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Background: Breast cancer is the most common malignancy in women. Although chemotherapeutic agents, such as paclitaxel,
are effective treatments for the majority of breast cancer patients, recurrence is frequent and often leads to death. Thus, there is an
urgent need to identify novel therapeutic targets that sensitise tumour cells to existing chemotherapy agents.

Methods: The levels of leukotriene B4 receptor-2 (BLT2) in multidrug-resistant MCF-7/DOX cells were determined using
quantitative PCR and FACS analysis. The potential role of BLT2 in the paclitaxel resistance of MCF-7/DOX cells was assessed using
a pharmacological inhibitor and small interfering RNA knockdown, and the BLT2-associated resistance mechanism was assessed.

Results: The expression levels of BLT2 were markedly upregulated in MCF-7/DOX cells. The inhibition of BLT2 by pre-treatment
with LY255283 or siBLT2 knockdown significantly sensitised MCF-7/DOX cells to paclitaxel and induced significant levels of
apoptotic death, suggesting that BLT2 mediates paclitaxel resistance. We also demonstrated that BLT2-induced paclitaxel
resistance was associated with the upregulation of P-glycoprotein. Finally, co-treatment with a BLT2 inhibitor and paclitaxel
markedly reduced tumour growth in an MCF-7/DOX in vivo model.

Conclusion: Together, our results demonstrate that BLT2 is a novel therapeutic target that sensitises drug-resistant breast cancer
cells to paclitaxel.

Multidrug resistance (MDR) is a considerable problem in
progressive breast cancer patients undergoing treatment with
chemotherapy. Among the various chemotherapeutic agents,
paclitaxel, a member of the taxane group (mitotic inhibitors and
anti-microtubule agents), has been shown to have therapeutic
benefits against breast cancer (Rowinsky, 1997). The response rate
to paclitaxel, however, markedly decreases to 20–40% when used as
a second- or third-line chemotherapy regimen (Crown et al, 2004);
nearly half of the treated individuals exhibit resistance and do not
respond to treatment. Therefore, the identification of molecular
mechanisms of paclitaxel resistance in breast cancer is of
considerable interest. It has been reported that the expression of
the multidrug transporter P-glycoprotein (P-gp), encoded by
multidrug resistance gene 1 (MDR1), is one cause of clinical drug

resistance to taxanes (Gottesman et al, 1996; Duan et al, 2004). In
addition, MDR1 is overexpressed in tumour cells with multidrug-
resistant phenotypes. However, the regulation of MDR1 expression
and stability is not fully understood.

Leukotriene B4 (LTB4) is a potent proinflammatory lipid
mediator that has a role in the pathogenesis of several
inflammatory diseases (Peters-Golden and Henderson, 2007).
Recent studies have suggested that LTB4 and its receptors critically
regulate tumour progression by promoting cell proliferation,
survival, migration, and metastasis (Hennig et al, 2008; Rocconi
et al, 2008; Sveinbjornsson et al, 2008; Choi et al, 2010; Kim et al,
2010). For example, LTB4-related inflammatory signalling has been
shown to stimulate cell proliferation by activating extracellular
signal-regulated kinase (ERK) in several types of cancer cells, such
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as colon and pancreatic cancer cell lines (Tong et al, 2005; Ihara
et al, 2007). In addition, elevated levels of LTB4 and its receptors
have been observed in many types of tumours, including pancreatic
cancer, colon cancer, ovarian cancer, and neuroblastomas
(Yoo et al, 2004; Rocconi et al, 2008; Sveinbjornsson et al, 2008).
Moreover, LY293111, an antagonist of the LTB4 receptor
leukotriene B4 receptor-1 (BLT1), inhibited the growth and
induced the apoptosis of human pancreatic cancer and lymphoma
cells (Tong et al, 2002; Zhang et al, 2005). Expression of the LTB4

receptor BLT2 in ovarian and breast cancer tissue was also found
to be increased in advanced-stage tumours and to be associated
with a poor clinical outcome (Rocconi et al, 2008; Choi et al, 2010;
Seo et al, 2012). Despite these observations, implicating BLT2 as a
potential marker for aggressive cancer, the role of BLT2 in drug
resistance has remained uncharacterised.

We have now found that BLT2 expression is markedly
upregulated in the multidrug-resistant MCF-7/DOX cells and that
BLT2 has a principal role in mediating the paclitaxel resistance of
these cells. We also show that ERK acts downstream of BLT2
signalling and regulates P-gp levels. Together, our results indicate
that BLT2 confers chemoresistance and is a novel target for the
treatment of drug-resistant breast cancer.

MATERIALS AND METHODS

Materials. Fetal bovine serum (FBS), RPMI 1640, DMEM, and
non-essential amino acids were obtained from Life Technologies
(Gaithersburg, MD, USA). AA861, baicalein, U75302, and
LY255283 were obtained from Cayman Chemical (Ann Arbor,
MI, USA). Bovine serum albumin (BSA) and dimethyl sulphoxide
(DMSO) were obtained from Sigma-Aldrich (St Louis, MO, USA).
PD98059 was from Calbiochem (La Jolla, CA, USA), and paclitaxel
was obtained from AG Scientific, Inc. (San Diego, CA, USA).
Antibodies to poly ADP-ribose polymerase (PARP) and ERK
were obtained from Cell Signaling Technology (Danvers, MA,
USA), and antibodies to MDR1, 5-lipoxygenase (5-LO), and
12-lipoxygenase (12-LO) were obtained from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA). All other chemicals were obtained
from standard sources and were of molecular biology grade or
higher.

Cell culture. The human breast cancer cell line MCF-7 was
obtained from the Korean Cell Line Bank (Seoul, Korea). The
human ovarian cancer cell line OVCAR-8 is a kind gift from Dr
Soo-Youl Kim (National Cancer Center, Goyang, Korea) and NCI/
ADR-RES cells were obtained from Dr Yong-Nyun Kim (National
Cancer Center). MCF-7, OVCAR-8, and NCI/ADR-RES cells were
maintained in RPMI 1640 supplemented with 10% heat-inactivated
FBS, 2 mM glutamine, penicillin (100 U ml� 1), and streptomycin
(100 U ml� 1). Multidrug-resistant MCF-7/DOX cells were kindly
provided by Dr Byeong Jae Lee (Seoul National University, Seoul,
Korea) (Kim et al, 2003) and were maintained in DMEM
supplemented with 10% heat-inactivated FBS, 2 mM glutamine,
penicillin (100 U ml� 1), and streptomycin (100 U ml� 1). The
MCF-7/DOX cells were isolated by the stepwise selection of
MCF-7 cells exposed to increasing concentrations of doxorubicin
(DOX) in Dr Lee’s laboratory (Kim et al, 2003). All cells were
maintained at 37 1C under an atmosphere of 5% CO2.

Cell growth and MTT cell viability assay. The cells were plated at
a density of 4� 105 cells per 35-mm dish. After 24 h, the cells
were incubated in medium containing 0.5% FBS for 3 h. Then, the
cells were treated with paclitaxel and incubated at 37 1C for 48 h.
To measure cell growth, the treated cells were trypsinised and
counted using the trypan blue exclusion method.

To determine cell viability, the cells were plated at 4� 104 cells
per well in 96-well plates. The cells were incubated in medium

containing 0.5% for 3 h. The cells were left untreated or were pre-
treated with the indicated inhibitors for 30 min, followed by
treatment with paclitaxel for 48 h. The viable, adherent cells were
stained with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium
bromide (MTT; 5 mg ml� 1; USB Corporation, Cleveland, OH,
USA) at 37 1C for 3 h. The media were removed, and the formazan
crystals were dissolved by adding 100 ml DMSO per well. Finally,
the density of formazan in each well was detected at 570 nm using
a microplate reader. The cell viabilities were expressed as the ratios
relative to untreated control cells.

Flow cytometric analysis of the sub-G1 population. The sub-G1

(apoptotic) population was assessed as previously described
(Choi et al, 2010). The cells were treated as described for the
MTT cell viability assay and then were fixed in 70% ethanol,
resuspended in 0.5 ml phosphate-buffered saline (PBS), mixed with
0.5 ml DNA extraction buffer (19.2 mM Na2HPO4, 0.004% Triton
X-100), and incubated for 5 min at room temperature. The cells
were then isolated by centrifugation at 400 g for 5 min, stained
for 30 min with PI (50 mg ml� 1) in PBS containing RNase A
(100 mg ml� 1), and analysed using flow cytometry with a FACScan
instrument and CellQuest software (Becton Dickinson, Franklin
Lakes, NJ, USA). The cells with a DNA content less than that of
cells in G1 phase (sub-G1) were considered apoptotic.

Semi-quantitative RT-PCR and real-time quantitative PCR
analysis. Total RNA was extracted from cells with the use of the
easy-BLUE RNA extraction kit (Intron, Sungnam, Korea) and then
was dissolved in diethylpyrocarbonate-treated water and quantified
by measuring the absorbance at 260 nm. The RNA (1.25 mg) was
subjected to reverse transcription (RT) followed by PCR amplifica-
tion of BLT1, BLT2, MDR1, and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) cDNA with the use of an RT-PCR
PreMix Kit (Intron). The primer sequences used are as follows:
human BLT1 (forward, 50-TATGTCTGCGGAGTCAGCATGTAC
GC-30; reverse, 50-CCTGTAGCCGACGCCCTATGTCCG-30);
human BLT2 (forward, 50-AGCCTGGAGACTCTGACCGCTT
TCG-30; reverse, 50-GACGTAGCACCGGGTTGACGCTA-30);
human MDR1 (forward, 50-CCCATCATTGCAATAGCAGG-30;
reverse, 50-GTTCAAACTTCTGCTCCTG-30); and GAPDH
(forward, 50-CTGCACCACCAACTGCTTAGC-30; reverse, 50-CT
TCACCACCTTCTTGATGTC-30). The PCR products were pur-
ified by 1.5% agarose gel electrophoresis and visualised with
ethidium bromide.

For real-time PCR analysis, total RNA (1.25 mg) extracted from
cells with the use of the easy-BLUE RNA extraction kit (Intron)
was subjected to RT with Moloney murine leukaemia virus reverse
transcriptase (Invitrogen, Carlsbad, CA, USA). The BLT1, BLT2,
and GAPDH cDNA libraries were amplified as described
previously (Choi et al, 2010) with the use of a LightCyber 480
SYBR Green I Master instrument (Roche, Mannheim, Germany).
The melting curves were analysed to ensure amplification
specificity for the PCR products. The BLT1 and BLT2 mRNA
levels were normalised to the corresponding level of GAPDH
mRNA.

RNA interference. The BLT2 mRNA depletion using RNA
interference (RNAi) was performed as described previously (Choi
et al, 2010). The BLT2-specific and scrambled control small
interfering RNAs (siRNAs) were designed previously (Hennig et al,
2008) and were obtained from Ambion (Austin, TX, USA).

Flow cytometric analysis for BLT2 expression. To quantify BLT2
expression on the cell surface, the cells were incubated in 60-mm
dishes for 24 h. The cells were detached with trypsin, washed with
PBS, and fixed in 2% paraformaldehyde. After exposure to 2% BSA
for 30 min, the cells were incubated for 1 h at room temperature
with rabbit polyclonal antibodies to BLT2 (MBL-2097, 1 : 100
dilution; Life Span, Des Plaines, IL, USA), washed three times with
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PBS, and incubated for 30 min at room temperature with
fluorescein isothiocyanate-conjugated goat antibodies to rabbit
immunoglobulin G (1 : 200 dilution; Molecular Probes, Eugene,
OR, USA). The cells (10 000 per sample) were then subjected to
flow cytometry with the use of a FACSCalibur instrument and
CellQuest software (Becton Dickinson) to determine the mean
fluorescence intensity.

Immunoblot analysis. The cells were collected and lysed in lysis
buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5% NP-40, 5 mM

EDTA, 1% Triton X-100, and protease inhibitors). The proteins in
the lysates were separated on SDS-PAGE gels and transferred to
polyvinylidene difluoride membranes, after which the membranes
were blocked with 5% non-fat dry milk in Tris-buffered saline and
incubated with primary antibodies. The blots were developed with
peroxidase-conjugated secondary antibodies, and the proteins were
visualised using ECL reagents (Amersham, Arlington Heights,
IL, USA) according to the manufacturer’s recommendations.

Measurement of LTB4 and 12(S)-hydroxyeicosatetraenoic acid.
MCF-7 and MCF-7/DOX cells were seeded in 35-mm dishes and
incubated in medium containing 0.5% FBS for 48 h, after which the
culture supernatants were collected, freeze-dried overnight,
and reconstituted with the assay buffer supplied with the ELISA
kits for LTB4 or 12(S)-hydroxyeicosatetraenoic acid (12(S)-HETE)
obtained from Assay Designs (Ann Arbor, MI, USA). The LTB4

and 12(S)-HETE concentrations were measured according to the
manufacturer’s instructions.

DNA fragmentation assay. The cells were plated at a density of
4� 106 cells per 100-mm dish. After 24 h, the cells were treated
with U75302 (1 mM) and LY255283 (10 mM) for 30 min or were
transfected with BLT2 siRNA for 24 h. Then, the cells were treated
with paclitaxel for 48 h. Both attached and detached cells were
collected and resuspended in lysis buffer (20 mM Tris-HCl pH 8.0,
0.1 mM ethylenediaminetetraacetic acid, 1% SDS and 0.5 mg ml� 1

proteinase K) and incubated at 50 1C overnight. The DNA was
extracted with phenol chloroform. The DNA samples were electro-
phoresed on a 1.8% agarose gel and visualised using ethidium
bromide staining.

Xenograft study. This study was approved by the Ethics
Committee of Korea University, and all experimental animals
used in this study were treated according to the guidelines
approved by the Institutional Animal Care and Use Committee of
Korea University. We used 6-week-old female nude mice (Charles
River, Wilmington, MA, USA) to generate an experimental
orthotopic breast cancer model. Mice were injected unilaterally
with 1.0� 107 cells in 100 ml PBS containing 50% Matrigel (BD
Bioscience, Bedford, MA, USA) into the fourth right mammary fat
pad by subcutaneous injection at the base of the nipple. Tumour
growth was monitored at least twice weekly using vernier callipers.
When the tumours grew to B5 mm in diameter, the mice (N¼ 6
per group) were randomly divided into the DMSO vehicle control,
LY255283-treated, paclitaxel-treated, or the LY255283þ paclitaxel-
treated groups. Then, the appropriate mice were injected with
LY255283 (2.5 mg kg� 1) or DMSO by i.p. injection for 4 weeks
(twice a week (Saturday and Wednesday)), whereas paclitaxel was
administered at 15 mg kg� 1 i.p. for 4 weeks (once a week
(Wednesday)). All mice were killed 1 week after the end of
treatment. The tumours were excised and weighed.

Data analyses and statistics. The results are presented as the
means±s.d. Analyses were performed with Student’s t-test using
SigmaPlot 8.0 software. P-values less than 0.05 were considered
significant.

RESULTS

Upregulation of BLT2 and its ligands in multidrug-resistant
MCF-7/DOX cells. As reported, MCF-7/DOX cells display
resistance to chemotherapeutic agents, such as paclitaxel. As
shown in Figure 1, although the parental MCF-7 cells showed a
dose-dependent decrease in viable cell numbers (Figure 1A) and a
dose-dependent increase in apoptotic population (Figure 1B) after
paclitaxel treatment, the MCF-7/DOX cells showed significant
resistance to paclitaxel treatment. To elucidate the role of BLT2 in
paclitaxel resistance, we first analysed BLT2 expression levels in
MCF-7 and MCF-7/DOX cells. Both semi-quantitative RT-PCR
and quantitative real-time PCR analysis revealed that mRNA levels
of BLT2 as well as BLT1 were markedly increased (approximately
two-fold) in MCF-7/DOX cells compared with MCF-7 cells
(Figure 2A). Consistent with these results, the abundance of
BLT2 on the cell surface, as determined by flow cytometry, was
significantly higher in MCF-7/DOX cells than in MCF-7 cells
(Figure 2B). Together, these results suggest that BLT2 expression is
markedly upregulated in MCF-7/DOX cells. We next determined
the levels of the BLT2 ligands LTB4 and 12(S)-HETE. The amount
of LTB4 in the culture supernatants was substantially greater in
MCF-7/DOX cells than in MCF-7 cells, and the amount of 12(S)-
HETE was also increased in MCF-7/DOX cells, albeit less than
those of LTB4 (Figure 2C). Consistent with these results,
immunoblot analyses revealed that the amounts of 5-LO and
12-LO, key enzymes in the synthesis of LTB4 and 12(S)-HETE,
respectively, were increased in MCF-7/DOX cells (Figure 2D).
Together, these results indicate that the expression of BLT2 and
its ligands are markedly upregulated in paclitaxel-resistant MCF-7/
DOX cells.

Suppression of BLT2 with a pharmacological inhibitor or
depletion after RNAi knockdown significantly attenuates
paclitaxel resistance in MCF-7/DOX cells. To investigate a
possible role for upregulated BLT2 in paclitaxel resistance, MCF-
7/DOX cells were pre-treated with the BLT2 inhibitor LY255283
for 30 min and then were treated with paclitaxel for 48 h. Pre-
treatment with LY255283 in MCF-7/DOX cells caused significant
morphological changes typical of apoptotic cells, whereas pre-
treatment with the BLT1 inhibitor U75302 failed to trigger a
change in morphology (Figure 3A). We next analysed cell viability
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Figure 1. The effect of paclitaxel on MCF-7/DOX cell survival.
(A) MCF-7 and MCF-7/DOX cells were treated with increasing
concentrations of paclitaxel ranging from 1 nM to 1 mM for 48 h, and the
viable cell numbers were determined using trypan blue staining.
(B) MCF-7 and MCF-7/DOX cells treated as in (A) were assayed for
apoptotic population by flow cytometric analysis of the sub-G1

population. All quantitative data are shown as the means±s.d. from
three independent experiments.
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using an MTT assay. As shown in Figure 3B, BLT2 inhibition by
LY255283 enhanced cell death in response to paclitaxel treatment
in MCF-7/DOX cells, whereas U75302 had no such effect. To
further analyse the consequence of BLT2 inhibition in paclitaxel-
induced apoptosis, we performed sub-G1 analysis (Figure 3C),
DNA fragmentation assays (Figure 3D), and PARP cleavage assays
(Figure 3E) after exposure to LY255283 or BLT2 depletion
by RNAi. Transfection with BLT2 siRNA resulted in selective
knockdown of BLT2 mRNA but did not affect the amount of
BLT1 mRNA (Supplementary Figure 1). The suppression of BLT2
significantly attenuated paclitaxel resistance in MCF-7/DOX cells,
suggesting that BLT2 may be associated with paclitaxel
chemoresistance.

Inhibition of 5-LO significantly attenuates paclitaxel resistance
in MCF-7/DOX cells. The BLT2 is a G-protein-coupled receptor
that is expressed on the cell surface and interacts with specific
ligands, such as LTB4 and 12(S)-HETE (Yokomizo et al, 1997,
2000). Thus, we examined the involvement of BLT2 ligands in
paclitaxel resistance using AA861, a 5-LO inhibitor, or baicalein, a
12-LO inhibitor. Of the inhibitors tested, only AA861 significantly
enhanced cell death in the presence of paclitaxel, whereas baicalein
had no effect (Figure 4A and E). To further analyse the
consequence of 5-LO inhibition in paclitaxel-induced apoptosis,
we performed MTT assays, sub-G1 analysis, and cleaved PARP
immunoblot assays. We found that AA861 but not baicalein
dramatically reduced cell viability in the presence of paclitaxel
(Figure 4B and F). In addition, AA861 increased the sub-G1

fraction (Figure 4C) and cleaved PARP levels (Figure 4D) in
response to paclitaxel, whereas baicalein had no effect (Figure 4G
and H). Together, these results suggested that the LTB4–BLT2
signalling pathway is associated with MCF-7/DOX paclitaxel
resistance.

Extracellular signal-regulated kinase lies downstream of
BLT2 and mediates paclitaxel resistance in MCF-7/DOX cells.
Activation of the MEK/ERK pathway is a common cause of
apoptosis resistance (McCubrey et al, 2007). In addition, LTB4-
related inflammatory signalling has been shown to activate ERK in
several types of cancer cells (Tong et al, 2005; Ihara et al, 2007).
We, therefore, next examined whether ERK might function
downstream of BLT2 to mediate paclitaxel resistance in MCF-7/
DOX cells. Immunoblot assays revealed that the amounts of ERK
phosphorylation (activated forms) were markedly increased in
MCF-7/DOX cells compared with the parental MCF-7 cells
(Figure 5A). Furthermore, LY255283 treatment or depletion of
BLT2 by RNAi markedly inhibited ERK phosphorylation
(Figure 5B). These observations suggest that ERK activation occurs
downstream of BLT2 signalling in MCF-7/DOX cells. To evaluate
whether this BLT2-dependent ERK activation contributed to the
paclitaxel resistance of MCF-7/ADR cells, we examined the effects
of treatment with PD98059, an ERK inhibitor. Inhibition of ERK
by PD98059 enhanced paclitaxel-induced death in MCF-7/DOX
cells (Figure 5C and D). Similarly, we observed enhanced cell death
by analysing the sub-G1 fraction of cells (Figure 5E) and PARP
cleavage (Figure 5F) levels. Together, these data indicate that
BLT2–ERK signalling is associated with paclitaxel resistance in
MCF-7/DOX cells.

The ‘BLT2–ERK’ cascade regulates MDR1 protein stability in
MCF-7/DOX cells. The MDR1 product, P-gp, pumps a variety of
anticancer agents, including taxanes, out of cells (Riordan et al,
1985; Gottesman et al, 1995) and confers resistance to these
anticancer agents. We therefore examined the possible role of
MDR1 in the regulation of the paclitaxel resistance of MCF-7/DOX
cells. The MDR1 mRNA and protein levels were markedly
increased in MCF-7/DOX cells compared with the parental
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MCF-7 cells (Figure 6A). Treatment with verapamil, an MDR1
inhibitor, significantly reduced paclitaxel resistance in MCF-7/
DOX cells (Figure 6B), suggesting that P-gp confers paclitaxel
resistance in MCF-7/DOX cells. Furthermore, P-gp levels in MCF-
7/DOX cells were markedly reduced after exposure to LY255283 or
BLT2 depletion by RNAi, whereas MDR1 mRNA was hardly
affected (Figure 6C). These observations suggest that BLT2
regulates P-gp levels in MCF-7/DOX cells. The MEK–ERK
pathway has been suggested to regulate the P-gp levels through
ubiquitination in MCF-7/MDR cells (Katayama et al, 2007). In
addition, the stability of P-gp is regulated by the ubiquitin–
proteasome system (Zhang et al, 2004). Therefore, we determined
whether the reduced levels of P-gp after BLT2 suppression were
mediated through ERK. Previously, in Figure 5 we showed that
BLT2 inhibition significantly downregulates ERK. As shown in
Figure 6D, the ERK inhibitor PD98059 clearly suppressed P-gp levels
without affecting its transcription. To assess whether the BLT2
inhibitor LY255283 represses P-gp levels through proteasomal
degradation, MCF-7/DOX cells were incubated with the proteasome
inhibitor MG132 for 12 h. MG132 dramatically increased P-gp levels
and apparently abolished the reduction of P-gp levels induced by
LY255283 treatment (Figure 6E). Collectively, these results suggest
that the BLT2–ERK cascade regulates P-gp levels, most likely through
the ubiquitin–proteasome system.

The BLT2 inhibition significantly reduces tumour progression
in an orthotopic breast tumour model. To extend our in vitro

findings and to determine whether BLT2 could be an effective
therapeutic target for paclitaxel-resistant breast cancer, we
examined the effects of LY255283 in a breast tumour animal
model by orthotopically implanting MCF-7/DOX cells into mice.
Paclitaxel (15 mg kg� 1) treatment (once per week for 4 weeks)
showed only marginal inhibition of tumour growth; however,
co-injection of LY255283 (2.5 mg kg� 1, twice per week) signifi-
cantly potentiated paclitaxel-mediated tumour growth inhibition
(Figure 7A and B). The mice showed no toxic side effects during
the observation period. These results implicate BLT2 in the
paclitaxel resistance of breast cancer cells in vivo.

DISCUSSION

In the present study, we found that BLT2 was markedly
upregulated in the multidrug-resistant MCF-7/DOX cells. Selective
BLT2 suppression with LY255283 treatment or RNAi-mediated
knockdown resulted in the attenuation of MCF-7/DOX paclitaxel
resistance, thus implicating BLT2 as a potential determinant of
drug resistance. In addition, we characterised the BLT2 signal
pathway as one of the potential mechanisms for the regulation of
paclitaxel resistance and found that ERK functions downstream of
BLT2 to regulate P-gp levels. Finally, our orthotopic in vivo results
showed that in the presence of paclitaxel, the resistance phenotype
was diminished by a BLT2 inhibitor, thus demonstrating the
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therapeutic effect of BLT2 suppression. Together, our findings
suggest that a BLT2–ERK signalling cascade regulates the levels of
P-gp and contributes to paclitaxel resistance in MCF-7/DOX cells.

The MCF-7/DOX cells were isolated by the stepwise selection of
MCF-7 cells exposed to increasing concentrations of doxorubicin

(Kim et al, 2003). Similarly, another doxorubicin-selective cell line
MCF-7/ADR-RES (now renamed NCI/ADR-RES) was established
(Scudiero et al, 1998). Recently, it was reported that NCI/ADR-
RES cells are derived from the ovarian cancer cell line OVCAR-8
and express higher levels of P-gp and MDR1 (Scudiero et al, 1998;

Cont

AA861

Paclitaxel

AA861+paclitaxel

Cont

Baicalein

Paclitaxel

Baicalein+
paclitaxel

Baicalein
0

20

40

C
el

l v
ia

bi
lit

y
(%

 o
f c

on
tr

ol
)

S
ub

-G
1 

(%
)

60

0

20

30

50

10

40
80

100

120

Paclitaxel
Baicalein
Paclitaxel– – –

––
+ + + – – –

––
+ + +

AA861
0

20

40

C
el

l v
ia

bi
lit

y
(%

 o
f c

on
tr

ol
)

S
ub

-G
1 

(%
)

60

0

20

30

50

10

40
80

100

120

Paclitaxel

Paclitaxel

�-Action

Cleaved PARP

AA861

– – –
––
+ + +

AA861
Paclitaxel – – –

––
+ + +

– – –
––
+ + +

Paclitaxel

�-Action

Cleaved PARP

Baicalein
– – –

––
+ + +

*

†

Figure 4. The inhibition of 5-LO significantly attenuated paclitaxel resistance in MCF-7/DOX cells. (A and E) MCF-7/DOX cells were incubated in
the presence of 0.5% serum for 3 h and then were pre-treated with AA861 (10mM) (A) or baicalein (20mM) (E) for 30 min before paclitaxel (1 mM)
treatment for 48 h. Cell morphology was visualised using an Olympus BX51 microscope at � 40 magnification. Scale bars, 50 mm. (B and F)
MCF-7/DOX cells were pre-treated with AA861 (5 or 10mM) (B), baicalein (10 or 20mM) (F), or DMSO for 30 min, and then were treated with or
without paclitaxel (1mM) for 48 h. Cell viability was quantified using an MTT assay. (C and G) MCF-7/DOX cells were pre-treated with AA861 (5 or
10mM) (C), baicalein (10 or 20mM) (G), or DMSO for 30 min, and were then treated with or without paclitaxel (1 mM) for 48 h for determination of cell
apoptosis by flow cytometric analysis of the sub-G1 population. All quantitative data are the mean±s.d. of three independent experiments.
*Po0.05, wPo0.01, zPo0.005. (D and H) MCF-7/DOX cells were pre-treated with AA861 (5 or 10mM) (D), baicalein (10 or 20mM) (H), or DMSO
for 30 min, and were then treated with or without paclitaxel (1 mM) for 48 h for determination of cell apoptosis by PARP cleavage. The data are
representative of three independent experiments.

p-ERK

ERK

DMSO

PD98059 PD98059+paclitaxel

Paclitaxel

M
C

F
-7

M
C

F
-7

/D
O

X

p-ERK

Paclitaxel Paclitaxel–

–

–

– –

–

–

– –

– –

–– +

+ + + –
–

–
–
+ +

Cleaved PARP

PD98059

+

–

– – –

–

+ + +

+

+

+

+

+

+

+

+
LY255283

ERK

100

80

60

35 *

30

25

20

15

10

5

0

40

20

0

PD98059

Paclitaxel

PD98059
Paclitaxel

Paclitaxel

α-Tubulin

C
el

l v
ia

bi
lit

y 
(%

 o
f c

on
tr

ol
)

S
ub

-G
1 

(%
)

120

p-ERK

siBLT2

ERK

‡

‡

Figure 5. ERKs are downstream of BLT2 and mediate paclitaxel resistance in MCF-7/DOX cells. (A) Immunoblot analyses were performed to
detect ERK phosphorylation in MCF-7 and MCF-7/DOX cells. The data are representative of three independent experiments. (B) MCF-7/DOX cells
were pre-treated with LY255283 (10mM) for 30 min before paclitaxel (1mM) treatment for 6 h (left panel), or the cells were transfected with BLT2 or
control siRNAs for 24 h before paclitaxel (1 mM) treatment for 6 h (right panel). The cells were then subjected to immunoblot analysis as in (A). The
data are representative of three independent experiments. (C) MCF-7/DOX cells were pre-treated with PD98059 (10mM) for 30 min before
paclitaxel (1mM) treatment for 48 h. Cell morphology was visualised using an Olympus BX51 microscope at � 40 magnification. Scale bars, 50mm.
(D) MCF-7/DOX cells were pre-treated with PD98059 (10 or 20mM) for 30 min before paclitaxel (1mM) treatment for 48 h. Viable cells were detected
using an MTT assay. (E) MCF-7/DOX cells were pre-treated with PD98059 (10mM) for 30 min and were then treated with or without paclitaxel (1 mM)
for 48 h. Apoptotic cells were quantified by flow cytometric analysis of the sub-G1 population. All quantitative data are the means±s.d. of three
independent experiments. *Po0.05, zPo0.005. (F) MCF-7/DOX cells treated as in (D) were assayed for apoptosis levels, as determined by PARP
cleavage. The data are representative of three independent experiments.

BRITISH JOURNAL OF CANCER BLT2-induced chemoresistance

356 www.bjcancer.com | DOI:10.1038/bjc.2013.333

http://www.bjcancer.com


Liscovitch and Ravid, 2007). To determine whether BLT2 is
associated with paclitaxel resistance in this cell type, we repeated
the experiments using NCI/ADR-RES cells and obtained results
that were identical to those obtained with MCF-7/DOX cells
(Supplementary Figure 2). On the basis of these results, we are
quite confident that BLT2 is associated with paclitaxel resistance in
both MCF-7/DOX and NCI/ADR-RES cells.

Emerging evidence suggests that the inflammatory tumour
microenvironment has an important role in modulating drug
resistance (DeNardo et al, 2011; Shree et al, 2011); however,
underlying mechanism has been still largely unknown. In the
present study, our results point to LTB4–BLT2 as a novel mediator
of chemoresistance. The LTB4 is suggested to act mostly within the
local inflammatory microenvironment and, in fact, arachidonic
acid (AA) is one of the most abundant fatty acids in breast.

The LTB4, derived from AA metabolism via 5-LO, has been
associated with promotion of carcinogenesis (Ye et al, 2005; Yang
et al, 2008), tumour progression (Freedman et al, 2007; Larre et al,
2008), and apoptosis resistance (Serhan et al, 2008). The BLT2 is a
G-protein-coupled receptor that is expressed on the cell surface
and interacts with specific ligands, such as LTB4 and 12(S)-HETE.
Although various inflammatory functions of BLT1 have been
extensively characterised, few biological functions of BLT2 have
been identified, although recent studies have suggested that it has a
role in several inflammatory diseases and cancer progression
(Hennig et al, 2008; Rocconi et al, 2008; Sveinbjornsson et al, 2008;
Choi et al, 2010; Kim et al, 2010). Our results suggest that among
the BLT2 ligands, LTB4 is the principal ligand responsible for BLT2
stimulation in paclitaxel resistance, because the LTB4 synthesis
inhibitor (AA861) suppressed the paclitaxel resistance of
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MCF-7/DOX cells, whereas the 12(S)-HETE synthesis inhibitor
(baicalein) had no effect. We propose that a 5-LO–LTB4–BLT2
signalling pathway is responsible for paclitaxel resistance in
MCF-7/DOX cells.

Our studies suggest that ERK lies downstream of BLT2 in
mediating breast cancer drug resistance. We examined two other
members of the MAPK pathway, JNK and p38, and observed that
LY255283 treatment and RNAi-mediated BLT2 knockdown
significantly suppressed the levels of p-ERK1/2 in MCF-7/DOX
cells without affecting the levels of JNK and p38 (data not shown).
Our results suggest that ERKs regulate the P-gp levels. To date, the
mechanisms underlying the regulation of P-gp levels have not been
well clarified, although P-gp expression has been suggested
to be primarily regulated at the transcriptional level (Shtil, 2001).
However, a recent study indicated that inhibition of the MEK–ERK
pathway suppressed P-gp levels by promoting P-gp degradation
(Zhang et al, 2004). Indeed, our results show that PD98059 inhibits
P-gp levels; however, the transcript levels of MDR1 were not
affected by LY255283 treatment or RNAi-mediated BLT2 knock-
down (Figure 6C), suggesting that BLT2–ERK regulate MDR1
protein levels. At steady state, P-gp is located at the plasma
membrane and undergoes endocytosis and recycling (Kim et al,
1997). In addition, previous studies have shown that the
ubiquitination–proteasome, but not lysosome, pathway is involved
in P-gp turnover (Katayama et al, 2007). Consistent with this
report, we observed that the proteasome inhibitor MG132
dramatically increased P-gp levels and apparently abolished the
reduction of P-gp levels induced by LY255283 treatment
(Figure 6E). Therefore, these studies suggest that suppressing
P-gp expression by enhancing its degradation might be another
effective strategy to modulate P-gp-mediated drug resistance.
Previously, it was shown that MDR cell lines overexpress
the epidermal growth factor receptor (EGFR) as well as P-gp
(Yang et al, 1997). The EGFR has been described as an important
regulatory effector that is able to stimulate ERK/MAPK signalling.
Moreover, we recently observed that BLT2 induces EGFR
transactivation (Ryu et al, 2010). Thus, we speculate that BLT2
may induce EGFR transactivation, thereby mediating ERK
activation. A detailed mechanism for the potential link between
BLT2 and EGFR remains to be further characterised. As
summarised in Figure 7C, we have shown that a BLT2–ERK
cascade upregulates P-gp levels in MCF-7/DOX cells and thereby
contributes to paclitaxel resistance.

Our findings have thus revealed a previously unrecognised role
of BLT2 in paclitaxel resistance. Our results contribute to a better
understanding of the molecular mechanisms of chemoresistance, as
well as provide potential targets for the development of new
therapeutics.
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