
www.transonc.com

Trans la t iona l Onco logy Volume 11 Number xx Month 2018 pp. 74–85 74
Cancer-Specific Inhibitory Effects
of Genetically Engineered Stem
Cells Expressing Cytosine
Deaminase and Interferon-β
Against Choriocarcinoma in
Xenografted Metastatic
Mouse Models
Gyu-Sik Kim*, Jae-Rim Heo*, Seung U. Kim† and
Kyung-Chul Choi*,‡

*Laboratory of Biochemistry and Immunology, College of
Veterinary Medicine, Chungbuk National University,
Cheongju, Chungbuk, Republic of Korea; †Department of
Medicine, Faculty of Medicine, University of British
Columbia, Vancouver, British Columbia, Canada; ‡Institute
of Life Science and Bio-Engineering, TheraCell Bio &
Science, Cheongju, Chungbuk, Republic of Korea
Abstract
Cancer treatments using stem cells expressing therapeutic genes have been identified for various types of
cancers. In this study, we investigated inhibitory effects of HB1.F3.CD and HB1.F3.CD.IFN-β cells expressing
Escherichia coli cytosine deaminase (CD) and human interferon-β (IFN-β) genes in intravenously (i.v.) injected mice
with ametastasismodel. In this treatment, pro-drug5-fluorocytosine (5-FC) is converted to cytotoxic drug5-fluorouracil
by hNSCs expressing the CD gene, which inhibits DNA synthesis in cancer cells. Moreover, IFN-β induces apoptosis
and reduces the growth of cancer cells. Upon MTT assay, proliferation of choriocarcinoma (JEG-3) cells decreased
when co-culturedwith hNSCs expressing CD and IFN-β genes. To confirm the cancer-tropic effect of these stem cells,
chemoattractant factors (VEGF, CXCR4, and C-kit) secreted from JEG-3 cells were identified by polymerase chain
reaction. hNSCs migrate toward JEG-3 cells due to ligand-receptor interactions of these factors. Accordingly, the
migration capability of hNSCs toward JEG-3 cells was confirmed using an in vitro Trans-well assay, in vivo
subcutaneously (s.c.) injected mice groups (xenograft model), and metastasis model. Intravenously injected hNSCs
migrated freely to other organs when compared to s.c. injected hNSCs. Thus, we confirmed the inhibition of lung and
ovarian metastasis of choriocarcinoma by i.v. injected HB1.F3.CD or HB1.F3.CD.IFN-β cells in the presence of 5-FC.
Treatment of these stem cells also increased the survival rates of mice. In conclusion, this study showed that
metastatic cancerwas diminished by genetically engineered hNSCs and noncytotoxic drug 5-FC. This is the first report
of the therapeutic potential of i.v. injected hNSCs in a metastasis model; therefore, the results indicate that this stem
cell therapy can be used as an alternative novel tool to treat metastatic choriocarcinoma.
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Introduction
Choriocarcinoma is a rare malignant gestational trophoblastic disease
that mainly occurs in women of reproductive age and is likely to
spread to other organs [1,2]. Choriocarcinoma can be divided into
gestational and nongestational choriocarcinoma. Gestational chorio-
carcinoma is mostly preceded by a hydatidiform mole and
spontaneous abortion. Rarely, nongestational choriocarcinoma occurs
in male gonadal organs [3]. Choriocarcinoma occurs about three to
nine times more often in Asia than in Europe and North America [4].
This form of cancer is known as a metastatic tumor that has a poor
clinical outcome when cancer cells are widely spread. Choriocarci-
noma cancer cells are metastasized through hematogenous routes to
the lungs, liver, brain, etc., although the most common site is the
lungs [1,3,5]. Most choriocarcinomas have a significant therapeutic
effect on chemotherapy. However, drugs commonly used for cancer
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treatment have barriers such as drug resistance and side effects [6].
Furthermore, metastasis to other organs reduces the curable rate of
chemotherapy [7]. Therefore, new strategies for the stable treatment
of metastatic choriocarcinoma are needed.
Gene therapy that selectively targets cancer cells is an alternative to

conventional therapies for effective treatment metastatic choriocarcinoma.
Gene-directed enzyme prodrug therapy (GDEPT) is a noble method of
cancer treatment that minimizes adverse effects [8]. This system selectively
targets cancer cells using the bystander effect of a suicide enzyme that
converts an inactive drug into an active one [9–11]. The representative
system of GDEPT is CD⁄5-FC therapy, in which 5-fluorocytosine (5-FC)
is converted to 5-fluorouracil (5-FU) byEscherichia coli cytosine deaminase
(CD). This leads to suppression of DNA synthesis and apoptosis in tumor
cells [12–15]. Interferon-β (IFN-β), a member of the type I interferons,
blocks cell cycle progression in the S-phase [16]. High concentrations of
IFN-β are known to inhibit viability of cancer cells in vitro but are limited
in vivo due to problems caused by excessive toxicity [13,17]. Thus, it is
necessary to identify efficientmethods of cancer treatment through various
vehicles for delivering therapeutic genes.
Human neural stem cells (hNSCs) are a suitable vehicle for cancer

therapy that conveys anticancer genes to cancer cells [18,19].
Intravenously (i.v.) injected hNSCs have been shown to be especially
effectively recruited to distant lesions [20]. Thus, we used
immortalized HB1.F3 NSCs acquired from the telencephalon of a
15-week-old fetus, and retroviral vectors encoding the v-myc gene to
immortalize HB1.F3 cells [21]. These cells were transduced to express
anticancer genes. There are two types of cells. HB1.F3.CD cells
expressed only CD gene, and HB1.F3.CD.IFN-β cells expressed both
CD and IFN-β genes. Unlike conventional chemotherapy, stem cell
therapy using these hNSCs can specifically diminish cancer cells
[19,22–24], indicating that hNSCs have cancer-specific migration
capability through interactions with various types of cancer cells that
secrete chemoattractant factors [25]. This is a potentially powerful
approach that can minimize the effects of drugs on normal tissues and
effectively suppress cancer proliferation [26]. Several previous studies
have reported that hNSCs expressing the therapeutic genes migrate to
the tumor and impede tumor growth [9,27–29].
In this study, we verified that genetically engineered human NSCs

are a potentially powerful approach to malignant choriocarcinoma
treatment. Among the choriocarcinoma cell lines, JEG-3 cells, which
have been shown to have high invasion ability, were used in the
experiments [30]. We identified the migration ability of hNSCs by
chemoattractant factors excreted from JEG-3 cells. Additionally, we
observed changes in cell proliferation by CD/5-FC and IFN-β genes
in the co-culture system of JEG-3 and hNSCs. Furthermore, we
confirmed that HB1.F3.CD and HB1.F3.CD.IFN-β cells effectively
diminished lung metastasis when i.v. injected in mice. Overall, we
demonstrated the therapeutic efficacy of i.v. injected hNSCs in a lung
metastasis mouse model for the first time.
Materials and Methods

Cell Culture and Media
Human placental choriocarcinoma cells (JEG-3) and normal

human pulmonary epithelial cells (L-132) were purchased from the
Korean Cell Line Bank (KCLB). L-132 cells were used as a control in
migration assay [31]. Three types of genetically engineered human
neural stem cells (hNSCs; HB1.F3, HB1.F3.CD, and HB1.F3.
CD.IFN-β) were provided by Dr. Seung U. Kim (University of
British Columbia) and used in this study. All cell lines were cultured
in Dulbecco's modified Eagle's medium (DMEM; Hyclone
Laboratories) supplemented with 10% (v/v) heat-inactivated fetal
bovine serum (FBS; Hyclone Laboratories), 10 U/ml penicillin and
100 μg/ml streptomycin (Cellgro Mediatech), 10 mM HEPES
(Invitrogen Life Technologies), and plasmocin as antimycoplasmal
agents (Invivogene) at 37°C under 5% CO2 and 95% air in a
humidified cell incubator. The cells were trypsinized with 0.05%
trypsin 0.02% EDTA (PAA Laboratories).

Reverse Transcription Polymerase Chain Reaction (PCR) Analysis
Total RNAs were isolated from HB1.F3.CD and HB1.F3.

CD.IFN-β cells with TriZol Reagent (Invitrogen Life Technologies),
after which M-MLV RT (iNtRON Biotechnology) was used for
reverse transcription from 1 μg of mRNA to cDNA according to the
manufacturer's protocols. Escherichia coli cytosine deaminase (CD)
and human interferon-β (IFN- β) genes were amplified from hNSCs
by PCR using each primer. In addition, chemoattractant factors
including vascular endothelial growth factor (VEGF), vascular
endothelial growth factor receptor (VEGFR), stromal cell–derived
factor 1α (SDF-1α), stem cell factor (SCF), C-X-C chemokine
receptor type 4 (CXCR4), and C-kit were amplified by PCR in JEG-3
and HB1.F3.CD.IFN-β cells. Human glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was the internal control of this experiment.
Samples were analyzed by electrophoresis on 1.5% agarose gel
containing NEOgreen (NEO Science).

Migration Assay
To investigate the migration ability of hNSCs to human placental

choriocarcinoma, a migration assay was performed using Trans-well
chambers (8.0 μmpore; BDBiosciences). JEG-3 (1 × 105 cells/well) and
L-132 (1 × 105) were seeded in a 24-well plate with 5% charcoal-dextran
treated FBS phenol free DMEM. After incubation at 37°C for 24 hours,
hNSCs (1 × 105 cells/well) were seeded in the upper chambers. The
membranes of the upper chambers were precoated with fibronectin (250
μg/ml; Sigma-Aldrich). After incubation at 37°C for 18 hours, cells in
the membrane were fixed with 3.7% formaldehyde solution (Sigma-Al-
drich) for 10 minutes and then permeabilized with 100% methanol
(Sigma-Aldrich) for 10minutes. To count the cells, the membranes were
dyed with crystal violet for 10 minutes. The migrated cells were then
identified with an IX-73 Inverted Microscope (Olympus) and counted
using the Cell Sense Dimension software (Olympus).

MTT Assay
JEG-3 cells (2000 cells/well) were seeded in 96-well plates to

measure the cell viability of human choriocarcinoma by 5-FC and
5-FU treatment. Cells were cultured in phenol-free DMEM
including 5% charcoal-dextran treated FBS, 1% HEPES, and 1%
penicillin G and streptomycin. After incubation at 37°C for 24 hours,
5-FC and 5-FU (100, 200, 300, 400, and 500 μg/ml) diluted in PBS
were treated for 3 days in wells containing JEG-3 cells. JEG-3 cells
(1000 or 2000 cells/well) and hNSCs (1000 or 2000 or 4000 cells/
well) were co-cultured to confirm the effects of hNSCs expressing CD
and the IFN- β gene. After 24 hours, various concentrations of 5-FC
(100, 200, 300, 400, and 500 μg/ml) diluted in PBS were treated for
3 days in wells. MTT solution (10 μl; 5 mg/ml) was added to all wells
to confirm JEG-3 cell viability. Following incubation at 37°C for 4
hours, supernatants were removed, and 100 μl of dimethyl sulfoxide
(99.0%) was added to all wells to solubilize formazan crystals. After
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Figure 1. Presence of CD and/or IFN-β genes in genetically engineered hNSCs was confirmed by PCR. Expression of therapeutic genes
was confirmed in HB1.F3.CD and HB1.F3.CD.IFN-β cells. cDNAs were amplified with PCR after total RNA extraction and cDNAs
synthesis. These PCR products were separated by electrophoresis gel and confirmed by LuminoGraph II. GAPDH (351 bp) was used as
the internal control for CD (559 bp) and IFN-β (296 bp) in each cell type.
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shaking for 10 minutes, the optical densities were measured at 540
nm using an Epoch Microplate Spectrophotometer (BioTek). All
assays were repeated at least three times.

Human Choriocarcinoma Xenograft and Metastasis Model in
Athymic Nude Mice

Athymic nude mice (4-week-old females) were purchased from
KOATECH. Experiments were conducted according to the protocol
approved by the Chungbuk National University Institutional Animal
Care and Use Committees (CBNUA-997-16-01). One week before
the experiment, mice were acclimatized to the environment (24°C,
12-hour light/dark cycle). To generate xenograft models, CMFDA
prestained JEG-3 cells (2 × 106 cells) in PBS were mixed with
Matrigel (BD Biosciences). Matrigel (100 μl) and PBS (100 μl) were
then mixed at a volume ratio of 1:1 and subcutaneously (s.c.) injected
into the backs of athymic nude mice (groups 2, 3, 4, and 5). The
volumes of JEG-3 tumor were measured daily using a caliper and
calculated by width × length × height × 0.5236 (mm3). To generate
metastasis models, JEG-3 cells were prestained with CMFDA and
detached using 0.05% trypsin-0.02% EDTA solution. JEG-3 cells (2 ×
106 cells) in PBS were injected i.v. into the tail vein (groups 6, 7, and 8).

In Vivo Therapeutic Effect of Genetically Engineered hNSCs
To identify the inhibitory effects of genetically engineered hNSCs in

mouse xenograft and metastasis models of choriocarcinoma, the mice
were divided into eight experimental groups. Group 1 was an untreated
negative control. Group 2 received only 5-FC (500 mg/kg/day) via
intraperitoneal injection. In groups 3, 4, and 5, when the tumor mass
reached 50 to 150 mm3, animals were s.c. injected with CM-DiI
prestained hNSCs (group 3,HB1.F3; groups 4,HB1.F3.CD; groups 5,
HB1.F3.CD.IFN-β) in the presence of 5-FC. One week after
intravenous injection of JEG-3, groups 6, 7, and 8 were i.v. injected
with CM-DiI prestained hNSCs (group 6,HB1.F3; groups 7,HB1.F3.
CD; groups 8,HB1.F3.CD.IFN-β) in the presence of 5-FC. This study
was conducted for 21 days after the first hNSCs treatment. Animals
were injectedwith hNSCs (2 × 106 cells) three times. Two days after the
first treatment with hNSCs, 5-FC was intraperitoneally injected for 3
days in groups 2, 3, 4, 5, 6, 7, and 8. The effects of hNSCs on survival
rate were measured for 50 to 60 days after the first JEG-3 injection. The
mice were euthanized after 50 (Metastasis model) or 60 (Xenograft
model) days of JEG-3 injection. After removing the tumors, lungs,
uteruses, ovaries and spleens, the weights of organs were recorded and
metastatic nodules were counted. Moreover, the metastatic area on the
lung surface was measured using the Cell Sense Dimension software
(Olympus), and graphs were drawn using Graphpad Prism (v5.0).

Ex Vivo Imaging
To confirm the migration ability of hNSCs in vivo, the lungs of

mice injected into the tail vein with JEG-3 were analyzed. At 21 days
after the first hNSCs injection, the mice were dissected and the lungs
were obtained. CMFDA prestained JEG-3 and CM-DiI prestained
hNSCs in groups 1, 6, 7, and 8 were then measured using a
fluorescence in vivo imaging system (NEO Science).

In Vivo Fluorescence Analysis
To confirm the distribution of JEG-3 and hNSCs, cells were prestained

with CMFDA or CM-DiI according to the manufacturer's protocols.
Tissue sections of the lungs and tumors on the slides were then hydrated
and fixed in 10% formalin, after which they were washed with PBS. After
washing, the slides were treated with DAPI solution (600 nM) at room
temperature, after which the tissue sections were mounted with cover
glasses and confirmed using an IX-73 Inverted Microscope (Olympus).

Data Analysis
All experiments were conducted at least three times to demonstrate

consistency of results. Statistical analyses of all results were performed
using Graphpad Prism (v5.0; Graphpad software). Data are presented
as the means ± standard error of the means. Two-way analysis of
variance followed by post hoc Dunnett's or Tukey's multiple
comparison tests for three-pair comparisons or Student's t tests for
pairwise comparisons was used for data analysis. P values b .05 were
considered statistically significant.



(A)

L-132

HB1.F3.CD.IFN-β
JEG-3

HB1.F3.CD

HB1.F3

L-132 JEG-3

L-132 JEG-3
(B)

VEGF C-kitCXCR4

426 bp 231 bp 570 bp351 bp

GAPDH

JEG-3

SCFVEGFR2 SDF-1α

143 bp 263 bp 152 bp351 bp

GAPDH

HB1.F3.
CD.IFN-β

(C)

(D)

Figure 2. Migration ability of hNSCs to JEG-3 in response to chemoattractant factors. (A) L-132 (human pulmonary epithelial cells) and
JEG-3 cells (1 × 105 cells/well) were seeded in the lower compartments of 24-well plates. hNSCs (1 × 105 cells/well) were also seeded in
the fibronectin (20 μg/ml) precoated upper compartments. Crystal violet staining was performed to identify migrated cells. (B) The
migration ratio of hNSCswas counted using the Cell Sense Dimension software. (C and D) Expression of chemoattractant factors in JEG-3
(C) and HB1.F3.CD.IFN-β cells (D) was confirmed by PCR.

Translational Oncology Vol. 11, No. xx, 2018 Effect of Therapeutic Stem Cells on Choriocarcinoma Kim et al. 77



78 Effect of Therapeutic Stem Cells on Choriocarcinoma Kim et al. Translational Oncology Vol. 11, No. xx, 2018
Results

Ascertainment of Therapeutic Gene Expression in Genetically
Engineered hNSCs

Expression of E. coli Cytosine deaminase (CD, 559 bp) and human
Interferon-β (IFN-β, 296 bp) genes in HB1.F3.CD and HB1.F3.
CD.IFN-β cells was ascertained by reverse transcription polymerase
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Figure 3. Inhibition of cell viability by genetically engineered hNSCs in
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D) JEG-3 (1 × 103 or 2 × 103 cells/well) and hNSCs (1 × 103, 2 × 103

with 5-FC for 3 days. (E) Microscopic analysis (×100) after 5-FC trea
was confirmed by MTT solution assay. Data are presented as the m
chain reaction (RT-PCR). HB1.F3.CD cells expressed the CD gene
and HB1.F3.CD.IFN-β cells expressed the CD and IFN-β genes as
shown in Figure 1. GAPDH (351 bp) was used as an internal control.

Specific Migration Ability of hNSCs Toward JEG-3 Cells
Migration of hNSCs was confirmed by migration assay. To
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Figure 4. Inhibition of tumor growth by genetically engineered hNSCs treatment in a xenograft model. To establish xenograft and
metastasis models, CMFDA prestained JEG-3 cells (2 × 106 cells) were s.c. and i.v. injected into female athymic nude mice. (A) One week
after injection of JEG-3 cells, CM-DiI prestained hNSCs (2 × 106 cells) were i.v. injected into a metastasis model. When tumor masses
reached 50 to 150 mm3, CM-DiI prestained hNSCs (2 × 106 cells) were injected s.c. near the tumor mass in the xenograft model. After 2
days, 5-FC (500mg/kg/day) was intraperitoneally injected every day. (B) Representative tumor images of JEG-3 cells xenografts. (C) Tumor
volumes of the mice were measured with a caliper for 21 days. Data are presented as the means ± the standard error of the mean. *P b
.05 versus 5-FC treatment alone.
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with crystal violet and observed under an IX-73 Inverted Microscope
(Figure 2A). The number of hNSCs that migrated to JEG-3 or
normal lung cells (L-132) was counted as a ratio using the Cell Sense
Dimension software (Figure 2B). RT-PCR was performed to identify
factors associated with cancer-specific migration. It is known that
hNSCs have the capability to migrate toward cancer via chemoat-
tractant factors. Therefore, expression of chemoattractant factors such
as SCF, C-kit, SDF-1α, CXCR4, VEGF, and VEGFR2 was
confirmed at the mRNA level. VEGFR2, SDF-1α, and SCF were
expressed in HB1.F3.CD.IFN-β cells (Figure 2C), while VEGF,
CXCR4, and C-kit were expressed in JEG-3 cells (Figure 2D). The
same analysis was performed on L-132 cells. As a result, the
expression of CXCR4 was confirmed, but the expression of
VEGF and C-kit could not be confirmed in L-132 cells (data
not shown).

Inhibitory Effects of CD and IFN-βGenes in the Presence of 5-FC
The inhibitory effects of 5-FC and 5-FU on choriocarcinoma were

confirmed by MTT assay. The viability of JEG-3 cells was not
affected by 5-FC treatment and was dramatically reduced by 5-FU
treatment (Figure 3, A and B). hNSCs and JEG-3 were co-cultured
with 5-FC to investigate the inhibitory effects of hNSCs expressing
CD and IFN-β genes. The viability of JEG-3 cells was significantly
decreased in the HB1.F3.CD and HB1.F3.CD.IFN-β groups, and
the synergistic effects of CD and IFN-β genes were confirmed as seen
in Figure 3, C and E. Moreover, the cell viability of JEG-3 decreased
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Figure 5. Fluorescence analysis of tumor sections extracted from s.c. injected mice. Tumors of mice injected with CM-DiI prestained
hNSCs were harvested. Tumors were fixed in 10% formalin solution and sectioned with a microtome. After DAPI counterstaining, tumor
sections were analyzed by fluorescence microscopy. DAPI (blue): nuclei of all cells, CM-DiI (red): hNSCs.

80 Effect of Therapeutic Stem Cells on Choriocarcinoma Kim et al. Translational Oncology Vol. 11, No. xx, 2018
as the number of HB1.F3.CD and HB1.F.3.CD.IFN-β increased
(Figure 3D).

Changes in Tumor Growth by Treatment of Genetically
Engineered hNSCs

To confirm the anticancer effects of hNSCs, xenograft and metastasis
models were established by the method shown in Figure 4A. During the
experiment, the volume of the tumors was periodically measured with a
caliper. In addition, the sizes of the extracted tumors were compared among
groups. The growth of tumor volume was inhibited in the groups injected
with HB1.F3.CD or HB1.F3.CD.IFN-β cells relative to the other groups
(Figure 4,B andC). To investigate the tumor-specific migration of hNSCs
in vivo, the extracted tumors were analyzed by fluorescence assay. CM-DiI
prestained hNSCs were s.c. injected three times into the backs of the mice
approximately 1 cmaway from the tumor.Tumor sections of themicewere
stained with DAPI staining solution, and fluorescence analysis was
performed to confirm the presence of hNSCs in the tumor mass. Red
fluorescence was detected in the tumor mass, indicating that the hNSCs
had migrated toward the tumor (Figure 5). Red fluorescence was not
observed in the 5-FC group, which received no hNSCs.

Inhibition of Lung Metastasis by Genetically Engineered hNSCs
To confirm the inhibitory effects of hNSCs expressing CD and

IFN-β genes on lung metastasis of choriocarcinoma, the lungs of s.c.
and i.v. injected mice were harvested. In the xenograft model, there
was no visual difference in lung metastasis in response to hNSCs (s.c.
injection) treatment as shown in Figure 6B. However, lung metastasis
was suppressed in mice injected with HB1.F3.CD and HB1.F3.
CD.IFN-β cells when compared to those injected with HB1.F3 cells
in a metastasis (i.v. injection) model (Figure 6A). In the metastasis
model, the metastatic region of the lung surface was decreased in the
HB1.F3.CD group, with the HB1.F3.CD.IFN-β group showing
particularly notable inhibition (Figure 6C). The weight of the lungs
showed a similar pattern in metastasis model. Specifically, the weight
of lungs from mice injected with JEG-3 was higher than that of
normal mice, but the weight of those from the HB1.F3.CD.IFN-β
group was close to that of normal mice (Figure 6D). Fluorescent
signal intensity of prestained hNSCs (red CM-DiI) and JEG-3 (green
CMFDA) cells in the lungs of mice fixed with 10% formalin was
confirmed by ex vivo imaging. The signal intensity of CMFDA was
decreased significantly in the HB1.F3.CD and HB1.F3.CD.IFN-β
groups when compared to the HB1.F3 group, while there was no
difference in the amount of CM-DiI expressed as demonstrated in
Figure 6, E and F. Thus, all hNSCs showed the same migration
capacity, and JEG-3 cells were reduced by the anticancer genes. Tissue
slides were stained with DAPI solution for fluorescence analysis of lung
sections of metastasis and xenograft models. The lungs of i.v. injected
mice (metastasis model) were found to contain both hNSCs and JEG-3
cells, whereas hNSCs were not found in the lungs of s.c. injected mice
(xenograft model) (Figure 7, A and B). These results indicated that s.c.
injected hNSCs did not migrate to metastatic organs.

Effects of Genetically Engineered hNSCs on the Inhibition of
Metastasis to Other Organs

We investigated the incidence of cancer in other organs (ovaries and
uterus) associated with choriocarcinoma. The occurrence of cancer was
confirmed in all groups except the negative control as shown in Figure 8,
A and B. In the metastasis model, the ovarian weight of the HB1.F3
group was greatly increased by the tumor, but the HB1.F3.CD and
HB1.F3.CD.IFN-β groups showed no significant change in ovary
weight (Figure 8C). In addition, the number of ovarian metastatic
nodules in the HB1.F3.CD and HB1.F3.CD.IFN-β groups of the
xenograft model was reduced (Figure 8D). In the case of the uterus,
uterine weight increased in all mice injected with JEG-3 cells when
compared to the negative control (Figure 8, E and F). In the metastasis
model, the weights of the HB1.F3.CD andHB1.F3.CD.IFN-β groups
were lower than those of the HB1.F3 group. Spleen weight showed
similar results as seen in Figure 9, A and B, while the weight of spleens
of mice injected i.v. withHB1.F3.CD.IFN-β cells was similar to that of
spleens from the negative control.
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Extension of Survival Period by Treatment with Genetically
Engineered hNSCs and 5-FC
Survival was confirmed for 50 to 60 days from the day of JEG-3

injection, which represented a significant prolongation in the groups
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Figure 6. Inhibitory effect of hNSCs expressing therapeutic genes on
(A) and xenograft models (B) are shown. (C) In the metastasis model, t
Sense Dimension software. (D) Lung weight of i.v. injected mice. (E)
hNSCs i.v. CMFDA prestained JEG-3 cells and CM-DiI prestained hNSC
The lungs were imaged using a fluorescence imaging system. (F) The
integrated density was calculated based on the control group. The in
Data are presented as the means ± the standard error of the mean.
treated with hNSCs expressing CD and/or the IFN-β genes as shown in
Figure 10,A andB. However, there was no difference in survival between
theHB1.F3.CD andHB1.F3.CD.IFN-β groups. Deaths associated with
hNSCs and 5-FC treatment were not observed in any groups.
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he metastatic area of the lung surface was measured using the Cell
Ex vivo imaging of lungs from mice injected with JEG-3 cells and
s were injected. CMFDA (green): JEG-3 cells, CM-DiI (red): hNSCs.
integrated density wasmeasured in ex vivo images. The ratio of the
tegrated density was calculated by the area × the mean intensity.
*P b .05 versus HB1.F3.
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Figure 7.Migration of hNSCs in mouse metastasis model. CMFDA prestained JEG-3 cells and CM-DiI prestained hNSCs were injected i.v.
or s.c. Lungs of the metastasis and xenograft models were extracted. Lungs were fixed with 10% formalin solution and sectioned using a
microtome. After preparation of lung sections, DAPI counterstaining was performed. (A) Representative fluorescence analysis images of
lung sections in metastasis model. (B) Detection of prestained cells (JEG-3 and hNSCs) in the lungs of xenograft model via fluorescence
analysis. DAPI (blue): nuclei of all cells, CMFDA (green): JEG-3 cells, CM-DiI (red): hNSCs.
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Figure 8. Changes in ovary and uterus in response to genetically engineered hNSCs treatment. (A and B) Representative images of ovaries
and uterus in mouse metastasis and xenograft models. (C) Ovarian weight of mice injected i.v. (D) Quantification of lung metastatic
nodules in i.v. injected mice. (E and F) Measurement of uterus weight in intravenous (E) and subcutaneous (F) injected mice. Data are
presented as the means ± standard error of the mean. *P b .05 versus control.
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Discussion
Choriocarcinoma is a highly invasive tumor with strong potential to
metastasize to other organs. Choriocarcinoma is known to be capable
Metastasis model(A) (B)

Figure 9.Measurement of spleen weight in mice injected with JEG-3
Change in spleen weight in response to genetically engineered hNSC
mice injected s.c. Data are presented as the means ± the standard
of rapid metastasis through hematogenous pathways to multiple
organs. Thus, when choriocarcinoma has metastasized to distant
organs such as the lungs, treatment with conventional chemotherapy
Xenograft model

cells. After the mice were dissected, the spleens were weighed. (A)
s treatment in a metastasis model. (B) The weight of the spleen in
error of the mean. *P b .05 versus control.
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Xenograft model

(A)
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Figure 10. Changes in survival curve according to genetically
engineered hNSCs treatment. On day 0, JEG-3 cells were injected
into the tail vein (A) or the backs (B) of mice. Survival rates were
continuously monitored after JEG-3 cells injection. The graph was
calculated according to the following formula (current number of
mice / initial number of mice × 100). Data are presented as the
means ± the standard error of the mean (P b .05).
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is difficult. Furthermore, anticancer drug resistance is an indisputable
impediment to achieving definitive cancer treatment [1,32–34].
Consequently, it is necessary to identify novel treatments that can
significantly improve the cure rate of metastatic choriocarcinoma.

In this study, we demonstrated the effects of GDEPT using neural
stem cells for successful cancer treatment. Neural stem cells expressing
anticancer genes were engineered by transduction with retrovirus. The
tumor-tropic properties of these neural stem cells migrate to cancer cells.
This was due to the interaction of neural stem cells with JEG-3 cancer
cells that secrete chemoattractant factors such as VEGF, CXCR4, and
C-kit [35–40]. In the migration assay, the number of neural stem cells
migrating toward JEG-3 cells was about five times higher than that of
normal human pulmonary epithelial cells (L-132) groups. Accordingly,
cancer therapy using neural stem cells with migration capability has the
potential to prevent damage to normal cells and minimize side effects.

The neural stem cells (HB1.F3.CD and HB1.F3.CD.IFN-β) used
in this experiment were engineered to express CD and/or IFN-β.
Pro-drug 5-FC is converted to the cytotoxic drug 5-FU by CD
[41,42]. Previous studies have shown that GDEPT using neural stem
cells exerted significant anticancer effects in various types of tumors
[26–29]. The present study not only demonstrated synergistic effects
of CD and IFN-β genes on choriocarcinoma but also confirmed that
the viability of cancer cells was significantly reduced as the ratio of
neural stem cells increased in co-culture systems.

In the mouse xenograft model, the therapeutic effects of hNSCs
expressing the anticancer genes (CD and/or IFN-β) were confirmed
against choriocarcinoma. Specifically, groups treated with HB1.F3.
CD or HB1.F3.CD.IFN-β cells in the presence of 5-FC showed
reductions in tumor volume by an average of about 50% when
compared to the control groups (5-FC and HB1.F3 groups).
However, there were no synergistic effects of CD and IFN-β genes
on tumor volume.

Among the choriocarcinoma cell lines, JEG-3 cells are known to
have stronger metastatic capability than JAR cells [30,43]. Accord-
ingly, we injected JEG-3 cells and hNSCs into the tail veins of mice to
establish a metastasis model. Tremendous lung metastasis was
observed in the HB1.F3 group after termination of the experiment.
However, a significant inhibitory effect was observed in the lungs of
mice injected with hNSCs expressing the therapeutic genes. When
compared with the HB1.F3 group, the HB1.F3.CD.IFN-β group
showed an approximately 45% decrease in the metastatic area of the
lung surface in the presence of 5-FC.

The migratory effect of hNSCs toward JEG-3 cells was confirmed
in a xenograft model with metastasis. JEG-3 cells and three kinds of
hNSCs were prestained with CMFDA and CM-DiI cell trackers,
respectively, and then s.c. or i.v. injected into mice. Fluorescence
analysis confirmed that hNSCs migrated to the tumors, indicating
that hNSCs migrated through ligand-receptor interactions toward
JEG-3 cells, which secrete chemoattractant factors. Fluorescence
analysis of the lungs revealed metastasis in all JEG-3–injected mice
groups. However, there were hNSCs in the lungs of the i.v. injected
mice, while there were no hNSCs in mice that received subcutaneous
injections. Meanwhile, it may be difficult to observe CMFDA-stained
cancer cells and CM-DiI stained stem cells separately in the same lung
tissues of the metastasis model due to possibility of signal overspill
between the red and green fluorescence channels. However, it was
detected that the signal intensity of CMFDA in the HB1.F3.CD and
HB1.F.CD.IFN-β groups was significantly reduced compared to the
HB1.F3 group despite the possibility of signal overspill between two
fluorescences (Figure 6), indicating that i.v. injected hNSCs can more
effectively target cancer cells that have metastasized to other organs.
Furthermore, the survival rates of mice injected with hNSCs expressing
the therapeutic genes increased significantly.

Comprehensively, the results of this study showed that HB1.F3.
CD and HB1.F3.CD.IFN-β cells, which express CD and/or IFN-β
genes, inhibit metastasis and suppress the viability of choriocarcino-
ma. Therapy with stem cells is expected to reduce side effects when
compared to conventional chemotherapy because of its
cancer-specific migration ability. In conclusion, the results of this
study indicated that neural stem cells can be used as a noble vehicle to
effectively target metastatic choriocarcinoma.
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