W
Y

The official journal of the Japanesa Cancer Assoclation

Substrate-dependent bidirectional modulation of
P-glycoprotein-mediated drug resistance by erlotinib

Kohji Noguchi,' Haruka Kawahara,' Airi Kaji,' Kazuhiro Katayama,' Junko Mitsuhashi'? and Yoshikazu Sugimoto*?

Division of Chemotherapy, Graduate School of Pharmaceutical Sciences, Keio University, Minato-ku, Tokyo; *Division of Gene Therapy, Cancer Chemotherapy

Center, Japanese Foundation for Cancer Research, Koto-ku, Tokyo, Japan

(Received January 7, 2009/Revised April 24, 2009/Accepted May 3, 2009/Online publication May 31, 2009)

Epidermal growth factor receptor tyrosine kinase inhibitors (EGFR-
TKis) inhibit the function of certain adenosine triphosphate (ATP)-
binding cassette transporters, including P-glycoprotein/ABCB1 and
breast cancer resistance protein (BCRP)/ABCG2. We previously reported
an antagonistic activity of gefitinib towards BCRP. We have now
analyzed the effects of erlotinib, another EGFR-TKI, on P-glycoprotein
and BCRP. As with gefitinib, erlotinib effectively reversed BCRP-
mediated resistance to SN-38 (7-ethyl-10-hydroxycamptothecin) and
mitoxantrone. In contrast, we found that erlotinib effectively
suppressed P-glycoprotein-mediated resistance to vincristine and
paclitaxel, but did not suppress resistance to mitoxantrone and
doxorubicin. Conversely, erlotinib appeared to enhance P-glycoprotein-
mediated resistance to mitoxantrone in K562/MDR cells. This
bidirectional activity of erlotinib was not observed with verapamil,
a typical P-glycoprotein inhibitor. Flow cytometric analysis showed
that erlotinib co-treatment restored intraceilular accumulation of
mitoxantrone in K562 cells expressing BCRP, but not in cells
expressing P-glycoprotein. Consistently, erlotinib did not inhibit
mitoxantrone efflux in K562/MDR cells although it did vincristine
efflux in K562/MDR cells and mitoxantrone efflux in K562/BCRP cells.
Intravesicular transport assay showed that erlotinib inhibited both
P-glycoprotein-mediated vincristine transport and BCRP-mediated
estrone 3-sulfate transport. Intriguingly, Lineweaver-Burk plot
suggested that the inhibitory mode of erlotinib was a mixed type
for P-glycoprotein-mediated vincristine transport whereas it was a
competitive type for BCRP-mediated estrone 3-sulfate transport.
Collectively, these observations indicate that the pharmacological
activity of erlotinib on P-glycoprotein-mediated drug resistance is
dependent upon the transporter substrate. These findings will be useful
in'understanding the pharmacological interactions of erlotinib used in
combinational chemotherapy. (Cancer S¢i 2009; 100: 1701-1707)

The ABC transporter protein P-glycoprotein/ABCB1 consists
of two' symmetrical halves connected: by a linker region,
with- each half containing an ATP-binding domain-and a six
transmembrane domain.t” P-glycoprotein has been: investigated
as a key cancer-related protein whose overexpression can lead to
a'tumor cell multidrug resistant phenotype.®) P-glycoprotein
transports out of cells: various structurally: unrelated: chemothe-
rapeutic ‘agents, including: vincristine (VCR), paclitaxel (PTX),
doxorubicin (DOX), and mitoxantrone (MXR); thereby reducing
their cytotoxic effects.!) Overexpression of breast cancer resistance
protein (BCRP)/ABCG2, a half-type ABC transporter with an
ATP-binding ‘domain‘and a'six transmembrane domain, also
modiilates the efficacy of cancer chemotherapeutics,® rendering
cancer cells resistant to various chemotherapeutic drugs. BCRP
functions as a homodimer, tranisporting anticancer:agents such
as topotecan; irrinotecan, SN-38 (7-ethyl-10-hydroxycamptothecin),
méthotrexate, and MXR out of cells.®

A number of compounds: have been tested for their ability to
overcome ABC transporter-mediated drug resistance. Verapamil,
cyclosporing A, and others have been identified as inhibitors of
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P-glycoprotein,**¥ while fumitremorgin C (FTC), tamoxifen
derivatives, and certain flavonoids inhibit BCRP.?¢® These
reagents directly interact with P-glycoprotein or BCRP and
competitively interfere with transporter-substrate binding. This
inhibition restores intracellular accumulation of the substrate
drugs, effectively reversing drug resistance.

Epidermal growth factor receptor (EGFR) is a member of the
ErbB/HER family of receptor tyrosine kinases and is frequently dere-
gulated in human cancers, including non-small cell lung cancer
(NSCLC), breast cancer, and glioblastornas.®” As such, abnormal
activation of EGFR signaling is a promising therapeutic target.
Gefitinib and erlotinib, both EGFR inhibitory 4-anilinoquinazoline
derivatives, are currently utilized in clinical chemotherapy,
especially for lung cancer.!'” Extensive examination of functional
interactions between BCRP and imatinib or gefitinib revealed
that these kinase inhibitors are also substrates for BCRP with
potent inhibitory activity against this ABC transporter.!*?

Erlotinib is an orally active EGFR tyrosine kinase inhibitor
(TKI) with efficacy in NSCLC, ovarian cancer, pancreatic can-
cer, head and neck squamous cell cancer; and primary glioblas-
toma.""¥ Erlotinib is approved in the United States for treatment
of locally advanced or metastatic NSCLC after failure of at least
one prior chemotherapy regimen."¥ It was also recently approved
for use in combination with gemcitabine as a first line treatment
for patients’ with locally advanced; unresectable, or metastatic
pancreatic ‘cancer.(*” Several ‘clinical studies. are planned to
examine the combinational effects of erlotinib or gefitinib on
conventional chemotherapy with various tumors. Detailed explo-
ration of the pharmacological interaction between' erlotinib and
anticancer agents will contribute to optimize synergistic effects
in such combination ‘chemotherapy. Most recently, Shi et al.
reported that erlotinib antagonized both P-glycoprotein- and
BCRP:-mediated drug resistances ‘through direct inhibition of
their efflix activities.'6!? In the present study, we demonstrate that
erlotinib inhibition of P-glycoprotein activity is substrate-specific.

Materials and Methods

Reagents. Erlotinib- was’ kindly: provided: by F: Hoffmann-La
Roche (Basel; Switzerland). SN-38 was provided by Yakult
Horisha (Tokyo; Japan). FTC was purchased from Alexis (San
Diego, CA; USA) and verapamil was: purchased from Sigma-
Aldrich (St. Louis, MO, USA). All other anticancer drugs were
commercially  available. MTT (3-[4,5-dimethyl-2-thiazolyl]-
2,5-diphenyl-2H-tetrazolium bromide) was obtained from Wako
Pure Chemical Industries, (Osaka, Japan).

Cells and drug sensitivity assay. PC-9 human NSCLC cells and
K562 human myelogenous- leukemia cells: were cultured in
DMEM and RPMI-1640 mediums; respectively, supplemented
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with 7% fetal bovine serum and kanamycin (50 pg/mL) at 37 °C
in a 5% CO, atmosphere. BCRP-expressing K562 cells (K562/
BCRP), P-glycoprotein-expressing K562 cells (K562/MDR),
and BCRP-expressing PC-9 cells (PC-9/BCRP) were established
previously.® PC-9/MDR cells were established by the transduction
of PC-9 with a HaMDR retrovirus harboring a Myc-tagged
human MDRI c¢DNA in the Ha retrovirus vector as described
previously.(®

Erlotinib-induced growth inhibition of PC-9 and K562 cell
lines was determined using a Coulter counter as described
previously.® The effects of erlotinib on cell sensitivity to anti-
cancer drugs were evaluated by MTT assay. Briefly, cells were
seeded at 2 x 10° cells/well in 96-well plates. After incubation at
37 °C for 5 days in the presence of various concentrations of the
drugs, MTT solution was added into each well and incubated for
4 h. An SDS/HCI solution was then added and incubated over-
night to dissolve the formazan precipitate. Finally, OD570 was
measured to estimate cell growth. IC,, values (the dosage of
drug at which a 50% inhibition of cell growth was achieved)
were determined from the growth inhibition curve. Reversal
indices (RIS0) were defined as the concentration of inhibitors
(erlotinib, verapamil or FTC) that caused a 2-fold reduction in
the IC,, values for anticancer drugs in each resistant cell as
described previously.®

Intracellular accumulation of mitoxantrone. The effect of erlotinib
on the cellular accumulation of MXR was determined by flow
cytometry. K562, K562/BCRP, and K562/MDR cells (5 x 10°
cells each) were incubated with 300 nmol/L. MXR at 37 °C for
40 min in the absence or presence of erlotinib (0.1, 1, and
10 pmol/L), verapamil (1 and 10 pmol/L), or FTC (1 and
10 pmol/L). Cells were then washed. with ice-cold PBS and
subjected to fluorescence analysis using a BD LSR II system
(Becton Dickinson, San Jose, CA, USA). MXR fluorescence
was measured using a red 633-nm laser and a 660/20-band pass
filter,

Intravesicular transport assay. Membrane vesicles of K562/MDR
cells were prepared according to the method described previously.®”
The vesicular transport assay was done by a rapid centrifugation
technique using *H-labeled VCR, MXR (American Radiolabeled
Chenmicals, St. Louis, MO, USA) and estrone 3-sufate (E1S) (Perkin-
Elmer Life Sciences, Boston, MA, USA) as essentially described
before."2.In brief; the transport reaction mixture (50 L. volume;
50 mmol/L Tris-HCl [pH 7.4]; 10 mmol/L, MgCL, 250 mmol/L,
sucrose, 10 mmol/L. phosphocreatine, 100 pg/mL creatine phospho-
kinase, with or without:3 mmol/L. ATP, 100 rimol/L. *H]VCR
or. 50 nmol/L. [PH]E1S; and membrane vesicles containing 10 pg
protein) was kept on ice for 5 min and then reaction was started
by.incubation at 25 .°C for 10-min: The reaction was terminated
by an addition of 1 mL of ice-cold stop solution (10 mmol/L. Tris-
HCl [pH 7.4], 100 mmol/L. NaCl, 250 mmol/L. sucrose). The
membrane vesicles were collected by centrifugation at 18 000 g
for 10 min at 4 °C. The pellets were solubilized to measure their
radioactivity levels by a liquid scintillation counter.

Cellular efflux assay. Cells (10%mL). were  incubated  with
0.2 pmiol/L: *H-labeled MXR or VCR for 30 min at 37 °C,
washed twice with ice-cold PBS; and then suspended in ice-cold
3H:free fresh normal growth medium.’ Aliquots of them. were
immedijately - mixed with ice-cold growth medium containing
inhibitor: (10 pmol/L. each), stood. in: ice-water. for 5 min, and
then incubated at 37.°C for indicated times. Cell suspensions
were centrifuged-at' 800 g for. 5 min, and:supernatants were
collected  to measure [PH]: radioactivity levels exported from
cells by a liquid scintillation counter.

Results

Breast cancer resistance protein (BCRP)-mediated erlotinib resistance
in PC-9 cells but not in K562 cells. The: NSCLC' cell line PC-9
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Fig. 1. Sensitivity of PC-9 and K562 cell lines to erlotinib. Cells were
cultured for 5 days with increasing concentrations of erlotinib. Cell
numbers were determined with a Coulter counter and cell growth
inhibition curves (% of control) are shown. Data points are means + SD
calculated from triplicate determinations. Different symbols indicate
specific cell lines: PC-9, open circles; PC-9/MDR, shaded circles; PC-9/
breast cancer resistance protein (BCRP), filled circles; K562, open
triangles; K562/MDR, shaded triangles; and K562/BCRP, filled triangles.

harbors an EGFR gene with a 15-bp deletion® and shows
enhanced sensitivity to the EGFR inhibitor gefitinib. K562 cells,
on the other hand, express very little EGFR and do not show
selective sensitivity to gefitinib inhibition.!> We have observed
that BCRP transports gefitinib and confers resistance to gefitinib
only. in"gefitinib-sensitive cells such as PC-9, but not in non-
sensitive cells such as K562.®

Sensitivity. to erlotinib, another EGFR-TKI, was characterized
in PC-9 and K562 cells expressing P-glycoprotein or BCRP
(PC-9/MDR, PC-9/BCRP, K562/MDR, and K562/BCRP). Celis
were incubated with erlotinib and the ratio of cell growth
inhibition. was used to determine IC,, values for each cell line.
As shown in Figure 1, erlotinib inhibited PC-9 cell growth at
nanomoler concentrations (ICs,, ~10 nmol/L), whereas K562
cells: grew. normally in the presence of such lower concentra-
tions of erlotinib (ICy,, 2.4 pmol/L). Thus, PC-9 cells were more
sensitive to erlotinib than K562 cells, Interestingly, PC-9/BCRP
cells: were approximately . 2.8-fold. more resistant to_erlotinib
than parental PC-9 and PC-9/MDR cells. The sensitivity of
K562/MDR or K562/BCRP cells in erlotinib was almost identical
to.that of the parental K562 cells, Consistent with the published
results for gefitinib,? the present findings indicate that BCRP
expression confers resistance to erlotinib in PC-9 cells but not in
K562 cells.

Effects of erlotinib on BCRP-mediated drug resistance. Gefitinib
acts as an inhibitor for transporters and reverses P-glycoprotein-
and-BCRP-miediated resistance to-various anticancer drugs.!?
K562 :cells: were not sensitive to the selective: cytotoxicity of
erlotinib-mediated: EGFR. inhibition. Therefore, we used K562/
MDR and K562/BCRP cell lines to: test such erlotinib: reversal
activity-affecting ‘P-glycoprotein-. and. BCRP-mediated drug
resistance.-K562/BCRP cells showed significant resistance to
SN-38 :(~25-fold) and: MXR (~7-fold). Erlotinib co-treatment
effectively reversed BCRP-mediated resistance. to -both.drugs
(Fig. 2a,b).

The dose- dependency: of this erlotinib-mediated. suppressive
effect was also-analyzed: Erlotinib at 1.5 ptmol/L (Fig. 2, open
squares)- effectively eliminated- BCRP-mediated  resistance to
SN-38 and MXR. In similar experiments using erlotinib or FTC
as a’control inhibitor of BCRP-niediated resistance, both drugs
reduced resistance to” SN-38 and MXR:in a dose-dependent
manner (Fig. 2c,d). BCRP-mediated- drug resistance reversal
abilities for erlotinib and FTC were calculated as the RIS0 value
that caused a 2-fold reduction in the ICy, for each drug. As
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SN-38 (7-ethyl-10-hydroxycamptothecin) (a) and © ()
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Table 1. Values of RI50 (uM) to BCRP-mediated resistance

Erlotinib FTC
BCRP MXR 0.10+0.01 0.19+0.02
SN-38 0.05+0.01 0.09'+0.02

Means = SD. Experiments were performed in triplicate.
BCRP, breast cancer resistance protein; FTC, fumitremorgin C;
MXR, mitoxantrone; RI50, reversal indices; SN-38, 7-ethyl-10-
hydroxycamptothecin.

shown in Table 1, the RI50 values of erlotinib: to ' SN-38 and
MXR were 0.05 and 0.1 ymol/L; respectively. Interestingly, SN-38
resistance was miore susceptible: to erlotinib than MXR resist-
ance. The RI50 values of erlotinib were comparable with those
of FTC. Thus, erlotinib and: FTC appeared: to have equivalent
inhibitory activities against: BCRP-mediated drug resistance.
Distinct modulation of P-gly¢oprotein-mediated drug resistance by
erlotinib. Although our experiments:did: notshow: obvious
erlotinib-resistance in PC-9/MDR cells, we examined the effects
of erlotinib on P-glycoprotein-mediated drug résistance in K562
cells based on reports that gefitinib was- able to‘reverse P-
glycoprotein-mediated druig resistance. MTT assays showed that
K562/MDR cells were resistant to VCR (relative resistance was
~360-fold), PTX (~1000-fold), DOX (~25-fold), and MXR (~9-
fold) (data not shown). We next examined the effects of erlotinib
at various coricentrations. Representative results: showing K562/
MDR cell resistance to VCR and to MXR ‘are presented in
Figure 3(a,b). As previously: reported: for gefitinib,"? erlotinib
effectively reversed VCR-resistance in' K562/MDR cells (Fig. 3a).
However, when K562/MDR cells were co-treated with erlotinib
at 1.5 umol/L; cells still- showed significant resistance to-VCR
(~32-fold, open squares), whereas erlotinib completely eliminated
BCRP-mediated resistance to SN-38:(as shown in Fig. 2a).
Higher concentrations of erlotinib (over 5 pimol/L) were required
for complete reversal of P-glycoprotein-mediated VCR-resistance.
Moreover, we unexpectedly found that-in K562/MDR. cells,

Noguchi et al.
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erlotinib did not reverse resistance to MXR. Conversely, erlotinib
at concentrations of 0.15~1.5 pmol/L shifted the growth inhibition
curve to the right (Fig. 3b), suggesting that erlotinib treatment
stimulated P-glycoprotein-mediated resistance to MXR.

Variations in IC,, values for co-treatments with erlotinib or
verapamil and each anticancer drug were determined in order to
compare their ability to inhibit P-glycoprotein-mediated resist-
ance phenotypes (Fig. 3c,d). This assessment showed that
verapamil, a typical MDR-inhibitor, actually suppressed resistance
to a series of drugs (VCR, PTX, DOX, and MXR) mediated by
P-glycoprotein at similar concentrations (Fig. 3d). In contrast,
erlotinib-induced reversal of P-glycoprotein-mediated resistance
was different for individual anticancer drugs. Co-treatment of
K562/MDR cells with erlotinib at 1.5 pmol/L, which significantly
suppressed- resistance to both: VCR and PTX: (Fig. 3c;. open
squares and open diamonds respectively), did not affect resistance
to DOX (Fig. 3c, filled triangles). Thus, the P-glycoprotein-
mediated: resistance. to DOX. was- less -sensitive: toerlotinib-
mediated inhibition compared: with resistance.to. VCR.

Remarkably, resistance to MXR was hardly affected by erlo-
tinib,- even at 5 umol/L.  Conversely, erlotinib co-treatment
(0.15=1.5 wmol/L). increased MXR resistance in K562/MDR
cells (Fig. 3c;: filled ‘circles).: We confirmed these bidirectional
effects: of erlotinib on P-glycoprotein-mediated resistance with
two-different methods: the MTT assay and a cell growth assay
that-counted: cell:numbers using ‘a Coulter counter (data not
shown). Both methods suggested that at clinical concentrations,
erlotinib - potentiated - P-glycoprotein-mediated * resistance to
MXR in KS562/MDR cells.

As shown in Table 2; calculated RIS0 values of erlotinib treat-
ment for. P-glycoprotein-mediated resistance to each anticancer
drug clearly showed that P-glycoprotein-mediated resistance to
DOX and MXR: was approximately. 10-fold less sensitive to
erlotinib than observed for VCR and PTX. Conversely; verapamil
reversed resistance to each of these drugs at comparable concen-
trations. (R150, 0.11-0.18 umol/L). Therefore, the effects of
erlotinib on P-glycoprotein-mediated resistance were quite dif-
ferent from those observed for verapamil and also from erlotinib
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Table 2. Values of RI50 (uM) to P-glycoprotein-mediated resistance

Erlotinib Verapamil

MDR MXR - 0.18 + 0.01
DOX 40+0.2 0.18 + 0.01

VCR 0.37 £ 0.02 0.11+£0.02

PTX 044+ 0.02 0.13+0.03

Means x SD. Experiments were performed in triplicate.
DOX, doxorubicin; MXR, mitoxantrone; PTX, paclitaxel; RIS0, reversal
indices; VCR, vincristine.

effects on. BCRP-mediated resistance. Collectively; these. data
indicated that inhibitory ability of erlotinib was dependent upon
the specific substrate in the P-glycoprotein-mediated resistance
phenotype.

Effects of ‘erlotinib on intracellular accumulation of ‘mitoxantrone
in cells expressing: ABC transporters. The observations: described
above suggest that erlotinib may inhibit cellular efflux of MXR
mediated by the® ABC “transporter - BCRP, but:-not: by P-
glycoprotein:. The - effeécts of -erlotinib ‘on the' intracellular
accumulation’of MXR' in BCRP- or P-glycoprotein-expressing
K562 cells were ‘examined: by: flow cytometric analysis.” After
incubating cells with 300:nmol/L. MXR for 40 min, flucrescence
intensity indicative of MXR: uptake significantly: increased in
K562 cells, but only moderately increased:in K562/BCRP and
K562/MDR ‘cells (Fig: 4a,b): These results indicated that BCRP
and P-glycoprotein exported MXR out of the cells.

Erlotinib: co-treatriient' enhanced: MXRcellular fluorescence
intensity in K562/BCRP: cellsin: a:dose-dependent manner
(Fig: 4c). The: intracellular accumulation levels of MXR: were
determined by measuring peak fluorescence values at each point
to compare efficacies of each inhibitor (Fig: 4e, with K562/
BCRP ‘cells shown:as  open columns).- FTC :or erlotinib at
10 pimoV/L caused a similar enhancement of MXR accumulation
in K562/BCRP cells; suggesting that erlotinib suppressed MXR
efflux through BCRP with an efficacy that was similar to FTC.

1704

inhibitor divided by the IC,, value without
inhibitors.

Next, similar experiments were performed in K562/MDR
cells to determine. whether erlotinib modulates P-glycoprotein-
mediated MXR transport (Fig. 4d). Consistent with its other
effects on the P-glycoprotein-mediated resistance phenotype,
co-treatment with erlotinib at concentrations up to 10 mol/L
did not enhance MXR. fluorescence intensity in K562/MDR
cells (Fig. 4d,e). Instead, erlotinib at 0.1-1 wmol/L slightly reduced
MXR fluorescence intensity, suggesting that erlotinib treatment
stimulated " the' MXR efflux’ mediated ‘by P-glycoprotein. This
effect of erlotinib on P-glycoprotein was in agreement with a
stimulation of MXR resistance by erlotinib co-treatment in
K562/MDR cells (Fig. 3b). Taken together, these results indicate
that erlotinib suppressed MXR efflux mediated by BCRP, but
not by P-glycoprotein, in K562 cells.

Effects of erlotinib-on P-glycoprotein-mediated transport. Next
we examined an effect of erlotinib on cellular efflux of VCR and
MXR in K562/MDR and K562/BCRP cells (Fig. 5). Time course—
dependent: extracellular accumulations - of [*H]VCR in the
supernatants of K562/MDR cell samples were clearly suppressed
by both- erlotinib and verapamil at 10 umol/L. (Fig. 5a; closed
and open circles: respectively). These data.indicated that P-
glycoprotein-mediated VCR iefflux was inhibited. by erlotinib.
However, - similar: experiments using. MXR-as: a . transporter
substrate showed that erlotinib did ‘not.inhibit MXR' efflux in
K562/MDR . cells' (Fig. 5b). despite. the- fact: that  erlotinib
suppressed BCRP-mediated: MXR . efflux like FTC (Fig. 5¢).
These observations. indicated: that erlotinib sensitivity of P-
glycoprotein was dependent on the transporter substrate type.

To undérstand the possible mechanism for substrate-dependent
erlotinib inhibition on P-glycoprotein, intravesicular transport
assay was performed.to- analyze kinetics of erlotinib inhibition
on' P-glycoprotein=mediated drug. transport in vitro using mem-
brane vesicles from K562/MDR cells.  As shown in Figure 6a,
ATP-dependent. PH]VCR transport was. actually inhibited by
erlotinib- in: a- dose-dependent manner, although with less effi-
cienicy than by verapamil (IC, values of erlotinib and verapamil
were 2 and 0.2 umol/L. respectively). Moreover, Lineweaver-Burk
plot: analysis showed that the. inhibitory. mode of erlotinib for
P-glycoprotein-mediated VCR transport was a mixed type while

doi: 10.1111/1.1349-7006.2009.01213.x
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control (slash column).

that of verapamil was a competitive type (Fig. 6b). The calcu-
lated Vmax values (pmol/mg/min) were 18 in control, 1.8 in
erlotinib (2 pmol/L)-treated, and 17.8 in verapamil (0.2 ptmol/
L)-treated samples respectively, and the calculated Ki value of
verapamil was 270 nmol/L.

The erlotinib effect on BCRP was also analyzed using mem-
brane vesicles from K562/BCRP cells-and [*H]estrone 3-sulfate
(E1S) as a transporter substrate of BCRP in an in vitro system.
These experiments showed that both erlotinib and FTC inhibited
BCRP-mediated E1S transport with similar efficiency (IC, values
of erlotinib and. FTC were 0.13.and 0.25 pumol/L respectively)
(Fig. 6¢).-In this. case; Lineweaver-Burk plot analysis indicated
that the calculated Vmax values (pmol/mg/min) in control, erlotinib
(0.13 umol/L)-treated; and “FTC (0.25 pmol/L)-treated ‘samples
appeared to be at similar levels (20'in control, 18.9 in erlotinib
treated, and 19.5 in FTC-treated, respectively). The calculated
Ki value of erlotinib was about:150 nmol/L and that of FTC was
about 550 nmol/L to BCRP-mediated E1S transport. Therefore,
the inhibitory mode of erlotinib for BCRP-mediated E1S trans-
port Tooked a competitive type (Fig. 6d), which was different
from that for P-glycoprotein-mediated VCR transport. Our data
also suggested that erlotinib has stronger inhibitory activity to
BCRP. than FTC. Collectively, these. results indicated that the
inhibitory mechanism of erlotinib on the transporter function of
P-glycoprotein seemed different from that on the BCRP function.
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MXR intensity
(Peak fluorescence)

Discussion

We have previously shown functional interplay between gefitinib
and BCRPU? which suggested gefitinib as a competitor for other
BCRP substrates, including SN-38 and MXR. In the present
study, we further demonstrated that erlotinib modulated BCRP-
mediated drug resistance and efflux at sub-micromoler concentra-
tions like a competitive inhibitor. Conversely, we found that
erlotinib had only minimal effects on P-glycoprotein-mediated
drug resistance to MXR and DOX, and even potentiated MXR
resistance in K562/MDR cells at concentrations of 0.15-1.5 pmol/L.
In addition, we demonstrated that erlotinib restored intracellular
accumulation of MXR in BCRP-expressing K562 cells, but did
not in P-glycoprotein-expressing K562 cells. Furthermore, we
showed that erlotinib selectively  inhibited the P-glycoprotein-
mediated efflux of VCR by a complicated mechanism, but not
that of MXR. These data demonstrate for the first time that
the bidirectional modulation of P-glycoprotein-mediated drug
resistance by erlotinib is substrate dependent.

P-glycoprotein drug interaction sites are thought to localize to
the transmembrane domains, and the presence of multiple drug
binding sites has been suggested.®? Although putative interaction
sites for MXR and DOX are not well defined, the mode of inter-
action for DOX with P-glycoprotein seems to be different from
that of vinca alkaloids. Specifically, substitution of P-glycoprotein
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Phe-335 in transmembrane domain 6 with alanine resulted in a
loss of resistance to vinblastine, but retention of resistance to
DOX.2Y The RIS0 valuc of erlotinib for DOX resistance in
K562/MDR cells was approximately 10-fold higher than observed
for VCR or PTX resistance (Table 2). Therefore, the region of
P-glycoprotein that interacts with erlotinib may be distinct [rom
the DOX interaction site. Further molecular studics will be
requircd (o properly elucidate the modes of intcraction between
kinase inhibilors and P-glycoprotein.

With regard to effects on BCRP by TKIs, previous studies
have shown that gefitinib binds to ATP-bound BCRP at an as yet
undetermined binding site.®® Shi et al. recently reported that
erlotinib did not compete with iodoarylazidoprazosin at the
substrate-binding sites on BCRP or P-glycoprotein, although
erlotinib stimulates the ATPase activity of both proteins.!® Since
P-glycoprotein and BCRP ATPasc activities are stimulated by
their substrates, and BCRP expression conferred resistance to
erlotinib in PC-9 cells, erlotinib may directly interact with an as
yet undetermined site in BCRP and P-glycoprotein and function
like a substrate. Indeed, recent study suggests erlotinib as a
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Fig. 5. Effect of erlotinib on the cellular efflux vincristine (VCR) and
mitoxantrone (MXR). K562/MDR (a and b) and K562/BCRP (¢) cells were
pre-treated with 3H-labeled substrates. Erlotinib, verapamil (VER),-and
fumitremorgin C (FTC) were tested to suppress efflux of incorporated
substrate as described in ‘Materials and Methods'. The efflux of *H-labeled
substrate was determined by measuring their radioactivity leveis
released into the culture medium. Data are the means + SD of triplicate
determinations.
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substrate for both P-glycoprotein and BCRP in vivo since P-
glycoprotein and BCRP significantly affect the oral bioavailability
of erlotinib.®

Breast cancer resistance protein (BCRP) was more sensitive
to the inhibitory effect of erlotinib than P-glycoprotein, since the
RI50 values of erlotinib for BCRP were lower than those for
P-glycoprotein (Tables 1 and 2). Consistently, Shi et al. also
showed that the ATPase activity of BCRP was stimulated by lower
concentrations of erlotinib than were required for P-glycoprotein.'®
In addition, gefitinib has been shown to have a higher affinity for
BCRP than for P-glycoprotein.®® Collectively, these observations

rlotinib
225.51x + 0.5701

A +VER
y = 163.66x + 0.0561

O No inhibitor
y =83.23x + 0.0555

1VCR]

Fig. 6:. The ‘'intracvesicular - transports.. by P-
glycoprotein and breast cancer resistance protein
(BCRP). .. .and - Lineweaver-Burk ... plot . analysis.
Membrane vesicles from K562/MDR (a and b) and
from K562/BCRP (c and d) cells were incubated
for 10 min with PHIVCR (a-and b) and PHIE1S (c
and d) in"the absence or presence of erlotinib,
verapamil; or fumitremorgin C (FTC) as described
in‘Materials and Methods'. The concentration of
3H-labeled:. transporter.  substrate.. was. 100 or
50 nmol/L in the experiments (a) and (c), and
those in (¢) and (d) were 100; 200, 400 or 50, 100,
200 nmol/L respectively. Erlotinib at 2 umol/l and
verapamil- (VER) -at 0.2 pmol/L were: tested in
experiment (¢)," and: erlotinib-at-0.13 umol/L and
FTC at.0.25 pmol/L were. in experiment (d). The
1/[E18] transport of *H-labeled substrate was determined
by measuring their radioactivity levels incorporated
into the ‘membrane vesicles. ‘Data ' shown'in (a)
and " (c) ‘are the means= SD-of - triplicate
determinations; and-data in (b) and: (d) are the
means of duplicated determinations.
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suggest that erlotinib will have a higher affinity for BCRP than
for P-glycoprotein.

Studies of erlotinib pharmacokinetics have shown that
plasma concentrations of erlotinib are in the micromoler range
in clinical situations.®® Given that erlotinib-mediated modula-
tion of BCRP and P-glycoprotein function was achieved at sub-
micromoler levels in our experiments, erlotinib administration
will likely affect the normal functions of BCRP and P-glyco-
protein expressed in digestive organs, the kidney, and the
blood-brain barrier.

Erlotinib and other TKIs will likely be tested against various
tumor types in combination with chemotherapy, but the benefits
of such comibination therapy are not yet apparent.®*” Molecular
analysis suggests that EGFR-activation mutations found in some
patients are correlated with the best outcome in combination
therapy with EGFR-TKIs and conventional anticancer drugs.®
Importantly, our findings demonstrate that the pharmacological
effect of erlotinib on P-glycoprotein varies among substrates. Further
efforts for the understanding of pharmacological interaction between
TKIs and anticancer drugs would be beneficial to improve the
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effectiveness of combination therapy.®” These preclinical studies
on the TKlIs, the ABC transporters, and their substrates would
also contribute to prevent the occurrence of unexpected adverse
effects when ulilizing combinational chemotherapy.
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Acyl-CoA synthetase as a cancer survival factor:
its inhibition enhances the efficacy of etoposide
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Lipid metabolism is often elevated in cancer cells-and plays an
important role in their growth and malignancy. Acyl-CoA synthetase
(ACS), which converts long-chain fatty acids to acyl-CoA, is over-
expressed in various types of cancer. However, the role of ACS in
cancer remains unknown, Here, we found that ACS enzyme activity
is required for cancer cell survival. Namely, the ACS inhibitor Triacsin
cinduced massive apoptosis in glioma cells while this cell death was
completely suppressed by overexpression of ACSLS, the Triacsin c-
resistant ACS isozyme, but not by overexpression of a catalytically
inactive ACSL5 mutant. ACS inhibition by Triacsin ¢ markedly poten-
tiated the Bax-induced intrinsic apoptotic pathway by promoting
cytochrome crelease and subsequent caspase activation: These effects
were abrogated by ACSL5 overexpression. Cofrespondingly, ACS
inhibition synergistically potentiated the glioma cell death induced
by etoposide, a well-known activator of apoptosis. Furthermore, in a
nude mouse xenograft model, Triacsin ¢ at a non-toxic dose enhanced
the antitumor efficacy of a low-dose chemotherapy with etoposide.
These results indicate that ACS is an apoptosis suppressor and that
ACS inhibition could be a rational strategy to amplify the antitumor
effect of etoposide. (Cancer Sci 2009; 100; 1556=1562)

O verexpression- of lipogenic enzymes is a common chara-
cteristic of many cancers.’”” In tumor cells; the supply of
cellular fatty acids is highly dependent on de novo biosynthesis.
FASN is a key enzyme that catalyzes the terminal step in the de
novo  synthesis “of - saturated. fatty - acids.’ Fatty ‘acid. synthase
(FASN) is overexpressed in'a wide variety of human epithelial
cancer cells- and plays: a critical role in: tumor growth and
survival® In addition to: FASN, several othier enizymes involved
in lipid metabolism have recently been shown to be involved in
tumor growth- and- malignancy.®*. These observations support
the: notion that elevated lipid metabolism could be-a rational
target for cancer treatment.

Acyl-CoA synthetases (ACS) are enzymes that act downstream
of FASN and convert long-chain faity acids to acyl-CoA.® This
reaction is: a crucial step in several lipid metabolism pathways,
including phospholipid biosynthesis; lipid modification of cellu-
lar proteins; and. B-oxidation. In mammals; five ACS isozymes
have been identified: Previous reports have indicated that several
ACS isozymes;:such as' ACSL4 and ACSL5, are overexpressed
in: cancer cells.? We recently identified Triacsin ¢, a potent
inhibitor of ACS, as an agent that shows selective cytotoxicity
to malignant cancer cells.!9 These observations suggest that ACS
could play a predominant role in cancer cell survival: Still, how-
ever, it remains unclear how ACS regulates cell death and whether
the ACS inhibition could affect the chemosensitivity of cancer.

Activation of apoptotic pathways is a key mechanism by which
anticancer agents kill. tamor cells.!”? Chemotherapeutic.agents
induce apoptosis: through the intrinsic. mitochondria-dependent
pathway that is activated mainly by the release of cytochrome c
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from the mitochondria. The released cytochrome c interacts with
Apaf-1 to form an Apaf-1 multimer (apoptosome), which in turn
activates caspase-9 and the downstream caspases that participate
in the execution phase of apoptosis.!? The activated caspases
cleave many kinds of substrates, leading to cell death. Several
factors, e.g. Bcl-2 family members, suppress apoptosis on the
mitochondria."¥ Because these antiapoptotic factors are frequently
overexpressed in cancer cells and are involved in chemotherapy
resistance, trials have been undertaken to identify their specific
inhibitors, some of which are now being tested clinically.®-19
In the present study, we examined the antiapoptotic role of
ACS in cancer cells. We found that ACS enzyme activity was
essential for glioma cell survival. Moreover, we demonstrate the
combinational effect of ACS inhibition with' etoposide.

Materials and Methods

Chemicals. Triacsin ¢ was purchased from Sigma (St. Louis,
MO, USA). Etoposide was purchased from Bristol-Myers Squibb
(New York; NY, USA). Caspase inhibitor Z-VAD-fmk and caspase
substrate peptide DEVD-MCA were purchased from Peptide
Institute (Osaka; Japan).

Cell culture; detection of apoptotic cells, and measurement of cell
growth. Human glioma SF268 and U251 cells were cultured in
RPMI-1640 supplemented with 10% heat-inactivated fetal bovine
serum and’ 100 tg/mL kanamycin in a humidified atmosphere of
5% CO, and 95% air. Drug sensitivity was evaluated using the
MTS method.®? In brief, we used a CellTiter 96AQ,,,,, One
Solution: Cell Proliferation Assay Kit (Promega; Tokyo, Japan).
Twenty microliters of MTS and: phenazine ethosulfate solution
were added to the drug-treated cells (100 uL/well in 96-well plates)
and the mixture was incubated at 37°C for 3060 min. For quan-
titation: of ‘relative ‘cell niumber, OD490 was measured using a
microplate reader. To detect apoptotic cells; cell nuclei were stained
with Hoechst 33342.98 Apoptotic cells were evaluated using such
characteristic nuclear features as chromatin condensation and
nuclear fragmentation.

Caspase and apoptosome assays. Cell lysates were prepared and
caspase activity was measured using DEVD-MCA as a substrate,
as described previously.¢? To estimate Bax-induced caspase acti-
vation; we transfected cells with pCGBL-HA-Bax and pGVC, a
luciferase-expressing construct driven by a-SV40 promoter and
enhancer.!® After transfection and subsequent drug freatment,
cell lysates were prepared and caspase activity was measured.
To mionitor the transfection efficiency, we also measured luciferase
activities in cell lysates using the Luciferase:Assay System
(Promega). The caspase activity was normalized by the luciferase
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activity to estimate relative Bax-dependent caspase activation.
To measure apoptosome activity, cytosolic extracts were prepared
as described previously®” and incubated with 10 uM cytochrome
¢ and 1 mM dATP for 20-40 min. After the incubation, caspase
activity was measured.

subcellular fractionation and western blot analysis. Subcellular
fractions were obtained by using a ProteoExtract Subcellular
Proteome Extraction kit (Calbiochem, San Diego, CA, USA). Each
extract derived from the same number of the cells was subjected
to SDS-PAGE. To analyze apoptosis regulators’ expression, we
washed cells in ice-cold phosphate-buffered saline (PBS) and
lyzed them in TNE buffer (10 mM Tris-HCI [pH 7.8], 1% Nonidet
P-40, 150 mM NaCl, 1 mM EDTA, and 10 pg/mL aprotinin) on
ice for 30 min. After centrifugation at 12 000g for 10 min at
4°C, the supernatant (TNE lysate) was subjected to SDS-PAGE.
For detection of cytochrome c release from the mitochondria,
cytosolic extracts were prepared as described previously!'® and
were subjected to SDS-PAGE. Western blot analysis was performed
as described previously™ with the following primary antibodies:
mouse anti-FLAG (M2; Sigma), mouse anti-PARP (BD Pharmin-
gen, San Diego, CA, USA), rabbit anti-EGFR (Cell Signaling
Technology, Beverly, MA, USA), mouse anti-voltage-dependent
anion channel (VDAC) (Ab-4; Calbiochem), mouse anti-cytochrome
¢ (7H8.2C12;. BD Pharmingen), rabbit anti-HA (Y-11; Santa
Cruz Biotechnology, Santa Cruz, CA, USA) mouse anti-ot-
tubulin (B5-1-2; Sigma), mouse anti-Bcl-2 (BD Pharmingen),
mouse anti-Bcl-XL (BD Pharmingen), or mouse anti-Bax (BD
Pharmingen).

Immunofluorescence staining. Cells were fixed with 2% para-
formaldehyde/PBS and permeabilized with 0.5% NP40/PBS. The
fixed cells were blocked in PBS containing 1% bovine serum
albumin and incubated with rabbit anti-FLAG (Sigma) and mouse
anti-cytochrome ¢ (6H2.B4; BD Pharmingen) antibodies. These
primary antibodies were detected with Rhodamine-conjugated
anti-rabbit Ig and FITC-conjugated anti-mouse Ig, respectively.
DNA was stained with 0.2 pig/mL of DAPI Images were acquired
using an Olympus IX-71 microscope with a DP70 digital camera
and Lumina Vision software (Mitani Corporation, Tokyo, Japan).

Vector construction.. For the expression of human' ACSLS and
its inactive mutant ACSL5-MT, pHa-ACSL5-FLAG-IRES-DHFR
and pHa-ACSL5-MT-FLAG-IRES-DHFR were constructed as
described: previously.®%*® To construct an' ACSLS5 mutant, delta
L, that lacked an- amino-terminus sequence (amino acid 2-41),
we ariplified; by polymerase chain reaction (PCR), the ACSL5
fragment that lacked amino acids 2-41 and subcloned it into the
pHa vector to generate pHa-ACSLS5 (delta L)-FLAG-IRES-DHFR.
The full-length cDNA for human Bax was amplified by PCR and
subcloned into a pCGBIL mammalian: expression vector with an
N-terminal HA epitope tag to generate pPCGBL-HA-Bax.

Transient transfection and retroviral infection. Transient transfection
of pCGBL-HA-Bax was performed using Lipofectamine 2000
(Invitrogen, San Diego, CA; USA). For retroviral gene transfer,
PA317 cells were transfected with pHa-IRES-DHFR (mock), pHa-
ACSL5-FLLAG-IRES-DHFR, or ACSL5 mutant constructs, selected
with methotrexate (MTX), and culture supernatants of the MTX-
resistant: PA317 cells were added to SF268: cells, as described
previously."? After retroviral infection and subsequent methotrexate
selection (100 ng/mL), stably transduced cells were established.

Acyl-CoA synthetase (ACS).enzyme assay. Total cell lysates were
prepared: by homogenizing cells in buffer A, and the' ACS activity
was measured, as described previously.® In. brief; the assay
mixture contained 1.2 pM MgCl,, 5 pM ATP, 3: uM potassium
fluoride; 0.1 UM coenzyme A, 3 pM 2-mercaptoethanol, and
0.03 uM palmitic acid with 0.1 uCi of [“C]-palmitic acid in a
total volume of 20 pL. The reaction was initiated by adding 10 pL.
of cell lysates at 37°C and terminated after 1 h by adding 270 pL
of isopropanol-heptane-aqueous 1 M H,SO, (40:10:1 by. volume).
Then' 180 UL of heptane and 120 pL of water were added and
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the upper layer was discarded. The lower layer was washed
twice with 200 pL of heptane containing 15 mM palmitic acid
and the radioactivity in 100 pL of the sample was counted in i mL
of ACS TI (Amersham, Tokyo, Japan). .

Mouse xenograft therapeutic model, U251 cells (5 X 105 cells/
mouse) were implanted subcutaneously in the right flanks of 6-
week-old CAnN.Cg-Foxn1np/CriCrlj nude mice (Charles River
Laboratories Japan, Kanagawa, Japan). Therapeutic experiments
(five mice per group) were started approximately 20 days after
implant when tumors reached 90170 mm?, as measured with
calipers (day 0). Etoposide (12 mg/kg/day) was administered i.v.
on days 0, 1, and 2. Triacsin ¢ (4 mg/kg/day) was administered
by intratumoral injection in 40 pL of saline on days 0, 1, and 2.
Control mice received the same volume of saline as the experi-
mental mice. The length (L) and width (W) of the tumor mass were
measured, and the tumor volume (TV) was calculated as: TV =
(L x W2)/2. The difference in the growth rate between etoposide-
treated and the etoposide + Triacsin c-treated groups was tested
by an autoregressive random errors. model®" using statistical
software R® (version 2.7.1) with the agce package (version 1.2;
http://www.R-project.org). All animal procedures were performed
in the animal experiment room of the Japanese Foundation for
Cancer Research (JECR) using protocols approved by the JFCR
Animal Care and Use Committee.

Results

Acyl-CoA synthetase (ACS) activity contributes to cancer cell survival.
We. have shown that Triacsin.c, a specific inhibitor of ACS,
induces cell death preferentially in tumor cells, but is less toxic
to non-cancerous. cells.??. To confirm the. requirement for ACS
enzyme activity in cancer cell survival, we established cell lines
that stably overexpressed either ACSLS5 or its inactive mutant
(ACSL5-MT), since. ACSL5 is a Triacsin c-resistant isozyme
among five: ACS members,® and we postulated that the over-
expression of ACSLS5 could effectively reverse the inhibition of
ACS activity by Triacsin c. We chose glioma cell lines for this
experiment since ACSLS5 is frequently overexpressed in malignant
glioma.™ When retrovirally transduced in human glioma SF268
cells; wild-type ACSLS5 and the ACSL5-MT proteins were stably
expressed (Fig. 1a; inset). On the otheér hand, the ACS activity
was exclusively increased in the wild-type ACSLS-expressed cells
but not in° ACSLS5-MT-expressed cells under. both Triacsin c—
treated and ~untreated conditions (Fig. 1a). Triacsin c inhibition
of ACS activity was eliminated by wild-type ACSLS5 but not by
ACSLS-MT; These data indicate that ACSL5-MT acts as an
inactive mutant anid ‘that these 'systems’ work: to-determine the
role of ACS activity in cancer cell survival. We examined the effect
of wild-type ACSL5 and ACSL5-MT on Triacsin c~induced SF268
cell death. As shown in Fig. 1(b,c), Triacsin ¢ (3 uM) strongly
induced apoptosis and activated caspases in mock cells. Wild-type
ACSLS5, which retained ACS ‘activity in Triacsin ctreated cells,
completely inhibited the caspase activation”and apoptotic. cell
death; while'/ACSL5-MT did not (Fig. 1b-d). Triacsin c~induced
cell death would depend on caspase activation becatise a caspase
inhibitor; Z-VAD-fmk, restored the viable cell number (Fig. 1d).
These results indicate that ACS plays an essential role in SF268 cell
survival; and that ACS inhibition iriduces apoptosis of the cells.

Role of subcellular ACS in cancer cell survival. As' shown: above,
ACSLS overexpression compensated for the decrease of ACS
activity in Triacsin c=treated cells and' suppressed Triacsin c-
induced cell death: Since rat ACSL5 is expressed predominantly
on- the mitochondrial membrane,® we speculated: that human
ACSL5 could also be expressed on the organelle and would
compensate for Triacsin c~induced loss: of the ACS activity,
leading to ‘cell death suppression: To test this: hypothesis, we
first examined the subcellular localization of hiiman ACSLS5 by
immunofluorescence staining (Fig: 2a). Consistent with the
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previous report of rat ACSLS; human ACSLS5: was colocalized
with-cytochrome ¢, a marker protein of mitochondria: Furthermore,
the patterns of immunofluorescence staining suggested that the
human ACSLS was localized not only to the mitochondria but
could also exist at the perinuclear region and; to a lesser extent,
in- the nucleoplasm: (Fig: 2a).. To determine the localization of
human: ACSLS: further, we performed subcellular fractionation
of cellular proteins. As shown in Fig. 2(b);: ACSL5 was not.only
present in the organelle/membrane fraction (O/M), which contained
mitochondria, but also:in the nuclear fraction (N)..These data
confirmed that ACSLS was localized in the nuclei of cancer cells
as: well as: to- the mitochondria. To. clarify the importance of
subcellular- ACS ‘in SF268 cell survival, we generated deletion
mutants of ACSL5: and examined their subcellular localizations.
We found that the mutant delta L. (Fig. 2b) exclusively lost its
nuclear localization, although the amino-terminus sequence that
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ACSL5 and ACSL5-MT were examined by western
blot with anti-FLAG M2 antibody. The expression of
o~tubulin was analyzed as a loading control. (b)
Apoptosis induction after Triacsin ¢ treatment, Cells
were treated as in (a). The cell nuclei were stained
with Hoechst 33342, Induction of apoptosis in each
cell was evaluated using the characteristic nuclear
features of apoptosis, such as chromatin condensa-
tion and nuclear fragmentation, Arrows indicate
apoptotic cells, (c) Caspase activation after Triacsin
¢ treatment, Cells were left untreated or treated
with 3-uM Triacsin ¢ in the absence or the presence
of 50-uM caspase inhibitor, Z-Val-Ala-Asp(OMe)-
CH2F (Z-VAD), for 30 h. Caspase activity was
measured as described in ‘Materials and Methods'.
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ACSLS ACSLE-MT

g ;:Zg::g g 4 ZVAD (d) Cell number after Triacsin ¢ treatment. Cells were
B Z.VAD treated as in (c) for 48 h and relative cell number

was meastired using the 3-(4,5-dimethylthiazol-2-
yh)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium  (MTS) method, as described in
'Materials and Methods’. Data are mean values of
three independent experiments. Error bars show
standard deviations.

the mutant Jacked did not contain any nuclear localization sequence
(data not shown, searched by. the PSORT II prediction algorithm
at http://psort.ims.u-tokyo.ac.jp/form2.html). On the other hand,
this mutant still retained the organelle localization and ACS activity.
When retrovirally: transduced: in° SF268 cells, both wild-type
ACSL5 and the delta L proteins were stably expressed, and, as
in. the wild-type ACSL5-expressed cells; ACS activity clearly
increased in the: delta L—-expressed cells: (Suppl. Fig. 1). These
results indicated that the delta L. was catalytically active. While
the wild-type ACSLS was detected in both the organelle/membrane
and the nuclear fractions, the. delta L mutant lost its nuclear
localization and instead was included in the orgarielle/membrane
and the cytosol (C) fractions (Fig. 2b). Immunofluorescence staining
further. revealed that the: delta L was. still: localized to the
mitochondria. (Suppl: Fig.2). These data indicate that the N-
terminal region deleted in the delta L mutant is required for
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Fig. 2. Organelle-localized acyl-CoA synthetase
(ACS) is critical for cancer cell survival. (a) Locali-
zation of human ACSL5 in SF268 cells, ACSLS (FLAG)
and the mitochondria marker cytochrome ¢ (Cyto
c) were detected by indirect immunofluorescence
stain of ACSLS-transduced SF268 cells with anti-
FLAG M2 (red) and anti-cytochrome ¢ (green) anti-
bodies, respectively. DAPI staining of DNA is shown
in blue. (b) Subcellular fractionation of ACSLS and
its N-terminal deletion mutant (delta L) in SF268
cells. Cytoplasmic (C), organelle/membrane (O/M),
and nuclear (N) fractions were prepared, and sub-
jected to western blot analysis with the indicated
primary antibodies. Blots with anti-FLAG M2 anti-
body (FLAG) indicate the expression of ACLSS5. Blots
with anti-Heat shock protein (Hsp)-90, voltage-
dependent anion channel (VDAC), epidermal growth
factor receptor (EGFR), ‘and poly(ADP-ribose)
polymerase (PARP) antibodies demonstrate the
purity of their respective fractions. (c) Caspase
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ACSL5 targeting to the nuclei but not to the mitochondria. We
compared the effect of ACSLS and the delta L on Triacsin ¢~
induced cell death and found that, as well as wild-type ACSLS,
the delta L mutant efficiently suppressed caspase activation and
cell death caused by Triacsin ¢ (Fig. 2¢,d). These results indicate
that the nuclear ACS could not be required for survival of SF268
cells.

Enhancement of the intrinsic apoptosis pathway by ACS inhibition.
To determine the role of ACS in glioma cell survival, we examined
whether ACS could act as a repressor against mitochondria-
dependent apoptosis. Mitochondrial apoptosis inducers; such as
Bax protein, can directly activate this intrinsic apoptosis path-
way, 29 Therefore, we tested the effect of ACS inhibition on
Bax-induced ‘apoptosis. As shown in Figure 3(a), Bax activated
caspases in a dose-dependent manner. Sublethal dose of Triacsin
¢ potentiated this Bax-induced caspase activation. Moreover, this
effect was strongly suppressed by compensation of ACS activity
by ACSL35 overexpression. These results indicate the antagonistic
role of ACS'in the mitochondrial apoptosis pathway, and ACS
inhibition potentiates this pathway. To clarify the molecular
mechanisms further, we examined: the effect of ACS inhibition
on Bax-induced cytochrome ¢ release from the mitochondria to
cytoplasm. When'cells were expressed with Bax alone; cytochrome
c release to the cytosol was below detection levels in western
blot analysis. On the other hand, we found that the cytochrome
¢ release was clearly enhariced by Triacsin ¢, which was suppressed
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by ACSL.S5 expression (Fig. 3b). By contrast, Triacsin ¢ treatment
or ACSLS overexpression did not affect the in vitro apoptosome-
dependent caspase activation that was initiated when exogenous
cytochrome ¢ was added to the cytosolic extracts (Fig. 3c). These
results indicate that ACS antagonizes the intrinsic apoptosis
pathway at the point of cytochrome ¢ release and upstream of
subsequent apoptosome activation. On the mitochondria, the
cytochrome c release is regulated by Bcl-2 family members. a3l
So next, we examined the effect of ACS inhibition on the protein
expression of the apoptosis regulators in mock and ACSLS-
overexpressed cells, We:found that' ACS inhibition did not affect
protein levels: of the mitochondrial Bel-2 family: members, Bcl-
2, Bel-XL; and Bax (Suppl. Fig. 3), suggesting the involvement
of other factors in the apoptosis enhancement.

Potentiation of etoposide-induced cell‘death by ACS inhibition.
Because  ACS inhibition potentiated “activation of the: intrinsic
apoptosis pathway, we examined whether ACS inhibition also
enhances chemotherapeutic agent-induced death of cancer cells.
We initially examined combinations of several chemotherapeutic
drugs with Triacsin c; and determined the optical conditions for
maximal efficacy. As a result, we found the synergistic effect of
ACS inhibition with etoposide. As a result, we found the combin-
ational effect of Triacsin ¢ with etoposide, which induces apoptosis
through' the mitochondria-mediated pathway.®"?® When SF268/
mock cells were treated with either etoposide (0.3 pg/mL, 48 h)
or a sublethal dose of Triacsin ¢ (I'uM,; 48 h), caspases were
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Fig. 3. Potentiating the mitochondrial apoptosis pathway by acyl-CoA
synthetase (ACS) inhibition. (a) To estimate Bax-induced caspase activation,
mock=and ACSL5-transduced SF268 cells were seeded in six-well plates and
transiently transfected with pCGBL-HA-Bax (0, 0.1, and 0.2 pg/well) and
pGVC; a luciferase-expressing. construct (0.4 ug/well), At 6 h:after trans-
fection, cells were left untreated or were treated with 1 uM Triacsin ¢ for
an additional 24 h. Each cell lysate was prepared and caspase activity
measured as described in ‘Materials and Methods': The expression of Bax
(HA) was examined ‘by westérn blot. The expression of o:tubulin was
analyzed as a loading: control.. (b) Cells:were transiently transfected with
the Bax plasmid vector and then were treated with Triacsin ¢ as in (a).
Cytochrome c release from the mitochondria to cytoplasm was monitored
by western blot analysis. (¢) Mock- and AC5L5-transduced SF268 cells were
left untreated or treated with 1 uM Triacsin'¢ for 24 h. Cytosolic extracts
were prepared and incubated with 10 uM cytochrome c'and'1' mM dATP
for 0-40 min." After the: incubation, ‘caspase activity was measured, as
described in ‘Materials and Methods'. In (a) and (), data are mean values
of three independent experiments, Error bars show standard deviations.

activated 3.5-fold or. 13-fold, respectively, compared to non-
treated cells (Fig. 4a). Co-treatment with etopiside and Triacsin
c significantly enhanced the caspase activation (33-fold). This
synergism in caspase activation by etoposide and Triacsin ¢ was
quenched by ACSL5 overexpression. Correspondingly, the sublethal

1560

(a) .. 40007
< 0 No treatment
§ 3000 .
B Etoposide
‘(‘% 2000 B Triacsin ¢
2 1 M Etoposide + Triacsin ¢
& 1000
]
© W o '/, O S
Mock ACSLS
(b) .féj ) No treatment
‘g“,\ {3 Etoposide
1SS
P Triacsin ¢
O =
E‘ 8 B Etoposide + Triacsin ¢
E
b=
4
(© ] Mock
100 B Mock + Triacsin ¢
— Fd ACSLs
i} Y - .
= 7 ACSL5 + Triacsin ¢
: nmey
= e
& 7 o |
< 75 Z 7 %
e % %
E Z 7 7
3 7 B 7
S 7 Z 7
0 0.1 0.3
Etoposide (ug/mi)

Fig. 4. Potentiating etoposide-induced cell death by acyl-CoA synthetase
(ACS) inhibition. (a) Enhanced activation of caspase by etoposide in
combination with Triacsin ¢. Mock- and ACSL5-transduced SF268 cells were
teft Untreated or were treated with 0.3 jig/mL of etoposide, 1 M Triacsin
¢ or 0.3 pg/mL of etoposide and 1 M Triacsin ¢ for 48 h, Caspase activity
was measured as described in ‘Materials and Methods’. (b) Potentiation
of apoptosis by etoposide in combination with Triacsin ¢. Mock- and ACSLS-
transduced SF268 cells were treated as in (a), and apoptotic cells were
evaluated and counted. () Effect of ACS inhibition on etoposide-induced
cytotoxicity. Mock- and ACSL5-transduced SF268 cells were left untreated
or were treated with the indicated concentrations of etoposide in the
absence or presence of 1 pM Triacsin ¢ for 48 h, Cell viability was measured,
using the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyi)-2-(4-
sulfophenyl)-2H-tetrazoliuim (MTS) method. Data are mean values of three
independent experiments. Error bars show standard deviations,

dose of Triacsin ¢ (1 M) significantly potentiated etoposide-
induced apoptosis (Fig. 4b)-and the loss.of cell numbers (Fig. 4c).
Again, these effects of Triacsin ¢ were canceled by ACSLS
overexpression. These results indicate that inhibiting ACS activity
would be a rational strategy to. potentiate etoposide-induced
cytotoxicity.

To test whether: ACS. inhibition could increase the antitumor
efficacy of etoposide, we developed a tumor xenograft model in
nude mice. Because SF268 cells could not form stable tumors in
nude mice. (our. unpublished: observation), we chose another
implantable glioma. cell line; U251, for this in vivo study. Mice
were: treated with saline (control), etoposide, Triacsin c, or
etoposide in combination with Triacsin c. Under the limited
dose conditions in Figure 5(a); etoposide: or Triacsin ¢ alone did
not show apparent antitumor effects. Strikingly, however, cotreat-
ment with etoposide and Triacsin ¢ significantly retarded tumor
growth. During the treatment; no toxic death or significant body
weight change was observed (Fig. 5b). These results indicate
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Fig. 5. Triacsin ¢ enhances the efficacy of etoposide in vivo. Therapeutic
experiments (five mice per group) were started (day 0) when U251 tumors
reached 90-170 mm3. Etoposide (12 mg/kg/day) was administrated i.v. on
days 0, 1, and 2. Trigcsin ¢ (4 mg/kg/day) was administrated by intratumoral
injection in 40 yL of saline ondays 0, 1, and 2. Control mice received the
same volume of saline. Relative tumor volumes and body weight changes
of the mice are shown in (a) and (b), respectively. Data are mean values for
five mice, and error bars show standard deviations. Statistical evaluations
were performed as described in ‘Materials and Methods'. **P < 0.01.

that the ACS inhibition potentiates the antitumor effect of etopo-
side in vivo with minimal side effects in the mice.

Discussion

ACS catalyzes a critical step.in both the anabolic and catabolic
pathways: of fatty acid metabolism. In:our’ present study, we
showed that ACS enzyme activity is a critical factor for cancer
cell survival and apoptosis: inhibition: When cancer develops,
excessive  mitogenic: signals,* dueto oncogenic activation or
uncontrolled cell cycle progression, are coupled with constitutive
activation of the. intrinsic-apoptosis’ machinery.?” Under these
conditions, expressions of antiapoptotic factors:are requisite for
cancer cell survival; and these factors could be the cells’ Achilles
heel. In fact; agents or strategies that suppress: antiapoptotic
proteinis or directly activate the mitochondria-dependent apoptosis
pathway (apoptosome pathway) selectively: induce  tumor cell
death or potentiate the chemosensitivity of tumor cells,(>416303D
Our present results suggest that ACS: could be one such: factor
essential for cancer cell survival and: whose inhibition induces
tumor-selective cell death. v

ACS inhibition potentiated Bax- and etoposide-induced apoptosis
(Figs 3 and:4). Consistently, the overexpression of ACSLS5
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suppressed apoptosis induced by etoposide (Fig. 4a,b). These
data indicate that ACS could act as an apoptosis inhibitor in
tumor cells.

We have shown that ACSL35 nearly completely suppressed
Triacsin c-induced ¢ell death, Since small molecules could have
off-targets, we cannot exclude the possibility of an ACS-unrelated,
off-target effect of Triacsin c. However, such effect would be minor,
if any, in our experimental settings, because the catalytically
inactive ACSLS5 mutant did not suppress the Triacsin c-induced
celi death, Thus, Triacsin ¢ could induce apoptosis mainly through
ACS inhibition. Meanwhile, because ACS have five isoforms, it
is difficult to perform gene-knockdown experiments or to examine
the effect of dominant-negative mutants.

ACS shows various subcellular localizations.® The ACS
inhibitor—induced apoptosis was suppressed by ACSLS, which
localizes on the mitochondria and in the nuclei. Moreover, the
ACSL5 mutant lacking nuclear localization still inhibited the
ACS inhibitor—induced cell death. These data indicate that the
nuclear ACS is not required for cancer cell survival and suggest
that the organelle ACS could be a critical factor for the survival.
To be sure of the role of the organelle ACS, however, further
studies with an ACSLS5 mutant that lacks the organelle localiza-
tion could be required. Given the fact that ACSLS is the only
known ACS isozyme that localizes to the mitochondria and is
frequently overexpressed in human cancers, it is suggested that
ACSLS5 could play an important role in tumorigenesis or malignant
transformation by means of inhibiting mitochondrial apoptosis
pathway. Meanwhile, we should take into account additional
unknown mitochondrial ' ACS enzymes that are involved in this
mechanism, since a Triacsin c—sensitive ACS activity is known
to exist on rat mitochondria in spite of the fact that ACSLS5 is
Triacsin c~resistant.®

How could the organelle ACS function as an antagonist of
apoptosis? Mitochondrial ACS was thought to be involved in -
oxidation of fatty acid leading to energy production.®’ Recently,
it was shown that ACSLS5 partitions exogenous fatty acids toward
triacylglycerol synthesis and storage.®” These pathways could
play a role in apoptosis inhibition. We have reported that Triacsin
¢ reduces the level of cardiolipin, a phospholipid that is localized
on the mitochondria:and involved in cytochrome ¢ anchorage on
the mitochondria membrane."? However, it was recently reported
that down-regulation of cardiolipin alone is not sufficient to induce
cytochrome ¢ release.®® Here, we also showed that the expres-
sions of the Bcl-2 family members were not significantly changed
after ACS inhibition. These data suggest that other mechanisms
could also.be involved in the potentiation of cytochrome ¢
release by ACS: inhibition.

In the present study, we demonstrated that' ACS inhibition
enhances the etoposide-induced cell death of human glioma cells.
We examined combinationis of several agents with Triacsin ¢
and also found a synergistic effect of the ACS inhibitor with
SN-38 (data not shown). Lipid metabolism is selectively. acti-
vated in'a wide variety of cancers, and ACS is overexpressed in
such cancers as glioma; ‘¢olon cancer, and: hepatocellular
cancer.7-%%-Our data suggest that ACS inhibition would be a
rational strategy to potentiate chemosensitivity of cancer.
Additional studies, including the combinational effect of ACS
inhibition with other antitumor agents, could. further clarify the
importance of ACS as a new: therapeutic: target for cancer.

Acknowledgments

We thank the National Cancer Institute as well as Takao Yamori for
providing us human glioma cell lines. We also” thank members in our
laboratory for helpful discussions. This work was supported by grants-in-
aid for Cancer Research on' Priority Areas (T. Mashima, T. Tsuruo,
H. Seimiya) and Young Scientists (T. Mashima) from the Ministry of
Education, Cultute; Sports, Science and Technology, Japan.

CancerSci | August2009 | vol. 100 | no.8-| 1561
© 2009 Japanese Cancer Association



Abbreviations

ACS

DAPI

Acyl-CoA synthetase
4,6-diamino-2-phenylindole

DEVD-MCA  Acetyl-Asp-Glu-Val-Asp-(4-methyl-coumaryl-7-amide)

EGFR

Epidermal growth factor receptor
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Pharmacological Interplay between Breast Cancer
Resistance Protein and Gefitinib in Epidermal
Growth Factor Receptor Signaling
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Abstract. Background: It has been previously shown that
gefitinib reverses breast cancer resistance protein (BCRP)-
mediated drug resistance. Here, the impact of BCRP on
gefitinib-mediated inhibition in epidermal growth factor
receptor (EGFR) signaling is evaluated. Materials and
Methods: Sensitivity to. gefitinib was determined by growth
inhibition assay, and. intracellular gefitinib levels were
measured with HPLC. Western blotting was performed. to
detect EGFR signaling molecules. Results: BCRP reduced
intracellular . gefitinib levels and. attenuated inhibitory
activities of gefitinib to EGF-dependent EGFR signalings
including downstream MAPK and Akt pathways in gefitinib-
sensitive PC-9 cells. However, gefitinib did not inhibit MAPK
and Akt signalings in KB-3-1 and HCT-116 cells, and BCRP-
mediated gefitinib-resistance shown in. PC-9. cells was not
observed in gefitinib-insensitive KB-3-1 and HCT-116 cells.
Conclusion: BCRP.transports gefitinib.and. suppresses its
inhibitory effects on. EGFR phosphorylation. However, effects
of BCRP on gefitinib activity in the EGFR sighaling and on
gefitinib-resistance were. limited in the gefitinib-sensitive
cells only.
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ATP-binding cassette (ABC) transporters, including breast
cancer resistance protein (BCRP)/ABCG2, P-glycoprotein (P-
gp)/ABCB1 and multidrug resistance-related protein 1
(MRP1)/ABCC1, are involved in multidrug resistance
phenotypes (1). These proteins function by pumping out various
structurally unrelated agents using ATP hydrolysis eénergy. BCRP
is a half-molecule ABC transporter with an NH,-terminal ATP-
binding site and a COOH-terminal transmembrane domain (2-
6). BCRP forms homodimers via disulfide bridges between
Cys603, a residue on the third outer-membrane domain of the
BCRP monomer (7, 8): Homodimeric BCRP acts as an efflux
pump for various anticancer agents, including 7-ethyl-10-
hydroxycamptothecin (SN-38), 9-aminocamptothecin and
mitoxantorone. BCRP prevents intracellular accumulation of
such compounds and thereby decreases their cytotoxic effects (5,
9-11). BCRP is expressed in various normal human tissues and
cells; including the placenta, liver, kidney and small intestine,
and exports natural compounds, including sulfated estrogens and
flavonoids (12-15). '

Gefitinib is an epidermal growth factor receptor (EGFR)
inhibitor that functions by competitively binding to the ATP-
binding domain, and is clinically used for treating non-small
cell Iung cancer (NSCLC) patients (16, 17). In particular,
this' drug is more effective against tumor growth in. NSCLC
harboring deletions in exon 19:(del E746-T753) and/or point
mutations in exon 21 (L858R and L861Q) of EGFR (16,
17). Gefitinib markedly inhibits epidermal” growth factor
(EGF)-mediated autophosphorylation of EGFR in various
EGFR-expressing human cancer cell lines and xenografts,
and. effectively. suppresses important- signal transduction
pathways that are implicated in the proliferation and survival
of tumor cells (16, 17),

In a previous study, it has been shown that gefitinib reverses
the BCRP-mediated anticancer drug resistance phenotype (18).
In addition, it was shown that BCRP-transduced human lung -
cancer PC-9 (PC-9/BCRP) cells show gefitinib resistance,
whereas BCRP-transduced human myelogenous leukemia K562
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(K562/BCRP) cells do not (19). To better understand the
mechanisms underlying gefitinib resistance by BCRP, the effects
of BCRP upon gefitinib uptake and efflux and the consequences
of this for the inhibition of EGFR downstream signaling were
examined. It is demonstrated that BCRP-expressing cells show
lower accumulation and higher efflux of gefitinib than their
parental cells regardless of the cell types tested. However, the
data show that BCRP-expressing cells show gefitinib resistance
only when the cells are sensitive to gefitinib.

Materials and Methods

Reagents. Gefitinib was kindly provided by AstraZeneca UK Ltd.
(London, UK). EGF was obtained from Sigma (St. Louis, MO, USA).
Rabbit anti-BCRP polyclonal antibody 3488 was prepared in the
laboratory as described previously (7). Other primary antibodies were
purchased as follows: mouse anti-MDR1+3 monoclonal antibody
(C219) was sourced from Zymed (South San Francisco, CA, USA),
mouse anti-GAPDH monoclonal antibody was obtained from Chemicon
(Temecula, CA, USA), mouse anti-EGFR monoclonal antibody was
purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA), and
rabbit anti-p44/p42, anti-phospho-pd4/p42 (Thr202/Tyr204), anti-Akt
and anti-phospho-Akt (Ser473) polyclonal antibodies, and mouse anti-
phospho-EGFR (Tyr1068) monoclonal antibody were supplied by Cell
Signaling Technology (Danvers, MA, USA).

Cells and drug sensitivity assay, Human NSCLC PC-9, human
epidermoid carcinoma KB-3-1 and human colorectal tumor HCT-116
cells were cultured in DMEM supplemented with 7%. fetal bovine
serum at 37°C in 5% CO,. PC-9/BCRP, KB/BCRP and HCT-
116/BCRP cells were established by the transduction of PC-9, KB-3-1
and HCT-116 cells, respectively, with a HaBCRP retrovirus harboring
a Myc-tagged human BCRP c¢DNA in the Ha retrovirus vector as
described previously (7). The effects of anticancer agents on the cells
were evaluated by measuring cell growth inhibition after incubation at
37°C for 5 days in presence of various concentrations of the drugs. Cell
nurhbers were determined with a Coulter counter. The ICsq values (the
dosage of drugs at which a 50% inhibition of cell growth was
achieved) were determined from the growth inhibition curve.

Western blot analysis. Western blot analysis was performed as
reported previously (7, 20). Briefly, cell lysates were solubilized
with sample buffer (2% SDS, 50 mmoV/L Tris-HC1 (pH 8.0), 0.2%
bromophenol blue, 5% 2-mercaptoethanol) with boiling for 10 min
at. 70°C (to evahiate ABC transporters). or:for 5 min at 100°C.(to
assess: BGFR: signaling): The lysates were then separated by SDS-
PAGE using 5-20% gradient gel, and transferred onto nitrocellulose
membranes... The membranes were incubated with primary
antibodies followed by horseradish peroxidase-conjugated sheep
anti-mouse or anti-rabbit ' secondary antibodies “(Amersham
Biosciences Corp., Piscataway, NJ, USA). Bands wete visualized
using the ECL (enhanced chemiluminescence) Plus’detection kit
(Amersham Biosciences Corp.).

Fluorescence-Activated Cell Sorting (FACS). The expression levels of
BCRP on cell surfaces were determined by FACS analysis as
described before (20). In brief, cells were incubated with or without a
biotinylated human-specific monoclonal antibody raised against BCRP
(eBioscience, San Diego, CA, USA) (100 pg/mL). These cells were
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then washed and incubated with R-phycoerythrin-conjugated
streptavidin (400 pg/mL; Becton Dickinson and Company, Franklin
Lakes, NJ, USA). Fluorescence staining levels were detected using
FACSCalibur instrument (Becton Dickinson and Company).

High performance liquid chromatography (HPLC) analysis.
Trypsinized cells (3x106) were incubated with 0.5 pmol/L. gefitinib
for 2, 5 or 10 min at 37°C for uptake experiments and then washed
twice with ice-cold PBS. For efflux experiments, the cells were
incubated with 0.5 pmol/L gefitinib for 10 min, washed twice with
ice-cold PBS, further incubated in gefitinib-free flesh normal
growth medium for 2, 5 or 10 min at 37°C and immediately washed
twice with ice-cold PBS. Cells were lysed with ethanol, vortexed
and centrifuged at 14,000 rpm for 20 min at 4°C. The cell extracts
were chromatographed on a 4.6 mm x 250 mm ID Inertsil ODS3
column (GL Sciences Inc., Tokyo, Japan) with 80% acetonitrile:
20% aqueous ammonium acetate at a flow rate of 1 mL/min. A
Shimadzu SPD-20A mass spectrometer was used for subsequent
detection of gefitinib at a measuring wavelength of 332 nm.

Results

Characterization of BCRP-transduced PC-9, KB-3-1 and HCT-
116 cells. It has been previously reported that gefitinib reverses
BCRP-mediated anticancer drug resistance (18). To examine
whether BCRP directly transports gefitinib in the current study,
three different cell lines and BCRP-transduced cells derived from
them were used. The expression levels of EGFR protein in these
cell ‘lines were confirmed by Western blotting. PC-9, PC-
9/BCRP, KB-3-1 and KB/BCRP cells expressed significant
amounts of EGFR, however, HCT-116 and HCT-116/BCRP
cells expressed only marginal levels of EGFR (Figure 1A).
BCRP ‘transduction did not affect EGFR expression in any cell
types. The expression of BCRP was then confirmed by both
Western blotting and FACS (Figure 1B and C). Further, P-gp
expression: was also’ confirmed by Western blotting in'each cell
lihe (Figure 1B). BCRP was not detectable in the parental PC-9,
KB:3-1and HCT-116 cells; whereas PC-9/BCRP, KB/BCRP
and HCT-116/BCRP cells expressed ‘significant amounts: of
exogenous BCRP. The BCRP expression levels of PC-9/BCRP
and HCT-116/BCRP cells were higher than those of the
KB/BCRP cells, but none of these cell types expressed P-gp.
Furthermore, FACS analysis revealed that BCRP was expressed
on the cell surface in the transduced cells only.

PC-9/BCRP but not KB/BCRP_ or HCT-116/BCRP cells are
resistant to gefitinib. Drug sensitivity assays were performed for
topotecan in PC-9/BCRP, KB/BCRP and HCT-116/BCRP cells
(Table I). All of the BCRP-transduced cells showed much higher
resistance to topotecan compared with the parental cells,
indicating that BCRP is active in these three transduced cell
lines. Their sensitivity to gefitinib was then examined. The ICy,
values--of PC-9 and PC-9/BCRP cells to - gefitinib  were
determined to be 4 and 27 nmol/L, respectively, and therefore
PC-9/BCRP cells showed an approximately 7-fold higher
resistance to gefitinib than the parental PC-9 cells. In contrast,
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Figure 1. Analysis of the expression levels of EGFR, BCRP and P-gp in BCRP-transduced cells. (A, B) Cell lysates (10 ugllane) were resolved by
SDS-PAGE and expression levels of EGFR or GAPDH were detected by Western blotting using anti-EGFR polyclonal antibody or anti-GAPDH
monoclonal antibody, respectively (A). The expression levels of BCRF, P-gp or GAPDH were detected by anti-BCRP (3488}, anti-P-gp (C219) or
anti-GAPDH antibodies, respectively (B). (C) Cells were harvested with trypsin, washed with PBS and incubated with (closed areas) or without
(open areas) a biotinylated anti-BCRP antibody. The cells were incubated with R-phycoerythrin-conjugated streptavidin. BCRP expression levels

were determined using FACSCalibur instrument.

KB/BCRP : and - HCT-116/BCRP  cells did not show. any
resistance to gefitinib compared with their respective: parental
cells. The ICsy values for KB-3-1 and HCT-116 cells were
approximately 2-and 3. pmol/L; respectively, and were much
higher than those for PC-9 cells. These data indicate that BCRP
confers gefitinib-resistance in gefitinib-sensitive PC-9 cells while
it did not in gefitinib-insensitive KB-3-1 or HCT-116 cells.

Lower accumulation of Gefitinib:in BCRP-transduced cells.
Both the uptake and efflux of gefitinib were examined in
BCRP-transduced cells and their parental cells. HPLC was
used: to -determine intracellular gefitinib:levels with a
calibration curve (Figure 2). In the uptake experiments; cells
were incubated with 0.5 pmol/L: gefitinib for 2,5 or 10 min.

Intracellular gefitinib was then extracted from the cells and
quantified- by HPLC  (Figure: 3A-C).  The intracellular
gefitinib levels almost reached a plateau phase at 2 min after
treatment with this drug in each cell line. Significantly, the
intracellular gefitinib levels in each BCRP-transduced cell
line- were much: lower: than' those in- the corresponding
parental cells. Actually, at 10 min incubation period, the
intracellular gefitinib levels in the PC-9/BCRP-and KB/BCRP
cells were approximately 2-fold lower than those in the PC-
9 and KB-3-1 cells, respectively (Figure 3A-and B). The
intracellular levels of gefitinib in the HCT-116/BCRP cells
were approximately two-thirds. of those in the HCT-116 cells
(Figure: 3C). In the efflux experiments, the cells were
incubated with 0.5 pmol/L gefitinib for 10 min, washed and
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Table 1. Drug resistance characteristics of BCRP-transduced cells*.

Cell line Topotecan Gefitinib
ICsg RR# IC5q RR#

(nmol/L) (nmol/L)
PC-9 1142042 3.67x0.56
PC-9/BCRP 206+17.4 18.0 26.8+4 4 73
KB-3-1 21.4+0.01 2310+72
KB-/BCRP 84.1+0.55 39 2200+140 095
HCT-116 3.67£0.15 3140+410
HCT-116/BCRP  49.9+0.98 136 30304410 0.96

*Parental or BCRP-transduced cells were cultured for 5 days with
increasing concentrations of topotecan or gefitinib, Cell numbers were
counted with a Coulter counter, and ICsy values were determined.
#Relative resistance. These values were obtained by dividing the ICsg
values of the BCRP-transduced cells by the ICs, values of the
corresponding parental cells.

then incubated in gefitinib-free normal growth medium for 2,
5 or 10 min. After 2 min incubation in gefitinib-free medium,
49% of the gefitinib that had incorporated into PC-9/BCRP
cells was released, whereas this figure was only.11% in the
parental PC-9 cells (Figure 3D). Similarly, during 2 min
incubation 72% and 61% of the accumulated gefitinib was
released from the KB/BCRP and HCT-116/BCRP cells,
respectively, whereas these amounts were 46% and 38% in
the corresponding parental cells (Figure 3E and F). Hence,
lower uptake of gefitinib in BCRP-transduced cells is due to
an increased efflux of this drug.

Effects of BCRP. expression on the inhibition of EGFR
dowristream signaling by gefitinib. Next, examination on whether
the inhibitory effects of gefitinib upon EGFR signaling were
affected by BCRP expression was performed. To test this, PC-9
and PC-9/BCRP cells were treated with various concentrations
of gefitinib followed by EGF treatment in absence of serum
(Figure 4A). The levels of phosphorylated EGFR were reduced
over 0.1 nmol/L gefitinib in PC-9 cells but were unaffected until
30 nmol/L in PC-9/BCRP cells. “Consistently, - gefitinib
downregulated EGF-dependent phosphorylation of extracellular
signal-regulated kinase (ERK) at a dose of 0.1 nmol/L. in PC-9
cells but only did so in PC-9/BCRP cells at dose of over 300
nmol/L. The downregulation of Akt phosphorylation by gefitinib
in'PC29 and PC-9/BCRP cells was observed at concentrations
of ‘0.1 ‘and 100 mmol/L;; respectively. BCRP" thus- confers
resistance to the inhibitory effects of gefitinib on EGFR signaling
in PC-9/BCRP cells.

The EGFR signaling status of KB-3-1, KB/BCRP,
HCT:116 " and "HCT-116/BCRP: cells -after - gefitinib
exposure in a concentration range of 0.1-:30,000 nmol/L
(Figures 4B and C) was also examined. Regarding
phosphorylated EGFR levels, KB/BCRP and HCT-
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Figure 2. Defection and quantification of gefitinib by HPLC. (A)
Retention time of eluted gefitinib is shown in Y-axis, and eluted gefitinib
peak is shown in-X-axis in the chromatographic pattern. (B) A
calibration curve plotted using the indicated concentrations of gefitinib
and the corresponding areas obtained by chromatography. Each dose of
gefitinib was prepared using a two-fold dilution series and
chromatographed as described in Materials and Methods. The data was
shown to be a representative subset,

116/BCRP cells were found to be resistant to gefitinib
compared with the corresponding parental cells. However,
exogenous BCRP expression did not confer resistance to
the effects of gefitinib upon the EGFR downstream
signaling pathways, including ERK and Akt activities in
KB/BCRP and HCT-116/BCRP cells. The phosphorylated
ERK and Akt levels were unaffected by a much higher
concentration of gefitinib (~30 pmol/L) in both BCRP-
transduced. and parental  cells.. Taken  together, the
presented data therefore indicate that BCRP exports
gefitinib from all cell types but BCRP-mediated gefitinib-
resistance is acquired in gefitinib-responsive cells only.

Discussion

It has been previously demonstrated that gefitinib reverses
BCRP-mediated anticancer drug resistance in K562 and
murine lymphocytic - leukemia P388 cells, suggesting
gefitinib as a competitor for other BCRP substrates including
SN-38 and mitoxantrone (18). In addition, it has been shown
that PC-9/BCRP: cells. show : gefitinib - resistance. but
K562/BCRP. cells:do not (18, 19).. K562 cells:are not a
suitable for these studies because they do not express EGFR.
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Figure 3. Reduction of intracellular gefitinib concentration in BCRP-transduced cells. (A-C) Uptake of gefitinib. The BCRP-transduced cells (closed
circles) or their respective parental cells (open circles) were treated with 0.5 umol/L gefitinib for 2, 5 or 10 min at 37°C. At each time point, cells
were lysed with ethanol, and cell extracts were chromatographed by HPLC to detect intracellular gefitinib, Intracellular gefitinib concentration is
shown as the levels per 3x106 cells and was calculated from a pre-determined calibration curve. Data points are measurements of the mean+SD from
triplicate determinations. (D-F) Efflux of gefitinib. The BCRP-transduced cells (closed circles) or their respective parental cells (open circles) were
treated with 0.5 pmol/L gefitinib for 10 min at 37°C. Cells were further incubated in gefitinib-free normal growth medium for 2, 5 or 10 min. Cells
were lysed with ethanol, and cell extracts were chromatographed as described above. The data shown are the relative amounts of gefitinib compared
with the control (treatment with gefitinib only at the 0 time point) and are the mean+SD from triplicate determinations.

In the present study, three cancer cell lines that express
EGFR (Figure 1A) and their respective BCRP-transduced
cells. were used to. further examine the. mechanisms of
BCRP-dependent gefitinib resistance. PC-9 cells were highly
sensitive to gefitinib with an ICs, of approximately 4 nmol/L
(Table I). It has been demonstrated that gefitinib appreciably
inhibits EGFR mutants harboring deletions in exon 19 or
point mutations in exon 21, when compared with the wild-
type protein (16, 17). In vitro studies have indicated that
gefitinib may exert much higher inhibitory effects against
mutant EGFR variants (16, 17, 21). Consistently, PC-9 cells
harbor a deletion in EGFR (del E746-A750) (22), and PC-9
cells are highly gefitinib-sensitive., BCRP was found to
suppress the intracellular accumulation of gefitinib by
promoting its efflux in all three cell lines tested in the

present study (Figure 3). The low levels of accumulation of
gefitinib in PC-9/BCRP cells will reduce cytotoxic effects
against EGFR downstream signaling compared with PC-9
cells. Since EGFR downstream signalings, MAPK and Akt
pathways, were also highly sensitive to gefitinib in PC-9
cells (Figure 4A), BCRP would be able to confer resistance
to gefitinib in this gefitinib-sensitive cells.

On the other hand, KB-3-1 and HCT-116 cells were less
sensitive to gefitinib with IC5, values of approximately 2 and
3 pmol/L,. respectively (Table I), and. their gefitinib-
insensitivities were no longer affected by BCRP. Unlike PC-
9. cells, cells that are marginally responsive to gefitinib,
including KB-3-1 and HCT-116 cells which harbor wild-type
EGFR, are not dependent on EGFR signaling for cell growth
(23). Actually, cell growth and survival signaling such as
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Figure 4. Suppression: of the: gefitinib-mediated-down-regulation. of
EGFR signaling in the BCRP-transduced cells, PC-9 and PC-9/BCRP
cells (A), KB-3-1 and KB/BCRP cells (B), or HCT-116 and HCT-
116/BCRP cells (C) were cultured in medium without serum for one
hour and then treated with the indicated concentrations of gefitinib for
3 h under conditions of serum starvation. The cells were then treated
with: 100 ug/L. of EGF for 15 min and harvested immediately. Cell
extracts. were_used _in_Western. blotting. with - anti-phospho-EGFR
(Tyr1068), anti-EGFR, anti-phospho-ERK (Thr202/Tyr204}), anti-ERK,
anti-phospho-Akt (Ser473), anti-Akt, anti-BCRP or anti-GAPDH
antibodies. P, parental cells; B, BCRP-transduced cells.
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MAPK and Akt pathways of KB-3-1 and HCT-116 cclls
were gefitinib-insensitive and looked to be independent of
EGFR phosphorylation (Figures 4B and C). Therefore, it is
presumed that BCRP-mediated gefitinib efflux and
restoration of EGFR phosphorylation would not confer
gefitinib-resistance in gefitinib-insensitive cells.

ERK1/2 and Akt are central molecules during EGF-
mediated cell growth and survival. EGF activates ERK 1/2 and
Akt in a phosphorylation-dependent manner via EGFR
activation (24). However, the status of MAPK and Akt
pathways will be different in each cell type, which may be due
to the presence of EGFR gene mutations and the dependency
of a particular cell type upon EGFR signaling for their survival
and growth. The activities of these factors are therefore
important parameters when monitoring gefitinib therapy.

In addition, these studies reveal that BCRP expression
would modulate gefitinib sensitivity in highly gefitinib-
sensitive cancer cells. Concérning BCRP activity, single
nucleotide polymorphisms (SNPs) in the BCRP gene have
been reported to determine.its expression levels and
transport activities (25-27). The expression levels of BCRP
gene products harboring a C421A (Q141K) SNP are 5-fold
lower than those of the wild-type gene, and the resistance
of cells with a C421A BCRP SNP to SN-38 is also 5-fold
lower than those: with wild-type BCRP (25, 27). Cells
containing a T623C (F208S) BCRP cDNA express only
marginal levels of BCRP protein, and resistance to SN-38
is not observed (27). In addition, T1291C (F431L) BCRP-
transfectants express two BCRP products of 65 kDa and 70
kDa, and resistance to SN-38 in these cells is significantly
lower than wild-type BCRP-transfectants (27). Hence, SNPs
affect the BCRP protein eéxpression levels- and- thereby
BCRP 'SNP(s) may ‘also affect™ gefitinib' transport and
resistance to it. Indeed, Cusatis e al. reported that C421A
BCRP SNP was associated with a high incidence of diarrhea
in gefitinib-treated patients (28). It will therefore be
important to evaluate BCRP SNPs in any future gefitinib
therapy designs.

Overall, it has been hereby clarified that BCRP transports
gefitinib. In ‘cells that depend on EGFRsignaling for their
growth, the expression of BCRP was able to confer resistarice to
gefitinib-mediated cytotoxicity and inhibitory effects on EGFR
signaling. It is reasoned that BCRP expression will affect the
pharmacokinetics and pharmacodynamics of anticancer agents,
and that BCRP is an important determining factor in the
developmient and design of gefitinib-responsive cancer therapies.
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