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Mutant MCP-1 therapy inhibits tumor angiogenesis and growth
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Abstract

We investigated whether blocking of monocyte chemoattractant-1 (MCP-1) function would inhibit recruitment of tumor-associated
macrophages (TAMs) and prevent tumor angiogenesis and tumor growth of human malignant melanoma. B16-F1 melanoma cells were
implanted onto the back of C57BL/6 mice (Day 0). At Day 7, a dominant negative MCP-1 mutant (7ND) gene was transfected in the
thigh muscle to make overexpressed 7ND protein secreted into systemic circulation. 7ND treatment inhibited TAM recruitment and par-
tially reduced tumor angiogenesis and tumor growth. Also, 7ND treatment attenuated inductions of tumor necrosis factor-o. (TNFay},
interleukin-lo (IL-1a), and vascular endothelial growth factor (VEGF) in the stroma and tumor. Melanoma cells expressed not only
MCP-1 but also its receptor CCR2. Accordingly, it was suggested that MCP-1 would enhance tumor angiogenesis and early tumor
growth in the early stages by inducing TNFa, IL-1a, and VEGF through TAM recruitment and probably the direct autocrine/paracrine
effects on melanoma cells. :
© 2007 Elsevier Inc. All rights reserved.
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There is increasing evidence that recruitment of tumor-
associated macrophages (TAMs) in the stroma, and loose
connective tissue surrounding the tumor is an important
trigger for tumor angiogenesis [1], which promotes tumor

Abbreviations: MCP-1, monocyte chemoattractant protein-1; 7ND, a
dominant negative MCP-1 mutant lacking the N-terminal amino acids 2—
8, TAM, tumor-associated macrophage; VEGF, vascular endothelial
growth factor; IL-lo, interleukin-lo; TNFo, tumor necrosis factor-o;
PCR, recombinant polymerase chain reaction; RT-PCR, reverse-tran-
scribed PCR.
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growth and hematogeneous metastases {2-5]. The stromal
TAM recruitment is related to poor prognosis of human
cancers [6~11]. Monocyte chemoattractant protein-1
(MCP-1) is a potent macrophage-recruiting molecule. It
was reported that MCP-1 was expressed during the early
stages of human malignant melanoma [12,13]. However,
it has remained unknown whether MCP-1 production has
causal relationships with TAM recruitment, tumor angio-
genesis, and early tumor growth of malignant melanoma.

A mutant of MCP-1, which lacks the N-terminal amino
acids 2-8 (7ND), has a potent dominant negative activity
{14]. We have shown that transduction of 7ND gene in
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the thigh muscle as means to make overexpressed 7ND
protein secreted into systemic circulation is a useful strat-
egy for blocking MCP-1 activity in the remote target
organs, such as atherosclerotic artery and heart [15,16].
Moreover, we have demonstrated that 7ND overexpression
inhibits ischemia-induced neovascularization in the mouse
hindlimb by preventing macrophage recruitment and vas-
cular endothelial growth factor (VEGF) production [17].
In the present study, we sought to determine blocking of
intrinsic MCP-1 by 7ND treatment would inhibit the initi-
ation of tumor angiogenesis and early growth of human
malignant melanoma engrafted in mice.

Materials and methods

The present study protocol was reviewed and approved by the Animal
Care and Treatment Committee of Kurume University. Male C57BL/6
mice were purchased from Clea Japan Inc. (Tokyo, Japan) and housed
under standard conditions of humidity, room temperature, and dark-light
cycles in plenty of chow and water.

Expression vector. Human 7ND cDNA was constructed by recombi-
nant polymerase chain reaction (PCR) using a wild type MCP-1 cDNA
and cloned into BamHI (5') and NotI (3') sites of the pCDNA3 expression
plasmid vector (Invitrogen Corp., Tokyo) [15]. The dominant negative
activity was verified in vivo as described previously [15].

Tumor-implanted mouse model. We employed B16-F1 melanoma cells
(Batch No. 1224725, Flask Passage No. 26; American Type Culture
Collection, Manassas, VA), which can grow in the C57BL/6 strain [18] for
a mouse model of tumor angiogenesis [18,19]. B16-F1 melanoma cells were
cultured in DMEM supplemented with 4 mmol/L of L-glutamine, 2.5 g/L
glucose, 10% fetal bovine albumin, and antibiotics and were harvested as
described previously [19]). Under anesthesia with intraperitoneal pento-
barbital (30 mg/kg), 1 x 106 B16-F1 melanoma cells were solved in 200 pL
of phosphate-buffered saline (PBS) and injected subcutaneously into the
back of C57BL/6 mice at 8-week old (Day 0).

7ND gene transfer. Naked cDNA method was used for 7ND gene
transfer, as described previously [17,20]. Briefly, at Day 4, bupivacaine
(12.5 pg/g body weight; AstraZeneka, Tokyo) was injected into the thigh
muscle to improve the efficiency of gene transfer (21} At Day 7, TND
plasmid or the blank plasmid (control) solved in 30 uL PBS was injected at
the same site as bupivacaine had been injected. We confirmed preliminary
that a single 7ND gene transfer elevated serum 7ND protein levels at least
for 14 days after gene transfer, and that 200 pug was the minimum dose that
induced the maximum serum level elevation and did not cause histological
damage of the thigh muscle at the site of gene transfer [17). Thus, 200 pg of
7ND plasmid was injected throughout the following experiments.

Tumor volume measurement. Tumor size was measured using a caliper
at denoted days (n = 9/group). Tumor volume was calculated according to
the formula: tumor volume (mm?) = (L x W?) x 0.52, where L =length
(mm) and W = width (mm) (length is greater than width) [22).

Tumor micreangiography. Postmortem tumor microangiography was
performed using an X-ray mammography system (Senographe 500T; GE
Medical Systems-Europe, Paris) at Day 13 {191

Immunohistochemical analysis of capillary density and TAM infiltration.
At Day 13, mice were euthanized by an overdose pentobarbital. Tumor
and the stroma (surrounding subcutaneous tissue approximately 3 mm
from the tumor margin) were carefully isolated, fixed in methanol over-
night, embedded in paraffin, and sectioned into 5-pm slices [19] The
sections (7 = 5/group) were subjected to immunohistochemistry using
monoclonal antibodies against mouse MCP-1 (SantaCruz Biotechnology,
Santa Cruz, CA), mouse CCR2 (SantaCruz Biotechnology), mouse CD31
(PharMingen, San Diego, CA), mouse F4/80 (Serotec, Raleigh, CA), and
a commercially available detection kit (Dako, Glosup, Denmark) {23].

The capillary was defined as the luminal structure surrounded by
CD3l-labeled endothelial cells (ECs) [19]. The number of the capillaries

and F4/80-labeled macrophages was counted and averaged in 15 random
microscopic fields of the tumor and stroma from 3 independent sections in
each animal. Necrotic cores inside the tumor were excluded from the
analysis. Capillary density and TAM count were expressed as the number
of capillaries and macrophages per high-power field (400x), respectively.

RT-PCR analysis. At Day 13, after mice were euthanized with an
overdose of pentobarbital and perfused with ice-cold PBS, the tumor and
stroma were excised en bloc (n=5/group). The tumor was carefully
resected from the stroma. Total RNA was extracted from the tumor and
stroma using TR1Izol reagent (Invitrogen) and reverse-transcribed by using
Ready-To-Go You-Prime First-Strand Beads (Amersham, NJ, USA) [24].
Equal amount of the resulting cDNA was subjected to PCR with a primer
pair and a Taq DNA polymerase kit (Toyobo, Tokyo, Japan), according
to the manufacturer’s instructions. The nucleotide sequences of primers
were as follows: for VEGF (sense) 5'-GCC AGC ACA TAG AGA GAA
TGA GC-3' and (antisense) 5-CAA GGC TCA CAG TGA TTIT TCT
GG-3'; for IL-1a (sense) 5'-CGT CAG GCA GAA GTT TGT CA-3’ and
(antisense) 5'-GTG CAC CCG ACT TIG TTC TT-3'; and for TNFa
(sense) 5'-ACG GCA TGG ATC TCA AAG AC-3’ and (antisense) 5'-
CGG ACT CCG CAA AGT CTA AG-3'. Primer pairs for MCP-1,
CCR2, and GAPDH were purchased from Proligo (Tokyo, Japan). Cycle
numbers of amplification were 32 cycles for MCP-1, CCR2, VEGF, IL-la,
and TNFa and 25 cycles for GAPDH (95 °C for 1 min, 60 °C for 1 min,
and 72 °C for 45 s). The PCR products were separated on 1.5% agarose gel '
stained with ethidium bromide. The signals were scanned and analyzed
with digital densitometry. The expression level of target gene was nor-
malized for the GAPDH level in each sample [25]

Statistics. Data are means + SE. Unpaired Student’s ¢ test was per-
formed for statistical comparison. A p value less than 0.05 was considered
statistically significant.

Results and discussion

Early tumor growth, TAM infiltration, and tumor
angiogenesis

At Day 7, implanted B16-F1 melanoma cells began to be
seen as grossly visible tumor (Fig. 1), although F4/80-posi-
tive macrophages, TAMs, and tumor-related angiogenesis
were not observed in the stroma (data not shown). To
determine the effects of MCP-1 function blocking on
TAM recruitment and the initiation of tumor angiogenesis,
7ND gene transfer was performed into the thigh muscle at
Day 7.

In control mice, tumor enlarged progressively after Day
7 and huge tumor developed at Day 13 (Fig. 1). Postmor-
tem tumor microangiography showed the formation of
tumor-feeding vessels (Fig. 2A). Control mice showed a
lot of CD31-labeled capillary vessels with various luminal
sizes in the stroma, whereas the inside of the tumor was
rich in small-sized capillaries (Fig. 2B). At Day 13, diffuse
TAM infiltration was observed in the stroma, whereas
TAMs were scarcely found inside the tumor (Fig. 2C).

When mice received 7ND treatment, the tumor volume
was significantly reduced until Day 13 (Fig. 1). The forma-
tion of angiographically visible tumor-related vessels was
reduced by 7ND treatment (Fig. 2A). 7ND treatment
reduced the tumor-related capillary density in the stroma
and tumor by 33% and 23%, respectively (Fig. 2B). More-
over, TND treatment reduced TAM recruitment by 50% in
the TAM number (Fig. 2C).
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Fig. 1. (A) Representative photographs of engrafted tumors at Day 13 after B16-F1 melanoma cells implantation. (B) Time course of tumor volume.
TND-treated mice {closed column) received TND gene transfer into the thigh muscle at Day 7. Control mice (open column) received the blank plasmid

injection. Bar = 1 x SM (n=19). *p <0.05 and **p < 0.01 vs. control.

The present study suggests that MCP-1 not only acts as
the TAM-recruiting molecules but also promotes the initi-
ation of tumor angiogenesis and early tumor growth of
malignant melanoma. Earlier studies demonstrated that
the stromal TAMs trigger tumor angiogenesis [1]. Because
nutritional tumor angiogenesis is crucial for tumor growth
[2-5], our results suggest that MCP-1-mediated TAM
recruitment might enhance the early growth of malignant
melanoma by increasing tumor angiogenesis.

MCP-1 and CCR2 expression

In control mice at Day 13, most of malignant melanoma
cells expressed immunoreactive MCP-1 (Fig. 3A), consis-
tent with earlier studies [12,13]. It was noteworthy that
CCR2, the sole receptor for MCP-1, was expressed in the
majority of malignant melanoma cells as well. To our best
knowledge, this is the first report that malignant melanoma
cells express not only MCP-1 but also its receptor. TND
treatment reduced the melanoma cells expressing MCP-1
and CCR2 (Fig. 3B). This finding may suggest that
MCP-1 creates positive feedback loop for activating mela-
noma cells in an autocrine/paracrine manner. Also, a part
of the stromal TAMs expressed MCP-1 and CCR2 and
they were reduced by 7ND treatment.

Angiogenic factor and inflammatory cytokine expressions

. VEGF is a major angiogenic factor and is produced by
melanoma cells and TAMs in this model [19]. A recent
in vitro study has shown that activated macrophages pro-
duce IL-1a and TNFa, which in turn induce VEGF pro-
duction of cultured melanoma cells [1]. Moreover, TAMs
have been shown to be prerequisite for neovascularization
and tumor growth of Lewis lung cancer cells in the cornea
model [26]. Thus, we examined the effects of 7ND treat-
ment on the expressions of IL-la, TNFoa, and VEGF
(Fig. 4). It is noteworthy that IL-1e. and TNFo inductions
were potent in not only the stroma but also the tumor in
this model. The most important, novel finding of this study
is that 7ND treatment remarkably reduced inductions of

the inflammatory cytokines and VEGF in the tumor and
stroma. Since TAM number was small and was not chan-
ged by TND treatment (Fig. 2C), the changes in cytokine
and VEGF expressions in the tumor were attributable to
melanoma cells. In addition to TAM recruitment, MCP-1
may directly activate VEGF induction and proliferation
of malignant melanoma cells via the CCR2 activation in
autocrine/paracrine fashion (Fig. 3). Moreover, MCP-1
would enhance tumor growth at least in part through the
direct effects of IL-1a and TNFa on malignant melanoma
cells. Recent studies have shown that IL-la promotes
tumor growth by directly enhancing melanoma cell prolif-
eration and by activating inflammatory and angiogenic
pathway in the stroma [27] and that TNFa prolongs tumor
cell survival through the anti-apoptotic effect [28]. Taken
together, MCP-1 may induce tumor angiogenesis and early
tumor growth of human malignant melanoma by inducing
VEGF and inflammatory cytokines through the TAM
recruitment and the direct autocrine/paracrine effects on
melanoma cells. Recently, it has been demonstrated that
inflammatory stimuli from TAMs and tumor cells synergis-
tically promote tumor growth and angiogenesis {29]. From
the present study, however, we were not able to determine
the precise interaction of these cytokines and VEGF. This
issue should be addressed in future study.

There are several limitations in this study. First, the inhi-
bitions of TAM recruitment, tumor angiogenesis, and early
tumor growth by 7ND treatment were partial in this study.
If higher local concentration of 7ND could be achieved, we
might have more potent effects. Second, from this study, we
did not know the long-term effects on tumor growth and
prognosis. To address these issues, the improvement of
the expression efficiency (i.c. the adjunctive treatment for
naked DNA method or the use of viral expression vectors)
and/or repeated gene transfers would be necessary for sus-
tained transgene expression at higher level for longer peri-
ods. Finally, we do not deny the possibility of the
involvement of direct angiogenic effect of MCP-1 on the
ECs via the CCR2 activation [30].

In conclusion, MCP-1 may play a role in tumor angio-
genesis and early tumor growth of human malignant mela-
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_Fig. 2. (A) Representative tumor microangiograms of control and 7ND-treated mice at Day 13. Representative immunohistostainings (left) and the
pooled data (right) showing effects of 7ND treatment on the capillary density (B) and TAM infiltration (C) at Day 13. Bar = 1 x SM (n = 5). *p <0.05 and
**p <0.01 vs. control.
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Fig. 3. Representative immunohistostainings (left) and the pooled data (right) of mRNA expression of MCP-1 (A) and CCR2 (B) at Day 13.
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Fig. 4. (A) Representative photographs of the electrophoresis of RT-PCR
products of VEGF, IL-1o, and TNFuo of control and 7ND-treated mice at
Day 13. (B) The pooled data of the effects of 7ND treatment on mRNA
expressions. Bar = 1 x SM (n = 5). *p <0.05 and **p <0.01 vs. control.

noma by inducing VEGF and inflammatory cytokines,
including IL-1a and TNFa, through the TAM recruitment
and the direct autocrine/paracrine effects on melanoma
cells. The present study raises the possibility that inhibition

of MCP-1 might be an adjunctive therapy for malignant
melanoma.
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Purpose. We examined the effects of the nine nonsynonymous germ-line mutations/SNPs in the breast
cancer resistance protein (BCRP/ABCG2) gene on the expression and function of the protein.
Materials and Methods. We generated cDNAs for each of these mutants (G151T, C458T, C496G,
A616C, T623C, T742C, T1291C, A1768T, and G1858A BCRP) and compared the effects of their
exogenous expression in PA317 cells with a wild-type control.

Results. PA/F208S cells (T623C BCRP-transfectants) expressed marginal levels of a BCRP protein
species (65 kDa), which is slightly smaller than wild-type (70 kDa), but this mutant did not appear on the
cell surface or confer drug resistance. PA/F431L cells (T1291C BCRP-transfectants) were found to
express both 70 kDa and 65 kDa BCRP protein products. In addition, although PA/F431L cells
expressed 70 kDa BCRP at comparable levels to PA/WT cells, they showed only marginal resistance to
SN-38. PA/T153M cells (C458T BCRP-transfectants) and PA/D620N cells (G1858A BCRP-transfectants)
expressed lower amounts of BCRP and showed lower levels of resistance to SN-38 compared with
PA/WT cells.

Conclusions. We have shown that T623C BCRP encodes a non-functional BCRP and that T1291C
BCRP encodes a low-functional BCRP. Hence, these mutations may affect the pharmacokinetics of
BCREP substrates in patients harboring these alleles.

KEY WORDS: BCRP/ABCG2; drug resistance; SN-38; SNPs.

INTRODUCTION

ATP binding cassette (ABC) transporters, such as P-
glycoprotein (P-gp) and MRPI1, are responsible for the
acquisition of multidrug resistance in cancer cells (1-3). These
transporters pump out various structurally unrelated antican-
cer drugs in an ATP-dependent manner. Breast cancer
resistance protein (BCRP/ABCG?2) is a half-molecule ABC
transporter harboring an N-terminal ATP binding domain and
a C-terminal transmembrane domain that mediates resistance
to SN-38 (an active metabolite of irinotecan), mitoxantron,
and topotecan (4-8). We previously reported that BCRP
forms a homodimer via Cys-603 interactions and that these
homodimeric complexes function as an efflux pump for
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anticancer agents (9,10). We have also reported earlier that
BCRP exports sulfated estrogens, suggesting that there is a
physiological role of BCRP for the tissue distribution and
excretion of steroid hormones (11). BCRP is also widely
expressed in normal human tissues such as the placenta,
intestine, kidney, liver, prostate, ovary, testis, and hematopoi-
etic stem cells (5,12,13). BCRP is assumed to play a role in the
protective functions of the maternal-placental barrier, blood-
testis barrier and hematopoietic stem cells against toxic sub-
stances and metabolites (14,15). BCRP has also shown to be
expressed in the mammary gland during lactation and, it seems
to be responsible for the active secretion of the BCRP
substrates into milk (16).

In our previous study, we identified three nonsynon-
ymous SNPs within the BCRP gene, G34A substituting Met
for Val-12 (V12M), C376T substituting a stop codon for
GIn-126 (Q126Stop), and C421A substituting Lys for Gin-
141 (Q141K). G34A BCRP cDNA-transfected cells were
found to express similar amounts of BCRP protein and
further showed similar levels of SN-38 resistance compared
with wild-type BCRP cDNA-transfected cells. In contrast
C376T BCRP cDNA encodes a nonfunctional protein and
C421A BCRP cDNA-transfected cells expressed a lower
amount of BCRP protein and showed lower resistance to
SN-38 than wild-type BCRP transfected cells (17). More-
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Table I. Frequencies of Germ-line Mutations/SNPs Within The BCRP Gene

Variation
Frequency (%) Number Population Reference

Nucleotide Amino acid

G34A V1M 19 29 Japanese 17
G151T G51C 0.1° 350 Japanese

C376T Q126Stop 12 124 Japanese 17
C421A Q141K 26.6 124 Japanese 17
CAS8T T153M 33 30 Cell line 32
C496G Q166E 0.3° 200 Japanese

A616C 1206L 20 10 Hispanic 33
T623C F208S 0.3¢ 200 Japanese

T742C S248P 0.5° 200 Japanese

T1291C F431L 0.6° 260 Japanese 34
A1768T N590Y 1.1 88 Caucasians 33
G1858A D620N 1.1 90 unknown 35

“Determined in this study.

®Determined in this study and in previous reports (frequencies and patient numbers are combined).

over, as C421A BCRP expresses low levels of protein, it was
reported to affect the pharmacokinetics of patients harbor-
ing this allele who had been treated with an intracavernous
administration of difromotecan (18). C421A BCRP was also
reported to affect the pharmacokinetics of rosuvastain in
healthy Chinese males (19).

In our present study, we generated nine BCRP cDNAs,
each carrying a nonsynonymous germ-line mutation/SNP
that has been already published or reported in a database.
The effects of these different mutations on BCRP expres-
sion and function were examined in cells exogenously
expressing these cDNAs.

MATERIALS AND METHODS
BCRP Expression Vectors

We generated nine cDNAs corresponding to the BCRP
germ-line mutations/SNPs, G151T, C458T, C496G, A616C,
T623C, T742C, T1291C, A1768T, G1858A [Table I (17),
(32-35)]. G34A and C421A BCRP cDNAs were also used as
controls. These BCRP germ-line mutations/SNPs have been
described previously, some are in publication and the others
are in the database of National Center for Biotechnology
Information. For the transfection of these BCRP cDNA
species, we generated bicistronic constructs using the pHa-
IRES-DHFR vector. Mutant BCRP cDNAs were then
prepared using the Mutan-Super Express Km site-directed
mutagenesis system {Takara, Ohtsu, Japan) as directed by the
manufacturer’s instructions. Either wild-type or germ-line
mutation/SNP-containing BCRP c¢cDNAs without any other
mutations were subsequently inserted into the pHa-IRES-
DHFR bicistronic retrovirus vector that carries DHFR cDNA.

Cell Culture Conditions and Establishment of BCRP
Transfectants

Murine fibroblast PA317 cells were cultured in Dulbecco’s
modified eagle medium supplemented with 7% fetal bovine
serum at 37°C in a humidified 5% CO, environment. For the
establishment of both wild-type and mutant BCRP trans-

fectants, PA317 cells were transfected with pHa-BCRP-IRES-
DHFR constructs containing either wild-type, G34A, G151T,
C421A, C458T, A616C, T623C, T742C, T1291C, A1768T, or
G1858A BCRP cDNA using a MBS Mammalian Transfection
Kit: (Stratagene, La Jolla, CA). The cells were selected with
120 ng/mL of methotrexate, and the resulting mixed populations
of resistant cells were designated as PA/WT, PA/V1ZM, PA/
G51C, PA/Q141K, PA/T153M, PA/T206L, PA/F208S, PA/
S248P, PA/F431L, PA/N590Y and PA/D620N, respectively.
The PA/F208S clones and PA/F431L clones were obtained by
limiting dilution.

Cell Growth Inhibition Assay

Anticancer agent resistance levels in both the parental
PA317 cells and in the various BCRP transfectants were

ouTt

MEMBRANE

Q141K
T153M

Fig. 1. Schematic representation of the breast cancer resistance
protein and locations of the germ-line mutations/SNPs analyzed in
this study.
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evaluated by cell growth inhibition assays after incubation of
the cells for 5 days at 37°C in the absence or presence of various
concentrations of SN-38 (Yakult Honsha, Tokyo). Cell num-
bers were determined with a Coulter counter (Sysmex, Kobe,
Japan). ICso values (drug dose causing 50% inhibition of cell
growth) were determined from growth inhibition curves.

Western Blotting

Cell lysates were obtained as described previously (10).
Cell lysates from the BCRP transfectants were resolved by
SDS-PAGE and then electro-transferred onto a nitrocellu-
lose membrane. The membrane was incubated with 1 pg/mL
of anti-BCRP polyclonal antibody 3488 (9) and a GAPDH
mouse monoclonal antibody as an internal control, followed
by washing and treatment with peroxidase-conjugated sheep
anti-rabbit and anti-mouse secondary antibody (Amersham,

Buckinghamshire, UK), respectively. The membrane-bound-

antibodies were visualized with the Enhanced Chemilumi-
nescence (ECL) Plus Western blotting detection system
(Amersham).

Fluorescence-activated Cell Sorting (FACS) Analysis
of BCRP Expression

The expression levels of human BCRP on the cell surfaces
of various BCRP transfectants were examined by FACS
analysis using a human-specific anti-BCRP monoclonal anti-
body (eBiosciences, San, Diego, CA), that was raised against
a cell surface epitope of BCRP. The cells were incubated with
or without a biotinylated anti human ABCG2 (20 pg/mL) for
30 min on ice, followed by washing and incubation with R-
phycoerythrin-conjugated streptavidin (400 ug/mL; BD Bio-
sciences, Franklin Lakes, NJ) (20) for 30 min on ice.
Fluorescence staining levels were measured using FACS
Calibur (BD Biosciences).

Semi-quantitative Reverse Transcriptase Chain Reaction
(RT-PCR) Analysis

The isolation of total RNA and subsequent RT-PCR
analysis was performed using an RNeasy kit (Qiagen,
Valencia, CA) and an RNA LA PCR kit (Takara), respec-

« Fig. 2. BCRP protein and mRNA expression in PA317 transfectants.

a, Western blot analysis of BCRP in each of the BCRP transfectants.
Protein samples (20 pg) were subjected to western blotting using the
rabbit anti-BCRP polyclonal antibody (3488) or a mouse anti-
GAPDH monoclonal antibody. The short and long exposures
indicated were of 5 min and 15 min duration on X-ray film,
respectively. b, Semi-quantitative RT-PCR of BCRP mRNA in the
PA317 transfectants. The BCRP (824 bp) and GAPDH (551 bp)
transcripts were amplified by RT-PCR from 0.3 pg of total RNA.
¢, Western blot analysis of BCRP in PA317, PA/WT, PA/F431L, and
PA/F208S cells as described above. d, BCRP cell surface expression
analysis in the PA317 transfectants by FACS. Parental PA317 cells
and corresponding BCRP transfectants were harvested and then
incubated with (bold line) or without (dotted line) a biotinylated anti-
human BCRP monoclonal antibody 5D3, followed by treatment with
R-phycoerythrin-conjugated streptavidin. After washing, the fluores-
cence intensities were measured using FACS Calibur.
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Table II. SN-38 Resistance Levels of PA317 Transfectants’

Cell type 1Cs¢ (nmol/L) Degree of resistance
PA317 11+0.2 1
PA/WT 550+16 50
PA/VI2M 490113 45
PA/Q141K 110+5.9 10
PA/T153M 260+15 24
PA/Q166E 680140 62
PA/F208S 1010.7 1
PA/F431L 34109 3
PA/D620N 190+5.7 17

@ Cells were cultured for 5 days with various concentrations of SN-38.
Cell numbers were then measured using a Coulter counter, and the
ICsp values were determined. The degree of drug resistance is
calculated as the ICsq ratio of resistant cells divided by that of the
parental cells. The data are represented as the mean + SD from
triplicate determinations.

tively, according to the manufacturer’s instructions. First-
strand BCRP ¢cDNA was.synthesized from 0.3 pg of total
RNA and a 824 bp BCRP cDNA fragment was amplified by
PCR with the forward and reverse primers, 5-GATAT-
CAATGATACAGGGTT-3 and 5-TGTCCAATAGAA-
TATTCCCC-3, respectively. The PCR conditions were as
follows: 95°C for 5 min, followed by 18-24 cycles of 95°C for
30 sec, 55°C for 30 sec and 72°C for 1 min, and a final
extension for 7 min at 72°C. As an internal control, the
amplification of GAPDH c¢DNA (551 bp fragment) was
carried out using the same procedure.

Sequencing Analysis of the BCRP Gene

Peripheral blood nucleated cells were obtained from
both healthy volunteers and cancer patients of Japanese
nationality, after obtaining written informed consent, to
undertake genetic analysis from each of these individuals.
Exon 2 of the BCRP gene, which covers the 151st nucleotide
of BCRP ¢cDNA, was amplified by PCR with the primer set,
forward; 5-GCAATCTCATTTATCTGGACTA-3' and re-
verse; 5-TGTGAGGTTCACTGTAGGTAAA-3. Exon 5 of
the BCRP gene, which covers the 496th nucleotide of BCRP
¢DNA was amplified by PCR with the primer set, forward;
5'-CCTTAGTTATGTTATCTTTGTG-3 and reverse; 5'-
GAAACTTCTGAATCAGAGTCAT-3. Exon 6 of the
BCRP gene, which covers the 623rd nucleotide of BCRP
c¢DNA was amplified by PCR with the primer set, forward;
5-GCTCACCAAATGATAATGACT-3 and reverse; 5'-
TGGGACATAGTAGTGATAAGA-3; Exon 7 of the
BCRP gene, which covers the 742nd nucleotide of BCRP
c¢DNA was amplified by PCR with the primer set, forward;
5'-GAGCAAACAATCTAAAGGCAA-3' and reverse; 5'-
ACCCAAAGACCAAACAGCACT-3. Exon 11 of the
BCRP gene, which covers the 1291st nucleotide of BCRP
cDNA was amplified by PCR with the primer set, forward;
5-CTGTCTAAGAATGCTGAGTTG-3' and revere; 5'-
ATCAGTCTAACCAATAGCCCC-3'. The resulting PCR
products were directly sequenced using the following prim-
ers, which were designed from the respective intronic
sequences; 5-AACTTACTATTGCTTTTCTGTC-3' (from
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—46 to —25 upstream of exon 2), 5-CTAAACAGT-
CATGGTCTTAGAAA-3(from —68 to —46 upstream of
exon 5), 5-AAATGATAATGACTGGTTGTT-3'(from 52
to —32 upstream of exon 6), 5-AAGAATAGAGTATTT-
TACTGAGA-3(from —75 to —53 upstream of exon 7), 5'-
CTAAGAATGCTGAGTTGACTG-3(from —50 to —30
upstream of exon 11).

RESULTS
Expression of BCRP in PA317 Transfectants

The germ-line mutations and resulting amino acid
substitutions examined in this study were as follows; G151T
(G51C), C458T (T153M), C496G (Q166E), A616C (1206L),
T623C (F208S), T742C (S248P), T1291C (F431L), A1768T
(N590Y) and G1858A (D620N). G51C, T153M, QI66E,
12061, F208S and S248P are located in the intracellular
domain of the protein (Fig. 1 and Table I). F431L, N590Y
and D620N are located within the transmembrane domain
(Fig. 1 and Table I).

BCRP expression levels in each of the PA317 transfectants
were then examined by western blotting. The wild-type BCRP
transfectants (PA/WT) express a 70-kDa BCRP species (Fig. 2a).
Similar to previous findings (14), PA/V12M cells were observed
to express similar amounts of BCRP compared with PA/WT
cells, whereas PA/Q141K cells expressed significantly lower
amounts of BCRP than PA/WT (Fig. 2a). Among the 11 mutant
BCRP transfectants under study, PA/F208S cells were found to
express the lowest levels of BCRP, corresponding to a 65-kDa
protein (Fig. 2a and c). PA/FA31L expressed BCRP products of
two distinct molecular sizes, 70-kDa and 65-kDa (Fig. 2a and c).
PA/T153M and PA/D620N transfectants expressed lower
amounts of BCRP than PA/WT cells, but these levels were
higher than those in the PA/Q141K cells (Fig. 2a). PA/Q166E
cells expressed higher amounts of BCRP (70-kDa) than PA/WT
cells (Fig. 2a). The remaining transfectants PA/G51C, PA/
1206L, PA/S248P, and PA/NS9Y expressed BCRP at levels
that were comparable to PA/WT cells (Fig. 2a).

The BCRP mRNA expression levels in each of the
transfectants were analyzed by RT-PCR. As shown in Fig. 2b,
the 11 mutant BCRP transfectants expressed BCRP transcript
levels that were comparable to PA/WT cells (Fig. 2b).

« Fig. 3. BCRP protein and mRNA expression in PA/F208S clones.

a, Western blot analysis of BCRP in PA/208S clones. Protein samples
(20 ug) were subjected to western blotting using either a rabbit anti-
BCRP polyclonal antibody 3488 or a mouse anti-GAPDH monoclo-
nal antibody. b, Semi-quantitative RT-PCR analysis of BCRP
mRNA in the indicated PA/F208S clones. The BCRP (824 bp) and
GAPDH (551 bp) transcripts were amplified by RT-PCR from 0.3 pg
of total RNA. ¢, BCRP cell surface expression analysis of PA/F2085
clones by FACS as described for Fig. 2d. d, Drug resistance levels for
the PA/F208S clones. PA317 (open circle), PA/WT (closed circle),
PA/F208S (closed triangle), PA/F208S clone 1 (closed lozenge), and
clone 4 (closed square) cells were cultured for 5 days with various
concentrations of SN-38. Cell numbers were determined using a
Coulter counter. Data are represented by the mean * SD from
triplicate experiments.

Cell Surface BCRP Expression in the Mutant BCRP
Transfectants

The expression levels of BCRP on the cell surfaces of
each of the transfectants were examined by FACS and were
undetectable in either the PA/F208S or parental PA317 cells
(Fig. 2d). PA/Q141K, PA/T153M and PA/D620N cells
expressed lower amounts of BCRP on their cell surfaces
than PA/WT cells (Fig. 2d). These results were consistent
with the immunoblotting analysis (Fig. 2a). The cell surface
expression of BCRP in PA/Q166E cells was slightly higher
compared with PA/WT cells (Fig. 2d). Each of the other
transfectants (PA/G51C, PA/I206L, PA/S248P, PA/F431L,
and PA/NS90Y cells) showed similar cell surface BCRP
expression levels to PA/WT (Fig. 2d).

Drug Resistance of Mutant BCRP Transfectants

The resistance of each of the BCPR transfectants to SN-
38 was analyzed by cell growth inhibition assay. PA/WT cells
showed a 50-fold higher resistance to SN-38 than the parental
PA317 cells (Table II). PA/F208S cells showed a similar level
of SN-38 sensitivity to PA317 cells (Table II). PA/F431L cells
showed 3-fold higher resistance to SN-38 than PA317 cells
but PA/F431L cells were found to be 15-fold more sensitive
to this agent than PA/WT cells (Table II). PA/Q141K, PA/
T153M, and PA/D620N cells showed 10-24-fold higher
resistance levels to SN-38 compared with the parental cells
(Table IT). However, these cells were 2-5 times more sensitive
to SN-38 when compared with PA/WT cells (Table II).
Additional transfectants (PA/G51C, PA/Q166E, PA/I206L,
PA/S248P, and PA/N590Y cells) showed no change in their
drug resistance profiles to SN-38 compared with PA/WT cells
(Table II).

Analyses of PA/F208S Subclones

We isolated two independent clones from the population
of PA/F208S cells, (PA/F208S-cl.1 and -c1.4) that expressed
higher levels of 65-kDa BCRP protein than PA/F208S cells
by western blot (Fig. 3a), but the cell surface expression of
BCRP were not detectable in these clones by FACS analysis
(Fig. 3c). In addition, these clones did not show SN-38
resistance (Fig. 3d).

Analyses of PA/F431L Clones

PA/F431L cells expressed two species of BCRP of
molecular weights 70- and 65-kDa (Fig. 2a). To confirm
whether these two versions of the protein were derived from
a single gene, we isolated independent PA/F431L subclones,
PA/F431L-cl.6 and -cl.15. As shown in Fig. 4a, both of these
clones simultaneously expressed the 70- and 65-kDa BCRP
species, similar to the original mass population of PA/F431L
cells. FACS analysis further revealed that these clones also
showed similar BCRP expression levels on their cell surfaces
to PA/WT and PA/F431L cells (Fig. 4c). Moreover, these
clones showed no change in their exogenous BCRP mRNA
levels compared with PA/WT and PA/F431L (Fig. 4b) but
showed only margjnal resistance to SN-38 treatment (Fig. 4d).
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Frequencies of Germ-line Mutations Within the BCRP Gene

Due to the possible significance of the T623C and T1291C
BCRP mutations, we examined the frequencies of five germ-
line mutations, G151T, C496G, T623C, T742C and T1291C
BCRP, among Japanese populations. We analyzed 200-350
samples in this study, depending on the frequency of each
mutation. As shown in Table I, allele frequencies for the
T623C BCRP and T1291C BCRP allele were 0.3% and 0.6%,
respectively. A healthy volunteer was heterozygous for the
T623C BCRP allele. Two healthy volunteer and a cancer
patient were heterozygous for the T1291C BCRP allele. We
previously reported that allele frequency for the C376T BCRP,
that encodes a truncated protein, was 1.2% in the Japanese
population (17). From both our previous and present results,
we conclude that there are in fact two non-functional germ-
line mutations/SNPs in the BCRP gene, C376T and T623C. It
should be noted however that we have not thus far identified
any individuals who are homozygous for either the C376T or
T623C alleles, nor have we observed individuals who are
heterozygous for a combination of these two alleles.

DISCUSSION

In our current study, we have examined the effect of the
nine germ-line mutations/SNPs, G151T, C458T, C496G, A616C,
T623C, T742C, T1291C, A1768T, and G1858A BCRP, resulting
in the amino acid changes G51C, T153M, Q166E, 1206L,
F208S, S248P, F431L, N590Y, D620N, respectively, on BCRP
protein expression and function. We first obtained both the
wild-type and mutant BCRP cDNAs and expressed each in
PA317 cells. The resulting mixed populations of cells were
designated a PA/WT, PA/V12M, PA/G51C, PA/Q141K, PA/
T153M, PA/206L, PA/F208S, PA/S248P, PA/F431L, PA/
N590Y and PA/D620N. PA/F208S cells were found to ex-
press marginal levels of BCRP (65-kDa) (Figs. 2a and 3a),
which were slightly lower than wild-type BCRP, but did not
appear on the cell surface (Figs. 2d and 3c). Moreover, PA/
F208S cells did not show any drug resistance (Fig. 3c and
Table II). PA/F431L cells expressed a 65-kDa and 70-kDa
species of BCRP (Figs. 2a and 4a). In addition, although PA/
F431L cells expressed BCRP at cell surface levels that were
similar to PA/WT cells (Figs. 2d and 4c), they showed only
marginal resistance to SN-38 (Fig. 4d and Table II). PA/
T153M and PA/D620N cells expressed lower levels of BCRP
and also showed lower resistance to SN-38, compared with
PA/WT cells (Fig. 2a and Table II).

Our previously described bicistronic pHa-BCRP-IRES-
DHEFR construct (20-23) was used for the establishment of the
mutant BCRP transfectants in the present study. In the
resulting transfectants, BCRP and DHFR products are trans-

<« Fig. 4. BCRP protein and mRNA expression in PA/F431L clones as

described in Figs. 2 and 3. a, Western blot analysis of BCRP in PA/
F431L clones b, Semi-quantitative RT-PCR of BCRP mRNA in PA/
F431L clones. ¢, BCRP cell surface expression analysis of PA/F431L
clones by FACS. d, Drug resistance levels in the PA/F431L clones.
PA317 (open circle), PA/WT (closed circle), PA/FA31L (closed
triangle), PA/F431L clone 6 (closed lozenge), and PA/F431L clone
15 (closed square) cells were cultured for 5 days with various
concentrations of SN-38 and assayed as described in Fig. 3d.
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lated independently from single bicistronic mRNAs that are
transcribed under the control of a retroviral long terminal
repeat promoter. The upstream BCRP ¢cDNA is translated in a
cap-dependent manner, and the downstream DHFR is trans-
lated under the control of the IRES. Hence, cells expressing
DHFR, resulting in methotrexate resistance, theoretically
always coexpress the BCRP cDNA. It is noteworthy that
methotrexate itself is reported to be a substrate of BCRP
(24,25), but wild-type BCRP-transfected cells show only
marginal resistance to this drug. In addition, BCRP expression
does not affect the survival of cells transfected with the
bicistronic DHFR vector, and mixed population of the
methotrexate-resistant colonies (>100) were used in this study.

The amino acid positions of the germ-line mutations/SNPs
examined in this study are represented by the black circles in
Fig. 1. G51C, T153M, Q166E, I206L, F208S, and S248P are
located in the intracellular domain, and F431L, N590Y, and
D620N reside in the transmembrane domain. Walker A
(80-89), Walker B (204-210), and Signature C (186-190) in
the ATP binding site of BCRP are indicated by the gray circles
in Fig. 1 and are conserved in other members of the ATP
transporter family (26). The 1206L. BCRP and F208S BCRP
mutants harbor amino acid substitutions within the Walker B
region, which is likely to have a significant impact upon the
functioning of the ATP binding site. PA/F208S cells express a
marginal amount of a smaller BCRP protein species(65 kDa),
which is not expressed on the cell surface (Figs. 2a, c, d, 3a and
c). Moreover, PA/F208S cells do not show any drug resistant
properties. Considering no expression of F208S BCRP mutant
on the cell surface of PA/F208S, the lack of drug resistance
property in the transfectant is probably due to the absence of
cell surface transporter. On the other hand, PA/I206L cells
show similar levels of BCRP expression and the resistance to
SN-38 as PA/WT cells. Further studies are ongoing to evaluate
the ATP-binding and -hydrolyzing activity of I206L BCRP and
F208S BCRP mutants.

We recently examined the effects of a T3587G germ-line
mutation in the human MDRI gene and found that the
resulting 11196Y P-glycoprotein (P-gp), that also contains an
amino acid substitution within the Walker B domain, did not
have ATP-binding activity (27). In our T3587G MDRI trans-
fectants, 11196S P-gp also did not appear on the cell surface,
and the transfected cells were drug sensitive. These results are
very similar to our current data for the T623C (F208S) BCRP
germ-line mutation. Surprisingly, both the Ile residue of
11196Y P-gp and the Phe of F208S BCRP occupy the amino
acid positions in the Walker B motifs of P-gp and BCRP,
respectively. A number of ongoing studies in our laboratory
are therefore currently focused on the mechanisms underlying
the maturation and stability of mutant ABC transporters as
this may have a significant impact upon the effectiveness of
cancer chemotherapy regimens.

The loss of function of particular mutant ABC trans-
porters has been extensively studied for multidrug resistance
associated protein 2 (MRP2) in relation to Dubin-Johnson
syndrome, an inherited disorder defined by chronic hyper-
bilirubinemia (28-30). R768W MRP2, which has the amino
acid substitution in Signature C of the first ATP binding site
of the protein, confers high serum bilirubin concentrations in
the affected patients (28), and the mutant protein is not
completely glycosylated (29). Q1382R MRP2 is a mutation
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between the Walker A and the Signature C regions of the
second ATP-binding site, and causes loss of ATP hydrolysis
activity (29). Furthermore, the deletion of Arg-1392 and Met-
1393 in MRP2, located between the Walker A and the
Signature C regions of the second ATP-binding site, leads to
both impaired maturation and trafficking of the protein (30).
Based upon these earlier reports, it is evident that various
amino acid substitutions in the ATP binding domain can
result in a dysfunctional ABC transporter.

The F431L residue is located in the second transmembrane
domain (Fig. 1) and PA/F431L cells express two species of
BCRP of 70-kDa and 65-kDa in size. The 65-kDa F431L
BCRP product has the same molecular weight as F208S BCRP
by SDS-PAGE (Fig. 2a and c). From the results of our analysis
of PA/F431L clones, these two products seemed to be
generated from a single cDNA species (Fig. 4b). The 70-kDa
BCRP expression levels in PA/F431L cells were also much
higher than the 65-kDa BCRP protein in the same cells (Figs. 2¢
and 4c). Although PA/F431L cells express higher quantities of
70-kDa BCRP compared with PA/Q141K, PA/T153M, and
PA/D620N cells (Fig. 2a) these cells in fact show a lower resis-
tance to SN-38 than these other three transfectants (Table II).
From these results, we speculate that this residue might in fact
be important in the recognition of SN-38, and that the F431L
substitution may result in lower transporter function than the
wild-type protein. We previously reported that seven mutants
of BCRP at residue E446, located in the second transmem-
brane domain, did not show any drug resistance and that 13
mutants of BCRP at R482, residing in the third transmem-
brane domain, showed higher resistance to mitoxantron and
doxorubicin than wild-type BCRP (31).

PA/T153M and PA/D620N cells showed low-levels of
BCRP expression and drug resistance to SN-38 compared with
PA/WT cells (Fig. 2a and Table II). These results were similar to
the data obtained for PA/Q141K cells and based upon these
data, we hypothesize that the decrease in the resistance levels to
SN-38 may not be due to functional alterations but to decreased
protein expression. Similar results were obtained using
NITH3T3/T153M and NIH3T3/D620N cells (date not shown).

The possible significance of the C421A BCRP was recently
evaluated in a phase I study of diflomotecan, a new campto-
thecin derivative anticancer drug (18). In this study, five patients
who were heterozygous for the C421A allele showed three-fold
higher blood drug concentrations of diflomotecan than 15
patients who had wild-type allele (18). Following intravenous
administration of this drug, the area-under-curve (AUC) of the
individuals with the C421A allele and patients who were homo-
zygous wild-type were 138 ng'h/mL and 46.1 ng-h/mL, respec-
tively (P=0.015). This study has therefore clearly shown that
germ-line mutations/SNPs in the BCRP gene that cause a
reduction in expression or loss of functions of the protein will
alter the pharmacokinetics of BCRP substrate anticancer agents.

CONCLUSION

We have characterized two important BCRP germ-line
mutations, T623C (F208S) and T1291C (F431L). T623C
BCRP c¢DNA encodes a non-functional BCRP, and T1291C
BCRP cDNA encodes a low-functional protein product.
Polymorphisms within the BCRP genes of individuals that
severely disrupt transporter activity are thus likely to be

Yoshioka et al.

associated with hypersensitivity to substrate anticancer
agents. Because BCRP may play crucial roles in the
absorption and excretion of anticancer drugs, the monitoring
of BCRP germ-line mutations/SNPs should be considered
carefully during the clinical development of novel anticancer
agents and BCRP-reversing drugs.
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Abstract

The multidrug resistance gene 1 (MDR1) product,
P-glycoprotein (P-gp), pumps out a variety of anticancer
agents from the cell, including anthracyclines, Vinca
alkaloids, and taxanes. The expression of P-gp therefore
confers resistance to these anticancer agents. In our
present study, we found that FTI-277 (a farnesyltransfer-
ase inhibitor), U0126 [an inhibitor of mitogen-activated
protein kinase/extracellular signal-regulated kinase (ERK)
kinase (MEK]}], and 17-allylamino-17-demethoxygeldana-
mycin (an inhibitor of heat shock protein 90) reduced
the endogenous expression levels of P-gp in the human
colorectal cancer cells, HCT-15 and SW620-14. In
contrast, inhibitors of phosphatidylinositol 3-OH kinase,
mammalian target of rapamycin, p38 mitogen-activated
protein kinase, and c-Jun NH,-terminal kinase did not
affect P-gp expression in these cells. We further found
that U0126 down-regulated exogenous P-gp expression
in the MDR1-transduced human breast cancer cells,
MCF-7/MDR and MDA-MB-231/MDR. However, the
MDR1 mRNA levels in these cells were unaffected by
this treatment. PD98059 (a MEK inhibitor), ERK small
interfering RNA, and p90 ribosomal S6 kinase (RSK)
small interfering RNA also suppressed P-gp expression.
Conversely, epidermal growth factor and basic fibroblast
growth factor enhanced P-gp expression, but the MDR1
mRNA levels were unchanged in epidermal growth
factor—-stimulated cells. Pulse-chase analysis revealed
that U0126 promoted P-gp degradation but did not affect
the biosynthesis of this gene product. The pretreatment
of cells with U0126 enhanced the paclitaxel-induced
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cleavage of poly{ADP-ribose) polymerase and paclitaxel
sensitivity. Furthermore, U0126-treated cells showed
high levels of rhodamine123 uptake. Hence, our present
data show that inhibition of the MEK-ERK-RSK pathway
down-regulates P-gp expression levels and diminishes
the cellular multidrug resistance. [Mol Cancer Ther
2007;6(7):2092-2102]

Introduction

The acquisition of multidrug resistance to anticancer agents
by tumor cells is characterized by a cross-resistance to
structurally unrelated agents (1). Such multidrug-resistant
cells express ATP-binding cassette (ABC) transporters,
such as P-glycoprotein (P-gp)/ABCB1, breast cancer
resistance protein (BCRP)/ABCG2, and multidrug resis-
tance-related protein 1/ABCC1. These gene products
pump out a variety of anticancer agents from the cell in
energy-dependent manners. Human P-gp is a 170 to 180
kDa plasma membrane glycoprotein encoded by multidrug
resistance gene 1 (MDR1), and contains two ATP-binding
sites and two transmembrane domains. P-gp functions as
an efflux pump for different anticancer agents such as
anthracyclines, Vinca alkaloids, and taxanes (1-4). Thus,
P-gp-expressing cells display low intracellular concentra-
tions of these agents and are resistant to their cytotoxic
effects. P-gp is widely expressed in human tissues,
including the adrenal gland, colon, kidney, liver, angioen-
dothelial cells, and hematopoietic precursor cells (5-7),
and its expression has been shown to be significantly
elevated in drug-resistant tumors of the colon, kidney, and
liver (8)." P-gp expression levels have also been reported
to be augmented in some cancers following a recurrence
after chemotherapy (8). Hence, the P-gp expression status
can significantly affect the sensitivity of cancer cells to its
substrate anticancer agents.

The mitogen-activated protein kinase (MAPK) pathways
are activated by various kinds of stimuli, including those
provided by growth factors, different types of stress, or infla-
mmatory cytokines, and this can result in cell proliferation,
differentiation, development, inflammation, or apoptosis (9).
The principal components of the MAPK comprise three
subfamilies: extracellular signal-regulated kinase (ERK) 1/2,
c-Jun NHp-terminal kinase (JNK)/stress-activated protein
kinase (SAPK), and p38MAPK. The activities of the MAPKs
are regulated by two events, phosphorylation and dephos-
phorylation. The MAPK-associated pathways are composed
of a growth factor-responsive pathway, including ERK1/2,
and two stress-responsive pathways, including JNK/SAPK
and p38MAPK. The former comprises Ras, Raf-1, MAPK/
ERK kinase (MEK) 1/2, ERK1/2, and p90 ribosomal S6
kinase (RSK) 1/2/3/4. In cells stimulated by growth factors
[e.g., epidermal growth factor (EGF) and basic fibroblast
growth factor (bFGF)], the Ras proto-oncogene is activated
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via receptor protein tyrosine kinases such as EGF receptor
(EGFR) and FGF receptor. Ras can associate with the plasma
membrane by virtue of lipid modifications at its COOH
terminus (10). This recruitment to the plasma membrane
transduces Ras from an inactive form (GDP-Ras) to an active
form (GTP-Ras), and is essential for activation by growth
factors (10). GTP-Ras interacts with Raf-1, localizing the
latter to the plasma membrane where it becomes activated
by several kinases and phosphatases (9). Activated Raf-1
then induces the sequential activation of MEK1/2 and
ERK1/2 in a phosphorylation-dependent manner. Activated
ERK1/2 then translocate from the cytoplasm to the nucleus
and activate a number of transcription factors associated
with cell cycle progression, survival, development, and
differentation (9). ERK1/2 also transduce signals to RSKs
and thereby positively regulate cell cycle progression by
promoting the cyclic AMP response element binding
protein—dependent transactivation of cyclin A and cyclin
D1, and by inhibiting the nuclear translocation of the cyclin-
dependent kinase inhibitor, p275?1 (11-13). Hence, the
MEK-ERK-RSK pathway plays a central role during cell
growth and survival.

In our previous studies, we have shown that estrogens
down-regulate both P-gp and BCRP expression levels
(14, 15). We have also further shown that the down-
regulation of BCRP by 17p-estradiol (E;) is dependent on
the posttranscriptional inhibition of protein biosynthesis,
but not on protein degradation (14). It has been shown by
others that phosphatidylinositol 3-OH kinase (PI3K) inhib-
itors also down-regulate BCRP expression levels (16).
Studies of small molecules or physiologic compounds that
suppress ABC transporter protein expression are thus now
ongoing. In our present study, we examine the effects of
several signal transduction inhibitors upon the expression
levels of P-gp, and find that U0126, PD98059, ERK small
interfering RNA (siRNA), and RSK siRNA inhibit P-gp
expression. Moreover, U0126 down-regulate P-gp expres-
sion by promoting its degradation, but does not affect
its biosynthesis. Our present findings thus provide an
increased understanding of P-gp biosynthesis and degra-
dation and reveal potential new strategies for the circum-
vention of P-gp-mediated drug resistance.

Materials and Methods

Reagents

U0126 and PD98059 were purchased from Cell Signaling
Technology. 17-Allylamino-17-demethoxygeldanamycin
(17-AAG) was purchased from Alomone Labs. Rapamycin,
SP600125, EGF, bFGF, and rhodaminel23 were purchased
from Sigma. FTI-277, LY294002, and S5B203580 were
obtained from Calbiochem. Paclitaxel was obtained from
Bristol-Myers Squibb.

Antibodies for Western blotting were purchased as
follows: anti-MDR1+3 monoclonal antibody (C219;
Zymed); anti-glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) monoclonal antibody (Chemicon); anti-p44/p42,
anti-phospho-p44/p42 (Thr?%%/ Tyr2°4), anti-Akt, and
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anti-phospho-Akt (Ser*’?) polyclonal antibodies and
anti- phospho-EGFR (Tyr'®®) monoclonal antibody (Cell
Signaling Technology); anti-EGFR monoclonal antibody
(Santa Cruz Biotechnology); and anti-poly(ADP-ribose)
polymerase (PARP) p85 fragment polyclonal antibody
(Promega).

Cells

The human cancer cell lines used in this study were.
obtained from the National Cancer Institute (Bethesda,
MD). SW620-14 cells were isolated from human colorectal
tumor SW620 cells by limiting dilution. The MDRI-
transduced human breast cancer cell lines MCF-7/MDR
and MDA-MB-231/MDR were established by transduc-
tion with the HaMDR retrovirus as described previously
(15). MDA-MB-231 cells were transduced' with the
Ha3HisMDR retrovirus harboring 3-His-tagged human
MDR1 ¢DNA. The transduced cells were selected with
3 nmol/L vincristine for 10 days and the resulting mixed
population was designated MDA-MB-231/3HisMDR. All
cells were cultured in the growth medium consisting of
93% DMEM and 7% fetal bovine serum (FBS) at 37°C in
5% CO,.

Western Blotting and Immunoprecipitation

Cell membrane and cytoplasmic fractions were prepared
from cells in lysis buffer [0.2% NP40, 10% glycerol, 137
mmol/L NaCl, 20 mmol/L Tris-Cl (pH 7.5), 1.5 mol/L
MgCl,, 1 mmol/L EDTA (pH 8.0), 50 mmol/L NaF,
1 mmol/L NazPO4 12 mmol/L p-glycerophosphate,
1 mmol/L phenylmethylsulfonyl fluoride, 1 mmol/L
aprotinin]. For immunoprecipitation of 3HisP-gp from
MDA-MB-231/3HisMDR cells, 500 pg of protein were
incubated with Ni-NTA agarose (Qiagen) for 2 h on ice
with occasional tapping. The immunocomplexes precipi-
tated with the Ni-NTA agarose were then washed five
times with ice-cold wash buffer {1 mol/L Tris-Cl (pH 7.5),
1 mol/L NaCl, 1% Triton X-100]. Whole-cell lysates
were prepared with SDS-containing lysis buffer [1% SDS,
10% glycerol, and 100 mmol/L Tris-Cl (pH 7.5)]. All cell
lysates and immunoprecipitates were solubilized with
sample buffer [2% SDS, 50 mmol/L Tris-HCl (pH 8.0),
0.2% bromophenol blue, 5% 2-mercaptoethanol] with
boiling for 5 min at 100°C, separated by SDS-PAGE,
and then transferred onto nitrocellulose membranes. The
membranes were incubated with primary antibodies
following by peroxidase-conjugated sheep anti-mouse or
anti-rabbit secondary antibodies (Amersham Biosciences
Corp.). Bands were visualized with the ECL (enhanced
chemiluminescence) Plus detection kit (Amersham Bio-
sciences Corp.).

siRNA Transfection

Nonsilencing control siRNA were purchased from
Qiagen. ERK siRNA was obtained from Cell Signaling
Technology and comprises a mixture of ERK1 and ERK2
siRNAs. RSK siRNA was purchased from Qiagen and
was composed of RSK1, RSK2, and RSK3 siRNAs.
Cells were transfected with these siRNAs using Lipofect-
AMINE 2000 (Invitrogen), according to the manufacturer’s
instructions.
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Plasmid DNAs and Transfection

Human wild-type (WT) H-Ras, Raf-1, MEK1, MEK2,
ERKI1, ERK2, RSK1, RSK2, p85a regulatory subunit of
PI3K, aktl, and phosphatase and tensin homologue deleted in
chromosome 10 (PTEN) cDNAs were generated by PCR with
a Human Liver BD Marathon-Ready ¢DNA (BD Bioscien-
ces Clontech) as the template. The PCR products were
then digested and cloned into the pFLAG-CMV-2 vector
(Sigma). Mutant PTEN ¢DNA was constructed by the
substitution of Cys'** with Ser of PTEN (WT) using a
QuickChange Site-Directed Mutagenesis kit (Stratagene).
Cells were transfected with these plasmid DNAs using
Lipofect AMINE 2000 (Invitrogen).

Semiquantitative Reverse Transcription-PCR of MDR1

Cells were treated with either 10 pmol/L U0126 or
100 pg/L EGF, and total RNA was then extracted using an
RNeasy kit (Qiagen). Reverse transcription-PCR (RT-PCR)
was done using RNA LA PCR kit (Takara) as described
previously (15). Real-time RT-PCR was done using SYBR
Green PCR Master Mix and RT-PCR Reagents (Applied
Biosystems) and an ABI PRISM 7700 Sequence Detection
System (Applied Biosystems).

Fluorescence-Activated Cell Sorting Analysis

The expression levels of P-gp on the cell surface after
treatment with 10 umol/L U0126 for 72 h were detected by
fluorescence-activated cell sorting analysis using a human-
specific monoclonal antibody, MRK16, raised against P-gp.
Cells were incubated with or without a biotinylated F(ab),
fragment of MRK16 (100 pg/mL). The cells were then
washed and incubated with R-phycoerythrin-conjugated
streptavidin (400 pg/mL; Becton Dickinson and Company).
Fluorescence staining levels were detected using FACSCa-
libur (Becton Dickinson and Company).

The cellular accumulation of rhodaminel23, a substrate
of P-gp, was determined by flow cytometry. Cells were
treated with 10 umol/L U0126 for 72 h, and the medium
was changed every 24 h. After trypsinization, the cells
(1 x 10°) were washed with ice-cold PBS, resuspended in
1 mL of DMEM supplemented with 300 nmol/L rhoda-
minel23, and incubated for 20 min at 37°C. The cells were
then washed twice with ice-cold PBS, and the intracellular
accumulation of rhodaminel23 was measured using
FACSCalibur.

Metabolic Labeling of P-gp in MDA-MB-231/3HisMDR
Cells

To examine the biosynthesis profile of P-gp, MDA-MB-
231/3HisMDR cells (1 x 10° cells/25 cm?® flask) were
incubated in methionine- and cysteine-free DMEM (Invi-
trogen) supplemented with 7% dialyzed charcoal/dextran-
treated FBS (HyClone; labeling medium) for 1.5 h just
before the beginning of the experiments. The cells were
then incubated in the labeling medium containing 300
pCi/mL of [>*S)methionine/ cysteine for either 0.5 or 1 h.
For U0126-treated cells, 10 pmol/L U0126 was added at
4 h before the start of the experiment. Cells were then
harvested and lysed with lysis buffer. 3HisP-gp was
immunoprecipitated with Ni-NTA agarose and solubilized
with 2x sample buffer as described above. The labeled

protein was then subjected to SDS-PAGE and autoradio-
graphed. The band intensities of the labeled P-gp were
quantified using the NIH-Image densitometric program.
Each column represents the mean i SD from three
independent experiments.

To examine the de§radation of P-gp, MDA-MB-231/
3HisMDR cells (1 x 10° cells/25 cm? flask) were incubated
in the labeling medium for 1.5 h just before starting the
experiment and then incubated in the labeling medium
containing 300 uCi/mL of [*®S]methionine/ cysteine for 1 h.
The labeling medium was then replaced with the growth
medium, and the cells were chased for 2 to 12 h. For U0126-
treated cells, 10 pmol/L U0126 was added to the medium
throughout the experiment. The band intensities of the
labeled P-gp were again quantified using NIH Image and
calculated as a percentage of the control (labeled sample
with no chase; 0 h).

Results

The Inhibitors of MEK-ERK-RSK Pathway Suppress
P-gp Expression

The human colorectal tumor cell lines HCT-15 and
SW620-14, which both express endogenous P-gp, were
treated with either 10 pmol/L FTI-277 (an inhibitor of
farnesyltransferase that activates Ras), 10 pmol/L U0126
(a MEK1/2 inhibitor), 100 nmol/L 17-AAG (an inhibitor of
heat shock protein 90 that stabilizes both Raf-1 and PDK1),
50 pmol/L LY294002 (a PI3K inhibitor), or 100 nmol/L
rapamycin [an inhibitor of mammalian target of rapamycin
(mTOR)] for 12 h. The P-gp expression levels were then
determined by Western blot analysis. As shown in
Fig. 1A, the cells treated with FTI-277, U0126, and 17-
AAG showed 5- to 20-fold lower levels of P-gp compared
with untreated cells. However, neither LY294002 nor
rapamycin treatments affected P-gp expression. To exclude
the possibility that the down-regulation of P-gp in these
analyses was due to an alteration in the status and
solubility of the protein in 0.2% NP40, we also analyzed
its expression using whole cell lysates. In this experiment,
U0126 and 17-AAG again suppressed P-gp expression in
HCT-15 and SW620-14 cells (Fig. 1B). We next examined
whether either SB203580 (a p38MAPK inhibitor) or
SP600125 (a JNK inhibitor) affected P-gp expression levels
in HCT-15 and SW620-14 cells. However, upon treatment
with 10 umol/L SB203580 or 20 pmol/L SP600125 for 12 h,
the P-gp expression levels were found to be unchanged in
these cells (Fig. 1C).

MEK Inhibitors Down-regulate P-gp Expression in a
Time-Dependent Manner

We next examined the suppressive effects of U0126 in
exogenous P-gp—expressing cells. We also examined the
time dependency of the down-regulation of P-gp by U0126.
HCT-15, SW620-14, MCF-7/MDR, and MDA-MB-231/
MDR cells were treated with 10 umol/L UQ126 for 2 to 16
h, and P-gp expression levels were determined by Western
blotting. U0126 was found to down-regulate exogenous
P-gp expression also in these MDRI-transduced cell lines
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Figure 1. Screening of the effects of various kinase inhibitors upon P-gp expression levels. A, Western blot analysis of endogenous P-gp expression
levels in both cell membrane and cytoplasmic fractions of cells treated with inhibitors against the MEK-ERK-RSK or PI3K-Akt-mTOR pathway. HCT-15
or SW620-14 cells were treated with either medium alone (Cont.), 10 pmol/L FTI-277, 10 pmol/L U0126, 100 nmol/L 17-AAG, 20 umol/L LY294002,
or 10 pmol/L rapamycin for 12 h. Cellular membrane and cytoplasmic fractions were prepared with lysis buffer containing 0.2% NP40 and subjected to
Western blotting with the indicated antibodies. B, Western blot analysis of P-gp expression levels in whole-cell lysates of U0126- or 17-AAG - treated cells.
HCT-15 or SW620-14 cells were treated with either medium alone, 10 umol/L U0126, or 100 nmol/L 17-AAG. After 12 h, whole-cell lysates were obtained
using lysis buffer containing 1% SDS and subjected to Western blotting with the indicated antibodies. C, Western blot analysis of P-gp expression levels in
cells treated with p38MAPK or JNK inhibitor. HCT-15 or SW620-14 cells were treated with either medium alone, 10 umol/L SB203580, or 20 umol/L
SP600125 for 12 h. Cells were harvested and divided into two groups. One was lysed with lysis buffer containing 1% SDS to analyze the expression levels
of total c-Jun and phosphorylated c-Jun, and another was lysed with lysis buffer containing 0.2% NP40 to analyze the other indicated proteins. The lysates

were then subjected to Western blotting with the indicated antibodies.

(Fig. 2A). The time dependency of this suppression varied
among the cell lines, as it was evident within 4 h in SW620-
14 cells, but required 8 h in HCT-15 and MCF-7/MDR
cells and 12 h in MDA-MB-231/MDR cells. As a control
experiment, we examined the time dependency of P-gp
expression in the absence of the inhibitor. The same cells
were cultured for a further 2 to 16 h after changing the
medium to the flesh growth medium without inhibitors,
and the P-gp levels were found to be unchanged at each
time point for each cell line (Fig. 2B).

We next examined MDR1 mRNA expression levels by
RT-PCR. Each of the HCT-15, SW620-14, MCF-7/MDR, and
MDA-MB-231/MDR cells were treated with U0126 under
the same conditions used for the experiments in Fig. 2A.
Total RNAs were isolated from these cells and RT-PCR was
done using MDR1 or GAPDH-specific oligonucleotides. As
shown in Fig. 2C, the MDRI mRNA levels were unchanged
after U0126 treatment at all time points in each of the cell
lines. Similar results were obtained using real-time PCR
analysis (Supplementary Fig. S1A).2 P-gp expression levels
were then examined in these cells after treatment with
another MEK inhibitor, PD98059, at a concentration of
50 umol/L for 8 or 12 h. Similar to the findings shown
in Fig. 2A, all of the cell lines tested in this experiment
expressed lower levels of P-gp after PD98059 treatment,
compared with untreated cells (Fig. 2D).

3 Supplementary material for this article is available at Molecular Cancer
Therapeutics Online (http://mct.aacrjournals.org/).

We further examined the effects upon P-gp expression
when either ERK or RSK was specifically suppressed by
siRNA. Each of our four test cell lines was transfected with
either a nonsilencing control, ERK siRNA, or RSK siRNA,
and the P-gp expression levels were then determined by
Western blotting after 48 h. P-gp was found to be down-
regulated by the knockdown of both the ERK and RSK
proteins in a dose-dependent manner (Fig. 2E). The
suppression of RSK in particular had a significant negative
effect upon P-gp expression (Fig. 2E). Fluorescence-activat-
ed cell sorting analysis also revealed that cells treated with
U0126 for 72 h expressed lower amounts of cell surface
P-gp compared with untreated cells (Fig. 3). From these
data, we conclude that P-gp expression is suppressed by a
blockade of the MEK-ERK-RSK pathway.

EGF or bFGF Stimulation Enhances P-gp Expression
but Does Not Affect MDR1T Transcription

Given that the inhibition of the MEK-ERK-RSK pathway
suppressed P-gp expression, we next investigated whether
the activation of this pathway would in fact enhance P-gp.
HCT-15, SW620-14, MCF-7/MDR, and MDA-MB-231/
MDR cells were cultured in serum-free DMEM for 6 h and
incubated in the growth medium supplemented with
100 pg/L EGF for a further 2 to 16 h. Western blot analysis
revealed that EGF activated EGFR (increased levels of
phosphorylated EGFR are detectable), and that upon
induction of the MEK-ERK-RSK pathway (increased
phosphorylation of ERK) there was an observable increase
in the P-gp expression levels in all cells (Fig. 4A). To
examine the effects of serum starvation itself on P-gp
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