231BR after transient transfection with BCL2A1 siRNA. Blue broken lines parallel to x-axis

represent the cell viability of MDA-MB-231 (Parent) treated with 30 μM 5-FU. Data represent the mean with

SEM of three independent samples (*P<0.05, BR treated with 30 μM 5-FU and siControl vs. BR treated with

30 μM 5-FU and siBCL2A1). (B) Changes in protein expression of BCL2A1 in MDA-MB-231BR in response

to BCL2A1 siRNA.

doi:10.1371/journal.pone.0164250.g007
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Fig 8. Effect of BCL2A1 overexpression on 5-FU-resistance in MDA-MB-231 and T-47D. BCL2A1 protein expression of (A) MDA-MB-231 and (C)

T-47D after transfection with a pCMV-Myc-DDK Entry vector (Vector) or a pCMV-Myc-DDK BCL2A1 vector (BCL2A1). Cytotoxicity of 5-FU toward (B)

MDA-MB-231 transfected with a BCL2A1 vector and (D) T-47D transfected with a BCL2A1 vector. The insets show the IC50 of 5-FU against cell lines

transfected with vectors. Data represent the mean with SEM of at least three independent samples (***p<0.001 vs. MDA-MB-231 transfected with a

control vector; *p<0.05 vs. T-47D transfected with a control vector).

doi:10.1371/journal.pone.0164250.g008
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transporters, both of which are commonly considered to be the main contributors to drug resis-
tance. It has also been reported that COX-2 may be involved in 5-FU-resistance [13, 14] and
brain metastasis of breast cancer [15]. In the present study, we found the increased expression
of COX-2 in MDA-MB-231BR. However, a selective COX-2 inhibitor celecoxib did not sensitize
MDA-MB-231BR to 5-FU. Furthermore, the NF-κB inhibitor BAY11-7082 failed to sensitize
MDA-MB-231BR to 5-FU despite the reduced expression of COX-2. These findings indicate
that COX-2 might not be a determining factor in 5-FU-resistance in MDA-MB-231BR.

A member of the BCL2 family, BCL2A1 is known to contribute to drug resistance [8, 16–
18] through a reduction in the release of pro-apoptotic cytochrome c from mitochondria and
the inhibition of caspase activation [18]. In this study, we found that the mRNA/protein
expressions of BCL2A1 was dramatically elevated in MDA-MB-231BR. With regard to 5-FU-
resistance, the pan-BCL2-family inhibitor ABT-263 did not sensitize MDA-MB-231BR to
5-FU at a dose at which ABT-263 could bind to BCL2, BCL2-xL, and BCL2-w, but not to
BCL2A1. In stark contrast, high-dose treatment (5 μM of ABT-263), which could inhibit all
BCL2-family including BCL2A1, sensitizedMDA-MB-231BR to 5-FU to a level comparable to
that in MDA-MB-231. More interestingly, we also found that MDA-MB-231BR indeed dem-
onstrated resistance to ABT-263 in addition to 5-FU on the grounds that ABT-263 alone
affected the viability of MDA-MB-231 at a concentration of 5 μM where the viability of
MDA-MB-231BR was not affected by ABT-263 alone (S9 Fig). Furthermore, knockdown of
BCL2A1 gene expression sensitized MDA-MB-231BR to 5-FU, whereas overexpression of the
BCL2A1 gene in MDA-MB-231 by transient transfection conferred 5-FU-resistance on
MDA-MB-231. These findings strongly indicate that BCL2A1 plays a key role in the intrinsic
resistance of MDA-MB-231BR to 5-FU.

It has beenwidely accepted that NF-κB is an important transcription factor of the apoptosis
regulator BCL2 family [17] (Fig 10), which was the rationale behind the use of an NF-κB inhib-
itor BAY11-7082 in this study to inhibit the expressions of BCL2A1 mRNA/protein. The gene
expression of BCL2A1 in MDA-MB-231BR was significantly decreased by BAY11-7082, but
the BCL2A1 level was still significantly higher than that in its parent cell line. This resulted in
marginal sensitization of MDA-MB-231BR to 5-FU, which was opposite to complete sensitiza-
tion by BCL2A1 siRNA that suppressed BCL2A1 mRNA/protein up to a level comparable to
those in MDA-MB-231. The present fact indicates that other upstream signaling molecules of
BCL2A1 transcription, such as retinoid X receptors (RXR) and Wilms' tumor 1 suppressor

Fig 9. Protein expression of BCL2A1 in various human cell lines.

doi:10.1371/journal.pone.0164250.g009
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gene (WT1) [17], may promote the upregulation of BCL2A1 in MDA-MB-231BR. Our results
along with those from earlier studies strongly support the idea that BCL2A1 plays a crucial role
in 5-FU-resistance in MDA-MB-231BR.

An earlier report demonstrated that BCL2A1 was more highly expressed in advanced breast
cancers compared to less-advanced cancers in clinical situations, implying that BCL2A1
expression could be a poor prognostic factor [19]. Since brain metastasis typically occurs in the
late stage of breast cancers, elevated BCL2A1 expression in MDA-MB-231BR is a reasonable
observation, although the details need to be elucidated. An in vivo study on 5-FU-resistance
using mice bearing MDA-MB-231BR or MDA-MB-231 xenograft is underway to support our
in vitro observation.

To the best of our knowledge,MDA-MB-231 is one of very few human breast cancer cell
lines that have established metastatic variants with organ tropism, such as bone- and brain-
seeking phenotypes. MDA-MB-231BR is the most often used variant that is characterized by
brain metastatic potential, and has even been used in mouse models of breast cancer brain
metastasis. Therefore, the outcome demonstrated in this report is not only new and significant,

Fig 10. Schematic of the relationship between BCL2A1, its upstream regulators, and modifiers used

in this study. Celecoxib acts on COX-2 but did not regulate BCL2A1 expression, while BAY11-7082 acts

directly on NF-κB and moderately regulated BCL2A1 expression, and neither of these sensitized MDA-MB-

231BR to 5-FU. Both ABT-263 and BCL2A1 siRNA directly regulate BCL2A1, and were effective for the

sensitization of MDA-MB-231BR to 5-FU.

doi:10.1371/journal.pone.0164250.g010
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but should also promote further elucidation of the correlation between breast cancer metastasis
and drug resistance.

In summary, we have demonstrated, for the first time, that the drug sensitivity of
MDA-MB-231BR was distinct from that of MDA-MB-231SCP2 despite the same origin
(MDA-MB-231). The pan-BCL2 family inhibitor ABT-263 and BCL2A1 siRNA regulated
BCL2A1 proteins, which restored the sensitivity of MDA-MB-231BR to 5-FU. Currently, a few
BCL2-family inhibitors, including ABT-263 (Navitoclax), are under evaluation in clinical trials
for various types of cancers [20, 21]. This could offer hope to breast cancer patients with brain
metastasis who have few treatment options. Although the extent to which our observations cor-
relate with the clinical situation is still undetermined, and these findings regarding the intrinsic
resistance of MDA-MB-231BR mark the significant first step toward a better understanding of
drug resistance of metastatic breast cancers. Further investigations are needed to decipher the
emergence of drug resistance and organ tropism in breast cancer metastasis.

Supporting Information

S1 Fig. Cytotoxicity of doxorubicin against MDA-MB-231 and its metastatic variants.The
inset shows the IC50 of doxorubicin against each cell line. Data represent the mean with SEM
of five independent experiments. No significant differences were detected.
(EPS)

S2 Fig. BCL2A1 protein expression in MDA-MB-231 and its metastatic variants quanti-
tated by ELISA.Data represent the mean with SEM of at least five independent samples
(�p<0.05 vs. Parent).
(EPS)

S3 Fig. Effect of celecoxib on gene and protein expressions of COX-2 and BCL2A1 in
MDA-MB-231BR. Changes in gene expressions of (A) COX-2 and (B) BCL2A1 in MDA-MB-
231BR in response to 50 μM celecoxib. Gene expression levels were expressed relative to the
value in Parent calculated by the 2-ΔΔCT method. Data represent the mean with SEM of three
independent samples. (C) Changes in protein expressions of COX-2 and BCL2A1 in
MDA-MB-231BR in response to 50 μM celecoxib.
(EPS)

S4 Fig. Effect of BAY11-7082 on gene expressions of COX-2 and BCL2A1 in MDA-MB-
231BR. Changes in gene expressions of (A) COX-2 and (B) BCL2A1 in MDA-MB-231BR in
response to 1 μM BAY11-7082. Gene expression levels were expressed relative to the value in
Parent calculated by the 2-ΔΔCT method. Data represent the mean with SEM of three indepen-
dent samples (��P<0.01 and ���P<0.001, BR without BAY11-7082 vs. BR treated with BAY11-
7082; ##P<0.01, Parent vs. BR treated with BAY11-7082).
(EPS)

S5 Fig. Effect of ABT-263 on gene and protein expressions of COX-2 and BCL2A1 in
MDA-MB-231BR. Changes in gene expressions of (A) COX-2 and (B) BCL2A1 in MDA-MB-
231BR in response to 5 μM ABT-263. Gene expression levels were expressed relative to the
value in Parent calculated by the 2-ΔΔCT method. Data represent the mean with SEM of three
independent samples. (C) Changes in protein expressions of COX-2 and BCL2A1 in
MDA-MB-231BR in response to 5 μM ABT-263.
(EPS)

S6 Fig. Effect of BCL2A1 siRNA on gene expression of BCL2A1 in MDA-MB-231BR. Gene
expression levels were expressed relative to the value in Parent calculated by the 2-ΔΔCT
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method. Data represent the mean with SEM of three independent samples (���P<0.001, BR
treated with siControl vs. BR treated with siBCL2A1).
(EPS)

S7 Fig. Gene expression of BCL2A1 in MDA-MB-231 and T-47D after transfectionwith a
BCL2A1 vector. BCL2A1 gene expression of (A) MDA-MB-231 and (B) T-47D after transfec-
tion with a pCMV-Myc-DDK Entry vector (Vector) or a pCMV-Myc-DDK BCL2A1 vector
(BCL2A1). Data represent the mean with SEM of at least three independent samples
(���p<0.001 vs. MDA-MB-231 or T-47D transfected with a control vector).
(EPS)

S8 Fig. Gene expression of BCL2A1 in various human cell lines.Data represent the mean
with SEM of at least three independent samples (���p<0.001 vs. MDA-MB-231BR). Relative to
MDA-MB-231BR, the cell lines used in this study show negligible gene expression of BCL2A1.
(EPS)

S9 Fig. Cytotoxic effect of ABT-263 againstMDA-MB-231. Data represent the mean with
SEM of three independent experiments.While ABT-263 did not affect the viability of MDA-MB-
231BR even at a concentration of 5 μM (Fig 6), almost 80% of MDA-MB-231 cells were killed by
ABT-263 alone at the same concentration. This indicates that MDA-MB-231BR is not only
refractory to 5-FU treatment, but also to pan-BCL2-family inhibitor ABT-263 treatment.
(EPS)

S1 Table. PCR primers used in this study.
(DOCX)
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