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Recent studies have shown that genetically engineered stem cells
(GESTECs) to produce suicide enzymes that convert non-toxic pro-
drugs to toxic metabolites selectively migrate toward tumor sites
and reduce tumor growth. In the present study, we evaluated
whether these GESTECs were capable of migrating to human ovar-
ian cancer cells and examined the potential therapeutic efficacy of
the gene-directed enzyme prodrug therapy against ovarian cancer
cells in vitro. The expression of cytosine deaminase (CD) or car-
boxyl esterase (CE) mRNA of GESTECs was confirmed by RT-PCR. A
modified transwell migration assay was performed to determine
the migratory capacity of GESTECs to ovarian cancer cells. GESTECs
(HB1.F3.CD or HB1.F3.CE cells) engineered to express a suicide
gene (CD or CE) selectively migrated toward ovarian cancer cells. A
[3H] thymidine incorporation assay was conducted to measure the
proliferative index. Treatment of human epithelial ovarian cancer
cell line (SKOV-3, an ovarian adenocarcinoma derived from the
ascites of an ovarian cancer patient) with the prodrugs 5-fluoro-
cytosine (5-FC) or camptothecin-11 (CPT-11) in the presence of
HB1.F3.CD or HB1.F3.CE cells resulted in the inhibition of ovarian
cancer cell growth. Based on the data presented herein, we sug-
gest that GESTECs expressing CD ⁄ CE may have a potent advantage
to selectively treat ovarian cancers. (Cancer Sci 2010; 101: 955–962)

O varian malignancies have a significant impact upon
women’s health, but the mechanism(s) of the transforma-

tion of health cells into cancerous cells and the development of
these lethal cancers remain unclear. In order to enhance the
effectiveness of therapeutics for treating ovarian cancers, novel
strategies are required.(1,2)

Since gene ⁄ prodrug systems can be designed to more selec-
tively target tumor cells than normal cells,(3,4) the application of
enzyme ⁄ prodrug systems to minimize side-effects has received
much attention. The cytosine deaminase (CD) ⁄ 5-fluorocytosine
(5-FC) system,(5–9) one of the gene-directed enzyme ⁄ prodrug
therapies (GEPT), metabolically converts nontoxic 5-FC into
the toxic metabolite 5-fluorouracil (5-FU)(10,11) and inhibits
DNA synthesis in cancer cells.(12,13) The CD ⁄ 5-FC GEPT sys-
tem has been applied to several types of cancers, including clini-
cal trials for colorectal and prostate cancers.(14–16) In addition,
CPT-11, which is hydrolyzed to a topoisomerase 1 inhibitor
(SN-38) by carboxyl esterase (CE), has been administered to
cancer patients, including colorectal cancer patients, for dec-
ades.(17,18) The application of the prodrug seems to reduce the
toxicity in normal tissues, but there are potential problems with
exogenous enzyme delivery in targeting tumor cells selectively.

Stem cells have recently received a great deal of attention for
their clinical and therapeutic potential to treat human cancers.
doi: 10.1111/j.1349-7006.2009.01485.x
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For instance, neural stem cells (NSCs) may have great tropic
and therapeutic potential for human malignant tumors such
as medulloblastomas and gliomas,(19–21) suggesting that
enzyme ⁄ prodrug therapy using NSCs can be a potent delivery
system to target and eradicate tumor cells specifically following
systemic prodrug administration. HB1.F3, a new cell line of
human NSCs immortalized using a retroviral vector carrying
v-myc, has been generated from fetal telencephalon cells.(22)

This clonally isolated, multipotent human NSC line has the abil-
ity to self-renew, and differentiate into cells of neuronal and
glial lineages both in vivo and in vitro.(23) In addition to the ther-
apeutic potential of these NSCs to treat brain disorders, their
inherent migratory and tumor-tropic properties represent a novel
and potentially powerful approach for the treatment of invasive
tumors. As a delivery vehicle to target tumor cells and dissemi-
nate therapeutic gene products throughout tumor sites, these
therapeutic NSCs may solve major obstacles facing current gene
therapy strategies by selectively infiltrating tumor masses.
Human NSCs generated from a single clone can be engineered
to stably express a therapeutic suicide gene, i.e., CD or CE, to
activate the prodrugs 5-FC or CPT-11, respectively, because
they are homogeneous and can be expanded to large numbers
in vitro. HB1.F3 cells, the parental cell line of HB1.F3.CD cells,
migrate to subcutaneous xenografts of diverse solid tumors,
including prostate, breast, melanoma, glioma, and neuroblas-
toma, indicating that these cell lines do not possess a tissue-spe-
cific homing tendency, but could be useful therapeutically due
to their tendency to migrate to tumor tissues in general.(20) In
this study, we investigated whether GESTECs have significant
migrating capacity to selectively target human ovarian cancers,
as well as the therapeutic value of a suicide ⁄ prodrug system in
ovarian cancer therapy.

Materials and Methods

Cell culture. The human epithelial ovarian cancer cell line
SKOV-3, the mouse embryonic fibroblast cell line NIH 3T3, the
breast cancer cell line MCF-7, and the human endometrial carci-
noma cell line Hec 1A were purchased from ATCC (American
Type Cell Culture, Manassas, VA, USA) and cultured in
DMEM ⁄ F12 (Sigma-Aldrich Corp., St. Louis, MO, USA) sup-
plemented with 10% FBS (Hyclone, Logan, UT, USA),
100 U ⁄ mL penicillin G, and 100 lg ⁄ mL streptomycin (Life
Technologies, Inc., Rockville, MD, USA) at 37�C in a humidi-
fied atmosphere of 5% CO2-95% air. Non-tumorigenic SV40
Tag-immortalized ovarian surface epithelium-derived cell line
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(IOSE-80) was cultured in the same condition as described
above. Cells were trypsinized with 0.06% trypsin
(1:250) ⁄ 0.01% EDTA (Life Technologies, Inc.) in Mg2+ ⁄ Ca2+-
free HBSS.

HB1.F3, immortalized human NSCs derived from human
fetal telencephalon at 15 weeks of gestation by introducing a
retroviral vector encoding v-myc,(22,24) HB1.F3.CD cells pro-
ducing Escherichia coli CD, and HB1.F3.CE cells producing
rabbit CE were cultured as described above and used in the pres-
ent study.(20,21)

RNA extraction and reverse transcription-polymerase chain
reaction. Total RNA extracts were prepared using the TriZol
Reagent (Invitrogen Life Technologies Carlsbad, CA, USA) and
reverse transcribed from 2.5 ng of total RNA into cDNA using
the First-Strand cDNA Synthesis Kit (Amersham Pharmacia
Biotech Inc., Oakville, ON, USA) following the manufacturer’s
protocols. PCR was conducted to amplify the bacterial CD gene
by touchdown PCR with the following primer sequences based
on the published sequence of the gene.(21) The rabbit CE and the
human CE genes were amplified by touchdown PCR using pri-
mer sequences described in Table 1. Human glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and human actin was used
to confirm equal loading. The PCR amplification for chemo-
attractant factors (ligands and receptors) and actin, a positive
control, was performed for 27 cycles. The sense ⁄ antisense prim-
ers and the predicted sizes of the PCR products are presented in
Table 1 and have been described previously.(21)

Cell growth assay. Cell proliferation was monitored by
[3H]thymidine incorporation, as previously described.(25) To
Table 1. The oligonucleotide sequences of the primers used in this

study and the predicted sizes of the PCR products

mRNA Oligo-sequences (5¢–3¢)
Expected

size (bp)

CD

Sense GCGCGAGTCACCGCCAGCCACACCACGGC 559

Antisense GTTTGTAATCGATGGCTTCTGGCTGC

CE (rabbit)

Sense TGCTGGGCTATCCACTCTCT 237

Antisense CTCCAGCATCTCTGTGGTGA

CE (human)

Sense CACTCCTGCTGACTTGACCA 182

Antisense CATCC CCTGT GCTGA AGAAT

SCF

Sense ACTTGGATTCTCACTTGCATTT 505

Antisense CTTTCTCAGGACTTAATGTTGAAG

c-Kit

Sense GCCCACAATAGATTGGTATTT 570

Antisense AGCATCTTTACAGCGACAGTC

CXCR4

Sense CTCTCCAAAGGAAAGCGAGGTGGACAT 558

Antisense AGACTGTACACTGTAGGTGCTGAAATCA

VEGF

Sense AAGCCATCCTGTGTGCCCCTGATG 377

Antisense GCTCCTTCCTCCTGCCCGGCTCAC

VEGFR2

Sense ACGCTGACATGTACGGTCTAT 438

Antisense GCCAAGCTTGTACCATGTGAG

GAPDH

Sense ATGTTCGTCATGGGTGTGAACCA 351

Antisense TGGCA GGTTT TTCTA GACGG CAG

Actin

Sense GCCCAGAGCAAGAGAGGCAT 509

Antisense GGCCATCTCTTGCTCGAAGT

956
investigate the effect of 5-FC and 5-FU in ovarian cancer cells,
cells were seeded in 24-well plates and cultured in 0.5 mL med-
ium with 10% FBS. After a 24 h preincubation, HB1.F3.CD
cells were added to the cultures in medium containing 10% FBS
and incubated for 24 h before treatment with 5-FC or 5-FU. On
the day of treatment, 5-FC and 5-FU were diluted appropriately
with medium and the cells were treated for 4 days, as described
previously.(21) To investigate the effect of CPT-11 and SN-38
on ovarian cancer cells, HB1.F3.CE cells in medium containing
10% FBS were incubated with SKOV-3 cells for 24 h. The cells
were then treated CPT-11 or SN-38 for 24 h. Following the drug
treatment, cells were then incubated with medium containing
1 lCi [3H]thymidine (0.5 Ci ⁄ mmol; Amersham Pharmacia Bio-
tech Inc.) for 16 h. The cells were washed three times with PBS
and precipitated with 0.5 mL 10% trichloroacetic acid for
20 min at 4�C. The precipitate was washed in methanol twice
and solubilized in 0.5 mL 0.1 N NaOH. The radioactivity was
measured using a Tri-Carb Liquid Scintillation Analyzer (Model
2100TR; Packard Instrument Com., Meriden, CT, USA).

In vitro migration assay. To investigate whether GESTECs
are capable of migrating to ovarian cancer cells, SKOV-3 cells
(1 · 106) were plated in 100-mm dishes and incubated for
24 h. The medium was changed to serum-free medium and
incubated for 24 h to prepare conditioned medium, which was
added to 24-well plates coated with fibronectin (250 lg ⁄ mL;
Sigma-Aldrich Corp., St. Louis, MO, USA) and incubated
overnight. Transwell plates (8 lm; Falcon; Becton Dickinson,
Franklin Lakes, NJ, USA) were placed in the 24-well plates
and HB1.F3.CD or CE cells were plated in the upper cham-
bers of the transwell plates and cultured for 24 h. The upper
side of the transwell membrane was then scraped off to
remove cells that had not migrated into the membrane, and
immersed in pre-cooled ()20�C) methanol for 20 min. To
visualize cells in the membrane, the inserts were placed in
0.2% crystal-violet (Sigma-Aldrich Corp.) dissolved in 2%
methanol for 10 min at 37�C. The membranes were then rap-
idly washed three times with distilled water and examined
microscopically.

HB1.F3.CE cells were labeled with CM-DiI (chloromethyl-
benzamido-1,1¢-dioctadecyl-3,3,3¢-tetramethylindocarbocyanine
perchlorate, Invitrogen, Burlington, ON) according to the manu-
facturer’s suggested procedure. Sterilized cover glasses were
placed in 24-well plates (Falcon; Becton Dickinson) and seeded
with SKOV-3 cells at a density of 1 · 104 cells and cultured for
24 h. The cells were treated with CPT-11 for 24 h and stained
by adding DAPI (4¢,6-diamidino-2-phenylindole, Invitrogen,
Burlington, ON, USA). The cells stained with CM-DiI and
DAPI were examined by fluorescence microscopy.

Statistical analysis. The results of three independent experi-
ments are presented as the mean ± SD. Statistical analysis was
performed by one-way ANOVA followed by Dunnett’s or Tukey’s
multiple comparison test. P < 0.05 was considered statistically
significant.

Results

Identification of CD ⁄ CE in HB1.F3.CD ⁄ CE cells. The expression
of CD was confirmed by RT-PCR. The predicted PCR product
of the CD mRNA was detected at 559 bp. As demonstrated in
Figure 1a, the CD mRNA was detected in HB1.F3.CD, but not
in HB1.F3 cells, indicating that HB1.F3.CD cells express the
CD gene, enabling these cells to activate a prodrug (5-FC) to the
active form (5-FU). In addition, the expression of rabbit CE
mRNA in HB1.F3.CE cells was confirmed by touchdown RT-
PCR. HB1.F3 and SKOV-3 cells were used as negative controls.
The predicted PCR product of the CE mRNA was detected at
237 bp in HB1.F3.CE cells, but not in the parental HB1.F3 cells
or in SKOV-3 cells (Fig. 1b).
doi: 10.1111/j.1349-7006.2009.01485.x
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(a)

(b)

Fig. 1. Transcriptional expression of a bacterial CD gene in HB1.F3.CD
cells and a rabbit CE gene in HB1.F3.CE cells. The predicted 559 bp
(CD) and 237 bp (CE) PCR products of the CD and CE genes were
obtained by touchdown PCR. HB1.F3 CE cells. HB1. F3 and SKOV-3
cells were prepared as described in Materials and Methods. (a) The
expression of bacterial CD mRNA was confirmed in HB1.F3.CD cells.
The HB1.F3 cells were used as negative control. (b) The expression of
transfected rabbit CE mRNA was confirmed in HB1.F3 CE cells, but not
in HB1. F3 and SKOV-3 cells. GAPDH and actin were used as controls.
Mw, Molecular weight standards.
In vitro migration assay. A modified transwell migration
assay was performed to measure the capacity of GESTECs to
migrate toward ovarian cancer cells. Conditioned medium from
SKOV-3 cells significantly increased cell migration of
HB1.F3.CD and HB1.F3.CE, compared to that of NIH 3T3 cells
(Fig. 2a). The number of cells which migrated toward ovarian
cancer cell conditioned medium was quantified and analyzed in
Figure 2b. Furthermore, the migrated cell number of GESTECs
was compared to that of IOSE to determine that GESTECs have
no migratory ability towards non-tumorigenic ovarian cells.
HB1.F3.CD cells significantly migrated to conditioned medium
derived from SKOV-3 cells, compared to the number of cell
migrated to IOSE (Fig. 2c). We counted the number of migrated
NIH3T3 cells in order to determine that only stem cells migrate
toward ovarian cancer cells. The migrated cell number were
counted and described in Figure 2d.

This result indicates that the conditioned medium from the
ovarian cancer cells may contain chemo-attractant factors which
accelerate the migration of the GESTECs HB1.F3.CD and
HB1.F3.CE, thus enhancing the delivery of a therapeutic
enzyme to human tumors in situ. To examine whether these
ovarian cancer cells express chemo-attractant factors, the
expression of several chemo-attractant ligands and their associ-
ated receptors was examined in SKOV-3 cells by RT-PCR. As
seen in Figure 2e, chemo-attractant ligands and receptors, i.e.,
SDF-1 ⁄ CXCR4, SCF ⁄ c-Kit, and VEGF ⁄ VEGFR2, were
strongly expressed in human ovarian cancer cells (SKOV-3).
Kim et al.
Thus, these chemo-attractant molecules and their respective
receptors may play a role in the tumor-tropic effects of GES-
TECs.

Effect of 5-FC ⁄ 5-FU on ovarian cancer cells and GESTECs. To
determine the effect of 5-FC and 5-FU on ovarian cancer cells,
SKOV-3 cells (2 · 104) were seeded and treated with 5-FC at
increasing concentrations (1, 10, and 100 lg ⁄ mL), and the pro-
liferative index was measured using a thymidine incorporation
assay. Treatment with 5-FC for 4 days did not alter cell growth
of SKOV-3 cells at the doses used, compared to untreated con-
trols (Fig. 3a). We also examined the cytotoxic effect of 5-FC (a
prodrug) on HB1.F3 and HB1.F3.CD cells. Treatment with 5-
FC induced a significant reduction in cell growth in HB1.F3.CD
cells, but not in HB1.F3 cells, compared to untreated controls
(Fig. 3a). To confirm the cytotoxic effects of the active drug in
SKOV-3 cells, cells were treated with 5-FU (the active form),
which resulted in a significant decrease of cell proliferation of
SKOV-3 cells (Fig. 3b).

To investigate whether treatment with 5-FC induces anti-pro-
liferative effects in ovarian cancer cells cultured in the presence
of HB1.F3.CD cells, SKOV-3 cells (5 · 103) were co-cultured
with different numbers of HB1.F3.CD cells and treated with 5-
FC (10 and 100 lg ⁄ mL). Treatment with 5-FC (100 lg ⁄ mL)
appeared to decrease cell growth of SKOV-3 cells in the pres-
ence of a high density of HB1.F3.CD cells (Fig. 3c). To confirm
the cell growth inhibition, cell numbers were counted following
5-FC treatment. Treatment with 5-FC resulted in a dose-depen-
dent inhibition of cell growth (Fig. 3d). These results demon-
strate that HB1.F3.CD cells induce cell growth inhibition of
ovarian cancer cells in the presence of a non-toxic prodrug, 5-
FC, following conversion of the prodrug to the 5-FU active
form.

Effect of CPT-11 ⁄ SN-38 on ovarian cancer cells and
GESTECs. To determine the effect of CPT-11 and SN-38 on
ovarian cancer cells and GESTECs, cells were treated with
CPT-11 or SN-38 at low or high concentrations (1 and
100 lg ⁄ mL). The levels of proliferation of the CPT-11 ⁄ SN-38
treated groups are expressed as percent change relative to the
controls. Treatment with a low concentration of CPT-11
(1 lg ⁄ mL) for 24 h does not alter the proliferation of SKOV-3
cells compared to untreated controls (Fig. 4a), but treatment
with a high concentration of CPT-11 (100 lg ⁄ mL) decreased
cell proliferation. Treatment of HB1.F3.CE cells with a low con-
centration of CPT-11 (1 lg ⁄ mL) decreased proliferation com-
pared to untreated controls (Fig. 4b). However, treatment with
SN-38 suppressed cell proliferation at all concentrations in
SKOV-3, HB1.F3, and HB1.F3.CE cells. To investigate whether
co-culture of CE-producing GESTECs has an anti-proliferative
effect on ovarian cancer cells, SKOV-3 cells (1 · 104 cells per
well) were cultured with different numbers of HB1.F3.CE cells,
or HB1.F3 cells. Treatment of SKOV-3 cells with CPT-11 in the
presence of increasing numbers of HB1.F3.CE cells resulted in a
significant decrease of proliferation in an HB1.F3.CE cell
dependent manner (Fig. 4c).

To confirm the effect of CPT-11 on cell growth inhibition, the
percentages of HB1.F3.CE cell and SKOV-3 cell were examined
by CM-DiI staining following treatment with CPT-11.
HB1.F3.CE cells were labeled with CM-DiI, and then co-cul-
tured with SKOV-3 cells. Cells were treated with increasing
doses of CPT-11 and cell nuclei were stained with DAPI after
24 h. As seen in Figure 5a, the HB1.F3.CE cells stained with
CM-DiI were detected by fluorescence microscopy and the num-
bers of HB1.F3.CE and SKOV-3 cells were quantified. Treat-
ment with CPT-11 at concentrations of 1 lg ⁄ mL or 10 lg ⁄ mL
decreased the proliferation of both cell types (Fig. 5b). The
number of HB1.F3.CE cells was compared to that of SKOV-3
cells in order to determine the percentage of HB1.F3.CE and
SKOV-3 cells. No significant difference (P > 0.05) was seen in
Cancer Sci | April 2010 | vol. 101 | no. 4 | 957
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(a) (b)

(c)

(d)

(e)

Fig. 2. In vitro migration of HB1.F3.CD toward ovarian cancer cells. The migratory capacity was assessed by a modified transwell migration
assay. The 24 well plates were pre-coated with fibronectin and HB1.F3.CD or CE cells were added to the upper chamber of the insert after
placing the transwell chamber in conditioned medium. (a and c) The conditioned medium from SKOV-3, NIH 3T3, and IOSE-80 cells was placed
in the lower well of 24 well plates and HB1.F3.CD and CE cells (50 000 ⁄ 0.5 mL) were seeded in the upper well of the insert. The inserts were
collected and stained as previously described. (b and d) The numbers of cells migrating into the membrane were counted using a light
microscope (100·). Values are presented as the mean ± SD for three independent experiments. *P < 0.05 vs control. (e) Expression of factors
potentially involved in chemo-attractant or cell growth in cancers of the female reproductive tract. The PCR products of SCF, VEGF, VEGFR2,
CXCR4, and c-kit were obtained by RT-PCR. Values are the mean ± SD for three independent experiments. *P < 0.05 vs NIH 3T3 cells.
cell number for samples treated with CPT-11 versus samples
treated with vehicle (Fig. 5c).

Discussion

Recent studies have found that immortalized GESTECs have
advantages that may be useful for gene therapy and cell replace-
ment therapy approaches to the treatment of neurological
diseases and injuries.(23,26–31) These GESTECs selectively
migrate to brain tumors and reduced tumor growth both in vitro
and in vivo.(20,21) A previous study demonstrated that
HB1.F3.CD cells expressing the mRNA of E. coli CD respond
958
to the administration of 5-FC and did not show any toxicity in
an animal model.(21) A recent study also reported that CE-pro-
ducing NSCs (HB1.F3.CE cells), which convert the prodrug
CPT-11 to SN-38 selectively migrate to tumor cells and have a
therapeutic effect on brain tumors.(20)

The CD ⁄ 5-FC derived GEPT system has been tested for
therapy of some types of cancers, including breast, prostate, and
colon,(9,16,32) but the effect of GESTECs on many other types
of cancer cells remains largely unknown. Thus, in this study,
we examined whether GESTECs expressing CD ⁄ CE can be a
used to selectively treat ovarian cancer. First, we confirmed
the expression of the bacterial CD ⁄ rabbit CE genes in
doi: 10.1111/j.1349-7006.2009.01485.x
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(b)

(c)

(d)

Fig. 3. Effect of 5-FC ⁄ 5-FU on cell proliferation. Proliferation levels at each concentration of 5-FC or 5-FU are expressed as relative fold change
compared to controls. (a) SKOV-3, HB1.F3, and HB1.F3.CD cells (2 · 104 cells per well) were placed in plates and treated with 5-FC at the
concentrations of 1, 10, or 100 lg ⁄ mL for 4 days. (b) SKOV-3 cells were treated with increasing concentrations of 5-FU (1, 5, or 10 lg ⁄ mL for
4 days). (c) SKOV-3 cells (5 · 103) were seeded in 24 well plates. Following incubation for 24 h, increasing numbers of HB1.F3.CD cells were
placed on top of inserts. After 24 h, the cells were treated with 5-FC at a concentration of 10 lg ⁄ mL or 100 lg ⁄ mL for 4 days. (d) HB1.F3.CD cells
(2 · 104 cells) cultured with SKOV-3 cells (5 · 103 cells) were treated with different concentrations of 5-FC (100 lg ⁄ mL or 200 lg ⁄ mL) for 4 days.
Values are the mean ± SD for three independent experiments. *P < 0.05 compared with a control.
HB1.F3.CD ⁄ CE cells, which can convert 5-FC to 5-FU or CPT-
11 to SN-38, respectively. We further performed a modified
transwell migration assay to examine whether these GESTECs
expressing CD ⁄ CE are capable of migrating to ovarian cancer
cells. The migration of these cells increased in SKOV-3 condi-
tioned medium compared to NIH 3T3 conditioned medium, sug-
gesting that these GESTECs likely respond to factors secreted
by ovarian cancer cells. These results are in agreement with a
previous report demonstrating that GESTECs migrate to brain
tumors in an animal model.(33) Additionally, HB1.F3 cells, the
parent cell line of the HB1.F3.CD ⁄ CE cell lines, migrate to sub-
cutaneous xenografts of diverse solid tumors, including prostate,
breast, melanoma, glioma, and neuroblastoma, indicating that
these cell lines do not possess a tissue-specific homing tendency,
but might be exploited for therapeutic use in treatment of many
types of cancer.(20) Although several factors, such as scatter fac-
tor (SCF; hepatocyte growth factor), stromal cell-derived factor-
1 (SDF-1), and vascular endothelial growth factor (VEGF), play
a chemo-attractive role(34–38) in tumor cells, the molecular
mechanism of the tumor-tropism of GESTECs is not clearly
understood. Thus, we further examined the expression of these
genes in ovarian and breast cancer cells and found that chemo-
attractant ligands and receptors, i.e., SCF ⁄ c-Kit, SDF-
1 ⁄ CXCR4, and VEGF ⁄ VEGFR2, were strongly expressed in
human ovarian cancer cells (SKOV-3), as well as breast (MCF-
7) and endometrial (HEC1A) cancer cells. Thus, these chemo-
attractant molecules and their respective receptors may play a
role in the tumor-tropic effects that enable GESTECs to selec-
tively deliver a suicide enzyme to the tumor. These factors also
play important roles in the biology of ovarian cancer.(39–41) A
further study is required to confirm the role of these genes in the
mechanism of tumor cell recognition and ⁄ or tumor tropism by
GESTECs.

Although 5-FU, a potent inhibitor of thymidylate synthe-
tase,(42) has been used in treatment of cancer patients over the
Kim et al.
past few decades, the systemic application of 5-FU in therapy
has been limited by its toxic effects, including myelosuppression
and stomatitis, that can occur prior to achieving a therapeutic
response. Therefore, the non-toxic metabolite 5-FC which is
converted to 5-FU by E. coli CD has received much attention in
the last few years.(21,43) In the present study, treatment with 5-
FC resulted in a decrease in cell growth with increasing numbers
of HB1.F3.CD cells in co-culture with SKOV-3, indicating that
the application of the CD ⁄ 5FC GEPT system may have potential
as a therapeutic application for the treatment of ovarian cancer.
Since an earlier report showed that a small number of CD-trans-
fected cells could induce anti-tumor effects through a bystander
effect,(44) we examined whether the number of GESTECs is
important in modulating proliferation of ovarian cancer cells.
Different numbers of GESTECs were co-cultured with SKOV-3
cells and treated with 5-FC at various doses. HB1.F3.CD cells
expressing CD gene decreased cell growth of the SKOV-3 cells
in the 1:4 ratios of SKOV-3 cells ⁄ HB1.F3.CD cells, suggesting
that the number of GESTECs in the enzyme ⁄ prodrug system
needs to taken into consideration, in order to maximize the ther-
apeutic benefit in a cancer therapy. To our knowledge, this is the
first report of GESTEC-induced anti-proliferation using a GEPT
system with ovarian cancer cells. On the other hand, treatment
with 5-FC at a higher dose resulted in a significant decrease in
SKOV-3 cell growth, suggesting a high dose of 5-FC treatment
can be associated with ovarian cancer cell-toxicity. Interest-
ingly, the same level of cell inhibition was not observed in the
co-culture of SKOV-3 cells and HB1.F3.CD cells. We have no
good explanation for this observation but this result shows that
the ovarian cancer cell and neural stem cell may have a recipro-
cal action and further research is required.

Although SN-38 and CPT-11 constitute the first- and second-
line therapies for metastatic colorectal cancer,(17) the direct
application of SN-38 can cause severe diarrhea and neutropenia
causing extreme suppression of the immune system.(18,45)
Cancer Sci | April 2010 | vol. 101 | no. 4 | 959
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(b)

(c)

Fig. 4. Effect of CPT-11 ⁄ SN-38 on cell proliferation. (a) SKOV-3 cells
were treated with CPT-11 or SN-38 at a concentration of 1 lg ⁄ mL or
100 lg ⁄ mL for 24 h. (b) HB1.F3.CE cells were treated with CPT-11.
Proliferation levels at each concentration of CPT-11 and SN-38 are
expressed as relative fold change. Values are the mean ± SD of two
independent experiments. *P < 0.05 compared CPT-11 controls;
**P < 0.05 compared SN-38 controls. (c) SKOV-3 cells were seeded in
24 well plates. Following incubation for 24 h, increasing numbers of
HB1.F3.CE cells were placed on the membrane of inserts. After 24 h,
the cells were treated with CPT-11 at a concentration of 1 lg ⁄ mL for
24 h. Values of (c) are presented as the mean ± SD of three
independent experiments. *P < 0.05 compared to controls.

(a)

(b)

(c)

Fig. 5. Effect of CPT-11 on the percentage of HB1.F3.CE and SKOV-3
cells. HB1.F3.CE cells were labeled with CM-DiI and co-cultured with
SKOV-3 cells at a density of 1 · 104 cells, respectively. (a) Cells were
treated with CPT-11 for 24 h in a dose-dependent manner and stained
with DAPI. CM-DiI-labeled HB1.F3.CE cells (red cells) are shown. (b)
The numbers of HB1.F3.CE and SKOV-3 cells were quantified and
presented. (c) The percentage of HB1.F3.CE and SKOV-3 in each
treatment group of cells is shown. Values are the mean ± SD for three
independent experiments. *P < 0.05 vs SKOV-3 cell controls;
**P < 0.05 vs HB1.F3.CE cell controls.
Treatment with CPT-11 at a lower concentration decreased cell
proliferation in HB1.F3.CE cells, but not in SKOV-3 cells.
However, treatment of SKOV-3 cells with CPT-11 at high con-
centrations decreased cell proliferation, suggesting that even the
prodrug CPT-11 may have toxic effects at high doses. More-
over, treatment with CPT-11 in SKOV-3 cells culture in the
presence of increasing numbers of HB1.F3.CE cells decreased
the proliferation and the number of HB1.F3.CE and SKOV-3
960
cells, indicating that NSCs transduced with the CE gene may
enable the ablation of ovarian cancer cells following CPT-11
administration. The CE approach for therapeutic effect seems to
be more promising than the CD approach because the CE
approach decreased proliferation with a lower HB1.F3.CE cell
number at a lower concentration of CPT-11 compared to that of
the CD approach. This result may help to explain why CPT-11
induced the cell inhibition of ovarian carcinoma cell lines (46,47)

and has been used as the second line therapy for ovarian can-
cers.(48,49)

To confirm the ‘‘bystander effect’’, in which not only the
vehicle cells transduced with the suicide gene but also the
doi: 10.1111/j.1349-7006.2009.01485.x
ªª 2010 Japanese Cancer Association



untransfected neighboring target cells are eradicated,(50,51) we
counted HB1.F3.CE and SKOV-3 cells, respectively, following
treatment with CPT-11. In this study, treatment with CPT-11
not only decreased the number of HB1.F3.CE cells but also
inhibited the growth of the untransfected neighboring ovarian
cancer cells. Previous studies have reported that immune
responses or apoptotic factors may be involved in GEPT
induced bystander effects,(52,53) and further approaches are
needed to clarify the mechanism of the GEPT-induced bystander
effect in ovarian cancer cells. In our previous studies using
neuroblastoma or intracranial medulloblastoma, CD ⁄ 5FC or
CE ⁄ CPT-11 GEPT system induced anti-tumor effect under
in vivo conditions.(20,21) A further in vivo study warranties to
evaluate the clinical potential of GEPT system for ovarian cancers.
Kim et al.
In summary, the results of this present study have shown that
GESTECs expressing CD ⁄ CE have a potent advantage of selec-
tive migration toward ovarian cancer cells. Moreover, this
GEPT system resulted in an anti-proliferative effect on ovarian
cancer cells, suggesting that these GESTECs expressing suicide
genes combined with application of prodrugs may have thera-
peutic potential to selectively treat ovarian cancers.
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