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Purpose. The aim of the study was to investigate whether 2¶-ethylcarbonate-linked paclitaxel (TAX-2¶-

Et) circumvents P-glycoprotein (P-gp)-mediated cellular efflux and cytotoxicity enhanced by TAX-2¶-Et

activation within human culture cells transfected with a rabbit liver carboxylesterase (Ra-CES) cDNA.

Materials and Methods. TAX-2¶-Et transport was characterized in a human colon carcinoma cell line

(Caco-2) and paclitaxel (TAX)-resistant ovarian carcinoma cells (SKOV3/TAX60). Expression of P-gp,

multidrug resistance protein (MRP) 2 and Ra-CES was detected by Western blotting. Cytotoxicity

against Ra-CES-expressing cells and cellular amount of TAX produced were determined by MTT assay

and using HPLC, respectively.

Results. Unlike rhodamine123 and TAX, TAX-2¶-Et did not exhibit polarized transport in the Caco-2

cells in the absence or presence of verapamil. P-gp levels were expressed much higher in the SKOV3/

TAX60 cells than in the Caco-2 cells. MRP2 protein was not detectable in the SKOV3/TAX60 cells.

Uptake by the SKOV3/TAX60 cells was similar in quantity to the amount internalized by P-gp-negative

SKOV3 cells. In the SKOV3/TAX60 cells, cellular uptake of TAX-2¶-Et was not altered regardless of the

absence or presence of verapamil. The cytotoxicity to the untransfected SKOV3 cells induced by TAX-

2¶-Et was significantly lower than that induced by TAX. In the Ra-CES-expressing SKOV3 line, the

EC50 value of TAX (10.6 nM) was approximately four-fold higher than that of TAX-2¶-Et (2.5 nM).

Transfection of Ra-CES into another TAX-resistant ovarian carcinoma cells (KOC-7c) conferred a high

level of TAX-2¶-Et cytotoxicity via prodrug activation. The intracellular levels of TAX produced from

TAX-2¶-Et in the Ra-CES-positive KOC-7c cells significantly increased compared with the levels seen in

exposure of the untransfected KOC-7c cells to TAX.

Conclusions. TAX-2¶-Et can circumvent P-gp-associated cellular efflux of TAX. TAX-2¶-Et is converted

into TAX by the Ra-CES, supporting its potential use as a theoretical GDEPT strategy for cancer cells

expressing high levels of P-gp. The TAX-2¶-Et prodrug efficiently increased the amount of intracellular

TAX, which mediates tumor cell death.

KEY WORDS: carboxylesterase-prodrug; gene-directed enzyme prodrug therapy; growth inhibition;
paclitaxel; P-glycoprotein.

INTRODUCTION

Paclitaxel (TaxolR, TAX) has been successfully used for
the treatment of a variety of tumors, including those of the
breast, ovary and lung (1). For patients with epithelial
ovarian cancer, combination therapy with TAX and
platinum agents is the recommended first-line chemotherapy
regiment (2,3). The mechanisms of resistance to TAX and
other microtuble-stabilizing agents that have been
characterized previously in human cell lines include
expression of P-glycoprotein (P-gp), mutations in the
cellular target of TAX (4), class III b-tublin expression level
(5) and increased microtubule dynamics (6). The role of these
various forms of TAX resistance, particularly their
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contribution to resistance in the cancer patient, is not clear.
However, overexpression of P-gp facilitates the export of
TAX by multidrug-resistant cells, reducing the intracellular
drug concentration and permitting the survival of tumor cells
at drug concentrations that are usually toxic (7Y10). To
reverse the P-gp-mediated drug resistance, strategies of
utilizing potent P-gp inhibitors (verapamil and cyclosporin
A) or a modulator (PSC 833) have been examined in mice
and human (11Y14). Unfortunately, the inhibitors and PSC
833 significantly alter the pharmacokinetics of TAX.

Several gene-directed enzyme prodrug therapy
(GDEPT) strategies have been developed combining cyto-
sine deaminase and 5-fluorocytosine, cytochrome P450 2B1
and cyclophosphamide, and carboxylesterase (CES) and
irinotecan (CPT-11) (15). Although the activated forms of
these prodrugs are not a frontline therapy for the treatment
of ovarian cancer, it would be beneficial to develop a more
effective prodrug-enzyme combination for the treatment of
this disease. Many prodrugs and derivatives of TAX have
been developed based on the chemical modification of the
hydroxyl groups at position 7 of the baccatin core and
position 2¶ of the TAX side chain (16,17). Ueda et al. (17)
demonstrated that TAX-2¶-carbonates were 2Y10 times less
cytotoxic than TAX against a human colon cancer cell line.
Of these prodrugs, 2¶-ethylcarbonate-conjugated TAX
(TAX-2¶-Et, Fig. 1) exhibited the most rapid accumulation
into the cells. Chemical modifications in the baccatin portion
of TAX also decrease affinity for P-gp transporter system
(18). Our enzymatic stability studies preliminarily showed
that TAX-2¶-Et was stable in both human and rabbit sera. A
CES isolated from rabbit liver (Ra-CES) efficiently con-
verted TAX-2¶-Et to the parental drug. Our attention is
focused on combination of TAX-2¶-Et and Ra-CES for
development of a new GDEPT. If TAX-2¶-Et as well as
TAX is greatly exported through the efflux pump of P-gp,
our GDEPT strategy for treatment of ovarian cancer may fail
to improve therapeutic efficacy that depends on increased
levels of intracellular TAX. Therefore, it is most important in

our strategy to utilize prodrugs that can circumvent P-gp-
mediated efflux of TAX.

In a present study, we investigated the transport of
TAX-2¶-Et in a human colon carcinoma cell line (Caco-2)
that expresses P-gp. We also analyzed the uptake of TAX-2¶-
Et into both human ovarian carcinoma cells (SKOV3) and its
TAX-resistant cells (SKOV3/TAX60). TAX-2¶-Et activation,
mediated by the conversion of TAX-2¶-Et to TAX, was
measured as in vitro cytotoxicity to both TAX-sensitive
SKOV3 cells and a human clear cell carcinoma of the ovary
cell line (TAX-resistant cells, KOC-7c), which were trans-
fected with a plasmid encoding Ra-CES.

MATERIALS AND METHODS

TAX-2¶-Et Synthesis

TAX-2¶-Et was prepared by the method reported by Ueda
et al. (17). The structural assignment of TAX-2¶-Et was made
on the basis of its 1H NMR spectrum and mass spectrum.

Cell Culture

Caco-2 cells, purchased from the American Type
Culture Collection (ATCC, Rockville, MD), were used at
passage 18Y28. Cells were grown in culture medium consist-
ing of Dulbecco_s modified Eagle_s medium (DMEM,
Nacalai Tesque Co., Kyoto, Japan) supplemented with 0.1
mM non-essential amino acids, 10% heat-inactivated fetal
bovine serum (FBS), 100 U/ml penicillin G and 0.1 mg/ml
streptomycin sulfate.

SKOV3 cells were obtained from the Memorial
SloanYKettering Cancer Center (New York, NY). SKOV3
cells transfected with the CES gene under the control of the
Tet-off system (BD Biosciences Clontech, CA, USA) were
maintained in DMEM containing 10% FBS, 0.5 mg/ml G418,
2 mg/ml doxycycline (Dox), 0.5 mg/ml hygromycin (hyg), 100

Fig. 1. Chemical structures of TAX and TAX-2¶-Et.
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U/ml penicillin G, and 0.1 mg/ml streptomycin sulfate (Tet-
on medium). The expression of functional CES was then
initiated by replacement of culture medium with Tet-off
medium, which lacked Dox. The parental SKOV3 cells were
grown in DMEM containing 10% FBS, 100 U/ml penicillin G
and 0.1 mg/ml streptomycin sulfate. SKOV3/TAX60 cells
were selected from the SKOV3 cell population following
stepwise increases in TAX concentrations from 0.1 to 60 nM.

KOC-7c cells (a gift from Dr. Kigawa, Tottori Univer-
sity) were maintained as described by Itamochi et al. (19).

Human hepatoma cell line HepG2 purchased from the
American Type Culture Collection (ATCC, Rockville, MD),
were used at passage 52Y56. The cells were grown in culture
medium consisting of RPMI-1640 (Sigma Chemical Co., St.
Louis, MO, USA) supplemented with 10% heat-inactivated
FBS, 100 U/ml penicillin G and 0.1 mg/ml streptomycin
sulfate.

Cloning of a Ra-CES cDNA and Construction of Its
Expression Vector

A cDNA encoding a Ra-CES was isolated according to
the method reported by Potter et al. (20). A cDNA library
was prepared from total rabbit liver poly (A)+ RNA (BD
Biosciences Clontech, CA, USA) with a cDNA synthesis kit
(TaKaRa Bio Inc., Shiga, Japan) using random primers. The
full-length Ra-CES cDNA was amplified from the library
using specific oligonucleotide primers and TaKaRa LA taqi
polymerase (TaKaRa Bio. Inc., Shiga, Japan) under the
conditions described (20). The õ1,700 bp product was ligated
into the pCR2.1 vector (Invitrogen Co., CA, USA). The Ra-
CES cDNA sequence was confirmed using a DNA
sequencing kit (Applied Biosystems, CA, USA) and a 3100
Genetic Analyzer (Applied Biosystem, CA, USA). The
cDNA was inserted in frame into pCMVTag2 expression
vector (STRATAGENE, USA) at EcoR1 site, then, a
fragment containing Ra-CES was ligated into pTRE2 hyg
expression vector (BD Biosciences Clontech, CA, USA) at
Not1-Cla1 site. We named this vector pTRE2 hyg-Ra-CES.

Stable Transfection of Ra-CES in Tet-off System

SKOV3 cells that harbor a homozygous deletion of the
p53 gene were obtained from the ATCC. SKOV3 cells were
transfected with the pTet-off plasmid (BD Biosciences
Clontech, CA, USA) using LipofectAMINEi Plusi
Reagent (Invitrogen Co., CA, USA) according to the
manufacture_s protocol. From the isolated G418-resistant
clones, we screened for those with low background expres-
sion and high Dox dependent induction of expression
following transient transfection with the pTRE2-Luc plasmid
(BD Biosciences Clontech, CA, USA). SKOV3 cells con-
taining the pTet-off plasmid were also transfected with the
pTRE2 hyg-Ra-CES expression vector using Lipo-
fectAMINEi. Transfected clones resistant to 500 mg/ml
hyg B treatment were tested for CES activity in the presence
or absence of 1 mg/ml Dox. Clones expressing the lowest
basal levels of CES activity in the presence of Dox and the
highest levels of CES activity induced by the absence of Dox
were maintained continuously in the presence of Dox until
experimentation.

Transient Transfection of pHGCX-Ra-CES
into KOC-7c Cells

pHGCX, a eukaryotic expression vector encoding en-
hanced green fluorescence protein under the control of the
HSV-1 IE4/5 promoter, was kindly provided by Dr. Saeki
(Harvard Medical School). The Ra-CES fragment containing
Kozak and FLAG sequences derived from pTRE2 hyg-Ra-
CES was ligated into Nhe1-EcoR1 site of pHGCX that
express FLAG-Ra-CES fusion protein under the control of
the CMV IE promoter, to generate pHGCX-Ra-CES (Fig. 5a
and b). KOC-7c cells (5�106) were transfected with 2 mg
empty pHGCX or pHGCX-Ra-CES using Lipofect
AMINEi Plus reagent (Invitrogen Co., California, USA).

Carboxylesterase Assay

We measured carboxylesterase activity as described by
Hennebelle et al. (21). The enzymatic reaction was initiated
by the addition of p-nitrophenylacetate as a substrate.
Optical density at 405 nm was measured continuously for 10
min at 37-C using a microplate reader (Wellreader SK601,
Seikagaku Co., Tokyo, Japan). Enzymatic activities were
normalized to the levels of total cellular protein.

Transport Studies

Caco-2 cells were plated at a density of 6.4�104 cells/cm2

on polycarbonate filters. Monolayers were utilized for
transport experiments 21Y25 days after seeding. TAX and
TAX-2¶-Et were dissolved in dimethylsulfoxide (DMSO) to
yield a final concentration of 0.5% DMSO, then diluted in
Hanks_ balanced salt solution (HBSS) (pH 7.4) containing
25 mM 2-[4-(2-hydroxyethyl)-1-piperazinyl] ethanesulfonic
acid to a final concentration of 3.5 mM. At the indicated
times, the incubation medium was removed from the
contralateral side. Simultaneously, we monitored the
polarized transport of a P-gp substrate, rhodamine123
(Rh123, 5 mM), under the same conditions as a positive
control. To examine transport inhibition, 200 mM verapamil
was added to both sides of the monolayer in separate
experiments. The integrity of the monolayers was monitored
by the transepithelial electrical resistance (TEER) using
Millicell-ERS (Millipore, Bedford, MA, USA). The TEER
values of monolayers used were >400 W cm2. For assay
measuring TAX and the prodrug concentrations, TAX and
TAX-2¶-Et in the collected incubation solutions were
extracted with diethyl ether. After the organic phase was
evaporated, the residue was redissolved in the mobile phase
for examination by high-performance liquid chromatography
(HPLC) assay.

Cellular Uptake

SKOV3 and SKOV3/TAX60 cell lines were seeded onto
dishes at a density of 5�104 cells/cm2 and then were
maintained for 24 h. HepG2 cells, seeded at a density of
2.5�104 cells/cm2), were usually used after 5Y7 days of
culture, when confluency and maximal polarity had been
reached. Uptake experiments were initiated by the addition
of fresh HBSS containing 3.5 mM TAX or TAX-2¶-Et.
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Verapamil (final concentration, 200 mM) and probenecid
(final concentration, 250 mM) were also added to the
SKOV3/TAX60 and HepG2 cells, respectively. After 1-h
incubation, cells were immediately washed twice with ice-
cold phosphate-buffered saline (PBS). Cells were
deproteinized with methanol and harvested with a cell
scraper. All cell suspensions were disrupted by sonication for
20 s; the resulting solutions were centrifuged at 19,000 rpm for
20 min. An aliquot (1.3 ml) of each supernatant was
evaporated under reduced pressure. The residue was
reconstituted in 35 mM ammonium acetate buffer (pH 5.0)
containing medazepam, an internal standard. TAX and TAX-
2¶-Et were extracted in diethyl ether. After removal of the
organic phase, the residue was dissolved in the mobile phase

used for the HPLC assay. The reconstituted solutions were
injected onto a HPLC column for analysis.

Western Blotting

For Western blot analysis of P-gp and multidrug
resistance protein (MRP) 2, the five cells grown in 100-mm
dishes were lysed in 300 ml of a buffer containing 1% Triton
X-100 and 20 mM TrisYHCl (pH 7.6) supplemented with a
cocktail of protease inhibitors (Sigma, USA), 1 mM phenyl-
methylsulfonyl fluoride and 1 M ethylenediamine-N,N,N¶,N¶-
tetraacetic acid salts. Equal amounts (50 mg) of proteins in
cell lysates were electrophoresed on gels of SuperSepti
5Y20% (Wako Pure Chemicals Co., Ltd., Osaka, Japan).

Fig. 2. Transepithelial flux of TAX (a, b) and TAX-2¶-Et (c, d) across Caco-2 cell monolayers in a transwell system. Cells were incubated in

the absence (open square, open triangle) and presence (filled square, filled triangle) of verapamil. a and c Apical-to-basolateral flux. b and d
Basolateral-to-apical flux. The results are given with standard deviation (n=3Y4).
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Proteins were transferred onto polyvinylidene difluoride
membranes. Blots were probed for 1 h with a 1:25 dilution
of a monoclonal mouse anti-P-gp antibody, clone C219
(Signet Pathology Systems, Inc., Dedham, Massachusetts,
USA) or 1:50 dilution of monoclonal mouse antibody to
human MRP2 (M2III-6, Alexis Biochemicals, Nottingham,
UK). Membranes were washed in TBST [25 mM TrisYHCl
(pH 7.5), 150 mM NaCl and 0.1% Tween 20], containing 1%
non-fat dry milk and incubated with a 1:2,000 dilution of
horseradish peroxidase-conjugated anti-mouse secondary
antibody (Amersham Biosciences, Buckingham, UK) for 1
h. After three washes with TBST, bound antibody was
detected by enhanced chemiluminescence (ECL plus, Amer-
sham Biosciences, Buckingham, UK) and visualized on X-ray
film.

Western blot analysis for Ra-CES was also performed
according to the procedure described above. Total cell
extracts were prepared from KOC-7c cells or pHGCX-Ra-
CES transfected KOC-7c cells. Fifty micrograms of proteins
for each samples were electrophoresed, and electroblotted
onto polyvinylidene difluoride membranes. The membranes
were hybridized with a 1:1,000 dilution of a monoclonal
mouse ANTI-FLAG M2 antibody (Sigma, USA). After the

addition of anti-mouse IgG (BIOSOURCE, CA, USA), the
membranes were detected with the ECL system.

Growth Inhibitory Effects

Untransfected (1�104 cells/well) or transfected (2�104

cells/well) SKOV3 cells were plated in 96 well plates and
incubated for 24 h. After two washes with PBS, untransfected
SKOV3 cells were incubated in solutions containing TAX or
TAX-2¶-Et at concentrations ranging from 0.5 to 3,500 nM.
Transfected cells were incubated in Tet-off medium for 48
h to induce the expression of functional CES before
treatment with the drug solutions. After 72 h, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) (2 mg/ml) solution was added to each well for an
additional 3 h. After removal of the medium, DMSO was
added to each well to dissolve the formazan crystals. We
measured the optical density at 570 nm using the microplate
reader.

The sensitivity of the transient transfected and untrans-
fected KOC-7c cells to TAX or TAX-2¶-Et was evaluated
using the CellTiter 96R AQueous One Solution Cell
Proliferation Assay kit (Promega Co., WI, USA). Twenty-

Fig. 3. Uptake of TAX and TAX-2¶-Et into TAX-resistant SKOV3 and MRP2-expressing HepG2 cells. (a) Western blotting of P-gp and

MRP2 expression in Caco-2, SKOV3, SKOV3/TAX60, KOC-7c and HepG2 cells. (b) SKOV3 and SKOV3/TAX60 cells were exposed for 1

h to 3.5 mM TAX (filled columns) or TAX-2¶-Et (open columns) in the absence or presence of verapamil (200 mM). The results are given with

standard deviation (n=3). *p<0.01, in comparison to TAX uptake after TAX exposure of SKOV3/TAX60 cells. (c) HepG2 cells were exposed

for 1 h to 3.5 mM TAX (filled columns) or TAX-2¶-Et (open columns) in the absence or presence of probenecid (250 mM), respectively. The

results are given with standard deviation (n=3Y4). *p<0.01, in comparison to TAX uptake after TAX exposure of HepG2 cells.
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four hours after transfection with pHGCX or pHGCX-Ra-
CES, KOC-7c cells were trypsinized and, then seeded on 96
well collagen I coated plates at a density of 5�104 cells. On
the next day, cells were exposed to TAX or TAX-2¶-Et at
concentrations ranging from 7.5 to 6,000 nM. After a 72
h incubation, an MTT solution was added to each well as
specified by the manufacturer.

Conversion to TAX in Ra-CES-Transfected KOC-7c Cells

After transfection of pHGCX-Ra-CES, KOC-7c cells
were cultured in growth medium containing 100 nM TAX-2¶-
Et. We also monitored TAX accumulation in exposure of
parental cells to TAX (100 nM). At the designated times (24
and 48 h), the cells were rinsed twice with ice-cold PBS. Cells
were deproteinized with methanol and harvested with a cell
scraper. The subsequent procedures were described in the
experimental section of cell uptake. There was no change in
the viability of the cells in the presence of TAX or TAX-2¶-
Et, and the percentage of trypan blue-stained cells was less
than 5%.

Quantitation of TAX, TAX-2¶-Et and Rh123

TAX and TAX-2¶-Et were separated using a Cosmosil-
MS 5C8 column (5 mm, 4.6�250 mm, Nacalai Tesque Co.,
Kyoto, Japan). HPLC analysis was performed on a system
equipped with a Shimadzu SPD-10A, a UV detector, a
Shimadzu LC-10A pump and a Shimadzu C-R4A chromato-
pac integrator. Detection was performed at 230 nm. A mobile
phase of acetonitrile and 35 mM ammonium acetate buffer
(pH 5.0) at a 1:1 (v/v) ratio was used at a flow rate of 1.0 ml/
min.

Rh123 levels were determined by fluorescence spectro-
photometry (Hitachi F4010, Tokyo, Japan). Following exci-

tation at 507 nm, detection was performed at an emission
wavelength of 529 nm.

Calculation and Statistical Analysis

Apparent permeability coefficients (Papp) were esti-
mated from the slope of the linear portion of the time course
of drug transport across the Caco-2 cell monolayers, as
follows:

Papp ¼ dQ=dtð Þ= AIC0ð Þ

where dQ/dt is the permeability rate, C0 is the initial
concentration of the solute in the donor chamber and A is
the surface area of the membrane.

Cytotoxicity was expressed as the concentration of
drug required to induce half of the maximal cell death
(EC50). EC50 values were determined from cell survival
plots using Prism software (GraphPad Software Inc., San
Diego, CA, USA). Comparison of the means determined
for two groups was performed using the unpaired Student_s
t-test.

RESULTS

Transport of TAX and TAX-2¶-Et across Caco-2
Cell Monolayers

Caco-2 cell monolayers were confirmed based on the
data that the secretory flux [from basolateral (BL) to apical
(AP)] of Rh123 was five-fold greater than the absorptive flux
(from AP to BL), implying that P-gp functions at the apical
membrane (data not shown). Polarized transport of TAX was

Fig. 4. Cytotoxicity of TAX and TAX-2¶-Et against TAX-sensitive SKOV3 cells. (a) Time-courses of p-nitrophenol produced in intracellular

suspensions from the transfected (filled circle) and untransfected cells (open circle) over a 48 h incubation in the Tet-off medium. The

enzymatic activity plateaued at 8 min. Data points were in duplicate. (b) The number of viable untransfected (open square, open triangle) and

carboxylesterase-transfected SKOV3 cells (filled square, filled triangle) was assessed by MTT assay following exposure to TAX (squares) or

TAX-2¶-Et (triangles). The results are given with standard deviation (n=4).
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also observed under the similar conditions (Fig. 2a and b). In
contrast, any differences in absorptive and secretory perme-
abilities of TAX-2¶-Et were not observed (Fig. 2c and d).
TAX-2¶-Et exhibited a two-fold higher Papp value in the
absorptive direction than TAX. The inhibitory effect of
verapamil, a selective P-gp inhibitor, on the transport of
both TAX and TAX-2¶-Et across Caco-2 cell monolayers was
also analyzed. The Papp values for TAX-2¶-Et remained
similar regardless of the presence or absence of verapamil,
showing average values closed to 1.8�10j6 cm/s in both the
absorptive and secretory directions. In contrast, the transport
of TAX was strongly affected by verapamil treatment (Fig.
2a and b). For TAX, the absorptive Papp values increased
from 0:97� 0:30� 10�6 to 2.4T0.4 cm/s, while the secretory
Papp decreased from 2:5� 0:6� 10�6 to 1.8T0.4 cm/s.

Cellular Uptake of TAX and TAX-2¶-Et

To elucidate contribution of P-gp to TAX-2¶-Et uptake,
we generated TAX-resistant SKOV3 cells (SKOV3/TAX60).
Long-term exposure of TAX-sensitive SKOV3 cells to TAX
induced the high expression levels of P-gp, but not MRP2
(Fig. 3a). The degree of P-gp expression in the SKOV3/
TAX60 cells was comparable to that seen in another TAX-
resistant KOC-7c cells. The SKOV3/TAX60 cells exhibited

significantly reduced TAX uptake over a 1 h period in
comparison to the TAX-sensitive SKOV3 cells (Fig. 3b).
The additional of verapamil enhanced the TAX uptake into
the SKOV3/TAX60 cells. In contrast, any differences in the
uptake of TAX-2¶-Et between the SKOV3/TAX60 cells and
the SKOV3 cells were not observed.

High levels of MRP2 were expressed in HepG2 cells
(Fig. 3a). The efflux of TAX-2¶-Et via MRP2 transporter was
studied in the presence or absence of probenecid (a inhibitor
of MRP1 and 2). TAX accumulation was sensitive to
probenecid (Fig. 3c). However, cellular amounts of TAX-2¶-
Et were not stimulated by probenecid.

Cytotoxicity and Conversion of TAX-2¶-Et

The expression of functional Ra-CES in the transfected
SKOV3 cells was evaluated using p-nitrophenyl acetate. The
transfected cells exhibited nine-fold higher CES activity than
the untransfected cells (Fig. 4a), indicating that the exoge-
nous Ra-CES functions properly in the transfected cells.
Higher concentrations of TAX-2¶-Et were required in
untransfected SKOV3 cells for growth inhibition (Fig. 4b).
The cytotoxicity of TAX-2¶-Et treatment (EC50, 121.3 nM)
was reduced 20-fold from that seen for TAX (EC50, 6.2 nM)
in the untransfected cells. In contrast, the induction of cell

Fig. 5. Ra-CES-transfected KOC-7c cells. (a) pHGCX vector. (b) pHGCX-Ra-CES vector. (c) Immunoblot analysis of Ra-CES expression in

KOC-7c cells. Fifty micrograms of the whole cell proteins of each preparation were electrophoresed. Lane 1, SKOV3 cells transfected with

pHGCX-Ra-CES using Tet-off system; lane 2, pHGCX-KOC-7c cells; lane 3, pHGCX-Ra-CES-transfected KOC-7c cells.
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death by TAX-2¶-Et was markedly enhanced in the Ra-CES-
transfected SKOV3 cells. In the Ra-CES-positive cells, the
EC50 value (2.5 nM) for TAX-2¶-Et was significantly lower
than that (10.6 nM) obtained for TAX.

Ra-CES expression was confirmed in transient pHGCX-
Ra-CES transfected KOC-7c cells by immunoblot analysis
(Fig. 5c). We further estimated cytotoxicity stimulated with
CES-mediated activation of TAX-2¶-Et in the transfected
cells (Fig. 6a). In untransfected KOC-7c cells, TAX expo-
sures gave a EC50 value of more than 6.0 mM, probably
responsible for high levels of P-gp but not MRP2. Transfec-
tion of the CES gene into the KOC-7c cells, however,
significantly enhanced TAX-2¶-Et cytotoxicity (EC50, 3.0
mM). To monitor TAX-2¶-Et activation relating to the
enhanced cytotoxicity, we periodically measured the intra-
cellular levels of TAX generated. Exposure to TAX-2¶-Et
produced significantly higher levels of intracellular TAX in
comparison with exposure to TAX (Fig. 6b).

DISCUSSION

A factor limiting intracellular accumulation of both
CPT-11 and its active metabolite SN38 is expression of some
adenosine triphosphate (ATP)-binding cassette drug trans-
porters [P-gp, MRP1, MRP2, MRP4 and breast cancer
resistance protein (BCRP)] (22Y26). To increase selectivity
of CPT-11 cytotoxicity, human and rabbit CES isoenzymes
are utilized in the chemotherapeutic treatment of colorectal

cancer (27). However, it has been reported that the ex-
pression of BCRP protects cells from CPT-11 toxicity, even
in the presence of high levels of Ra-CES that can efficiently
activate the drug (28). In contrast, TAX is not substantially
transported by BCRP (29). Therefore, we investigated
benefit effects of TAX-2¶-Et on cellular accumulation of
TAX mainly mediated by P-gp, and designed an GDEPT
strategy combining with TAX-2¶-Et to enhance treatment
potency of ovarian cancer.

Drug penetration and inhibition studies are often used to
analyze the interaction between a drug and P-gp in cultured
cell lines (30Y33). Of the various cell lines used, Caco-2 cells
have been widely accepted as a most useful in vitro model for
rapid screening of intestinal drug absorption including P-gp
dependent secretion processes (33,34). Verapamil did not
alter the permeabilities of TAX-2¶-Et in both the AP-to-BL
and the BL-to-AP directions (Fig. 2c and d). These data
indicate that, while TAX is efficiently exported from the cell
by P-gp transporter, the TAX-2¶-Et prodrug may escapes this
pathway or reduce interaction with P-gp. Huisman et al. (35)
have recently shown that human MRP2 transduced into a
dog renal epithelia cell line (MDCKII) efficiently trans-
ported TAX. Since Caco-2 cells are known to express some
exportable transporters including MRP isoforms (36), we
cannot exclude contribution of MRP2 in the TAX-2¶-Et
transport across Caco-2 cell monolayers. Therefore, we
confirmed the sensitivity of MRP2-negative and P-gp-
expressing cells (SKOV3/TAX60) to TAX-2¶-Et in the
presence of verapamil (Fig. 3b). The uptake data strongly

Fig. 6. Cytotoxicity of TAX and TAX-2¶-Et against P-gp-expressing KOC-7c cells. (a) The number of viable parental (filled circle, filled

triangle), pHGCX vector-transfected (inverted filled triangle), and pHGCX-Ra-CES vector-transfected KOC-7c (filled square) cells were

assessed by MTT assay. The closed triangles represent exposure to TAX, while the others three symbols represent treatment with TAX-2¶-Et.

The results are given with standard deviation (n=4). (b) TAX-2¶-Et activation was monitored after 24 and 48 h of exposure. Open columns

represent TAX uptake in the parental KOC-7c cells to TAX. Filled columns represent the concentration of TAX activated in Ra-CES-

expressing KOC-7c cells. The results are given with standard deviation (n=3). *p<0.01, in comparison to the concentration of TAX

internalized after the exposure of parental KOC-7c cells to TAX. **p<0.01, in comparison to the concentration of TAX generated by a 24

h exposure of transfected cells to TAX-2¶-Et.
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suggest that the oxycarbonylation of the free 2¶-OH group
within the TAX molecule provides the ability to circumvent
P-gp-associated multidrug resistance of TAX.

MRP2 transporter has a similar impact on chemotherapy
as P-gp and BCRP. In the Caco-2 cells used, MRP2
expression was not detectable (Fig. 3a). However, there
remains a question whether TAX-2¶-Et interacts with MRP2
like TAX. Cantz et al. (37) have reported that HepG2 cells
express high levels of MRP2 and MRP3 proteins under
standard culture conditions, but MRP1 protein is not
detected. We also found that MRP2 was highly expressed in
HepG2 cells (Fig. 3a). Further, Cui et al. showed that organic
anion transporters SLC21A6 (also termed OATP2, OATP-C,
or LST-1) and SLC21A8 (OATP8) proteins were not
detected in HepG2 cells (38). Therefore, our results suggest
that TAX-2¶-Et may be insensitive to MRP2 transporter.

Several TAX-2¶-carbonates, but not TAX-2¶-Et, are
hydrolyzed at the 2¶-position by nonspecific enzymes (17). It
is possible that non-specific conversion of TAX-2¶-Et over-
estimates the cytotoxicity of TAX produced by the Ra-CES
enzyme. TAX-2¶-Et was negligibly converted to TAX in
homogenates of P-gp-negative SKOV3 cells and P-gp-posi-
tive KOC-7c cells (less than 1% of dose) (data not shown).
We initially transfected Ra-CES into TAX-sensitive SKOV3
cells in order to exclude the effect of P-gp and MRP2 which
can transport TAX converted from TAX-2¶-Et. In the P-gp-
and MRP2-negative SKOV3 cells, the stable transfection
with a CES cDNA dramatically enhanced cytotoxicity of
TAX-2¶-Et (Fig. 4b), indicating that the exogenous Ra-CES
would be a candidate available for TAX-2¶-Et activation.
Subsequently, we observed TAX-2¶-Et activation in KOC-7c
cells which express high levels of P-gp, but not MRP2. The
KOC-7c cells are highly resistant to TAX, cisplatin and
etoposide (19). Certainly, TAX possessed a similar EC50

value for the cytotoxic effect as the value (6.7 mM) reported
by Itamochi et al. (19). In the KOC-7c cells transfected with
pHGCX-Ra-CES, the cytotoxic curve after exposure to
TAX-2¶-Et shifted to the left in comparison to that seen in
cells transfected with empty vector (Fig. 6a). In the Ra-CES-
expressing KOC-7c cells, we quantitatively clarified relation-
ship between the enhanced cytotoxicity and TAX-2¶-Et
conversion. TAX and TAX-2¶-Et were administered at a
concentration of 100 nM which induced no cell death at the
designed times (24 and 48 h). It is likely that TAX produced
is pumped out through P-gp transporter expressed in the Ra-
CES-expressing KOC-7c cells. Actually, the accumulated
intracellular TAX was available to induce a significantly
higher amount of cell death. We speculate that the higher
uptake of TAX-2¶-Et, providing a kind of temporary reser-
voir for TAX, may predominates over the efflux of intracel-
lular TAX via the P-gp transporter.

Since management of micrometastases disseminated in
peritoneal cavity is extremely important in ovarian cancer, we
are designing to evaluate a survival benefit and cytotoxicity of
TAX-2¶-Et in liver after intraperitoneal injection of TAX-2¶-
Et and CES-expressing vector. Intraperitoneal chemotherapy
of TAX provides the ability to deliver high concentrations
directly to the peritoneal space in women with advanced
ovarian cancer (39), however, it cannot avoid systemic
toxicity of TAX (39). If TAX-2¶-Et absorbed from peritoneal
cavity is not greatly activated by CES isoenzymes in liver,

TAX produced may not induce severe side effects compared
to intravenous injection of TAX-2¶-Et. Therefore, we must
clear systemic toxicity induced by TAX-2¶-Et and/or TAX
produced, when our GDEPT strategy is applied in in vivo.

Multiple forms of CESs are identified in several
mammalian species. CPT-11 is converted to SN38 by a
human intestinal CES, human liver CESs (called hCE1 and
hCE2) and Ra-CES used presently (40). hCE2 is 64 times
more efficient in CPT-11 conversion than hCE1 (41). The
Ra-CES is more efficient than hCE1 (27). The Ra-CES is
highly homologous to a previously cloned human CES (20)
and can efficiently activate CPT-11 (28). While CES isoforms
responsible for TAX-2¶-Et conversion have not been identi-
fied in human and rabbit yet. Therefore, we utilized Ra-CES
capable of activating TAX-2¶-Et to evaluate enhanced
cytotoxicity in our GDEPT strategy. The efficacy (approxi-
mately 30%) of transfection with the pHGCX-Ra-CES
vector using the lipofectin system was low in the P-gp-
positive KOC-7c cells (Fig. 5c). The effectiveness of this
approach is apparently limited by insufficient transfection of
tumor cells both in vitro and in vivo. To improve the
effectiveness of the present GDEPT system, we are prepar-
ing HSV amplicon Ra-CES vectors, which may increase the
transfection efficiency. Simultaneously, we will develop a
GDEPT strategy utilizing human CES isoforms in order to
impose minimal immunogenic risks in clinical trials.

Herpes simplex virus thymidine kinase (HSV-TK)/gan-
ciclovir system induces cytotoxicity in neighboring HSV-TK-
negative (bystander) cells (42). In vivo, immune system may
play a role in bystander cell killing. However, induction of an
immune response cannot account for bystander cytotoxicity
in vitro. In the SKOV3/TAX60 cells, the EC50 value for TAX
was 3.6 mM, but TAX-2¶-Et did not induce any cytotoxicity
even at a concentration of 5 mM. The Ra-CES-transfected
SKOV3 cells were co-cultured in various ratio with the P-gp-
expressing SKOV3/TAX60 cells in media containing TAX-2¶-
Et. When only 10% of 4�103 cells (total of transfected and
untransfected cells) was the Ra-CES transfected SKOV3
cells, we observed 15% of growth suppression after a 72 h
incubation with 5 mM of TAX-2¶-Et. Subsequently, the
SKOV3/TAX60 cells were incubated with the same
supernatant collected as described above, showing about
10% of growth inhibition. The value was similar to the
cytotoxicity data (7.5%) after a 72-h exposure of the
SKOV3/TAX60 cells to 1.5 mM TAX at which the Ra-CES-
transfected SKOV3 cells showed 45% of growth inhibition. In
this experiment, we could not find out apparently bystander
effect like HSV-TK/ganciclovir system. However, extra-
cellular TAX produced appears to induce the cytotoxicity in
the neighboring cells.

In conclusion, we provide evidence that TAX-2¶-Et is
able to circumvent P-gp-associated multidrug resistance. The
higher cellular uptake efficiency of TAX-2¶-Et, which can be
converted intracellularly into TAX by Ra-CES, may be
beneficial in the GDEPT for cancer cells expressing high
levels of P-gp.
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