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a b s t r a c t

The aim of this study was to determine the efficacy of neural stem cell-based suicidal gene therapy in rats
bearing human glioma. F3 human neural stem cells (NSCs) were transduced to encode cytosine deami-
nase (CD) which converts 5-fluorocytosine (5-FC) to 5-fluorouracil (5-FU). Intratumoral or intravenouse
transplantation of F3.CD human NSCs led to marked reduction in tumor burden and significantly pro-
longed the survival of brain tumor-bearing rats. The systemic administration of 5-FC with direct intratu-
moral/intravenous transplantation of F3.CD cells had remarkable therapeutic effect in rats with human
glioma cells as compared with transplantation of parental F3 cells. There was 74% reduction in tumor vol-
ume in rats receiving direct transplantation of F3.CD cells into tumor site, and 67% reduction in tumor
volume in rats receiving intravenous injection of F3.CD cells as compared to control animals transplanted
with human glioma U373 cells alone. The combination of F3.CD and 5-FC was a highly effective in the
glioma rat model. Our observations suggest that genetically engineered NSCs encoding suicide gene CD
could provide clinical application of suicide gene therapy for patients with glioma.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Glioma is the most common form of primary brain tumor as well
as most aggressive, hence carrying the worst prognosis with less
than 1 year of median survival [1]. The prognosis for the majority
of patients with glioma has been dismal despite the extensive sur-
gical excision and recent improvements in adjuvant radio- and che-
mo-therapy [2,3].

Thus new treatment modalities are urgently needed. Gene ther-
apy is one of the most rapidly evolving areas of preclinical and clin-
ical cancer research; more than 200 cancer gene therapy trials have
been approved worldwide since the early 1990s. However, several
issues remain to be addressed before the full potential of cancer
gene therapy can be realized. Major obstacles are the low efficiency
of gene transfer by currently available viral vectors and the inabil-
ity of these vectors to specifically target cancer cells. Previous stud-
ies have demonstrated that neural stem cells (NSCs) infiltrate
tumor mass and deliver therapeutic agent to kill the tumor cells
[4–6]. Thus, NSCs with tumor-tropic property could serve as poten-
tial vectors for cell-based gene delivery to treat brain tumors.
ll rights reserved.
In the present study, we used genetically modified human NSCs
transduced with suicidal enzyme gene cytosine deaminase (CD) as
a new tool for gene therapy of experimental glioma in rats.
2. Materials and methods

2.1. Cell culture

The human glioma cell lines U87, U251 and U373 were obtained
from the ATCC (Manassas, VA) and grown in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 5% fetal bovine serum
(FBS), 4 mM L-glutamine, 4500 mg/L glucose, 110 mg/L sodium
pyruvate, 100 unit/mL penicillin and 100 lg/mL streptomycin.
HB1.F3 (F3) is an immortalized human NSC line derived from human
fetal brain at 15 weeks of gestation with the use of an ampho tropic,
replication-incompetent retroviral vector containing v-myc[5,6]. F3
cells were grown in DMEM supplemented with 5% FBS, 4 mM
L-glutamine, 4500 mg/L glucose, 110 mg/L sodium pyruvate,
100 unit/mL penicillin and 100 lg/mL streptomycin. F3 cells trans-
fected with the cytosine deaminase gene (F3.CD cells) were cultured
under the same conditions. Cells were grown at 37 �C in an atmo-
sphere of 95% air and 5% CO2.
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2.2. In vivo protocol of experimental tumor models

Sprague–Dawley (SD) female rats (250 g body weight, Samtaco,
Osan, Korea) were anesthetized with 10% chloral hydrate (Fluka,
Germany) and placed in a stereotaxic apparatus. Three microliters
of Hanks’ balanced salt solution (HBSS) containing 1 � 106 U373
human glioma cells were intracranially transplanted at the rate
of 0.2 lL/min using a 26 gauge Hamilton micro-syringe. The target
was the right caudate-putaman [antero/posterior (AP) + 0.4 mm,
medial/lateral (ML) -3.1 mm, dorsal/ventral (DV) 4 mm]. After tu-
mor cell inoculation, F3 human NSCs were transplanted at the
same hemisphere. All experimental procedures were approved by
the Animal Care Committee of the Ajou University School of Med-
icine. Most of the animal studies have done at the Ajou University
while the authors were affiliated with the Ajou University.

2.3. In vitro sensitivity and cytotoxicity of F3 to 5-FC and 5-FU

The F3 and F3.CD cells at 2 � 103 cells/well were seeded in 96-
well plates, and incubated in medium containing 100 lg/mL 5-flu-
orocytosine (5-FC; Sigma, St Louis, MO) or 10 lg/mL 5-fluorouracil
(5-FU; Sigma) for 3 days. The medium was replaced with fresh med-
ium containing 10 ll MTT solutions and incubated for 4 h. The med-
ium was then discarded, and 100 ll of solubilization buffer [10%
sodium dodecyl sulfate (Sigma) and 50% N, N-dimethyl formamide
(Sigma) was then added. Cell viability was determined by measur-
ing absorbance at 570 mm and 630 mm on a micro-plate reader.

2.4. In vitro 5-FU cytotoxicity to human glioma cells

U373 human glioma cells at 2 � 103 cells/well in 96-well plates
were seeded with fresh culture medium. After 1 day, the medium
was replaced with fresh culture medium. The cells were then incu-
bated with media containing 0.2, 0.5, 1, 1.3, 2, 5, 10 or 15 lg/mL 5-
FU for 3 days. The medium was discarded and fresh medium was
added along with 10 lL MTT solution for 4 h. Then, the medium
was discarded and 100 lL of solubilization buffer was added. The
cell viability was determined by measuring absorbance at
570 mm and 630 mm on micro-plate reader.

2.5. In vitro bystander effect between F3.CD and U373

To determine the lowest necessary number of F3.CD cells which
could provide effective anti-tumor effect in our study and to con-
firm the ‘‘bystander effect’’ of 5-FU released from F3.CD cells, we
co-cultured F3.CD:U373 cell ratios of 1:9, 2:8, 3:7, 4:6, 5:5, 6:4,
7:3, 8:2, and 9:1 in culture medium (DMEM containing 10% FBS)
containing 100 lg/mL 5-FC in 96-well tissue culture plates. Also,
we co-cultured F3.CD cells with equal number of U251 or U373
in DMEM medium in 96-well culture plates with 100 lg/mL to
2000 lg/mL 5-FC to evaluate the lowest concentration of 5-FC
which could provide effective anti-tumor effect. The number of liv-
ing cells was determined by MTT assay on day 3.

2.6. In vitro and in vivo therapeutic efficacy of F3.CD NSCs

Therapeutic efficacy of F3 and F3.CD human NSCs was analyzed
by co-culture with U373 after 5-FC treatment. One group contained
U373 and F3, and the other group U373 and F3.CD cells. Each cell
line (3 � 103) was plated in 96-well plates and analyzed as follows:
On day 1, the media of both groups were changed, and 5-FC (100 lg/
mL) and 5-FU (10 lg/mL) were added to the mixed cell cultures. On
day 3, cell viability was estimated as described above, and expressed
as mean ± SE in percentage of the control viability (100%). All exper-
iments were conducted in quadruplicate. To evaluate the therapeu-
tic efficacy of F3.CD NSCs in vivo, we first transplanted U373 cells
alone into the right caudate-putamen, and then F3.CD NSCs were in-
jected into the same site in ipsilateral hemisphere 5 days later. Rats
were injected daily with 500 mg/kg 5-FC (10 mg/mL in sterilized
saline) into the peritoneum for 7 days.

2.7. In vivo therapeutic efficacy according to transplantation of F3.CD
cells

Five days after U373 glioma cell transplantation, F3.CD cells
were injected into the same site in ipsilateral hemisphere or intra-
venously, followed by daily injection of 5-FC (500 mg/kg) for
7 days. Five days after U373 transplantation, the rats were divided
into 4 groups (total n = 29), U373 transplantation alone as control
(n = 6), U373 + intratumoral injection of F3.CD (n = 9),
U373 + intravenous injection of F3.CD (n = 6), and U373 + com-
bined direct and intravenous injection of F3.CD (n = 8). The tumor
volume was determined by one center area of the tumor mass on
13 days post-transplantation of the U373 cells.

2.8. Measurement of tumor size by magnetic resonance imaging (MRI)

After rats were anesthetized with 10% chloral hydrate, coronal
T1-weighted images (TR 500 ms, TE 11 ms, 3 mm thickness, gap-
less) were obtained with a 1.5 tesla MR device (Signa Exite, General
Electric, Milwauke, WI). MRI studies were started on 7 days after tu-
mor inoculation and continued at 7 days intervals on 14 days and
21 days. The cross sectional area of the tumor mass was measured
on each axial slice by drawing ROI (region of interest). These were
multiplied by gap (3 mm) between consecutive axial slices and to-
tal tumor volume was calculated as the sum of all slice volumes.

2.9. In vitro assay for conversion of 5-FC to 5-FU by HPLC

F3.CD cells were plated in a culture dish and incubated in the
presence of 10, 50, 100, 120 and 200 lg/mL 5-FC for 1 or 3 days.
An aliquot (50 lg) of the medium was extracted with 500 ll of a
mixture of ethyl acetate: isopropanol: acetic acid (84:15:1). HPLC
was performed with Variable Wavelength Detector (HP 1100 Ser-
ies) at 254 nm using a LUNA 5u C18 (2) column (250 � 4.6 mm
5u micron). (Column oven temperature was 25 �C). The HPLC sys-
tem consisted of a HP 1100 Series, Quaternary HPLC pump, HP
1100 Series, Autosampler and HPLC injector. Injection volume of
standard 5-FC and 5-FU was 2 lL and concentration was 0.5 mg/
mL. 5-FC and 5-FU were eluted isocratically at a flowrate of
1 mL/min with an isocratic mobile phase consisting of methanol
and 0.025 M KH2PO4 (5:95 and pH 2.5). The retention times for
5-FC and 5-FU were 3.4 and 5.2 mins, respectively.

2.10. Statistical analysis

All values were calculated as mean ± SD or expressed as percent-
age of control ± SD. Significant differences between viability of the
tumor cell lines and viability to 5-FU at 0, 1, 3, 5 or 7 days points
were performed by one-way ANOVA. Significant differences be-
tween assessment of cell viability and tumor volume were deter-
mined using the SPSS (version 11.5, SPSS, Chicaco, IL) followed by
paired t-test. A p values less than 0.05 were considered significant.

3. Results

3.1. F3.CD human neural stem cells

Expression of CD transcript in F3.CD was confirmed by reverse
transcription-PCR (RT-PCR). The CD transcript was found to be
expressed only in F3.CD cells, but not in the parental F3 cells.



Fig. 1. Graph demonstrating cytotoxicity of varying concentrations of 5-FU on human glioma cells infected at elapsed time and the human glioma cell lines (U251 and U373)
in 96-well plates were assessed for their cell viability by MTT assay. (A) Viability of the tumor cell lines were assessed after incubation with 0.2, 0.5, 1, 1.3, 2, 5, 10 or 15 lg/mL
concentrations of 5-FU. (All data are ⁄p < 0.05 (0.5 lg/mL; p = 0.001,1 lg/mL; p = 0.000, 1.3 lg/mL, p = 0.000; 2 lg/mL; p = 0.000, 5 lg/mL; p = 0.000, 10 lg/mL; p = 0.000,
15 lg/mL; p = 0.000) except at 0.2 lg/mL (p = 0.522) inU251andU373). (B) The survival was assessed at 0, 1, 3, 5 or 7 days points. (5-FU; 1 lg/mL) (control means average of 2
human glioma cell lines without 5-FU treatment) (each group n = 6, (All data are ⁄p < 0.05 (1 day; p = 0.001, 3 days; p = 0.000, 5 days; p = 0.000, 7 days; p = 0.000) except at
0 day (p = 0.313) in U251 and U373. (C)The human glioma cells [U373 (b), U251 (d) and U87 (f)] showed a marked reduction in tumor cell population after treatment with 5-
FU (10 lg/mL) as compared with untreated controls (a, c, e).
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Furthermore, only F3.CD cells were sensitive to 10 lg/mL concen-
tration of 5-FC treatment (p < 0.05), indicating enzymatic conver-
sion of pro-drug 5-FC to toxic 5-FU (Data not shown).

3.2. In vitro and in vivo 5-FU cytotoxicity study

5-FU was highly cytotoxic for two human glioma cell lines tested
(Fig. 1A). The size of the tumor decreased remarkably after daily
injection of 5-FU for 7 days in comparison to the control group with
saline injection (Fig. 3C).Tumor masses of 5-FC treated group were
much smaller than those of untreated or saline injected groups
(Fig. 3D).

3.3. Analysis on conversion of 5-FC to 5-FU by CD activity

We identified 5-FC and 5-FU in the extracts of conditioned media
(Fig. 2A) by HPLC system. When treated with various concentrations
of 5-FC for 1 day, F3.CD cells did not produce any detectable amount
of 5-FU (Data not shown). However, after 3 days we could detect
approximately 50% of 5-FU from each concentration of 5-FC, and
the amount of 5-FU increased in proportion to the concentration
of 5-FC applied (Fig. 2A).

3.4. In vitro bystander effect between U373 glioma cells and F3.CD
NSCs

After 5-FC treatment, the cell viability of U373 glioma cells was
markedly reduced with the presence of F3.CD cells, as compared
with controls containing only U373 cells (Fig. 2B). The bystander ef-
fect increased gradually in proportion to the increasing ratio of
F3.CD cells over tumor cells. The CD gene with 5-FC treatment mark-
edly inhibited glioma cell growth in 5-FC concentration-depen-
dently (from 100 lg/mL to 2000 lg/mL, Fig. 2C). Consequently, the
cell viability of glioma cells with F3.CD cells was decreased by



Fig. 2. High performance liquid chromatography (HPLC) analysis and in vitro bystander effects in co-culture of F3.CD and U373 cells. (A) F3.CD human neural stem cells were
incubated with different concentrations of 5-FC, and the medium was analyzed by HPLC. CD enzyme converted non-toxic 5-FC to the highly potent chemotherapeutic agent
5-FU. This graph shows almost equal amounts of 5-FC and 5-FU after 4 h of incubation. (B) Bystandere ffects of F3.CD were investigated at various ratios. No proliferation
inhibition was observed in the plates of U373 with 5-FC alone. (MTT assay, triplicate, mean ± standard error, error bars smaller than icons do not appear. All data are ⁄p < 0.05
except 3:7 ratio). (C) Co-cultured glioma cell lines (U251, U373) and F3 human neural stem cells with or without CD gene were treated with various concentrations of 5-FC
(columns = mean, bars = SD, all data are ⁄p < 0.05).
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approximately 90% (Fig. 3A, B). To confirm the ‘‘bystander effect’’ by
F3.CD cells, co-culture system was used. When co-cultured with
F3.CD cells, the growth of U373 glioma cells was significantly inhib-
ited by 100 mg/mL 5-FC, where as no growth inhibition of U373 cells
was observed without F3.CD cells alone. These results indicate that
F3.CD cells converted sufficient amount of 5-FC to 5-FU to effectively
to kill U373 human glioma cells in vitro.

3.5. In vivo therapeutic efficacy of HB1.F3.CD

There was 74% reduction in tumor volume in rats receiving
direct transplantation of F3.CD cells into tumor site, and 67%
reduction in tumor volume in rats receiving intravenous (IV) injec-
tion of F3.CD cells as compared to control animals transplanted
with human glioma U373 cells alone (Fig. 4D). Injection of F3 cells
only did not reduce the tumor size (Fig. 3B). The direct intratumor-
al transplantation of F3.CD cells was more effective than IV injec-
tion of the cells; however, there was no statistically significant
difference in reduction of tumor size between two groups (Fig. 4D).

3.6. MRI study of F3.CD cells on in vivo tumor growth

Tumor volumes on 7 and 14 days after intracranial inoculation
of F3.CD cells were monitored by MRI. We delivered F3.CD or



Fig. 3. Bystander effects of F3.CD human neural stem cells in vitro and in vivo. (A) F3 and F3.CD human neural stem cells were assessed for cell death due to conversion of pro-
drug 5-FC to highly cytotoxic5-FU. The cell lines were treated with 100 lg/mL 5-FC and 10 lg/mL 5-FU concentrations. (a) Cell number decreased in control F3 cells only by 5-
FU treatment. (b) Cell number decreased in F3 cells encoded with CD gene following treatment with both 5-FC and 5-FU (each group n = 6). (B) After U373 (1 � 106 cells)
transplantation, human neural stem cells (F3 and F3.CD) were transplanted at the same hemisphere on day 6 and 5-FC (500 mg/kg) was injected daily for 7 days. (a) This
model represents daily injection of 5-FC for 7 days after F3 transplantation (n = 6). (b) This model was injected with 5-FC daily for 7 days after F3.CD cells transplantation
(n = 9). (c)The tumor mass with F3.CD cells transplantation was reduced to 30% compared to that with F3 cells transplantation (columns = mean, bars = SD, ⁄p < 0.05). The
tumor model rats were injected daily with 10 lg of 5-FU for 7 days and sacrificed (C). (C,a): 5-FU injection, (C,b): saline injection. U373 tumor inoculation control model (D,a),
treated with saline injection (D,b) and treated with 5-FC (D,c). Each group was injected daily for 7 days.
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control F3 cells into intracranial tumors in rats 7 days after inocu-
lation with U373 human glioma cells. As shown in Fig. 4E and G,
progressive growth of U373 and U251 glioma cells was observed
in the brain of control untreated rats, reaching a lethal volume
21 days after tumor inoculation. In contrast, significantly smaller
tumor volumes were observed in the brain of rats treated with
F3.CD with 5-FC prodrug administration (Fig. 4F and H) (P < 0.01
compared to untreated controls 21 days after tumor inoculation).
Intratumoral inoculation of F3.CD significantly prolonged the sur-
vival of human glioma bearing rats: The mean survival time of gli-
oma-bearing rats injected with F3 was significantly less than that
of rats injected with F3.CD.



Fig. 4. Therapeutic effect according to the treatment modality and effect of F3.CD human neural stem cells on tumor growth evaluated by MRI. The large areas of tumor are
seen in control groups transplanted with human glioma U373 cells alone (A, n = 6). The tumor models were direct (B, n = 9) and intravenous injection(C, n = 6) with 5-FC on
day 6 after U373 transplantation, followed by daily injection of 5-FC. Barindicates 2 mm. The histogram shows that the systemic treatment with 5-FC reduced the size of
tumor with direct and intravenous injection of F3.CD or both, compared to control group (D). Tumor volume reduction of 74% indirect injection of F3.CD cells, 67% in
intravenous(iv) injection of F3.CD and 63% in combined direct and iv injection of F3.CD cells (columns = mean, bars = SD, ⁄p < 0.05). Representative MRI (T1-weightened axial
and coronal images) data are shown. The rats with U373MG tumors (n = 3) (E) and U251MG (n = 3) (G) as controls were not treated for 21 days after tumor inoculation.
U373MG tumors (n = 5) (F) and U251MG (n = 5) (H) were treated with F3.CD implantation for 7 days after tumor inoculation, followed by daily intraperitoneal injection of 5-
FC for 14 days.
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4. Discussion

In the present study, intratumoral transplantation of F3.CD hu-
man NSCs led to marked reduction in tumor burden and signifi-
cantly prolonged the survival of brain tumor-bearing rats. The
systemic administration of 5-FC with direct intratumoral trans-
plantation of F3.CD cells had remarkable therapeutic effect in rats
with human glioma cells as compared with transplantation of
parental F3 cells. The direct transplantation method appears to
be more effective than intravenous injection. The direct transplan-
tation method produced reduction of 74% of the entire tumor
volume whereas intravenous injection reduced to 67% of tumor
volume.

Results of the present study indicate that the suicide gene ther-
apy employing genetically modified human NSCs as an effectively
targeting vehicle is promising as a new therapeutic approach for
malignant glioma. Because of their high rate of cell proliferation
and diffuse infiltrating properties into surrounding brain paren-
chyma, gliomas are known to be fatal. Indeed, radical surgical resec-
tion is practically impossible because of the disseminated
infiltration and growth beyond the tumor boundaries, invisible even
on modern neuro-radiological imaging [7]. Therefore, selective
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targeting to treat the infiltrating tumor cells may be the goal for a
new therapeutic approach.

Recently the use of NSCs encoded with suicide gene has re-
ceived wide attention for cell-based gene therapy for glioma be-
cause of their being an ideal vehicle for gene transfer and strong
tropism for glioma [8–10]. Successful preclinical studies utilizing
human NSCs encoding CD suicide gene in animal models of brain
tumors including glioma and medulloblastoma have previously
been reported by us [11–18]. We have demonstrated, in animal
models, the safety, feasibility, and efficacy of NSCs to track invasive
tumor cells and distant micro-tumor foci and to deliver therapeutic
gene products to tumor cells, thereby providing an effective anti-
tumor response overcoming obstacles facing current gene therapy
strategies. In November 2010, the FDA approved the City of Hope
Medical Center in metropolitan Los Angeles to proceed with the
first human NSC clinical trial to treat glioma patients. This trial
uses F3.CD human NSCs to deliver an anticancer therapeutic agent.
Stably immortalized human NSCs that have been retrovirally trans-
duced to express a therapeutic transgene (F3.CD NSCs) have been
transplanted in surgically resected bed of glioma lesion in patients
with recurrent high grade glioma. Malignant glioma is among the
most devastating and difficult cancers to treat due to their highly
invasive nature, disseminating extensively away from the main tu-
mor mass and causing disease spread and recurrence. Because
these aggressive tumor cells infiltrate normal brain, they are not
readily treatable by surgery, irradiation or chemotherapy. NSCs,
modified to express the CD suicide gene, hold great promise for gli-
oma therapy due to their inherent tumor-tropic properties.

Previous studies have demonstrated that NSCs administrated
intracranially possesses extensive tropism for experimental brain
tumors and significant migratory behavior [11–19]. NSCs distribute
throughout the primary tumor bed and migrate together with
widely outgrowing tumor microsatellites after intratumoral
implantation. Moreover, when NSCs are implanted intracranially
at sites distant from the tumor, they migrate through the normal
parenchyma and localize in the tumor sites, known as the ‘chasing
down’ phenomenon [19]. We also found that F3 human NSCs were
found migrating far from the injection site, but not to the cerebel-
lum: F3 cells were observed mostly in the area of the tumor, as well
as in the corpus callosum, hippocampus, and auditory cortex [17].

Suicide gene therapy strategy has several advantages such as
avoiding all of the toxic side effects generated by systemic 5-FU
administration, and it allows regression of distant unmodified tu-
mor via a ‘‘distant bystander effect’’ induced by immune system
stimulation during 5-FU-mediated regression of the suicide gene-
modified tumor [10,20,21]. In the present study, 1 lg/mL 5-FU de-
creased the cell viability by approximately 50% (Fig. 1A).

Cytosine deaminase, a fungal or bacterial enzyme, catalyzes the
deamination of nontoxic 5-FC, resulting into highly cytotoxic drug
5-FU [19,22–25]. HPLC analysis of the conditioned medium of
F3.CD cells with 5-FC detected no 5-FU after 1 day. However, after
3 days, approximately 50% of 5-FC was converted to 5-FU indicat-
ing that 5-CD gene was activated and deaminated 5-FC into 5-FU
after 3 days.

Acknowledgments

This work was supported by grants from Department of Medical
Sciences, Ajou University Graduate School (R11-1998-052-06000-
0, KGC), and National R&D Program for Cancer Control (Ministry
of HWFA # 20090403, SUK).

References

[1] T.W. Vogel, Z. Zhuang, J. Li, H. Okamoto, M. Furuta, Y.S. Lee, W. Zeng, E.H.
Oldfield, A.O. Vortmeyer, R.J. Weil, Proteins and protein pattern differences
between glioma cell lines and glioma multiforme, Clin. Cancer Res. 11 (10)
(2005) 3624–3632.

[2] P.A. Forsyth, J.G. Cairncross, Treatment of malignant glioma in adults, Curr.
Opin. Neurol. 8 (6) (1995) 414–418.

[3] J.P. Imperato, N.A. Paleologos, N.A. Vick, Effects of treatment on long-term
survivors with malignant astrocytomas, Ann. Neurol. 28 (6) (1990) 818–
822.

[4] R. Glass, M. Synowitz, G. Kronenberg, J.H. Walzlein, D.S. Markovic, L.P. Wang, D.
Gast, J. Kiwit, G. Kempermann, H. Kettenmann, Glioma-induced attraction of
endogenous neural precursor cells is associated with improved survival, J.
Neurosci. 25 (10) (2005) 2637–2646.

[5] H.J. Lee, K.S. Kim, E.J. Kim, K.H. Lee, H.B. Choi, I.H. Park, Y. Ko, S.W. Jeong, S.U.
Kim, Brain transplantation of human neural stem cells promotes functional
recovery in mouse intracerebral hemorrhage stroke model, Stem Cells 25 (1)
(2007) 211–224.

[6] S.U. Kim, J. de Vellis, Stem cell-based cell therapy in neurological diseases: A
review, J. Neurosci. Res. 88 (10) (2009) 2183–2200.

[7] A. Giese, M. Westphal, Glioma invasion in the central nervous system.
Neurosurgery1996;39(2):235–250; discussion 50-2.

[8] K.S. Aboody, A. Brown, N.G. Rainov, K.A. Bower, S. Liu, W. Yang, J.E. Small, U.
Herrlinger, V. Ourednik, P.M. Black, X.O. Breakefield, E.Y. Snyder, in: Neural
stem cells display extensive tropism for pathology in adult brain: Evidence
from intracranial gliomas, P. Natl. Acad. Sci. USA 97 (23) (2000) 12846–
12851.

[9] A.U. Ahmed, N.G. Alexiades, M.S. Lesniak, The use of neural stem cells in cancer
gene therapy: predicting the path to the clinic, Curr. Opin. Mol. Ther. 12 (5)
(2010) 546–552.

[10] S.U. Kim, Neural stem cell-based gene therapy for brain tumors, Stem Cell Rev.
Rep. 7 (1) (2011) 130–140.

[11] S.K. Kim, S.U. Kim, I.H. Park, J.H. Bang, K.S. Aboody, K.C. Wang, B.K. Cho,
M. Kim, L.G. Menon, P.M. Black, R.S. Carroll, Human neural stem cells
target experimental intracranial medulloblastoma and deliver a therapeutic
gene leading to tumor regression, Clin. Cancer Res. 12 (18) (2006) 5550–
5556.

[12] S. Shimato, A. Natsume, H. Takeuchi, T. Wakabayashi, M. Fujii, M. Ito, S. Ito, I.H.
Park, J.H. Bang, S.U. Kim, J. Yoshida, Human neural stem cells target and deliver
therapeutic gene to experimental leptomeningeal medulloblastoma, Gene
Ther. 14 (15) (2007) 1132–1142.

[13] S.E. Kendall, J. Najbauer, H.F. Johnston, M.Z. Metz, S. Li, M. Bowers, E. Garcia,
S.U. Kim, M.E. Barish, K.S. Aboody, C.A. Glackin, Neural stem cell targeting of
glioma is dependent on phosphoinositide 3-kinase signaling, Stem Cells 26 (6)
(2008) 1575–1586.

[14] D. Zhao, J. Najbauer, E. Garcia, M.Z. Metz, M. Gutova, C.A. Glackin, S.U. Kim, K.S.
Aboody, Neural stem cell tropism to glioma: critical role of tumor hypoxia,
Mol. Cancer Res. 6 (12) (2008) 1819–1829.

[15] D.H. Lee, Y. Ahn, S.U. Kim, K.C. Wang, B.K. Cho, J.H. Phi, I.H. Park, P.M. Black, R.S.
Carroll, J. Lee, S.K. Kim, Targeting rat brainstem glioma using human neural
stem cells and human mesenchymal stem cells, Clin. Cancer Res. 15 (10)
(2009) 4925–4934.

[16] M.S. Thu, J. Najbauer, S.E. Kendall, I. Harutyunyan, N. Sangalang, M. Gutova,
M.Z. Metz, E. Garcia, R.T. Frank, S.U. Kim, R.A. Moats, K.S. Aboody, Iron labeling
and pre-clinical MRI visualization of therapeutic human neural stem cells in a
murine glioma model, PLoS One 4 (2009) e7218.

[17] J.H. Kim, J.E. Lee, S.U. Kim, K.G. Cho, Stereological analysis on migration of
human neural stem cells in the brain of rats bearing glioma, Neurosurgery 66
(2) (2010) 333–342.

[18] S.J. Lee, Y. Kim, M.Y. Jo, H.S. Kim, Y. Jin, S.U. Kim, J. Jin, K.M. Joo, D.H. Nam,
Combined treatment of tumor-tropic human neural stem cells containing the
CD suicide gene effectively targets brain tumors provoking a mild immune
response, Oncol. Rep. 25 (1) (2011) 63–68.

[19] K.S. Aboody, J. Najbauer, N.O. Schmidt, W. Yang, J.K. Wu, Y. Zhuge, W.
Przylecki, R. Carroll, P.M. Black, G. Perides, Targeting of melanoma brain
metastases using engineered neural stem/progenitor cells, Neuro-Oncology 8
(2) (2006) 119–126.

[20] K. Kurozumi, T. Tamiya, Y. Ono, S. Otsuka, H. Kambara, Y. Adachi, T. Ichikawa,
H. Hamada, T. Ohmoto, Apoptosis induction with 5-fluorocytosine/cytosine
deaminase gene therapy for human malignant glioma cells mediated by
adenovirus, J. Neuro-Oncol. 66 (1–2) (2004) 117–27.

[21] K.M. Joo, I.H. Park, J.Y. Shin, J. Jin, B.G. Kang, M.H. Kim, S.J. Lee, M.Y. Jo, S.U. Kim,
D.H. Nam, Human neural stem cells can target and deliver therapeutic genes to
breast cancer brain metastases, Mol. Ther. 17 (3) (2009) 570–575.

[22] V. Barresi, N. Belluardo, S. Sipione, G. Mudo, E. Cattaneo, D.F. Condorelli,
Transplantation of prodrug-converting neural progenitor cells for brain tumor
therapy, Cancer Gene Ther. 10 (5) (2003) 396–402.

[23] J.K. Chen, L.J. Hu, D. Wang, K.R. Lamborn, D.F. Deen, Cytosine deaminase/5-
fluorocytosine exposure induces bystander and radiosensitization effects in
hypoxic glioma cells in vitro, Int. J. Radiat. Oncol. 67 (5) (2007) 1538–
1547.

[24] T. Miyagi, K. Koshida, O. Hori, H. Konaka, H. Katoh, Y. Kitagawa, A.A. Mizokami,
M. Egawa, S. Ogawa, H. Hamada, M. Namiki, Gene therapy for prostate cancer
using the cytosine deaminase/uracil phosphoribosyltransferase suicide
system, J. Gene Med. 5 (1) (2003) 30–37.

[25] M. Ramnaraine, W. Pan, M. Goblirsch, C. Lynch, V. Lewis, P. Orchard, P. Mantyh,
D.R. Clohisy, Direct and bystander killing of sarcomas by novel cytosine
deaminase fusion gene, Cancer Res. 63 (20) (2003) 6847–6854.


	Therapeutic effect of genetically modified human neural stem cells encoding  cytosine deaminase on experimental glioma
	1 Introduction
	2 Materials and methods
	2.1 Cell culture
	2.2 In vivo protocol of experimental tumor models
	2.3 In vitro sensitivity and cytotoxicity of F3 to 5-FC and 5-FU
	2.4 In vitro 5-FU cytotoxicity to human glioma cells
	2.5 In vitro bystander effect between F3.CD and U373
	2.6 In vitro and in vivo therapeutic efficacy of F3.CD NSCs
	2.7 In vivo therapeutic efficacy according to transplantation of F3.CD cells
	2.8 Measurement of tumor size by magnetic resonance imaging (MRI)
	2.9 In vitro assay for conversion of 5-FC to 5-FU by HPLC
	2.10 Statistical analysis

	3 Results
	3.1 F3.CD human neural stem cells
	3.2 In vitro and in vivo 5-FU cytotoxicity study
	3.3 Analysis on conversion of 5-FC to 5-FU by CD activity
	3.4 In vitro bystander effect between U373 glioma cells and F3.CD NSCs
	3.5 In vivo therapeutic efficacy of HB1.F3.CD
	3.6 MRI study of F3.CD cells on in vivo tumor growth

	4 Discussion
	Acknowledgments
	References


