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Anticancer Effects of the Engineered Stem Cells
Transduced with Therapeutic Genes via a Selective
Tumor Tropism Caused by Vascular Endothelial
Growth Factor Toward HeLa Cervical Cancer Cells

Hye-Sun Kim'?, Bo-Rim Yi"?, Kyung-A Hwang', Seung U. Kim? and Kyung-Chul Choi"*

The aim of the present study was to investigate the thera-
peutic efficacy of genetically engineered stem cells (GES-
TECs) expressing bacterial cytosine deaminase (CD) and/
or human interferon-beta (IFN-B) gene against HelLa cer-
vical cancer and the migration factors of the GESTECs
toward the cancer cells. Anticancer effect of GESTECs
was examined in a co-culture with HeLa cells using MTT
assay to measure cell viability. A transwell migration assay
was performed so as to assess the migration capability of
the stem cells to cervical cancer cells. Next, several che-
moattractant ligands and their receptors related to a selec-
tive migration of the stem cells toward HelLa cells were
determined by real-time PCR. The cell viability of HeLa
cells was decreased in response to 5-fluorocytosine (5-FC),
a prodrug, indicating that 5-fluorouracil (5-FU), a toxic me-
tabolite, was converted from 5-FC by CD gene and it
caused the cell death in a co-culture system. When IFN-f
was additionally expressed with CD gene by these GES-
TECs, the anticancer activity was significantly increased.
In the migration assay, the GESTECs selectively migrated
to HelLa cervical cancer cells. As results of real-time PCR,
chemoattractant ligands such as MCP-1, SCF, and VEGF
were expressed in HelLa cells, and several receptors such
as UPAR, VEGFR2, and c-kit were produced by the GES-
TECs. These GESTECs transduced with CD gene and IFN-
B may provide a potential of a novel gene therapy for anti-
cervical cancer treatments via their selective tumor trop-
ism derived from VEGF and VEGFR2 expressions between
HelLa cells and the GESTECs.

INTRODUCTION

Recently, due to the development of human papilloma virus
(HPV) vaccine, many people are able to expect a decrease in
occurrence of cervical cancer. However, cervical cancer still
remains a significant public health problem for women (Jung et

al., 2011). According to the World Health Organization (WHO),
the cancer of cervix uteri is the second most common cancer
among women worldwide, with an estimated 529,409 new
cases and 274,883 deaths in 2008. About 86% of the cases
occur in developing countries, occupying 13% of female can-
cers (Francis and Katz, 2013). Although the hysterectomy is the
best preventive method against cervical cancer, this therapy
can cause sterility in patients. To reduce this side effect, safer
and more efficient treatments for cervical cancer are highly
needed.

One of the most prominent treatments for human cancers is
the gene therapy which uses DNA that encodes a functional
therapeutic gene in order to replace a mutated gene or provide
a therapeutic protein (Yi et al., 2012a). Although there have
been many therapeutic trials, several obstacles still exist, such
as the low efficiency of gene transfer by viral vectors and the
inability of these vectors to specifically target cancer cells (Kang
et al., 2012a; Yi et al., 2012b). Recently, a gene therapy using
stem cells appears to be interest in clinical use of stem cells for
cancer treatment (Yi et al., 2013). Genetically engineered stem
cells (GESTECs) with tumor-tropism could be therapeutically
potential for cell-based gene delivery (Kim et al., 2011), while a
suicide gene is a specific gene which is adopted to be delivered
for gene therapy and induces cell death itself through apoptosis
(Kang et al., 2006).

Previously, several studies have used stem cells that express
suicide genes to treat cancers in vivo and in vitro (Kim et al.,
2012a; 2012b; Niess et al., 2011). For example, human neural
stem cells (hNSCs) are one of the candidate stem cells show-
ing a therapeutic potential via introduction of suicide genes and
tumor tropism for the treatment of malignant tumors in the hu-
man brain including medulloblastomas and gliomas (Aboody et
al., 2000; 2006; Kim et al., 2006). In this study, authors used
several kinds of stem cells; HB1.F3, HB1.F3.CD, and HB1.F3.
CD.IFN-B cells. CD gene expressed by these stem cells as a
suicide gene can convert a non-toxic prodrug, 5-fluorocytosine
(5-FC), to the toxic agent, 5-fluorouracil (5-FU). IFN-B is a po-
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werful cytokine with anti-viral and anti-cancer effects. In cervical
cancer therapy, IFNs have been used to treat mucosal lesions
caused by human papilloma virus (HPV) infection, such as
intraepithelial precursor lesions to cancer of the uterine cervix,
genital warts or recurrent respiratory papillomatosis, by poten-
tially reducing or eliminating the replication of HPV plasmid
genomes (Lace et al., 2009).

The use of non-toxic pro-drugs seems to minimize side ef-
fects compared to using active anti-cancer drugs, but there is a
difficulty in delivering the gene that converts a non-toxic pro-
drug to its active metabolite to the exact tumor site for a selec-
tive activity. In this respect, these GESTECs are suitable for
delivering the converting enzymes because of tumor tropism of
hNSC. Stem cells carrying CD and/or IFN-B migrate to tumor
sites and convert pro-drugs to toxic drugs. The tumor tropism of
stem cells is known to be caused by a response to several
chemoattractants secreted by cancer cells via the action of
related receptors produced by them (Kang et al., 2012a; 2012b;
2012c; Kim et al., 2012a; 2012b).

It can be hypothesized that GESTECs may have an anti-
cancer effect against Hela cervical cancer cells by expressing
the therapeutic genes such as CD and IFN-B gene and induce
a selective cancer cell death by migrating the right tumor site
owing to the specific interactions of chemoattractant ligands
and their receptors between the stem cells and HelLa cancer
cells.

MATERIALS AND METHODS

Cell culture

A human cervical cancer cell line, HelLa, was purchased from
the American Tissue Type Culture Collection (ATCC, USA) and
cultured in DMEM (Hyclone Laboratories Inc., USA) supple-
mented with 10% (v/v) fetal bovine serum (FBS; Hyclone La-
boratories), 1% HEPES (Invitrogen Life Technologies, USA),
1% penicillin/streptomycin (Cellgro Mediatech, USA), and 0.1%
anti-mycoplasmal plasmocin (Invivogen, USA) at 37°C in a
humidified atmosphere of 5% CO,-95% air. In addition, hNSCs
such as HB1.F3, HB1.F3.CD, and HB1.F3.CD.IFN-B cells were
obtained from Chungang University (Korea). HB1.F3 is an im-
mortalized hNSC line derived from human fetal brain at 15
weeks of gestation by an amphotropic and replication-incom-
petent retroviral vector v-myc. The clonal HB1.F3.CD and HB1.
F3.CD.IFN-B cell lines were derived from parental HB1.F3 cell
line by transducing E. coli CD and human IFN-B genes. All
hNSCs such as HB1.F3, HB1.F3.CD, and HB1.F3.CD.IFN-B
cells and human dermal fibroblasts (HDF ; OBM Lab., Korea)
were cultured in DMEM supple-mented with 10% FBS, 1%
penicillin G and streptomycin, 1% HEPES, and 0.1% plasmocin
at 37°C in a humidified atmosphere of 5% CO0»-95% air. Cells
were trypsinized with 0.05% trypsin/0.02% EDTA in Mg?*/Ca**-
free HBSS (Hyclone Laboratories).

Cell viability assay

MTT assay was performed to measure the cytotoxic effect of 5-
FC and 5-FU on cervical cancer cells (5,000 cells/well). HeLa
cells, a cervical cancer cell line, were seeded in 96-well plates
and cultured in 0.1 ml medium with 5% FBS. After pre-incu-
bation of 24 h, 5-FC (Sigma-Aldrich Corp., USA) and 5-FU
(Sigma-Aldrich Corp.) were serially diluted with phosphate buf-
fered saline (PBS; final concentration 0.1, 0.3, 0.5, 1, and 10
mmol/L) and added to the tumor cell cultures for 4 days. On the
following day, MTT [3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide] assay was performed to measure cell
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Table 1. The oligonucleotide sequences of the primers used for
real-time PCR

Gene Oligonucleotide sequences
uPA Reverse GGCAGGCAGATGGTCTGTAT
Forward TTGCTCACCACAACGACATT
uPAR Reverse TCCCCTTGCAGCTGTAACACT
Forward GCCCAATCCTGGAGCTTGA
SDF-1 Reverse TCCCATCCCACAGAGAGAAG
Forward GTGTCACTGGCGACACGTAG
CXCR4 Reverse GAGGGCCTTGCGCTTCTGGTG
Forward ATCCCTGCCCTCCTGCTGACTATTC
VEGF Reverse TCTTTCTTTGGTCTGCATTCACAT
Forward CCAGCACATAGGAGAGATGAGCTT
VEGFR2 Reverse AGCATGGAAGAGGATTCTGGACT
Forward CGGCTCTTTCGCTTACTGTTCT
MCP-1 Reverse TCTTCGGAGTTTGGGTTTGC
Forward CAAGCAGAAGTGGGTTCAGGA
CCR2 Reverse =~ ACATTTACAAGTTGCAGTTTTCAGC
Forward CTACCTTCCAGTTCCTCATTTT
SCF Reverse = GCCTTCAGAAATATTTGAAAACTTG
Forward GGCAAATCTTCCAAAAGACTACA
c-kit Reverse TCACAGATGGTTGAGAAGAGCCT
Forward CGCCTGGGATTTTCTCTGC
GAPDH Reverse ATGTTCGTCATGGGTGTGAACCA
Forward TGGCAGGTTTTTCTAGACGGCAG

viability. MTT solution (10 pl of stock at 5 mg/ml) was added to
each well in the plates and incubated at 37°C for 3 h and 30
min. Supernatants were removed and 100 pl of dimethyl sulfox-
ide (DMSO, 99.0%; Junsei Chemical Co. Ltd., Japan) was
added to each well to dissolve the resultant formazan crystals.
Optical densities were measured at 540 nm using an ELISA
reader (VERSA man, USA). MTT assay was carried out in
duplicate.

Anticancer effects of GESTECs after 5-FC treatment were
examined by co-culture experiments. Hela cells (1,250 cells/
well) and GESTECs (3,750 cells/ well) were suspended in 5%
FBS DMEM and were seeded in 96-well plates. After a pre-
incubation of 24 h, the mixed cell culture was treated with 5-FC
(0.1, 0.3, 0.5, 1, and 5 mmol/L) for 4 days. After treatment with
5-FC, MTT assay was performed to measure cell viability as
described above and also carried out in duplicate.

In vitro migration assay

Transwell migration assay was performed so as to assess the
migration capability of stem cells to cervical cancer cells. HeLa
cells and HDF were seeded in 24-well plates and cultured with
DMEM containing 10% FBS at 37°C for 6 h. Then cells were
incubated with new DMEM with 1% FBS. Transwell plates (8
um pore membrane; BD Biosciences, USA) were coated with
fibronectin (250 pg/ml; Sigma-Aldrich Corp.) and incubated
overnight at 37°C. On the following day, HB1.F3.CD and
HB1.F3.CD.IFN-B cells (1 x 10° cells/well) labeled with 2 M of
chloromethylbenzamido-1,1’-dioctadecyl-3,3,3"-tetramethyl-indo-
carbocyanine perchlorate (CM-Dil; Invitrogen) were plated in
the upper chambers of the transwell plates and cultured at
37°C for 16 h. The next day, HelLa cells and HDF were stained
by addition of 200 ng/ml 4, 6-diamidino-2-phenylindole solution
(DAPI; Invitrogen). Each well was washed with PBS and non-
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migrated GESTECs on the upper face of the transwell were
removed with cotton swabs. Cells stained with CM-Dil and
DAPI were examined by fluorescence microscopy (IX71 In-
verted Microscope, Olympus, Japan). The number of migrated
cells from upper chamber of a transwell to lower chamber to-
ward Hela cells was counted.

Real-time polymerase chain reaction (Real-time PCR)

The presence of chemoattractant ligands and their cognate
receptors which are related with tumor tropism of stem cells
were detected by real-time PCR. Total RNA was extracted
using TriZol reagent (Invitrogen) from cultured Hela cells. Sin-
gle-stranded cDNA was synthesized by reverse transcription
reaction using random primers from 1 pg of total RNA by M-
MLV RT (iNtRON Biotechnology, Korea). The cDNA prepared
via reverse transcription reaction was used in real-time PCR.
Real-time PCR was performed in a 20 ul reaction mixture con-
taining primer, ROX as a reference dye, cDNA, and 2x SYBR
green premix (Invitrogen). The real-time PCR condition is 95°C
for 5 min 1 cycle, 40 cycles in 95°C for 15 s, 58°C for 20 s, and
72°C for 15 s. The forward and reverse primers and the pre-
dicted sizes of the real-time PCR reaction products are shown
in Table 1.

Inhibition of migration of GESTECs

Before a migration assay was performed, the cultured GES-
TECs were treated with KRN633 (Selleck Chemicals, USA) for
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Fig. 1. Therapeutic effects of HB1.F3.CD and
HB1.F3.CD.IFN-B cells on Hela cells in the pres-
ence of 5-FC. (A) HeLa cells (5,000 cells/well) were
seeded in 96-well plates and cultured in 0.1 ml me-
dium with 5% FBS. After pre-incubation of 24 h, 5-
FC and 5-FU were serially diluted with phosphate
buffered saline (PBS; final concentration 0.1, 0.3,
0.5, 1, and 5 mmol/L) and were added to the tumor
cell cultures for 4 days. On the following day, MTT
assay was performed to measure cell viability. (B)
HelLa cells (1,250 cells /well) and hNSCs (3,750
cells/well) were suspended in 5% FBS DMEM and
were seeded in 96-well plates. After pre-incubation
of 24 h, the mixed cell culture was treated with 5-FC
(0.1, 0.3, 0.5, 1, and 5 mmol/L) for 4 days. After
treatment with 5-FC, MTT assay was performed to
measure cell viability. (C) To confirm the difference
of therapeutic effects resulting from the ratio of can-
cer cells to hNSCs, Hela, HB1. F3, HB1.F3.CD,
and HB1. F3.CD.IFN-B cells were seeded in differ-
ent ratios (cancer cells : stem cells = 3:1, 1:1, 1:3) in
96-well plates. After pre-incubation of 24 h, cells
were treated with 5-FC at final concentration of 1
mmol/ml for 4 days. The results were presented as
means + SD. The One-way ANOVA was performed
and P < 0.05 was considered statistically significant.
* P < 0.05 vs. 5-FC or HB1.F3; #, P < 0.05 vs.
HB1.F3.CD.

6 h. KRN633 is a selective inhibitor of VEGFR2 tyrosine kinase,
which is known to suppress tumor angiogenesis and migration
of epithelial cells (Nakamura et al., 2004). KRN633 (170 nM)
was diluted in culture medium containing 0.1% DMSO. After
that, the in vitro migration assay was performed as previously
mentioned in an in vitro migration assay. The number of mi-
grated cells from upper chamber of a transwell to lower cham-
ber toward Hela cells was counted.

Statistical analysis

The results of all cell viability assays are presented as means +
SD. One-way ANOVA was performed and P < 0.05 was con-
sidered statistically significant. In migration assay, the number
of migrated cells is presented as means + SD. The ttest was
performed and P < 0.05 was considered statistically significant.

RESULTS

Effects of 5-FC/5-FU with hNSCs or GESTECs on HelLa cells

The cytotoxic effect of a prodrug, 5-FC, and its active metabo-
lite, 5-FU, on Hela cells was measured with MTT assay (Fig.
1A). According to these results, 5-FC did not have any cytotoxic
effects on Hela cells. On the other hand, 5-FU showed a signif-
icant anti-cancer effect on Hela cells, indicating that HeLa cells
are highly sensitive to the cytotoxicity of 5-FU, even at low con-
centration (0.1 mmol/ml) as shown in Fig. 1A. Secondly, to
determine the prodrug conversion efficiency of GESTECs,
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Hela cells and stem cells were co-cultured in the presence of
5-FC at different concentrations (0.1, 0.3, 0.5, 1, and 5 mmol/
ml) and their cell viability was measured as seen Fig. 1B. In
contrast with HB1.F3.CD and HB1.F3.CD.IFN-B, HB1.F3 cells
as the non-modified control of hNSCs did not affect cell viability
at any concentrations of 5-FC. HB1.F3.CD cells started to re-
duce the cancer cell viability at 0.3 mmol/L of 5-FC and this
cytotoxic effect was increased gradually with the increase of 5-
FC concentration. Another difference is that HB1.F3.CD.IFN-B
cells showed a greater reduction of cell viability than HB1.
F3.CD cells at the same concentration of 5-FC (Fig. 1B).
Finally, to study whether the ratios of the stem cells to HelLa
cells affect the intensity of anti-cancer effect on HelLa cervical
cancer cells, HeLa cells and stem cells were co-cultured at
several ratios (the ratios of HelLa cells to stem cells; 3:1, 1:1,
1:3, and stem cell alone) and treated with 5-FC to measure the
cell viability of mixed culture as shown in Fig. 1C. When the
ratio of cancer cells to stem cells was 3:1, the cell viability of co-
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Fig. 2. Tumor tropism of HB1.F3.CD and HB1.F3.
CD.IFN-B cells toward HeLa cells. Transwell migra-
tion assay was performed so as to assess the ca-
pability of migration to cervical cancer cells. HeLa
cells or human dermal fibroblasts (HDF) were
seeded in 24-well plates and cultured with DMEM
containing 10% FBS at 37°C for 6 h. Then cells
were incubated with new DMEM with 1% FBS. On
the following day, HB1.F3.CD and HB1.F3.CD. IFN-
B cells (1 x 10° cells/well) labeled with 2 mM of CM-
Dil were plated in the upper chambers of the trans-
well and cultured at 37°C for 16 h. The next day,
Hela cells and HDF were stained by addition of
200 ng/ml DAPI. Each well was washed with PBS
and non-migrated hNSCs on the upper face of the
transwell were removed with cotton swabs. Cells

Merge stained with CM-Dil and DAPI were examined by

fluorescence microscopy. Magnification, x 200. (A)
HDF cells were cultured in lower chambers. (B)
Hela cells were cultured in lower chambers instead
of HDF cells. (C) The number of migrated cells was
counted and the results were presented as means
+ SD. The ttest was performed and P < 0.05 was
considered statistically significant. *, P < 0.05 vs.
Hela.

culture system was not changed by the type of stem cells.
However, when relatively more stem cells were co-cultured with
cancer cells, the intensity of anticancer effects was appeared to
be increased. In particular, this tendency was more obvious
when using HB1.F3.CD.IFN-B cells than HB1.F3.CD cells (Fig.
1C).

In vitro migration assay

The migratory capability of GESTECs toward HelLa cells in
comparison to HDF was investigated by a modified transwell
migration assay (Figs. 2A and 2B). HDF is a kind of fibroblasts,
which are the most common cells of connective tissue in ani-
mals. Therefore, these fibroblasts were adopted as normal cells
for a negative control. Using fluorescence microscopy, the
number of migrated GESTECs (HB1.F3.CD and HB1.F3.CD.
IFN-B cells) was examined. GESTECs showed to significantly
migrate to ward Hela cells instead of moving to HDF as a con-
trol as demonstrated in Figs. 2A and 2B. This migratory effect
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Fig. 3. Expression of chemoattractant ligands by Hela cells and
their receptors by hNSCs. The ligands and their receptors are fol-
lowing: stem cell factor (SCF)/c-Kit, stromal cell-derived factor 1
(SDF-1)/CXC chemokine receptor 4 (CXCR4), vascular endothelial
growth factor (VEGF)/VEGF receptor 2 (VEGFR2), uro-plasmino-
gen activator (uPA)/uPA receptor (uUPAR) and monocyte chemotac-
tic protein-1 (MCP-1)/CC receptor 2 (CCR2). The presence of these
chemoattractants ligands and related receptors were detected by
real time-PCR. Total RNA was extracted using TriZol from cultured
Hela cells and stem cells. cDNA was synthesized by reverse tran-
scription reaction using random primers from 1 pg of total RNA by
M-MLV RT. Real-time PCR was performed in 20 pl reaction mixture
containing primer, Rox as a reference dye, cDNA, and 2x SYBR
green premix. The real-time PCR condition is 95°C for 5 min 1 cycle,
40 cycles in 95°C for 15 s, 58°C for 20 s, 72°C for 15 s. (A) Ligands
expressed in Hela cells. (B) Receptors expressed in HB1.F3.CD
cells. (C) Receptors expressed in HB1.F3.CD.IFN-j cells.

of the stem cells to Hela cells was calculated compared to
HDF, suggesting that some factors which HelLa cells secrete
may attract GESTECs toward HelLa cells (Fig. 2C).

Confirmation of chemoattractant ligands and receptors

To examine what chemoattractant factors are related with the
migration of GESTECs toward Hela cells and how much
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amount of them is expressed, we performed real-time PCR for
several ligands and their receptors. The relative expression
levels of several ligands and their receptors were showed in
Figs. 3A-3C. Hela cells expressed VEGF, MCP-1 and SCF as
chemoattractant ligands (Fig. 3A). Among several receptors,
HB1.F3.CD cells expressed uPAR and VEGFR2, and HB1.
F3.CD.IFN-B cells expressed uPAR, VEGFR2, and c-kit as
demonstrated in Figs. 3B and 3C. Although HelLa cells ex-
pressed a large amount of MCP-1, MCP-1 did not affect the
migratory characteristics because both GESTECs did not ex-
press CCR2, a receptor of MCP-1. Although HelLa cells pro-
duced SCF to a certain extent, c-kit (a receptor of SCF) was not
expressed by HB1.F3.CD cells. However it was produced in a
small amount by HB1.F3.CD.IFN-B cells (Fig. 3C). VEGF was
considerably expressed by HelLa cells and VEGFR?2, its related
receptor, was also expressed by both HB1.F3.CD and HB1.
F3.CD.IFN-B cells as shown in Figs. 3A-3C. In particular, HB1.
F3.CD.IFN-B cells expressed a significant amount of VEGFR2
(Fig. 3C). Taken together, these results suggest that the pair of
VEGF and VEGFR2 is considered to be a crucial factor for a
selective migration between HelLa cells and GESTECs.

Inhibition of migration of GESTECs toward HelLa cells

To verify whether VEGF plays a crucial role in the migration of
GESTECs toward Hela cells, KRN633, a selective inhibitor of
VEGFR2, was treated to GESTECs. After treatment, these
stem cells were analyzed by the modified migration assay. The
migration capacity of KRN633-treated GESTECs was com-
pared with that of non-treated GESTECs. When these stem
cells were treated with KRN633, the number of migrated
HB1.F3.CD and HB1.F3.CD.IFN-B cells toward HeLa cells was
much fewer than that of non-treated GESTECs, which was
declined to 48.6% and 63.2%, respectively (Figs. 4A and 4B).
This migratory capacity of the stem cells to HelLa cells was
calculated in the presence or absence of KRN633 (Fig. 4C),
suggesting that VEGFR2 expressed by the GESTECs play a
key role in the stem cell migration toward HelLa cervical cancer
cells by working as a receptor of VEGF expressed by HelLa
cells.

DISCUSSION

In the previous studies, the engineered stem cells expressing
suicide genes have been proved to have a potential in gene
therapy for treating several kinds of cancers by functioning as
cellular vehicles for an effective delivery of therapeutic agents in
vivo and in vitro (Yi et al., 2011a; 2011b; 2011c; 2012b).

In the present study, we investigated the effect of CD or
CD/IFN-B expressed by stem cells on Hela cells and a selec-
tive migratory ability of therapeutic stem cells to the cancer cells.
First, we studied the anti-cancer effects of CD gene and IFN-B
transduced into hNSCs in the presence of 5-FC. In the cell
viability assay, 5-FC had no cytotoxic effect on HelLa cervical
cancer cells as expected because it is a non-toxic prodrug. But,
when Hela cells were treated with 5-FC and the GESTECs
expressing CD gene, the cell viability was significantly reduced.
This result suggests that 5-FU was effectively converted from
5-FC by CD gene transduced into the stem cells and caused its
potent anti-cancer effect on HelLa cells, and therefore, this sys-
tem can be used for gene therapy on cancer. Particularly, when
IFN-B and 5-FC simultaneously acted on cervical cancer, they
created synergistic anti-cancer effects, which were considered
to be related with the interaction of 5-FU and IFN-. In the pre-
vious study, it was determined that 5-FU increased the suscep-
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tibility of tumor cells to IFN-B by enhancing IFN pathway (Chaw-
la-Sarkar et al., 2003). In detail, when tumor cells were treated
with 5-FU and type1 IFN, 5-FU up-regulated the expression of
IFN type | receptor and interferon stimulated genes (ISGs),
resulting in a marked apoptosis of cancer cells (Chawla-Sarkar
et al., 2003; Eguchi et al., 2000; Kondo et al., 2005; Lee et al.,
2011; Matsumura et al., 2005).

Second, we also investigated the ability of migration of stem
cells toward cancer cells. In in vitro migration assays, we ob-
served that stem cells which were loaded in the upper chamber
of a transwell migrated to lower chamber containing HelLa cer-
vical cancer cells. In the previous studies, the parental stem
cells, HB1.F3, was also proved to have the migrating capability
towards various types of cancer, indicating that this cell line can
have an advantage as a delivery vehicle for anti-tumor treat-
ment by possessing a tendency to effectively migrate to cancer
cells (Aboody et al., 2000; Kang et al., 2012b; Kim et al., 2012b;
Lee et al., 2011). From the results of migration assay, it was
assumed that chemoattractant factors which cervical cancer
cells secrete might make HB1.F3.CD and HB1.F3.CD.IFN-B
cells migrate toward cancer cells, resulting in the delivery of
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Fig. 4. Inhibited migration of hNSCs toward Hela
cells with the treatment of KRN633, a VEGFR2
inhibitor. The cultured hNSCs were treated with
KRN633 for 6 h. After that, the transwell migration
assay was performed as described above. The
number of migrated cells was counted and the
results were presented as means + SD. Magnifica-
tion, x 200. *P < 0.05 vs. KRN633 non-treated
GESTECs. (A) Migrated HB1.F3.CD cells. (B)
Migrated HB1.F3.CD.IFN-B cells. (C) The number
of migrated stem cells.
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therapeutic genes to the right tumor site. In other studies, sev-
eral factors such as SCF, VEGF and uPA were previously known
to play a chemoattractive role in the migration of stem cells to
cancer cells (Gutova et al., 2008; Zengel et al., 2010; Zhao et
al., 2008). In the current study, chemoattractant ligands such as
MCP-1, SCF, and VEGF were confirmed to be expressed in
Hela cells. Meanwhile, HB1.F3.CD cells were determined to
produce VEGFR2, a receptor of VEGF, and HB1.F3.CD.IFN-3
cells were shown to express c-kit, a receptor of SCF, as well as
VEGFR2. Although both HB1.F3.CD and HB1.F3.CD.IFN-
cells significantly expressed uPAR, a receptor of uPA, HelLa
cells were determined to not nearly express UPA, its relevant
ligand. Therefore, among several chemoattractant ligands and
receptors, the pair of VEGF and VEGFR2 may be closely re-
lated in tumor tropism of GESTECs that selectively deliver the
suicide enzyme and anti-cancer cytokine genes to Hela cer-
vical cancer cells. VEGF is a signal protein stimulating vasculo-
genesis and angiogenesis and also known to play several roles
such as cell proliferation and migration (Barleon et al., 1996;
Parenti et al., 1996).

Finally, to verify the role of VEGF in cell migration, we inhi-
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bited the function of VEGFR2 produced by stem cells with
KRNG633, a selective inhibitor of VEGFR2, and confirmed that
the number of migrated stem cells was decreased to 48.6% in
case of HB1.F3.CD cells and 63.2% in case of HB1.F3.CD.
IFN-B cells, respectively, compared to the case of non-treated
GESTECs. Therefore, this result indicated that VEGF and
VEGFR2 play a key role in the migration of stem cells express-
ing CD and/or IFN-p toward Hela cervical cancer cells as
shown in other studies (Ferrara, 2004; Tammela et al., 2005;
Zeng et al., 2001).

In conclusion, both GESTECs, HB1.F3.CD and HB1.F3.CD.
IFN-B cells, produced a strong anti-cancer effect on HelLa cer-
vical cancer cells. HB1.F3.CD.IFN- cells expressing both CD
and IFN-B have more effective therapeutic effects than
HB1.F3.CD cells expressing CD only. In other words, when 5-
FU converted from 5-FC by CD gene and IFN- simultaneously
affect HelLa cervical cancer cells, they have a synergetic anti-
cancer activity. In addition, the GESTECs may selectively mi-
grate toward the cervical cancer cells through the interaction
between VEGF and VEGFR2 expressed by Hela cells and
these stem cells, respectively. Therefore, it is possible to con-
sider that therapeutic stem cells expressing CD and/or IFN-$
with an application of a non-toxic prodrug, 5-FC, may have a
therapeutic potential by effectively reducing Hela cervical can-
cer cells via their selective tumor tropism mainly induced by
VEGF action.
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