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Purpose
In the present study, human neural stem cells (hNSCs) with tumor-tropic behavior were
used as drug delivery vehicle to selectively target melanoma. A hNSC line (HB1.F3) was
transduced into two types: one expressed only the cytosine deaminase (CD) gene (HB1.F3.
CD) and the other expressed both CD and human interferon- (IFN-) genes (HB1.F3.CD.
IFN-).   

Materials and Methods
This study verified the tumor-tropic migratory competence of engineered hNSCs on mela-
noma (A375SM) using a modified Boyden chamber assay in vitro and CM-DiI staining in
vivo. The antitumor effect of HB1.F3.CD and HB1.F3.CD.IFN- on melanoma was also con-
firmed using an MTT assay in vitro and xenograft mouse models.   

Results
A secreted form of IFN- from the HB1.F3.CD.IFN- cells modified the epithelial-mesenchy-
mal transition (EMT) process and metastasis of melanoma. 5-Fluorouracil treatment also
accelerated the expression of the pro-apoptotic protein BAX and decelerated the expression
of the anti-apoptotic protein Bcl-xL on melanoma cell line. 

Conclusion
Our results illustrate that engineered hNSCs prevented malignant melanoma cells from pro-
liferating in the presence of the prodrug, and the form that secreted IFN- intervened in the
EMT process and melanoma metastasis. Hence, neural stem cell-directed enzyme/prodrug
therapy is a plausible treatment for malignant melanoma. 

Key words
Melanoma, Human neural stem cells, Flucytosine, 
Cytosine deaminase, Human interferon-

Jae-Rim Heo, MS1

Kyung-A Hwang, PhD1

Seung U. Kim, MD, PhD2

Kyung-Chul Choi, DVM, PhD1,3

+  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  
+  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  
+  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +
+  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  
+  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  
+  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +
+  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  
+  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +
+  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +
+  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  
+  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +
+  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +
+  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  
+  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +

Correspondence: Kyung-Chul Choi, DVM, PhD
Laboratory of Biochemistry and Immunology,
College of Veterinary Medicine, Chungbuk 
National University, 1 Chungdae-ro, 
Seowon-gu, Cheongju 28644, Korea
Tel: 82-43-261-3664  
Fax: 82-43-267-3150 
E-mail: kchoi@cbu.ac.kr

Received  June 16, 2018
Accepted  September 12, 2018
Published Online  September 14, 2018

1Laboratory of Biochemistry and Immunology,
College of Veterinary Medicine, Chungbuk
National University, Cheongju, Korea, 
2Department of Medicine, Faculty of 
Medicine, University of British Columbia,
Vancouver, BC, Canada, 3Institute of 
Life Science and Bio-Engineering, TheraCell
Bio & Science, Cheongju, Korea

Introduction

Malignant melanoma is uncommon but aggressive and is
the most fatal type of skin cancer. This cancerous growth
arises from a melanocyte and can spread to other parts of the
body more rapidly than other cancers. Approximately,
87,110 new cases and 9,730 deaths from melanoma have been
reported in the year 2017 in the United States [1]. Though
melanoma constitutes less than 5% of skin cancers, it carries

a high mortality rates. Melanoma risk factors include both
intrinsic and extrinsic features. Phenotypes such as fair skin,
blond hair, freckles, and blue eyes are commonly present in
melanoma patients and are considered typical intrinsic risk
factors [2]. In addition to phenotype, melanoma progression
can be attributed to sun exposure (an extrinsic factor), family
history, and genetic factors [3]. Furthermore, melanoma 
patients commonly present with mutations in genes that con-
tribute to melanoma development [4,5]. In particular, the 
majority of melanoma patients possess driver oncogenic 
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mutations in genes that encode proteins associated with 
mitogen-activated protein kinase/ERK and phosphoinosi-
tide 3-kinase/Akt (growth factor receptors) signaling path-
ways [6]. About 50% of melanoma cases hold BRAF muta-
tions that generally substitute valine with glutamic acid in
position 600 (V600E), and about 20%-30% of melanoma cases
contain RAS mutations, which was the first identified onco-
gene relating to melanoma [7, 8]. Recent research on devel-
oping malignant melanoma therapies has focused on specific
targeted therapies using BRAF and MEK inhibitors and 
introduction of immune checkpoint blockades such as anti–
cytotoxic T-lymphocyte–associated protein 4, anti–program-
med cell death protein 1, and anti–programmed death-ligand
1. As each therapy has its own limitations in response rate or
duration, combined treatment of targeted inhibitors and 
immune checkpoint inhibitors has been suggested to treat
malignant melanoma [9]. However, patients who were 
exposed to these types of therapy gained resistance to the
treatments, which led researchers to seek an alternative
method of therapy for melanoma. 

Gene therapy is one potential candidate for alternative
melanoma treatments. More specifically, gene-directed 
enzyme/prodrug therapy (GDEPT) has been studied as a
prominent tool for treating cancers through molecular che-
motherapy [10]. Unlike conventional chemotherapies, the
GDEPT system minimizes the toxicity of drugs in normal tis-
sues, and neural stem cell-directed enzyme/prodrug therapy
(NDEPT), a suicide gene therapy, was developed to selec-
tively target cancers while reducing the damages to normal
tissues [11]. Suicide gene therapy makes use of the bystander
effect of a suicide enzyme, which converts an inactive drug
to an active drug and causes cell death in tumors [12]. Thou-
gh various suicide gene systems exist, the cytosine deami-
nase (CD)/5-Fluorocytosine (5-FC) system was applied in
this study. CD impedes DNA synthesis and enhances apop-
tosis in tumor cells by modifying the inactive drug 5-FC into
its active metabolized by-product 5-fluorouracil (5-FU) [13]. 

In a similar fashion, the cytokine interferon- (IFN-), is
able to promote cell cycle arrest in S-phase and apoptosis in
tumor cells [14]. Notwithstanding the therapeutic effect of
IFN- at a high concentration in vitro, its use in vivo causes
side effects and limits its therapeutic application in high
doses [15]. We utilized human neural stem cells (hNSCs)
HB1.F3 that were obtained from 15-week-old fetal telence-
phalon, and immortalization was performed using a retrovi-
ral vector encoding the v-myc oncogene. These hNSCs were
transduced into two types: one expressing only cytosine
deaminase (HB1.F3.CD) and the other expressing both CD
and human IFN- (HB1.F3.CD.IFN-). The clonal HB1.F3.CD
expressing only CD was generated by transfection of the 
Escherichia coli CD gene to immortalized hNSCs [16]. Neural
stem cells are applicable as a therapeutic delivery vehicle for

gene therapy because neural stem cells effectively migrate to
the target tumor site by following chemoattractant and
growth factors emitted by tumor cells [17]. It has been shown
that many chemokines, growth factors and receptors mediate
the migratory behavior of hNSCs in vitro due to the interac-
tion of cytokine/receptor pairs such as stromal cell-derived
factor 1 (SDF-1)/CXCR4, vascular endothelial growth factor
(VEGF)/vascular endothelial growth factor receptor (VEGFR),
SCF/c-kit, and MCP-1/CCR2 [18-20]. They can also be prop-
agated for long periods. There have been several preclinical
models demonstrating the therapeutic potential of engi-
neered hNSCs, as they migrated to cancer cells selectively
and hindered tumor cell growth both in vitro and in vivo for
various cancers [10,21,22]. 

Though the treatments of malignant melanoma have 
become more advanced, they could not avoid side effects 
including damage to normal tissues and acquisition of resist-
ance to the therapies. On the other hand, neural stem cell-
based therapies have emerged as a feasible drug-delivery
mechanism for various types of cancers due to their tumor-
tropic behavior. The purpose of this study was to examine
whether hNSCs expressing CD and/or IFN- could migrate
to malignant melanoma and thereby serve as a potential ther-
apy vector for melanoma by co-culturing them both in vitro
and in vivo with a malignant melanoma cell line (A375SM)
in the presence of the prodrug 5-FC. We characterized the
therapeutic effect of engineered hNSCs on melanoma throu-
gh their tumor-tropic behavior using xenograft mouse mod-
els. Our results elucidate the suitability of neural stem cell-
based therapy for treating malignant melanoma and demon-
strate its promise as a tool for minimizing side effects throu-
gh the tumor-tropism of neural stem cells.

Materials and Methods

1. Cell culture and media 

A malignant melanoma cell line, A375SM, was bought
from Korean Cell Line Bank (KCLB, Seoul, Korea). The three
engineered hNSC lines (HB1.F3, HB1.F3.CD, and HB1.F3.
CD.IFN-) used in this study were provided by Dr. Seung U.
Kim (University of British Columbia, Vancouver, BC, Cana-
da). A primary human fibroblast cell line (hFB) was also used
for a modified Boyden chamber migration assay as a control.
Every cell line was cultured in Dulbecco’s modified Eagle’s
medium (DMEM; Hyclone Laboratories, Logan, UT) supple-
mented with 10% (v/v) heat-inactivated fetal bovine serum
(FBS; Hyclone Laboratories), 10 mM HEPES (Invitrogen Life
Technologies, Carlsbad, CA), 10 U/mL penicillin and 100
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µg/mL streptomycin (Cellgro Mediatech, Manassas, VA),
and anti-mycoplasmal agents (Invivogene, San Diego, CA)
at 37°C in 5% CO2 and 95% air in a humidified cell incubator.
Zero point zero five percent trypsin/0.02% EDTA (PAA Lab-
oratories, Dartmouth, MA) was used to trypsinize the cells.  

2. mRNA extraction and reverse transcriptase polymerase
chain reaction

mRNA was extracted from melanoma cells and hNSCs
using TriZol Reagent (Invitrogen Life Technologies). As per
the manufacturer’s protocols, 1 µg of total mRNA, quantified
with a spectrophotometer (Optizen, Mecasysm, Daejeon,
Korea), was reverse transcribed into cDNA by applying
murine leukemia virus reverse transcriptase (MMLV-RT, 
iNtRON Biotechnology, Seongnam, Korea), 200 pM nonamer
random primer (TaKaRa Bio, Shiga, Japan), RNase inhibitor
(iNtRON Biotechnology), 10 pM dNTP (Bioneer, Daejeon,
Korea), and 5 RT buffer. Polymerase chain reaction (PCR)
was conducted to confirm the expression of the bacterial CD
gene and human interferon- gene in hNSCs using their 
respective primers. PCR was also performed using the cDNA
of melanoma cells and hNSCs to amplify the chemoattractant
ligands and receptors including SDF-1, CXCR4, VEGF, VEG-
FR2, urokinase-type plasminogen activator and its receptor
with sense and antisense primers based on the published 
sequences of the genes. As a positive control, the human
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene
was used. The PCR reactions were carried out for 30 cycles
with denaturation for 30 seconds at 95°C, annealing for 30
seconds at 58°C, and extension for 30 seconds at 72°C. PCR
reaction products (11 µL) were analyzed on a 1.5% agarose
gel prestained with ethidium bromide (Sigma-Aldrich, St.
Louis, MO) and NEOgreen (NEO Science, Suwon, Korea).
The gels were scanned by a Gel Doc 200 apparatus (Bio-Rad
Laboratories, Hercules, CA). 

3. Cell viability assay

To evaluate the effect of 5-FU (Sigma-Aldrich) and 5-FC
(Sigma-Aldrich) on melanoma cells (A375SM), 4,000 mela-
noma cells were seeded per well in 96-well plates (SPL Life
Science, Seoul, Korea) and cultured in phenol free DMEM
containing 5% charcoal-dextran treated FBS, 1% penicillin
and streptomycin, and 1% HEPES at 37°C in a humidified 
atmosphere of 95% and 5% CO2. After 24 hours of incubation,
every well was treated with 5-FU or 5-FC diluted with phos-
phate buffered saline (PBS; 100, 200, 300, 400, and 500 µg/
mL) for 3 days. To verify the therapeutic effect of engineered
hNSCs (HB1.F3, HB1.F3.CD, and HB1.F3.CD.IFN-), mela-
noma cells were seeded in the same media (4,000 cells/well)
on day 1. Three types of engineered neural stem cells (16,000

cells/well) were added to the cancer cells on the next day.
On the third day, cells were treated with a range of 5-FC con-
centrations diluted with PBS (100, 200, 300, 400, and 500 µg/
mL) for 3 days. After 3 days of the treatment with 5-FU and
5-FC, an MTT (3-(4-,5-dimethylthiazol-2-yl)-2,5-dyphenyl
tetrazolium bromide) assay was conducted to measure
melanoma cell viability. MTT (Sigma-Aldrich) stock solution
(10 µL; 5 mg/mL) was added to every well and incubated for
3 hours at 37°C. After removing supernatants, precipitated
formazan crystals were dissolved in 100 µL of dimethylsul-
foxide (99%, Junsei Chemical, Tokyo, Japan). Using an enzy-
me-linked immunosorbent assay (ELISA) plate reader (VER-
SA man, Molecular Devices, Sunnyvale, CA) at 540 nm, 
absorbance of each well was measured. Every step was per-
formed in triplicate.

4. In vitro migration assay  

To observe the ability of hNSCs to migrate to melanoma
and normal human lung cells, both A375SM and L132 (1105

cells/well) were plated in a 24-well plate containing 5% 
CD-FBS phenol free DMEM and incubated for 24 hours. The
bottom surface of the transwell with 8.0-µm pores (BD Bio-
sciences, Dickinson, Bedford, MA) was coated with fibro-
nectin (25 µg/mL, Sigma-Aldrich) and placed in 24-well
plates and engineered hNSCs (1105 cells/well) were seeded
in the upper compartment of the transwell on the next day.
After 24 hours of incubation, all lower chambers were
washed with PBS, migrated hNSCs were fixed using 3.7%
formaldehyde solution (Sigma-Aldrich) for 15 minutes, and
the cell underwent permeabilization using 10% coldmetha-
nol (Sigma-Aldrich) for 15 minutes. Crystal violet was used
to stain the surface of the transwell for 15 minutes and all
transwells were rinsed thoroughly with PBS. Crystal violet
stained hNSCs were visualized by fluorescence microscopy
(IX-73 Inverted Microscopy, Olympus, Tokyo, Japan) and
were counted with Cell Sense Dimension. 

5. Xenograft model of metastatic melanoma 

All experiments containing animals were approved by the
Animal Care Committee of Chungbuk National University.
Four-week-old athymic female nude mice were purchased
from KOATECH (Pyeongtaek, Korea). All mice were kept in
a room for a week to adapt to their environment (at 24°C,
40%-50% humidity and 12-hour light-dark cycle) before the
experiments. To create melanoma xenograft models, A37-
5SM cells (2106) and matrigel (BD Biosciences) were mixed
in a 1:1 ratio to a total volume of 200 L and subcutaneous 
injection was performed into the back of the mice as previ-
ously shown [23]. The tumor volume of every mouse was
measured every other day with a caliper using the formula
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lengthwidthheight0.5236 (mm3). 

6. Therapeutic efficacy of HB1.F3.CD and HB1.F3.CD.IFN-
 hNSCs in vivo model 

To evaluate the therapeutic effect of HB1.F3.CD and HB1.
F3.CD.IFN- in a melanoma xenograft model, the mice were
split into four groups: group 1 was treated with the vehicle
(5-FC; 500 mg/kg/day) as a control and groups 2, 3, and 4
were treated with the engineered hNSCs: HB1.F3, HB1.F3.
CD, and HB1.F3.CD.IFN-, respectively. When the tumor
volume of each mouse reached between 500 mm3 and 600
mm3, CM-DiI pre-labeled HB1.F3, HB1.F3.CD, and HB1.F3.
CD.IFN- cells (8106 cells/mouse) were weekly injected
subcutaneously near the tumor site with matrigel at a 1:1
ratio for 3 weeks. Two days after the injection of engineered
hNSCs, 5-FC (500 mg/kg/day) was intraperitoneally injec-
ted every day for 3 days. The animal study was conducted
for 21 days after the injection of engineered hNSCs. To 
examine the therapeutic efficacy of engineered hNSCs, the
tumor volume was measured for the last time before the
mouse was euthanized 24 hours after the last injection of 
5-FC. All tumor masses were dissected for molecular analy-
sis. The tumor volumes were quantified by Graphpad Prism
(v5.0, GraphPad Software, San Diego, CA).

7. Western blot assay 

Proteins used for western blot were harvested using RIPA
buffer containing 50 mM Tris-HCl, pH 8.0; 150 mM NaCl; 1%
Triton X-100 (Sigma-Aldrich); 0.1% sodium dodecyl sulfate;
and 0.5% deoxycholic acid (Sigma-Aldrich) mixed with pro-
tease and phosphatase inhibiter. Extracted proteins were 
incubated at 4°C overnight then centrifuged at 14,000 rpm
for an hour. Following centrifugation, protein concentration
was decided using a mixture of bicinchoninic acid (Sigma-
Aldrich) and copper (II) sulfate (Sigma-Aldrich). Fifty micro-
grams of the proteins were distributed on a 10% sodium
dodecyl sulfate–polyacrylamide gel electrophoresis then sep-
arated proteins were transferred to polyvinylidene fluoride
membrane (BioRad Laboratories Inc.). The membrane was
then incubated at room temperature with 5% blocking buffer
(BioRad Laboratories Inc.) to prevent non-specific binding
with the primary antibody. Subsequently, the membrane
was incubated with monoclonal primary antibody, mouse
monoclonal anti-BAX (1:500 dilution, Cell Signaling Technol-
ogy Inc.), anti-Slug (1:1,000 dilution, Abcam, Cambridge,
UK), anti-GAPDH (1:3,000 dilution, Abcam), rabbit mono-
clonal anti–Bcl-xL (1:1,000 dilution, Cell Signaling Technol-
ogy Inc.), anti–E-cadherin (1:500 dilution, Abcam), and
anti–cathepsin-B (1:200 dilution, Santa Cruz Biotechnology,
Santa Cruz, CA) overnight at 4°C. The primary antibody

binding was visualized by incubating with a secondary 
antibody, anti-rabbit IgG or anti-mouse IgG (1:3,000 dilution,
Thermo Scientific Corp., Waltham, MA), which was conju-
gated with horse radish peroxidase for at least 1 hour at room
temperature. Proteins were detected using a West-Q Chemi-
luminescent Substrate Plus kit (GenDEPOT, Barker, TX).
Each protein was quantified using the densities of bands on
a membrane utilizing CSAnalyzer4. Experiments were per-
formed a minimum of 3 times and expression levels of all the
above proteins were normalized with GAPDH protein.

8. 5-FU treatment

To determine 5-FU (Sigma-Aldrich) effects in neural stem
cell therapy, melanoma cells were treated with different con-
centrations of 5-FU (1 and 5 µg/mL) for 0, 1, 3, or 6 hours;
and proteins were extracted after 5-FU treatments. To eval-
uate the expression of the apoptosis-related genes BAX and
Bcl-xL, A375SM cells were exposed to 1 and 5 µg/mL of 
5-FU for 0, 1, 3, and 6 hours. 

9. HB1.F3.CD and HB1.F3.CD.IFN- conditioned media 

The engineered hNSC lines HB1.F3.CD and HB1.F3.CD.
IFN- were cultured in DMEM with 10% heat-inactivated
FBS, 1% HEPES, and penicillin/streptomycin in a T75 flask
until cells were 70% full at 37°C in 5% CO2. Engineered neu-
ral stem cell lines were then incubated with new media.
Media were filtered using a 0.22-mm syringe filter after 2
days of incubation then used for melanoma cultures for 0,
24, 48, and 72 hours. 

10. Immunohistochemical assay 

Excised tumors from mice were fixed in 10% formalin 
solution (OCI, Seoul, Korea). Fixed tumors were cut into 
5-mm thick slices, dehydrated, and embedded in paraffin.
Paraffin blocks were sectioned into 5-µm slides. Slides were
placed in a chamber containing 0.01 M citrate buffer (pH 6.0)
and microwaved for 10 minutes to retrieve tissue antigens.
Following antigen retrieval, the slides were incubated with
0.3% H2O2, blocking buffer to reduce background staining,
and the monoclonal primary antibody proliferating cell 
nuclear antigen (PCNA; 1:100 dilution, Abcam) overnight at
4°C. To evaluate the expression of primary antibody PCNA,
biotinylated mouse IgG (1:1,000 dilution, Vector Laborato-
ries, Burlingame, CA) was applied as a secondary antibody.
For the digital photography of PCNA expression of each
group, an IX-73 inverted microscope was used. 
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11. Fluorescent DAPI analysis   

The distribution of hNSCs can be inspected in a tumor
mass by pre-staining with CM-DiI before hNSC injection. 
Dehydrated tissue slides were fixed in 10% formalin, washed
with PBS twice, and DAPI solution was applied for 10 min-
utes at room temperature. DAPI stained slides were mounted
with coverslips before fluorescent microscopy (IX-73 inver-
ted microscopy) was used to observe them. 

12. Data analysis

In vitro and in vivo data were statistically analyzed using
GraphPad Prism (v5.0, GraphPad Software). In vitro experi-
ments were completed a minimum of three times to ensure
consistent results. In vitro data were shown as the mean±
standard deviation and in vivo data were presented as the
mean±standard error of the mean. To examine the signifi-
cance of in vitro and in vivo data, one-way analysis of vari-
ance (ANOVA) followed by post hoc Dunnett’s or Tukey’s
test were used. p-values of < 0.05 were regarded as statisti-
cally significant. 

Results

1. Engineered Escherichia coli CD and human IFN- genes
were identified in engineered neural stem cell lines  

Reverse transcriptase–polymerase chain reaction (RT-PCR)
was carried out for verifying the expression of the inserted
genes: Escherichia coli CD and IFN-. The expression of the
CD gene (472 bp) was detected in the HB1.F3.CD cell line and
the expression of both CD and human IFN- gene (296 bp)
were detected at in the HB1.F3.CD.IFN- cell line as shown
in Fig. 1. The GAPDH gene was used as a standard for 
RT-PCR and detected at 351 bp in both the HB1.F3.CD cell
line and HB1.F3.CD.IFN- cell line. 

2. hNSCs were able to migrate toward melanoma 

A modified Boyden chamber assay was used to observe
the migration capability of engineered hNSCs toward mela-
noma cells. Both A375SM cells and normal human lung cells
were seeded (1105 cells/mL) in 24-well plates for 24 hours
then the same number of hNSCs (HB1.F3, HB1.F3.CD, and
HB1.F3.CD.IFN-) were seeded on the upper compartment
of the chambers for another 24 hours. As shown in Fig. 2A,

Jae-Rim Heo, Effects of Engineered Neural Stem Cells on Malignant Melanoma 

Fig. 1.  Expression of Escherichia coli cytosine deaminase (CD) and human interferon  (IFN-) gene in engineered human
neural stem cells. The presence of the therapeutic genes CD and IFN-was confirmed with reverse transcriptase–polymerase
chain reaction (RT-PCR). After RNA extractions from both HB1.F3.CD and HB1.F3.CD.IFN- cell lines, cDNAs were syn-
thesized. cDNAs of the two cell lines were amplified through polymerase chain reaction (PCR) and the PCR products were
confirmed with gel electrophoresis. The expressions of E. coli CD gene (472 bp) and human interferon- gene (296 bp) were
detected by RT-PCR. Glyceraldehyde 3-phosphate dehydrogenase gene (351 bp) was used as an internal control. 

HB1.F3.CD HB1.F3.CD.IFN-β

a b c a b c

472 bp
351 bp
296 bp

VOLUME 51 NUMBER 2 APRIL 2019  801



Cancer Res Treat. 2019;51(2):797-811

Fig. 2.  Migratory effect of engineered human neural stem cells (hNSCs) with tumor tropic characteristics in a melanoma
cell line (A375SM). (A) Normal human lung cells (L-132) and melanoma cells (A375SM) (1105 cells/well) were seeded on a
24-well plate. hNSCs (1105 cells/well) were seeded in the fibronectin pre-coated upper compartment of modified Boyden
chambers. To observe the migrated hNSCs, crystal violet staining solution was added to both lower and upper compartments.
(B) The migratory ratio of hNSCs was quantified using the ‘Cell Sense Dimension’ system (Olympus, Tokyo, Japan). Data
were represented as mean±standard error of mean. *p < 0.05 vs. control. (C) Expression of various chemoattractant factors
were displayed in A375SM cells. GAPDH, glyceraldehyde 3-phosphate dehydrogenase; SDF-1, stromal cell-derived factor
1; VEGF, vascular endothelial growth factor; VEGFR, vascular endothelial growth factor receptor.
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hNSCs that migrated were stained with crystal violet and
viewed using fluorescent microscopy. They were counted
and the ratio of hNSCs that selectively migrated towards
melanoma cells to those that migrated toward normal human
cells was measured using fluorescent microscopy. hNSCs 
migrated to melanoma cells about 4 times more often than
they migrated to normal human cells (Fig. 2B), which imp-
lied that hNSCs were tumor-tropic. The migration of neural
stem cells could be explained through the interaction bet-
ween chemoattractant ligands and their receptors with 
tumors. Expression of chemoattractant ligands and the par-
allel receptors in melanoma cells or hNSCs was confirmed
by their RNA levels using RT-PCR. Melanoma cells expre-
ssed chemoattractant ligands, e.g., SDF-1 (263 bp) and VEGF
(377 bp), and hNSCs expressed the corresponding chemoat-
tractant factors, CXCR4 (298 bp) and VEGFR (143 bp) (Fig. 2C). 

3. Expression of CD and IFN- genes in hNSCs showed
anti-proliferative effects on melanoma in the presence of
5-FC in vitro

To verify the cytotoxicity of 5-FC and 5-FU on melanoma
cells, A375SM cells were seeded and 5-FC or 5-FU were app-
lied at increasing concentrations (100 to 500 µg/mL) on suc-
cessive days for 3 days. The cell proliferation was quantified
using an MTT assay. Proliferation of 5-FC groups was 
reduced slightly and there was no apparent concentration-

dependent difference. However, cell proliferation of 5-FU
groups decreased drastically even at 100 µg/mL concentra-
tion (Fig. 3A). To demonstrate the therapeutic efficacy of
hNSCs on melanoma cells, A375SM cells were co-cultured
with hNSCs in the presence of serial concentrations of 5-FC
(100 to 500 µg/mL). The cell viability of A375SM was redu-
ced noticeably when co-cultured with HB1.F3.CD and HB1.
F3.CD.IFN- with 5-FC treatment compared to the control
group (HB1.F3). 5-FC hindered cell proliferation of A375SM
cultured with HB1.F3.CD and HB1.F3.CD.IFN- in a dose 
dependent manner (Fig. 3B). However, there was no syner-
gistic effect of HB1.F3.CD.IFN- on A375SM cells. 

4. Tumor volume regressed after hNSC treatments in a
xenograft mouse model 

Xenograft mouse models were used to validate the antitu-
mor effect of hNSCs through an in vivo study and were han-
dled as shown in Fig. 4A. A375SM cells were subcutaneously
injected on the back of female athymic mice to create mela-
noma xenograft models. The tumor volume of every mouse
was measured using a digital caliper throughout the entire
experimental period. NSC treatment was initiated when the
tumor volume reached between 500 and 600 mm3 and hNSCs
were injected nearby a tumor to give a practical approach.
From the 14th day of hNSC treatment, the growth of tumor
volume treated with HB1.F3.CD and HB1.F3.CD.IFN- was

Jae-Rim Heo, Effects of Engineered Neural Stem Cells on Malignant Melanoma 

Fig. 3.  Therapeutic efficacy of HB1.F3.CD and HB1.F3.CD.IFN-with prodrug 5-fluorocytosine (5-FC) in vitro. Twenty-four
hours after A375SM cells (4103 cells/well) were seeded in 96-well plates, human neural stem cells (hNSCs) were seeded in
the same well and all wells were treated with 5-FC for 3 days. The viability of the A375SM cells was measured using an MTT
assay. (A) The cell viability of various concentrations of 5-FC and 5-fluorouracil (5-FU) on A375SM cells. (B) The therapeutic
effect of hNSCs with 5-FC treatment at increasing concentrations (100, 200, 300, 400, and 500 µg/mL) on the A375SM co-cul-
ture system. Phosphate buffered saline (PBS) was used as a negative control. Data were represented as mean±standard error
of mean. *p < 0.05 vs. control. 
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significantly repressed compared to controls (vehicle or HB1.
F3) and there was no synergistic effect of HB1.F3.CD.IFN-,
which corresponded to the result of the in vitro cell viability
assay. Tumor volume of the HB1.F3 treated group or only 
5-FC treated group gradually increased (Fig. 4B). The inhi-
bitory effect presents in both HB1.F3.CD and HB1.F3.CD.
IFN- groups but not in the HB1.F3 group suggests that ther-
apeutic genes engineered for expression in hNSCs prevented
tumors from expanding in xenograft models. In addition,

necrosis of the tumor mass started to occur on most of the
mice that were treated with only 5-FC once the tumor vol-
ume reached more than 1,500 mm3. 

5. Engineered hNSCs migrated towards cancer and inhib-
ited proliferation of tumor mass

The migration of hNSCs toward tumors was observed
through fluorescence spectroscopy. hNSCs were stained in

Cancer Res Treat. 2019;51(2):797-811

Fig. 4.  Changes in tumor volume of melanoma A375SM cell line following human neural stem cell (hNSC) treatments. A
xenograft model was created by implanting A375SM cells (2106 cells) into female athymic mice. (A) CM-DiI pre-stained
hNSCs (4106 cells) were injected to adjacent tumor masses after the tumor mass reached between 500 and 600 mm3. 
Intraperitoneal injection of 5-fluorocytosine (5-FC; 500 mg/kg/day) was implemented for 3 days after 2 days of hNSC injec-
tion. (B) The measurement of tumor volumes was carried out for 3 weeks and calculated as lengthwidthheight0.5236
(mm3). The changes in tumor after treatment with hNSCs in the presence of 5-FC were displayed in a graph. Data were rep-
resented as mean±standard error of mean. *p < 0.05 vs. 5-FC treatment alone. 
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red because of the CM-DiI cell tracker and the tumor mass
was stained in blue with DAPI. The trace of CM-DiI pre-
labeled hNSCs on the surface and inside of the tumor in the
HB1.F3, HB1.F3.CD and HB1.F3.CD.IFN- groups (as shown
with yellow arrows) verified that hNSCs migrated toward
tumors via a chemoattractant ligand-receptor interaction in
vivo (Fig. 5). Since there was no hNSC treatment in the vehi-
cle group, there was no trace of the CM-DiI cell tracker. Fur-
thermore, CM-DiI was more highly expressed in the HB1.F3
group compared to both the HB1.F3.CD and HB1.F3.CD.
IFN- group because the CD gene could be eliminated in the
presence of 5-FC [24]. 

To learn if engineered hNSCs have an effect on tumor pro-
liferation, paraffin-embedded melanoma was incubated with

a primary antibody specific for PCNA, a proliferation marker
of cancer. PCNA was highly expressed in both control gro-
ups, the vehicle group and the HB1.F3 group, but the expres-
sion in the HB1.F3.CD and HB1.F3.CD.IFN- groups was
manifestly low compare to the controls (Fig. 6). This result
indicated that engineered neural stem cells converted 5-FC
to 5-FU and impeded tumor proliferation in xenograft mod-
els. 

6. 5-FU treatment altered the expression of apoptosis-
related protein levels in a melanoma cell line 

The alterations of apoptosis-related genes in melanoma
cells after exposure to 5-FU were examined in this study

Fig. 5.  Fluorescence analysis of melanoma tumor mass in a xenograft mouse model. Human neural stem cells (hNSCs) were
pre-labeled using a CM-DiI cell tracker. CM-DiI pre-labled hNSCs were injected during the experiment. DAPI counterstaining
was conducted after the tumor section was prepared. The stained sections were able to be seen using fluorescence microscopy.
ImageJ was used for merging the picture of DAPI and CM-DiI. Blue indicates DAPI stained nuclei of A375SM cells. Red and
yellow arrows indicate CM-DiI pre-labled hNSCs.  
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using a western blot. Proteins from 5-FU (1 and 5 µg/mL)
treated and untreated melanoma cells were extracted using
RIPA buffer with a protease inhibitor after 0, 1, 3, and 6
hours. 5-FU treatment led to the decreased expression of the
anti-apoptotic protein, Bcl-xL compared to the untreated pro-
tein in a time-dependent manner (Fig. 7). The data shown in
Fig. 7 displayed a significant increase in the expression of the
pro-apoptotic protein, BAX, for 5-FU (5 µg/mL) treated pro-
teins after 6 hours compared to the proteins at 0 hour. 

7. Human IFN- from HB1.F3.CD.IFN- cell line influen-
ced melanoma in epithelial-mesenchymal transition and
metastasis 

To determine the efficacy of recombinant human IFN- in
the HB1.F3.CD.IFN- cell line on melanoma, HB1.F3.CD.
IFN- was cultured in a T75 flask and filtered using a 0.22
mm syringe filter. We hypothesized that HB1.F3.CD.IFN-
cells secrete IFN- while growing in the media and the sec-
reted form of IFN-would have an effect on melanoma other
than a synergistic effect. The filtered media was used for the
IFN- treatment on melanoma (the HB1.F3.CD cell line was
used as a control and was handled in the same way as the
HB1.F3.CD.IFN- cell line). To evaluate the effect of the reco-
mbinant IFN- on the epithelial-mesenchymal transition

(EMT) and metastasis, IFN- treatment on melanoma was
performed for 0, 24, 48, and 72 hours. Proteins from IFN-
treated and untreated melanoma cells were harvested using
RIPA buffer containing protease inhibitor. Among melano-
ma cells that were cultured with HB1.F3.CD.IFN- condi-
tioned media, the expression of the epithelial marker E-cad-
herin gradually increased in a time-dependent manner, and,
at 72 hours, it was expressed twice as often as at 0 hours. On
the other hand, the expression of the mesenchymal marker
Slug and the metastasis marker cathepsin-B was diminished
in a time-dependent manner (Fig. 8B). However, the mela-
noma cells that were cultured with HB1.F3.CD conditioned
media had no significant changes in expressions of E-cad-
herin, Slug, and cathepsin-B after 72 hours as shown in 
Fig. 8A. 

Discussion

Surgical excision of a tumor is a conventional treatment of
melanoma, and radiation therapy using X-ray beams is often
used after surgery to reduce local recurrence. While these
conventional therapies are effective palliatives, they simul-

Cancer Res Treat. 2019;51(2):797-811

Fig. 6.  Immunohistochemistry analysis of proliferating cell nuclear antigen (PCNA) in a tumor mass in melanoma xenograft
mouse model. The expression of PCNA in tumor masses after immunohistochemical analysis was shown. Tumor masses
were taken from every mouse. A 10% formalin fixation, paraffin embedding, and 5-µm sectioning using a microtome were
performed. (A) A primary antibody specific for PCNA was used and the data were analyzed using a microscope. (B) The
mean number of PCNA positive nuclei of each section was quantified and shown in the graph. Data are represented as
mean±standard error of mean. *p < 0.05 vs. vehicle (5-fluorocytosine).
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taneously damage other normal tissues and can fail to pre-
vent melanoma from metastasizing. Once melanoma starts to
metastasize to other organs, conventional therapies become
more challenging to apply. The disease becomes unreachable
if melanoma disseminates to the lymph nodes, lungs, brain,
liver and bones, all of which are typical metastatic sites for
melanoma. The development of molecular-targeted therapies
(BRAF inhibition and MEK inhibition) increased survival
rates for melanoma patients, but repeated exposure to the
therapy resulted in patients acquiring a resistance to the
treatment [25]. Hence, searching for an effective treatment
for malignant melanoma is critical.  

NDEPT is a plausible treatment for malignant melanoma
due to its intrinsic migratory and tumor-tropic behaviour. Its
properties are achieved through an interaction between

chemoattractant and growth factors emitted by both tumor
cells and neural stem cells and can be used to avoid damage
to normal tissues. Neural stem cells used in this study were
manipulated to express CD and/or human IFN-. The CD/
5-FC system operates as follows: CD deaminates the non-
cytotoxic drug 5-FC into the cytotoxic drug 5-FU and hinders
tumors from growing by promoting apoptosis in tumor cells.
A synergistic effect was expected to occur by combining the
cytokine IFN-with the CD/5-FC system. NDEPT exhibited
an outstanding antitumor effect in preceding preclinical
studies on several types of cancers [11,21]. The present study
further suggests that engineered hNSCs can also be used as
a competent delivery vector for selectively treating malig-
nant melanoma. 

Neural stem cells (HB1.F3, HB1.F3.CD, and HB1.F3.CD.

Jae-Rim Heo, Effects of Engineered Neural Stem Cells on Malignant Melanoma 

Fig. 7.  Alteration of apoptosis related protein expression of melanoma cell line (A375SM) after 5-fluorouracil (5-FU) treat-
ment. To evaluate the effects of 5-FU, diluted 5-FU (1 and 5 µg/mL) was applied to A375SM cells. Whole cell lysates were
separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis then immunoblotted with specific antibodies to
Bcl-xL, BAX, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH). (A) Expression of Bcl-xL, BAX, and GAPDH pro-
teins. (B) The relative value of Bcl-xL and BAX protein. Each protein level was normalized against GAPDH expression. Con-
trol, no treatment with 5-FU. Data are represented as the mean±standard deviation of three individual experiments each
performed in three times. *p < 0.05 vs. control. 
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IFN-) were genetically engineered by retroviral transduc-
tion. The expressions of the inserted genes, CD and IFN-,
were confirmed through RT-PCR. The tumor-tropic behav-
iour of hNSCs toward melanoma cells was also confirmed.
The ratio of hNSCs that migrated toward melanoma cells
and normal human cells was about 4:1. This migratory effect
can be explained by the interaction between chemoattractant
factors secreted from melanoma cells and hNSCs. While the
melanoma cell line (A375SM) expressed SDF-1 and VEGF;
hNSCs expressed the corresponding chemoattractant factors
CXCR4 and VEGFR, which suggests that the resulting inter-
actions attracted the hNSCs to the melanoma cells. This

tumor-tropic behaviour can mitigate damage to normal tis-
sues and target inaccessible tumor foci. 

The therapeutic efficacy of hNSCS engineered with thera-
peutic genes in the presence of 5-FC was studied on mela-
noma cells in vitro and in vivo. The melanoma cell viability
decreased approximately 50% when co-cultured with HB1.
F3.CD or HB1.F3.CD.IFN- in the presence of 5-FC. How-
ever, there was no synergistic effect of HB1.F3.CD.IFN- on
melanoma cells. Melanoma cells were subcutaneously injec-
ted on the back of female athymic mice and hNSC treatment
was weekly performed for 3 weeks. We injected hNSCs near
the tumor site instead of distant sites because we also thou-

Cancer Res Treat. 2019;51(2):797-811

Fig. 8.  Human interferon  from HB1.F3.CD.IFN- cell line prevented epithelial-mesenchymal transition (EMT) and metas-
tasis in melanoma cell line (A375SM). To confirm the effect of recombinant interferon- of HB1.F3.CD.IFN- on EMT and
metastasis, the melanoma cell line (A375SM) was cultured with conditioned media from HB1.F3.CD.IFN- for 0, 24, 48, and
72 hours. Expressions of epithelial protein E-cadherin, mesenchymal protein Slug, and metastasis protein cathepsin-B were
measured by western blot. (A) The melanoma cell line was cultured with conditioned media from the HB1.F3.CD cell line
as a control. (B) The melanoma cell line was cultured with conditioned media from HB1.F3.CD.IFN- cell line. Data are dis-
played as the mean±standard deviation of three distinct experiments each conducted in triplicate. *p < 0.05 vs. 0 hour.
GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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ght it would be a realistic approach. Melanoma is visible on
the skin unlike other cancers, which gives us better applica-
tion of this therapy by injecting directly at the tumor site;
however, if we had injected hNSCs directly at the tumor site,
we would not have been able to verify the tumor-tropic 
migratory behaviour of hNSCs toward melanoma. The ther-
apeutic effect of the HB1.F3.CD and HB1.F3.CD.IFN- cell
line also appeared on xenograft mouse models. The tumor
volumes of the HB1.F3.CD and HB1.F3.CD.IFN- groups
were significantly reduced after the 14th day of hNSC treat-
ment, and there was no synergistic effect shown by HB1.F3.
CD.IFN-, which was equivalent to the result of the in vitro
cell viability assay. However, the tumor volume of the HB1.
F3 group and the group treated only with 5-FC treated con-
stantly increased, and when the tumor volume reached more
than 1,500 mm3 necrosis occurred on most of the mice. This
necrosis in tumor cells occurs during tumor progression 
because of the lack of an adequate blood supply for contin-
ued growth. The development of necrosis in tumors is more
prevalent in aggressive cancers and associated with angiogen-
esis, hypoxia, and inflammation responses within tumors [26]. 

The migratory effect of engineered hNSCs was also con-
firmed in the in vivo study. All three types of hNSCs were
pre-labeled with the CM-DiI cell tracker to make them dis-
tinct from the tumor tissue before the hNSC treatment was
performed on athymic mice. We injected hNSCs at least 1
week prior to the injection of 5-FC which we believe gave
enough time for hNSCs to migrate toward tumors and allow
conversion of 5-FC to 5-FU occurs. The migration of hNSCs
towards tumor foci via the chemoattractant ligand-receptor
interactions was shown using fluorescence analysis. The den-
sity of CM-DiI pre-labeled hNSCs in the HB1.F3.CD and
HB1.F3.CD.IFN- groups were less than that in the HB1.F3
group. This phenomenon can be explained by the fact that
when CD enzyme deaminates the nontoxic drug 5-FC to a
toxic drug 5-FU the cell carrying CD gene is eliminated with-
out notable toxicity to the normal cells [24]. The inhibitory
effect of engineered hNSCs on melanoma was supported by
the in vivo study as well using immunohistochemical analy-
sis. The expression of the cell proliferation gene (PCNA) was
diminished for the HB1.F3.CD and HB1.F3.CD.IFN- groups
compared to the vehicle and HB1.F3 groups. The reductions
of PCNA expression on tumor growth indicate the therapeu-
tic efficacy of hNSCs treatments in a preclinical experiment.

The active metabolized by-product 5-FU works as a thy-
midylate synthase inhibitor that promotes apoptosis by bind-
ing to a nucleotide-binding sites and destabilizing dNTP in
cancer cells [27]. To investigate whether apoptosis-related
proteins were activated after the 5-FU treatment, A375SM
cells were incubated with different concentrations of 5-FU 
(1 and 5 µg/mL). The activation of pro-apoptotic protein
BAX was increased, and the activation of anti-apoptotic pro-

tein Bcl-xL was decreased in the response to 5-FU, which led
to cell death. This result implies that 5-FU provokes apopto-
sis by triggering an imbalance between pro-apoptotic and
anti-apoptotic proteins in tumor cells. Moreover, Yi et al. [28]
used a breast cell line treated with 5-FU to show that 5-FU
exposure both decreases the ratio of Bcl-2/BAX and increases
expression of p53 and p38, which led to an increase in apop-
tosis and repression of cell proliferation through modulation
of crucial signaling proteins like p53 and p38. Unlike previ-
ous preclinical studies [22,29], we could not verify the syn-
ergistic anticancer effect of IFN- on melanoma. However,
the cytokine interferons can not only suppress proliferation
of tumor cells but also modify the EMT and mesenchymal to
epithelial transition (MET) [30]. To evaluate the function of
the recombinant IFN- on EMT and metastasis, the mela-
noma cells were cultured with HB1.F3.CD.IFN- conditioned
media. HB1.F3.CD conditioned media was used for compar-
ing the effect of HB1.F3.CD.IFN-. The expression levels of
the epithelial protein E-cadherin, mesenchymal protein Slug,
and metastasis protein cathepsin-B were analyzed using a
western blot assay. The longer melanoma cells were exposed
to IFN-, the more the process of MET was ameliorated in
this study. 

Taken together, these results showed that the HB1.F3.
CD.IFN- cell line not only suppressed the proliferation of
cancer cells but is also able to promote MET and reduce
metastasis, demonstrating that IFN- from the HB1.F3.CD.
IFN- cell line induced beneficial effects other than preven-
tion of tumor cell proliferation. The functional form of 
secreted IFN- will be quantified for the HB1.F3.CD and
HB1.F3.CD.IFN- cell lines using the ELISA method in a fur-
ther study. Overall, this study elucidated that engineered
neural stem cell is an auspicious drug-delivery vehicle for
malignant melanoma treatment and could be pragmatic for
a cancer-targeted gene therapy.
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