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ABSTRACT 
 

Introduction: Despite advances in chemotherapy and radiation after tumor resection, the high 

propensity of glioma cells to invade the surrounding normal brain tissue reduces the survival 

rate of patients The therapeutic use of mesenchymal stem cells (MSCs) has recently been 

extensively investigated in cancer therapy because of these cells tumor targeting properties. In 

this study, the efficacy of combination therapy using MSCs expressing cytosine deaminase (CD) 

and prodrug 5-FC in a mouse glioma model was evaluated using various molecular imaging 

modalities. 

Methods: Human glioma cell lines (U373, U87MG) and primary glioblastoma cells from a 

patient (GBM28) were stably transfected with fluorescent and luciferase reporter genes for 

tumor cell imaging. Glioma cells were treated with standard therapy (ionizing radiation, 

Temozolomide (TMZ)) or 5-FU in a dose dependent manner. Microarray and real-time PCR 

were performed to determine the expression levels of radio-resistant and 5-FU metabolism 

related genes. Therapeutic MSC/CDs were established by the transfection of CD genes into 

human bone-marrow derived MSCs. Next, in vitro and in vivo 19F-magnetic resonance 

spectroscopy (19F-MRS) was performed to estimate the conversion of 5-FC to 5-FU by the 

MSC/CDs. To validate the in vitro anticancer effect of MSC/CDs with 5-FC, luciferase-

expressing glioma cells were co-cultured with MSC/CDs. For in vivo monitoring of the 

therapeutic effect of MSC/CDs with 5-FC, U87MG/Luc cells were inoculated into the mouse 

cranium. Consequently, therapeutic MSC/CD were transplanted into the mouse cranium. Tumor 

growth was measured using bioluminescence imaging (BLI), magnetic resonance imaging (MRI) 

and positron emission tomography (PET).  

Results: Glioma cells and MSCs were successfully monitored using fluorescence and BLI. 

U87MG cells were killed following exposure to ionizing radiation (3 Gy), with a survival rate of 
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82.8% ± 9.59%, while U373 and GBM28 ells had a survival rate of 57.9% ± 6.88% and 48.0% ± 

6.0%. In contrast, 36.3% ± 8.9% of U87MG cells survived after 5-FU treatment (4 uM), whereas 

68.6% ± 15% of U373 cells survived. Unlike in ionizing radiation studies, U87MG cells were 

found to be two times more sensitive to 5-FU than U373 cells. Microarray analysis 

demonstrated that U87MG cells highly express DNA repair-related genes compared to U373 

cells. The expression of rate-limiting enzymes of 5-FU metabolism in U87MG cells is low. In 

vitro and in vivo studies of 19F-MRS revealed the effective conversion of 5-FC to 5-FU by 

MSC/CDs. Based on a co-culture experiment with MSC/CDs and glioma cells, MSC/CDs 

showed an anticancer effect on neighboring cancer cells in proportion to increasing the 5-FC 

dosage and the MSC/CD ratio. The in vitro anticancer effects of MSC/CD therapy with 5-FC on 

U87MG cells were two times more effective than on U373 cells. In a glioma orthotopic model, a 

BLI/MRI/PET molecular imaging system revealed 70% inhibition of tumor growth by MSC/CD 

with 5-FC therapy. Furthermore, no tumorigenesis or pathological abnormalities were observed 

at the MSC/CD transplantation site.  

Conclusions: Taken together, the efficacy of a new stem cell mediated enzyme/prodrug 

therapy was determined using various imaging modalities. In particular, BLI was able to 

accurately verify the therapeutic effect of MSCs in vitro and in vivo. In addition, the different 

response of therapeutic efficacy on glioma cells was revealed using microarray analysis. 

Therefore, the suggested MSC/CD and prodrug 5-FC therapy could be an effective anticancer 

therapy option for radio-resistant and 5-FU-sensitive glioma treatment.  

--------------------------------------------------------------------------------------------------------------------  

Keywords: Glioblastoma, Mesenchymal stem cell, Cytosine Deamiase, Molecular 

imaging, 5-FU, 5-FC 

Student number: 2011-30634 
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INTRODUCTION 

 

1. Standard Therapy for Glioblastoma 

Glioblastoma is the most common malignant brain tumor and one of the most 

aggressive cancers (1, 2). It has been demonstrated that the median survival rate of glioma 

patients is generally less than one year from the time of diagnosis (3). A human clinical trial lead 

by the European Organization for Research and Treatment of Cancer (EORTC) recommends 

concomitant radiation therapy together with TMZ over radiation alone for newly diagnosed 

patients (4). TMZ which is an oral alkylating agent, has showed antitumor activity in the 

treatment of glioma (5, 6). The combination of radiation and TMZ therapy prolonged the median 

survival rate to 14.6 months and became the standard therapy (7). However, the standard 

therapy showed only a limited effect on GBM patients until now. This is mainly due to the high 

property of GBM cells to infiltrate the surrounding normal brain tissue, which prevents a 

complete tumor resection (8). Therefore, new therapeutic strategies for GBM cancer therapy are 

required.  

 

2. Therapeutic Application of Mesenchymal Stem Cells 

MSCs are an excellent candidates for cell therapy because (a) their tumor tropic 

migratory property and their strong expression of transgenes, allow stem cells to transport and 

deliver targeted treatment to both infiltrated and metastasized tumors (9, 10); (b) the cells can 

expand to therapeutic scales in a relatively short time period (11, 12); (c) human trials of MSCs 
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thus far have revealed no immunogenic reactions to allogeneic versus autologous MSC 

transplantation (13-15); (d) MSC transplantation is considered safe and has been widely tested 

in clinical cardiovascular trials (16, 17); and (e) MSCs are highly proliferative in vitro culture and 

can be easily isolated from the bone marrow and adipose tissues of patients (18, 19). In 

particular, it has been extensively studied that tumor targeting mechanism of MSCs on tumor 

microenvironment (20-22). Therefore, it can be expected that MSCs can be an effective tools for 

delivering drug agents to cancer lesions for cancer therapy. Recently, Aboody et al reported that 

combination therapy with neural stem cells and a suicide gene is effective in mice and those 

results led to approval for a human trial (23).  

 

3. Suicide Gene Therapy 

A promising strategy based on enzyme prodrug therapy is suicide gene therapy such 

as herpes simplex virus-thymidine kinase/ganciclovir (HVS-TK/GCV) and CD/5-FC (24-27). It 

was reported that HSV-TK transfected cancer cells could convert GCV to GCV triphosphate, 

which acts as an inhibitor of DNA synthesis. Moreover, a bystander killing effect on neighboring 

cancer cells that do not express HVS-TK has been reported (28). Another enzyme/prodrug 

system that has attracted considerable attention is the CD/5-FC combination. CD, which comes 

from E. coli. can convert prodrug 5-FC into cytotoxic 5-FU. 5-FU is one of the most widely used 

anti-cancer drugs. The main cytotoxic mechanisms are the inhibition of DNA and RNA synthesis. 

Metabolites of 5-FU also inhibit thymidylate synthase (TS) activity by the competitive binding of 

TS (29). It was reported that CD is an attractive suicide gene for gene cancer therapy because 
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of its stronger anti-cancer effects compare other suicide genes (30, 31). Therefore, tumor 

specific delivery of the CD gene has been studied extensively (9, 32, 33).  

 

4. Molecular Imaging and its Application 

Molecular imaging systems are useful for evaluating the therapeutic efficacy of new 

therapeutic strategies. Bioluminescence imaging (BLI) is one of the most powerful systems to 

validate drug efficiency due to its high sensitivity, relatively low cost, efficiency, and versatility, 

and it is easy to translate small animal studies (34, 35). The luciferase gene (Luc) from the 

firefly Photinus pyralis, is the most commonly used luciferase gene and converts chemical 

energy into photons. 

BLI is simple because a complicated imaging substrate, such as radioisotopes for PET and 

contrast agents for MRI, is not necessary. BLI is now routinely applied to serially detect the 

progression and retardation of xenografted tumors in small animal models. However, the 

disadvantages include the requirement for genetically encoded luciferase, the injection of the 

substrate to enable light emission, and the dependence of the light signal on tissue depth. 

These disadvantages make BLI difficult to extend to human studies (36). 

 
Magnetic resonance imaging (MRI) and positron emission tomography (PET) are 

clinically used for diagnosis and for monitoring therapeutic effects on cancer (37, 38). The 

advantage of MRI is that gives anatomic image with high resolution and some information about 

physiology. Therefore, anatomical imaging by MRI is the most widely used method to determine 
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the target for treatment in brain tumors. However, distinguishing the ‘‘true’’ extension of tumor 

cells into the adjacent brain regions has been a difficult task, because glioma cells are highly 

infiltrated into normal brain tissue, particularly in glioblastoma multiforme(39). Moreover, 

increased enhancement for MR imaging can be induced by a variety of nontumoral processes, 

such as treatment-related inflammation, ischemia, subacute radiation effects, and radiation 

necrosis (40, 41) 

 PET provides biochemical information related to tumor metabolism or the proliferation 

rate using different tracers. It plays an important role in improving diagnostic procedures in the 

management of malignant glioma. In brain tumors, [18F] fluorodeoxyglucose (FDG) and 11C-

methionine (MET) are the two most widely used tracers. PET with 18F-FDG directly reveals the 

glucose metabolic activity of tumor cells and is predictive of patient outcomes (42, 43). However, 

low tumor-to-background ratios due to the high glucose metabolic activity of healthy brain tissue 

and the variability of glucose uptake in recurrent high-grade gliomas limit the usefulness of 18F-

FDG PET (44). 11C-methyl methionine (MET) is the most widely used amino acid for brain 

tumor evaluation because of an increased amount of amino acid transport and protein synthesis 

in tumor cells (45-47). Thus 11C-MET scanning appears to be a valuable tool for defining the 

boundaries of malignant gliomas. Previous PET studies have reported that MET-PET allows 

earlier and more accurate delineation of tumor extension than anatomical imaging, such as 

computed tomography or MRI alone (48, 49). 

 

5. Aim of the Study 
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The main purpose of this study is to monitor the therapeutic effect of CD expressing 

MSC and prodrug 5-FC in malignant glioma using molecular imaging. In detail, the suicide CD-

expressing MSC and 5-FC therapy for glioma was evaluated using various molecular imaging 

systems (BLI, MRI, PET). Moreover, the relationship between the therapeutic effect of 

MSC/CDs with 5-FC and the expression levels of 5-FU metabolism related genes in glioma was 

investigated.  
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MATERIALS AND METHODS 

 

1. Establishment of reporter gene containing glioma cell 

1.1 Glioma cell culture and transfection  

Human glioma cell lines (U373, U87MG) were purchased from ATCC (American Type 

Culture Collection, VA, USA).  The glioma cells were maintained in Minimum essential medium 

(Welgene, MA, USA) containing 10% fetal bovine serum and 1% antibiotic-antimycotic solution 

(Gibco, NY, USA). Primary glioma cells from a patient (GBM28) were cultured and maintained in 

DMEM (Welgene, Worcester, MA, USA) containing 10% fetal bovine serum and 1% antibiotic-

antimycotic solution (Gibco, NY, USA). The glioma cells were stably transduced with luciferase 

lentiviral vector system using lipofectamine (Invitrogen, CA, USA). All cells were incubated at 

37 ℃ in a humidified atmosphere containing 5% CO2.  

 

1.2 Glioma cell imaging  

Glioma (U87MG/Luc, U373/Luc, GBM28/Luc) concentrations ranging from 1.25 x 10
4
 

to 3 x 10
5
 cells were plated in a 24-well plate and bioluminescence images were captured after 

addition of D-luciferin (300 µg, Caliper Life Science, MA, USA) to the media. Correlation 

between cell number per well and bioluminescence intensity were measured by IVIS 100 

system. GFP expressions of glioma cells were determined by confocal microscopy using 

LSM510 META confocal microscope with a 40x magnification (Carl Zeiss Inc., Oberkochen, 
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Germany). Excitation light was generated by diode and a helium-neon laser. Cells were fixed for 

10 min with 3.7% paraformaldehyde (USB, OH, USA), washed with PBS, and mounted with 

ProLong Gold (Invitrogen, CA, USA).  

 

1.3 Immuno-blot of glioma cells 

Glioma cells were lysed in RIPA buffer (Sigma-Aldrich, MI, USA), supplemented with 

protease inhibitors.  Proteins (20 µg) were separated by SDS-PAGE gel electrophoresis and 

transferred to polyvinylidene difluoride membrane (Millipore, MA, USA). The membranes were 

incubated with antibodies specific to GFP (1:5000, Cell signaling, Beverly, MA, USA), luciferase 

(1:5000, Millipore, MA, USA), DPD (1:2000,Cell signaling, Beverly, MA, USA), β-actin (Sigma-

Aldrich, MI, USA). Membranes were treated with anti-rabbit-HRP (Cell signaling, MA, USA), 

anti-mouse-HRP (Invitrogen, CA, USA) secondary antibody. The specific proteins were 

visualized by chemoluminescence (Roche, IN, USA) according to the manufacturer’s protocol.  

 

2. Establishment of suicide and reporter gene containing MSCs 

2.1 MSC culture and transfection  

Primary human MSCs from iliac crest bone marrow were isolated and cultured as 

previously reported.(18) The CD gene and imaging reporter genes were stably transfected with 

lentiviral vector to the human MSCs. Naïve MSCs and gene manipulated MSCs (MSC/CD, 
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MSC/Luc, MSC/CD-Luc) were cultured in DMEM (Welgene, MA, USA) containing 10% fetal 

bovine serum and 1% antibiotic-antimycotic solution (Gibco, NY, USA). 

 

2.2 MSC cell imaging  

MSC (MSC/Luc, MSC/CD-Luc) concentrations ranging from 1.25 x 10
4
 to 3 x 10

5
 cells 

were plated in a 24-well plate and bioluminescence images were captured after addition of D-

luciferin (300 µg, Caliper Life Science, MA, USA) to the media. Correlation between cell number 

per well and bioluminescence intensity were measured by IVIS 100 system. RFP expressions of 

MSCs were determined by confocal microscopy using LSM510 META confocal microscope with 

a 40x magnification (Carl Zeiss Inc., Oberkochen, Germany).  

 

2.3 Immuno-blot of MSCs 

Lysates of MSC cells were isolated using RIPA buffer (Sigma-Aldrich, MI, USA), 

supplemented with protease inhibitors. Protein concentrations were measured using a BCA 

Protein Assay Kit (Pierce Biotech, IL, USA). Proteins (20 µg) were separated by SDS-PAGE gel 

electrophoresis and transferred to polyvinylidene difluoride membrane (Millipore, MA, USA). The 

membranes were incubated with antibodies specific to CD (obtained from Aju university), 

luciferase (Millipore, MA, USA)) β-actin (Sigma-Aldrich, MI, USA). Membranes were treated with 

anti-rabbit-HRP (Cell signaling, MA, USA), anti-mouse-HRP (Invitrogen, CA, USA) secondary 

antibody. The specific proteins were visualized by chemoluminescence (Roche, IN, USA) 
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according to the manufacturer’s protocol and detected with LAS-3000 system (Fuji Film, 

Stockholm, Sweden).  

 

2.4 FACS analysis 

Naïve MSCs and gene manipulated MSCs were washed with 2% FBS/phosphate-

buffered saline (PBS) and incubated at 4℃ for 30 minutes with 5 µl of monoclonal antibody 

specific for human cluster of differentiation CD 29, CD44, CD105, CD34 and CD45 (BD 

PharMingen, CA, USA). Control samples were unstained and results were analyzed using 

FACS Canto II (BD PharMingen, CA, USA).  

 

2.5 In vitro suicidal and anticancer effect 

To validate the suicide effect of MSC/CD with 5-FC, MSC/Luc and MSC/CD-Luc cells 

were seeded at a density of 1x10
4
 cells/well in 24 well plates, and increasing concentration of 5-

FC (Kolon Life Science, Gyeonggi, Korea) were added after the cells attached. The medium 

was changed every other day with fresh medium containing 5-FC. After 7 days, 

bioluminescence images were captured after addition of D-luciferin (300 µg, Califer Life Science, 

MA, USA) to the media. The viable MSC/Luc and MSC/CD-Luc cells were evaluated by BLI 

intensity using IVIS 100 system.  

 

2.6 In vitro and in vivo 19F-MRS measurement 
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MSC and MSC/CD cells (1x10
5
) were grown in 6 well plates to subconfluence. Cells were then 

incubated in growth medium containing 1 mM 5-FC (Kolon Life Science, Gyeonggi, Korea). 

After 24 hours, conditioned mediums were collected and analyzed using 9T (375.567 MHz) 

Agilent NMR spectrometer (Agilent Technologies, CA, USA). Chemical phantom samples were 

constructed by diluting of 5-FC (Kolon Life Science, Gyeonggi, Korea) and 5-FU (Sigma-Aldrich, 

MI, USA) chemical compound. in 10% FBS DMEM (200 uM, 5ml). Spectra were acquired with a 

single pulse sequence whole region excitation, 11 min scan time (average: 512). The ratio of 

peak intensities measured using VnmrJ software program.  

In vivo 19F MRS experiments were performed at 375.567 MHz in an Agilent NMR 

spectrometer (Agilent Technologies, CA, USA). MSC/CD cells (1x10
6
) were xenografted 

subcutaneous in right flank of Balb/c-nu mice. After administration of the 5-FC (500 mg/kg, i.p), 

serial 19F NMR spectra were acquired every 8.5 min during 0 to 1.5 h (Total repetition time: 500 

ms, Number of averages: 1024, Spectral width: 25 kHz, acquisition size: 2048 point). The 

chemical shift of the 5-FC resonance was set to 0 p.p.m. The 5-FU signal observed around 1.2 

p.p.m. The signal positions were verified with phantom samples of 5-FC and 5-FU (Sigma-

Aldrich, MI, USA) in culture medium. 

 

2.7 Migration and in vitro tumor targeting assay 

To investigate migration abilities of MSCs, wound healing assay was performed. MSCs 

were seeding on to 6 well plates. After create a scratch of the cell monolayer, images captured 

at 0, 4, 8 h after incubation.  The distance of migration was measured. To investigate in vitro 

tumor targeting property of MSCs, Transwell assay was performed using chambers with 
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polycarbonate inserts (8 μm pore size) (Cell biolabs, CA, USA). The chambers were placed into 

a 24-well plate. U87MG cells (1x10
4
) were cultured with 0.5% FBS growth media at the bottom 

chamber and MSC cells (1x10
4
) were seeded onto upper chamber of the inserts with 0.5% FBS 

growth media. After 24 hours of incubation, the number of cells that passed through the inserts 

was determined using a colorimetric crystal violet assay. 

 

3. Validation of in vitro anticancer effect on glioma cells 

3.1 Radiation and TMZ cytotoxic effect on glioma cells  

Luciferase expressing glioma cells were seeded in 24 well plates (1x10
4
) to measure 

ionizing radiation or TMZ (Sigma-Aldrich, MI, USA) induced cell death. Glioma cells were 

exposed to ionizing radiation using Cesium-137 irradiator and TMZ at a dose dependently. Four 

days after, viabilities of glioma cells were measured by quantification of bioluminescence 

imaging. Bioluminescence intensity was measured by IVIS 100 system. 

 

3.2 5-FU and MSC/CD with 5-FC anticancer effect on glioma cells 

To validate the in vitro anticancer effect, luciferase expressing glioma cells (U373/Luc, 

U87MG/Luc, GBM28/Luc) were co-cultured with same ratio of MSC/CD and increasing 

concentration of 5-FC or different ratio of MSC/CD and 100 µM of 5-FC. After 7 days, 30 µg of 

D-Luciferin (Caliper Life Science, MA, USA) was added and the viable luciferase expressing 
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glioma cells were imaged using IVIS 100 system. The intensity of luciferase activity of viable 

cells were measured and analyzed with IVIS 100 system. 

 

4. Validation of in vivo anticancer effect on xenograft model 

4.1 Animal modeling and tumor tropism of MSC/CD-Luc 

BALB/c nude mice (male, 6 to 8 weeks old) were used in accordance with Institutional 

Animal Care and Use Committee of Seoul National University Hospital guidelines. The 

intracranial xenograft mouse model was constructed as described previously (50). Mouse were 

anesthetized, and U87MG cells (3x10
5 

in 4ul PBS) were transplanted into striatum 

(anteroposterior, +0.5; mediolateral, +1.8; dorsoventral, 3.0) using a stereotaxic device 

(Stoelting, IL, USA). The cells were injected at a rate of 0.25 ul/min with a 30-guage needle on a 

10 ul Hamilton syringe. To evaluate the tumor tropism of MSC, MSC/CD-Luc cells (3x10
5
) were 

inoculated into opposite site of tumor lesion 1 week after U87MG cell inoculation. Briefly, mice 

were anesthetized with isoflurane and the migration of MSC/CD-Luc was monitored once a 

week by IVIS 100 system.  

 

4.2 Imaging of the therapeutic effect of MSC/CD and 5-FC on orthotopic model 

To evaluate the therapeutic effect of MSC/CD and 5-FC, MSC/CD cells (3x10
5
) were 

inoculated into tumor lesion from 4 days after U87MG cell (3x10
5
) inoculation and then 500 

mg/kg of 5-FC was injected intraperitoneally 5 days a week. The tumor growth of orthotopic 
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model was monitored and evaluated using BLI, MRI, PET imaging method. For BLI imaging, D-

luciferin (300 µg) was delivered via intraperitoneally injection 10 minutes before imaging of the 

U87MG/Luc cells in orthotopic model using IVIS imaging system once a week.  

Three weeks after U87MG/Luc cell inoculation, the mice were placed in a small animal 

PET scanner and anesthetized with isoflurane inhalation. 11C-MET was injected intravenously, 

with a dose of 14 MBq ~ 22.2 MBq per mice. Static images were acquired for 10 min after tracer 

injection and CT was also performed for attenuation correction. PET/CT images and the SUV 

values were analyzed by explore Vista-CT software program. All MRIs were acquired by T2-

weighted images (turbo-spin echo sequence) using SIMENS 3-tesler scanner with animal 6 

channel coil. PET and MRI images were processed and analyzed by Osirix software program. 

 

5. Genetic analysis in glioma cells 

5.1 RT-PCR and Real Time PCR 

To determine the mRNA expression of 5-FU metabolism related genes on the glioma cells, RT-

PCR and real-time PCR were performed. Total RNA was extracted with TRIzol reagent 

(Invitrogen, CA, USA) according to the manufacturer’s protocol. cDNA was synthesized with 1 

µg of total RNA using cDNA synthesis master kit (Genedepot, TX, USA). The primer pairs used 

were showed at Table 1. PCR conditions were 30 sec at 95 ℃ for denaturation, 40 sec at 58 ℃ 

for primer annealing, 30 sec, 40 sec at 72 ℃ for primer extension. The PCR products were 

analyzed by 1.2 % agarose gel electrophoresis. Gene expression in DPD was measured by 
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quantitative RT-PCR using 7700 ABI PRISM sequence detector system (Applied Biosystems, 

Foster City, CA, USA). PCR primers and fluorogenic probes for DPD genes (Hs00559279_ml), 

TS (Hs00426591_ml), TP (Hs00157317_ml), OPRT (Hs00923517_ml) and GAPDH genes 

(Hs99999905_ml) were purchased as Assays-On-Demand (Applied Biosystems, Foster City, CA, 

USA). Results from qRT-PCR reactions of studied genes were normalized to the Ct values of 

GAPDH and converted to the fold-change values, relative to the U87MG sample.  

 

5.2 Down-regulation of DPD gene 

Non-targeting control siRNA and DPD targeted siRNA were purchased from Santa 

Cruz Biotechnology (Santa Cruz, TX, USA). U373/Luc cells (1x10
4 

/well) were cultured in 

antibiotic-free medium overnight and then transfected with the siRNA for control siRNA (5 nM) or 

DPD (5 nM), using lipofectamine 2000 (Invitrogen, CA, USA). Seventy two hours later, the 

transfected cells were washed and used for subsequent experiments. RT-PCR was performed 

to validate down regulation of DPD genes in U373/Luc cells by DPD siRNA. DPD down-

regulated U373/Luc cells were treated with 5-FU for 7 days. Survived cells were imaged and 

analyzed using IVIS 100 system. 

 

5.3 cDNA Microarray 

Total RNA of glioma cells (U8MG, U373, GBM28) was extracted with TRIzol reagent 

(Invitrogen, CA, USA) according to the manufacturer’s protocol. The transcriptional profile of 
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glioma cells were characterized by oligonucleotide microarray analysis, using MA-human agilent 

44K (ebiogen, Seoul, Korea). In order to define DNA expression levels of glioma cells, glioma 

cells were clustered together by DNA repair related genes (54 genes) and 5-FU metabolism 

related genes using TIGR Multi-experiment viewer (MeV). Each cluster was determined by 

hierarchical clustering algorithms with Pearson correlation as similarity measurement of each 

glioma cells. Hierarchical clustering was performed grouping clusters according to their 

similarities in gene function representation.  

 

6. Statistical analysis 

All experiments were conducted at least in triplicate. Statistically significant differences 

were determined using the two-paired Student’s t test. All statistical analysis was performed 

using Microsoft Excel 2010. P < 0.05 was considered significant 

 

.  
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RESULTS 

1. Standard Therapy and 5-FU Therapy for Glioma 

1.1 In vitro radiation and TMZ cytotoxicity effect on glioma cells 

Each glioma cell was stably transduced with luciferase and GFP dual reporter lentiviral 

vector system (U87MG/Luc, U373/Luc, GBM28/Luc). An immunoblot assay revealed that all 

glioma cells expressed GFP and luciferase proteins. The glioma cells were visualized by GFP 

using a confocal microscope imaging system and FACS analysis revealed that over 90% of all 

glioma cells expressed GFP (Figure 1A~1C). Figure 1D shows that, as the number of glioma 

cells increase, the bioluminescent intensity increases. The analysis of intensities in the region of 

interest (ROI) demonstrates a high correlation between the intensity and the number of glioma 

cells (U373/Luc, R
2
:0.9939; U87MG/Luc, R

2
:0.994; GBM28/Luc, R

2
:0.9923). To investigate the 

therapeutic efficacy of standard therapy, luciferase expressing glioma cells were treated with 

ionizing radiation and TMZ. Consequently, the survival rates of all glioma cells decreased with 

increased doses of radiation. At 3 Gy, the respective percentages of apoptotic cells were 17.2% 

± 9.59% (U87MG/Luc), 57.9% ± 6.88%(U373/Luc) and 52.0 ± 6.0%(GBM28/Luc). At 3 and 9 Gy, 

U87MG/Luc cells showed significant radio-resistance characteristics compared to U373/Luc and 

GBM28/Luc cells (Figure 2A). When the glioma cells were treated with TMZ, no significant 

cytotoxic effects on the glioma cells were observed (Figure 2B). These results indicate that 

current radio-chemotherapy methods cannot effectively suppress glioma cells such as radio-

chemo resistant U87MG glioma cells. 
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cDNA microarray analysis was performed to investigate the different therapeutic 

response of glioma cells to radiation. Heat-map microarray results revealed that sixteen nuclear 

excision repair genes (NER, CDKN1A; DDB2; CCNH; ERCC1; CETN2; ERCC5; DUT; TF2H1) 

and base excision repair genes (BER, TDG; PARP1; PARP3; APEX1; TDP1; MNAT1) showed 

significantly different expression levels in three glioma cells. In addition, U87MG cells strongly 

express DNA repair related genes compared to the other glioma cells (Figure 3).  
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Figure 1. Visualization of GFP and luciferase reporter gene inserted glioma cells 

(A) Expression of GFP and luciferase in reporter gene infected glioma cells were determined by 

Immuno-blotting. All glioma cells expressed GFP and luciferase proteins. (B) Reporter gene 

infected glioma cells were imaged by green fluorescence with 40x magnifications of confocal 

microscope. (C) FACS analysis was performed to validate the population of GFP expressing 

glioma cells. (D) Bioluminescence intensity of glioma cells were imaged and quantified by cell 

number dependently using IVIS 100 system. Linear regression analysis indicated high 

correlation between glioma cell number and intensity of ROI (U373/Luc, R
2
:0.9939; U87MG/Luc, 

R
2
:0.994; GBM28/Luc, R

2
:0.9923). Bars represent mean ± SD. 
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Figure 2. Cytotoxicity of ionizing radiation and TMZ treatment on glioma cells 

(A, B) Luciferase expressing glioma cells (1x10
4
) were seeded on to 24 well plates and treated 

with indicated dose of (A) ionizing radiation and (B) TMZ. Four days later, bioluminescence 

intensity of survived cells was measured and analyzed with IVIS 100 system. After radiation, all 

the glioma cells showed cytotoxicity with increased dose of radiation. U87MG glioma cells 

showed the most radioresistancy than other glioma cells. There was no cytotoxic effect on all 

glioma cells after TMZ treatment. Bars represent mean ± SD. (*, P<0.05; **, P<0.01) 
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Figure 3. Expressions of DNA repair related enzymes in glioma cells  

The transcriptional profile of glioma cells were characterized by oligonucleotide microarray 

analysis, using MA-human agilent 44K. Glioma cells were clustered together by DNA repair 

related genes using TIGR Multi-experiment viewer (MeV). Each cluster was determined by 

hierarchical clustering algorithms with Pearson correlation as similarity measurement of each 

glioma cells. Hierarchical clustering was performed grouping clusters according to their 

similarities in gene function representation. U87MG showed the strongest expression of DNA 

repair pathway related genes among the three glioma cells. 
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1.2 5-FU cytotoxicity and 5-FU metabolism related gene expressions in glioma  
 
cells 

 

In order to inhibit DNA synthesis in glioma cells that highly express DNA repair related 

enzymes, 5-FU cytotoxicity in glioma cells was evaluated. The viability of glioma cells 

decreased with 5-FU in a dose dependent manner. Interestingly, the therapeutic response of 

each glioma cell was different. For instance, 13.4% ± 1.69% of U87MG/Luc cells survived after 

5-FU treatment (8 uM), while 44.2% ± 9.1% of U373/Luc cells and 21.6% ± 9.1% of GBM28 

cells survived (Figure 4). These results indicate that U87MG/Luc cells were two times more 

sensitive to 5-FU than U373/Luc cells.  

Two main action mechanisms have been proposed for 5-FU through its active 

metabolites (Figure 5A). To determine the cause of the different responses of 5-FU therapy, the 

expression level of several enzymes that could affect the 5-FU therapy response in glioma was 

evaluated. cDNA microarray, RT-PCR, qRT-PCR and immunoblot analysis results indicate that 

the expression level of DPD, which is known as a limiting enzyme of 5-FU showed significant 

differences compared with other glioma cells. In U373 cell analysis, the DPD genes showed the 

highest expression levels compare to other glioma cells. On the contrary, U87MG showed the 

lowest expression levels of the DPD genes (Figure 5B and 6). Hierarchical clustering of 5-FU 

metabolism related gene expression in glioma cells revealed that the U373 cells that 

represented the minimum sensitive therapeutic effect showed the most different gene 

expressions compared with U87MG and GBM28 cells (Figure 5B). In general, these results are 
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logically consistent with previous results indicating that the U373 cells showed minimum 

sensitivity to 5-FU cytotoxicity.  

1.3 Sensitization of 5-FU by DPD down regulation 

The sensitization of tumor cells to 5-FU was investigated after DPD down regulation in 

glioma cells. RT-PCR results for U373/Luc cells showed that the expression of DPD is 

suppressed by the DPD siRNA transfection (Figure 7A). 63% ± 1.7% of DPD siRNA transfected 

U373/Luc cells died after 5-FU (10 uM) treatment, whereas 49% ± 20% of scrambled siRNA 

transfected U373/Luc cells died. Therefore, when U373/Luc cells were transfected with the DPD 

siRNA before the indicated doses of 5-FU treatment, the DPD suppressed cells were 

significantly more sensitive to 5-FU than the scrambled siRNA transfected cells (Figure. 7B).  
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Figure 4. 5-FU cytotoxicity on glioma cells 

(A, B) 5-FU cell cytotoxicity assay on glioma cells: (A) Luciferase expressing glioma cells 

(1x10
4
) were seeded on to 24 well plates and cultured with increasing dose of 5-FU. Viable 

glioma cells were imaged by bioluminescence intensity using IVIS 100 imaging system. (B) The 

intensity of luciferase activity of viable cells were measured and analyzed with IVIS 100 system.  

U373/Luc showed the least effective response than other glioma cells on 5-FU treatment and 

U87MG/Luc showed the most sensitive response than other glioma cells. Bars represent mean 

± SD. (*, P<0.05; **, P<0.01)  
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Figure 5. Expression of 5-FU metabolism related enzymes in glioma cells  

(A) Schematic diagram show 5-FU metabolic pathway (B) Microarray was performed with 

glioma cells using MA-Agilent Human 44K v1. Three glioma cells were hierarchical clustered 

using 5-FU metabolism related gene expression levels. dihydropyrimidine dehydrogenase, DPD; 

orotate phosphoribosyl transferase, OPRT; thymidylate synthase, TS; thymidine phosphyrylase, 

TP; uridine-cytidine kinase, UCK; thymidine kinase, TK; 5-fluorodeoxyuridine diphosphate, 

FdUDP; 5-fluorodeoxyuridine monophosphate, FdUMP; 5-fluorodeoxyuridine, FUdR; 5-

fluorouridine diphosphate, FUDP; 5-fluorouridine monophosphate, FUMP; 5-fluorouridine 

phosphorylase, UP; 5-fluorouridine triphosphate, FUTP; 5-fluorouridine, FUR; deoxythymidine 

diphosphate, dTDP; deoxythymidine monophosphate, dTMP; deoxythymidine triphosphate, 

dTTP; fluoro-deoxyuridine triphosphate, FdUTP; 5-fluoro-5,6-dihydrouracil, FUH; α-fluoro-β-

alanine, F-β-Ala. 
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Figure 6. Expression of 5-FU rate limiting enzymes in glioma cells  

(A) RT-PCR determined 5-FU related enzyme expression levels in glioma cells. Total RNA was 

isolated from glioma cells. PCR products were analyzed by 1.2% agarose gel electrophoresis. 

GAPDH was used as loading control. (B) Real-time PCR and (C) Immuno-blot assay 

determined DPD expressions in glioma cells. GAPDH and β-actin were used as loading control. 

Real-Time PCR reactions of studied genes were normalized to the Ct values of GAPDH and 

converted to the fold-change values, relative to the U87MG sample. U373 cells showed the 

highest expression levels of DPD genes than other glioma cells.  
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Figure 7. Down regulation of DPD in glioma cells 

(A) U373/Luc cells were transfected with the siRNA (5 nM) for control siRNA or DPD using 

Lipofectamine 2000. PCR products were analyzed by 1.2% agarose gel electrophoresis. RT-

PCR determined that expression of DPD in U373/Luc cells was down-regulated by treatment of 

DPD targeting siRNA. (B) U373/Luc cells (1x10
4 

/well) were cultured in antibiotic-free medium 

overnight and then transfected with control or DPD target siRNA. Then, the DPD down 

regulated U373/Luc cells were treated with indicating dose of 5-FU. Effects of DPD knock down 

on sensitivity of U373/Luc cells to 5-FU was measured by luciferase intensity of glioma cells. 

The DPD down-regulated U373/Luc cells were significantly more sensitive to 5-FU than control 

siRNA transfected U373/Luc cells. Bars represent mean ± SD. (*, P<0.05) 
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2. MSC/CD and 5-FC Prodrug Therapy for Glioma 

2.1 Construction of therapeutic MSCs 

In order to use gene and cell combined therapy for glioma, CD as a therapeutic gene 

and imaging reporter genes, including luciferase and tdTomato were stably transfected to the 

human bone marrow derived MSCs (Figure 8). To determine the original characteristics of 

MSCs after genetic manipulation, the expression of stem cell markers was analyzed for naive 

MSCs and MSC/CDs (MSc/Luc, MSC/CD-Luc). All MSCs were uniformly positive for integrin 

protein CD29, hyaluronate receptor CD44, and endoglin protein CD105, but were negative for 

hematopoietic progenitor cell marker CD34, and leukocyte common antigen CD45. Gene 

manipulated MSCs did not show any differences in stem cell marker expression compared to 

naive MSCs upon FACS analysis (Figure 9). In addition, the wound healing assay and the 

Transwell migration assay showed that there were no significant changes between naïve MSCs 

and gene manipulated MSCs (MSC/CD, MSC/CD-Luc) in terms of cell migration and tumor 

targeting ability (Figure 10A). It was previously reported that there were no significant 

differences in the capability of adipocytes, osteocytes and chondrocytes to differentiate between 

naïve MSCs and the therapeutic MSC/CDs used in this study. It was determined that MSCs and 

MSC/CDs could proliferate up to 10 passages without growth retardation. Moreover, there was 

no alteration or mutation of normal karyotypes below passage 11 on these MSCs and MSC/CDs 

(18). These data demonstrate that the CD expressing MSCs maintain the original properties of 

MSCs even after genetic manipulation.  
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Next, the tumor targeting properties of MSCs were monitored using a glioma orthotopic 

model and MSC/CD-Luc. MRI visualized the growth of glioma cells and BLI visualized the 

localization of MSC/CD-Luc cells. The MSC/CD-Luc cells were visualized at the opposite side of 

the tumor site after MSC/Cd-Luc inoculation. However, during the fourth week, the BLI showed 

that more than 50% of MSC/CD-Luc was migrated toward the tumor site (Figure 10B). These 

results showed that the therapeutic MSCs have tumor targeting abilities.  

In this study, MSCs (1x10
5
) and MSC/CDs (1x10

5
) cultured media were analyzed by 

19F-MRS to validate the conversion of 5-FC to 5-FU. The chemical shift of the fluorine 

metabolites was only observed in MSC/CD cultured media. Therefore, 19F-MRS experiments 

determined that only MSC expressing CD could convert prodrug 5-FC into 5-FU (Figure 11A). 

Moreover, regarding the ratios of 5-FC and 5-FU peak intensities measured using the VnmrJ 

program, 19F-MRS spectra determined that 1x10
5 

cells of the MSC/CDs converted 5-FC to 5-

FU with 16.3% conversion efficiency following a 24-hour reaction. Conversion of 5-FC to 5-FU 

was also observed after transplantation of MSC/CDs into the flank region of mice. Both 5-FC 

and 5-FU resonances were observed in the mouse flank region, and the 5-FU peak gradually 

increased after 5-FC administration (Figure 11B). 
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Figure 8. Visualization of RFP and luciferase reporter gene inserted MSCs and 

MSC/CDs (A) Confocal imaging of MSCs: Reporter gene transfected MSC and MSC/CDs were 

visualized by red fluorescence using 40x magnifications of confocal fluorescent imaging system. 

(B) Immuno-blotting determined CD and luciferase expressing in reporter gene infected MSCs. 

MSC/Luc and MSC/CD-Luc cells were seeded onto 24-well plates at 9 x 10
3 
to 3 x 10

4
 cells per 

wells. After incubation for 24 hours, (C) MSC/Luc and (D) MSC/CD-Luc cells were imaged and 

quantified by cell number dependently using IVIS 100 system. Linear regression analysis 

indicated high correlation between cell number and intensity of ROI (MSC/Luc, R
2
:0.9992; 

MSC/CD-Luc, R
2
:0.9995) Bars represent mean ± SD. 

. 
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Figure 9. Stem cell marker expression on MSCs   

Expression of Stem cell positive (CD29, 44, 105) and negative markers (CD34, 45) were 

determined on naive MSCs and genetic manipulated MSC/CDs (MSC/Luc, MSC/CD-Luc) by 

FACS analysis. Naïve MSCs and gene manipulated MSCs were washed with 2% FBS-PBS and 

incubated at 4℃ for 30 minutes with 5 µl of monoclonal antibodies. Control samples were 

unstained and results were analyzed using FACS Canto II. There were no differences on stem 

cell marker expression between gene manipulated MSCs and naive MSCs on FACS analysis. 

Integrin protein, CD29; hyaluronate receptor, CD44; endoglin protein, CD105; hematopoietic 

progenitor cell marker, CD34; leukocyte common antigen, CD45 
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Figure 10. Tumor targeting property of MSC/CDs  

(A) Wound healing assay was performed to investigate migration ability of naïve MSC and 

MSC/CD (MSC/CD-Luc). Migration distance was measured at 0, 4, 8 hours after cells were 

scratched. Transwell migration system was performed to estimate in vitro tumor targeting ability 

of MSCs. U87MG cells were cultured in the lower chamber and MSC cells were seeded into the 

upper chamber. After 24 hours, migrated cells were stained (B) MSC/CD-Luc was transplanted 

into left striatum of mice 1 week after transplantation of U87MG cells into right striatum of mice. 

Tumor development (red arrow) and localization of MSCs were monitored using MR and IVIS 

100 system. The IVIS imaging demonstrated that more than 50% of MSC/CD-Luc migrated 

toward the tumor site.  
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Figure 11. Conversion of 5-FC to 5-FU by MSC/CDs  

(A) In vitro 5-FC to 5-FU conversion by MSC/CD was validated using 19F-MRS. MSC (1x10
5
) 

and MSC/CD cells (1x10
5
) were cultured with 1000 uM of 5-FC. After 24 hours, 5-FC and 5-FU 

in the cultured media was analyzed by 19F-MRS spectra. Chemical compounds of 5-FC and 5-

FU were diluted with DMEM media (200 uM, 5ml). 19F-MRS detects the diluted 5-FC and 5-FU 

as a control (bottom line). The chemical shift of the fluorine metabolites was only detected in 

MSC/CD cultured media. (B) MSC/CD cells (1x10
6
)
 
were transplanted into flank region of mouse. 

500 mg/kg of 5-FC was transplanted intraperitoneally.  19F-MRS was performed to analyze the 

conversion of 5-FC to 5-FU half an hour after 5-FC administration. MSC/CD transplanted region 

of 5-FC and 5-FU were analyzed by 19F-MRS time interval of 8.5 min after 5-FC administration. 

Spectra were processed using VnmrJ software program. The chemical shift of 5-FC to 5-FU 

resonances was observed in the mouse flank region, as well as the 5-FU peak gradually 

increasing after 5-FC administration.  
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2.2 In vitro anticancer effect of MSC/CDs with 5-FC on glioma cells 

 

The cytotoxic effect of converted 5-FU caused by the MSC/CDs was determined by a 

viability study of MSC/CD/Luc. As can be seen in Figure 12, the viability of MSC/CD/Luc cells 

decreased with increasing 5-FC concentrations. At 50 µM of 5-FC, 86.6% of MSC/CDs died. 

Therefore, MSC/CD/Luc showed cytotoxicity with prodrug 5-FC. In contrast, treatment with 5-FC 

had no suicidal effect on naïve MSC/Luc. This result determined that the prodrug 5-FC could 

have cytotoxicity only on cell-expressing CD. A strong correlation (r
2 

= 0.9341) was observed 

between BLI analysis and CCK-8 analysis. There were MSC/CD-Luc signals even after 100 uM 

of 5-FC treatment. It should be emphasized that CD and reporter genes were co-transfected to 

MSCs in this experiment. However, it could be possible that a minority of cells was transfected 

only to reporter genes.  

The therapeutic effect of MSC/CDs with 5-FC on luciferase and GFP-expressing 

glioma cells was estimated based on the luciferase intensity of viable glioma cells. When the 

therapeutic MSC/CDs were co-cultured with the same number of glioma cells, the viability of the 

glioma cells decreased with 5-FC concentration in a dose dependent manner. At 50 µM of 5-FC, 

the survival rate of U373/Luc (34.9%) and U87MG/Luc (17.5%) cells was significantly different 

(Figure. 13A). In addition, various ratios of MSC/CDs to glioma cells were co-cultured to 

estimate the therapeutic efficacy of MSC/CDs for glioma cells. Less than 20% of each glioma 

cells survived (U87MG/Luc: 13.3%, GBM28/Luc: 17.2%) except U373/Luc (41%) cells at 1:3 

ratio of MSC/CD to glioma cells (Figure 13B). At a 1:9 ratio of MSC/CDs to glioma cells, only 24% 
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of U373/Luc cells died, whereas 61.3% of U87MG glioma cells died. These results indicate that 

U87MG showed the most sensitivity and U373/Luc showed the least sensitivity to MSC/CD and 

prodrug 5-FC therapy. These MSC/CD and 5-FC prodrug anticancer results correspond to 5-FU 

therapeutic response and cDNA microarray analysis results of three different glioma cells. The 

suicidal and therapeutic effects of MSC/CDs and prodrug 5-FC on glioma cells were also 

visualized by fluorescence imaging. Consequently, it has been observed that when MSC/CD 

(tdTomato) and glioma cells (GFP) were co-cultured with the same ratio, the growth of 5-FC 

treated MSC/CDs and glioma cells were suppressed (Figure 14).  
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Figure 12. Suicide effect of MSC/CDs  

 

Suicidal effect of MSC/CD was determined by luminescence intensity of viable MSCs. (A, B) 

MSC/Luc and MSC/CD-Luc were incubated with the indicated concentrations of 5-FC. Seven 

days later, viable cells were measured by luminescence intensity using IVIS 100 system. (C) 

CCK-8 analysis was performed to determine the suicidal effect of MSC/CD cells. MSC and 

MSC/CD cells were cultured with indicate dose of the 5-FC. Seven days later, viable cells were 

measured by CCK-8 analysis. (D) Correlation between the luciferase analysis and CCK-8 

analysis. Cytotoxicity of MSC/CD-Luc was dependent on 5-FC dose. In contrast, there was no 

suicidal effect on MSC and MSC/Luc after 5-FC treatment. Linear regression analysis indicated 

high correlation between luciferase analysis and CCK-8 analysis (r
2 

= 0.9341). Bars represent 

mean ± SD. (**, P<0.01; ***, P<0.001) 
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Figure 13. Quantification of the therapeutic effect of MSC/CDs on glioma cells 

 

(A) Luciferase expressing glioma cells (1x10
4
) were co-cultured with MSC/CD (1x10

4
) and 

indicated concentration of 5-FC for 7 days. (B) Different ratio of MSC/CD to glioma cells were 

co-cultured with 100 µM of 5-FC for 7 days. The viability of co-cultured glioma cells were 

imaged and quantified by IVIS 100 system. MSC/CD and 5-FC showed anti-cancer effect on 

glioma cells and had a direct relationship with concentration of prodrug 5-FC and MSC/CD to 

tumor ratios. Bars represent mean ± SD. (**, P<0.01; ***, P<0.001) 
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Figure 14. Confocal imaging of the therapeutic effect of MSC/CDs 

 

GFP expressing glioma cells (1x10
4
) were co-cultured with RFP expressing MSC/CD (1x10

4
) 

and 100 µM of 5-FC for 7 days. Glioma cells (GFP) and MSC/CD cells (tdTomato) were 

visualized by 40x magnifications of confocal microscope. 
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2.3 Monitoring the therapeutic effect of MSC/CDs and 5-FC on a glioma 

orthotopic model  

The therapeutic effect of MSC/CDs and prodrug 5-FC against a pre-existing 

U87MG/Luc glioma model was monitored using BLI, MRI, and 11C-MET PET. The imaging 

modalities visualized that the growth of glioma cells was dramatically suppressed by MSC/CD 

and 5-FC therapy (Figure 15A-C). Tumor development in each mouse was analyzed using 

bioluminescence intensity. The MSC/CD and prodrug 5-FC treated group showed 77.9% tumor 

suppression in comparison to the control group. Tumor volume analysis by MRI revealed that 

MSC/CD and prodrug 5-FC therapy was able to suppress 72.7% of tumor growth. In addition, 

value of SUVmean by 11C-MET PET determined 70.1% of the tumor suppression by MSC/CD 

and prodrug 5-FC treatment. (Figure 15D-F). In this study, BLI analysis is used to determine the 

proliferation of glioma cells. The quantification of BLI analysis results demonstrated the highest 

therapeutic efficacy of MSC/CDs and 5-FC. PET/MRI imaging demonstrated that the anatomic 

tumor lesion and the physiologic tumor lesion were not exactly identical. Therefore, both MRI 

and PET imaging are needed to accurately evaluate the therapeutic effect. Additionally, Kaplan-

Meier survival analysis revealed the prolongation of survival in the MSC/CD therapy group 

compared with the control group (Figure 16). Taken together, these results indicate that tumor 

growth was effectively suppressed by MSC/CD and 5-FC therapy.  
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Figure 15. Monitoring the therapeutic effect of MSC/CDs and 5-FC on glioma 

orthotopic model  

U87MG cells (3x10
5 
in 4ul PBS) were transplanted into mice striatum (anteroposterior, +0.5 mm; 

mediolateral, +1.8 mm; dorsoventral, 3.0 mm) to construct brain orthotopic model. MSC/CD 

cells (3x10
5
) were inoculated into tumor lesion from 4 days after U87MG cell (3x10

5
) 

inoculation and then 500 mg/kg of 5-FC was injected intraperitoneally 5 days a week. Tumor 

growth of U87MG/Luc inoculated orthotopic mouse models were imaged by (A) BLI, (B) MRI, 

(C) PET (11C-MET). PET and MR images were fused with Osirix software. Tumor cell growth 

was evaluated by (D) luciferase intensity, (E) tumor volume (F) SUVmean. Quantification of 

tumor development using molecular imaging revealed that about 70% of tumor growth was 

suppressed by MSC/CD and prodrug 5-FC therapy 
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Figure 16. Kaplan-Meier survival curve  

 

The survival of orthotopic mice was analyzed by a log-rank test based on the Kaplan-Meier 

survival method. Control groups (n=7) were only treated with 5-FC (500 mg/kg) and Therapy 

groups (n=8) were treated with MSC/CD and prodrug 5-FC (500 mg/kg). The MSC/CD and 

prodrug 5-FC treated group improved the survival of orthotopic model. 
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2.4 Safety test of therapeutic MSCs 
 
The proliferation of MSC/CDs was monitored using BLI after the subcutaneous transplantation 

of MSC/CD-Luc into mice. There were no increasing luciferase signals of MSC/CD-Luc for 24 

weeks (Figure 17). In an Immuno-histochemistry (IHC) study, Ki-67 was unstained at the 

MSC/CD transplantation site 24 weeks after MSC/CD-Luc transplantation. This study 

determined that there was no development of tumorigenic cells until 24 weeks after MSC/CD-

Luc transplantation. In addition, when MSC/CDs were inoculated with glioma cells, there were 

no significant differences in tumor growth (Figure 18). Therefore, these results indicate that 

therapeutic MSCs could be safe to use as cell therapy agents.  
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Figure 17. Tumorigenesis of MSC/CDs 

 

(A) MSC/CD-Luc cells were transplanted into right flank of mouse. Localization and proliferation 

of MSC/CD-Luc cells was imaged by IVIS every 4 weeks for 24 weeks. (B) The survived 

MSC/CD-Luc cells were monitored and evaluated with luciferase intensity. There were no 

increasing luciferase signals of MSC/CD-Luc (C) H&E-stained tumor sections from U87MG 

glioma-bearing mice (Ki67 positive control) and MSC injected site from MSC/CD-Luc 

transplantation mice. IHC with antibodies against Ki67 revealed tumor cell proliferation. Ki-67 

was only stained in tumor tissue.  
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Figure 18. Effect of MSC/CDs on tumor growth  

 

U87MG cells (3x10
5 

in 4ul PBS) were transplanted into mice striatum to construct brain 

orthotopic model. MSC/CD cells (3x10
5
) were inoculated into tumor lesion without 5-FC 

treatment from 7 days after U87MG cell (3x10
5
) inoculation. (A) Tumor growth of glioma 

orthotopic mouse model was imaged by MRI at 2, 3, 4 weeks after U87MG and MSC/CD 

inoculation. MRIs were acquired by T2-weighted images using SIMENS 3-tesler scanner with 

animal 6 channel coil. (B) The volume of tumor growth was measured using Osirix software. 

There were no significant differences in tumor development between control and MSC/CD 

treated group.  
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DISCUSSION 

GBM is known as one of the most difficult cancers to cure because it is highly 

malignant and invasive. Infiltrated GBM cells surrounding normal brain tissue are especially 

difficult to surgically remove. To prevent tumor recurrence, radiation and chemotherapy are 

used. However, there has been no proper method to treat recurring glioblastoma after tumor 

surgery and radio-chemotherapy until now. Therefore, tumor targeting therapy methods to kill 

infiltrated tumor cells in normal brain tissue are needed.  

 

There is growing evidence that MSCs have the ability to migrate to tumors and injury 

sites (51-53). The molecular factors of involved in MSC migration to tumors has been revealed 

as a stromal cell derived factor-1(SDF-1), platelet-derived growth factor-AB (PDGF-AB), and 

CCR families, etc. In particular, it was demonstrated that SDF-1 is one of the major chemokines 

secreted by MSCs when exposed to a tumor microenvironment. Subsequently, SDF-1 binds to 

its cognate receptors CXCR4/7 of MSCs to activate Jak2/STAT3 and ERK1/2 signaling, which 

in turn regulates FAKs that induce the reorganization of the actin cytoskeleton, thereby 

promoting MSC migration (20-22). In this study, the tumor targeting ability of therapeutic MSCs 

was non-invasively monitored using BLI in an orthotopic glioma model (Figure 10B). The results 

showed that more than half of the MSCs migrated toward the tumor lesion. Therefore, MSCs 

could be expected to easily migrate to surrounding tumor cells and MSC therapy could be an 

efficient tumor targeting therapy for those infiltrated glioma cells. 
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In the last decades, cell-based approaches have been extensively investigated for 

cancer therapy. There are several therapeutic genes such as IL-12 and TRAIL (24-27). However, 

one problems of with these strategies for clinical application is that the genetically manipulated 

cells remain in the patient after therapy. To overcome this problem, suicide gene strategies such 

as HSV-TK/GCV and CD/5-FC, have received considerable attention for their effective 

anticancer abilities. Suicide gene therapy using gene coding for an enzyme that converts a 

nontoxic prodrug into a lethal compound is inserted into the tumor cells or tumor targeting 

agents. In this study, I discussed the conversion of prodrug 5-FC to cytotoxic 5-FU by CD 

expressing MSCs. In addition, MSC/CDs effectively enhanced not only the anticancer effect on 

glioma cells but also the suicide when 5-FC was treated (Figure 12, 15). This means that this 

therapeutic strategy can avoid the risk of genetically manipulated cells in clinical applications by 

using CD because the therapeutic cells are drained as a result of the suicide effect. Moreover, 

5-FU not only induces DNA and RNA damage by the insertion of 5-FU metabolites but also 

inhibits the TS activity by the competitive binding of TS (29). 

TS is an enzyme that catalyzes the conversion of deoxyuridine monophosphate (dUMP) 

to deoxythymidine monophosphate (dTMP). dTMP is nucleotide that forms thymine. With the 

inhibition of TS, DNA damage was induced by increasing levels of dUTP and an imbalance of 

deoxynucleotides. For this reason, TS has become an important target for cancer treatment by 

means of chemotherapy (54). CD/5-FC showed more therapeutic advantages compared to 

HSV-TK and other available prodrug therapy methods. In addition it is reported that the ionizing 
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radiation response increases when ionizing radiation is combined with 5-FU (55). Therefore, a 

5-FC/CD system can be used as a radio-sensitizer.  

 

Magnetic resonance spectroscopy (MRS) is a noninvasive diagnostic tool for 

measuring biochemical changes in vivo. Each biochemical, or metabolite, has a different peak in 

the spectrum that appears at a known frequency. Using this method, several different 

metabolites, or products of metabolism (amino acids, lipid, lactate, alanine, N-acetyl aspartate, 

choline… etc) can be detected (56). 5-FC and 5-FU compounds can be monitored using fluorine 

(19F) MRS (57).  

MR images of patients provide precise anatomical information about cancer but this is 

not sufficient for cancer diagnosis. There are many clinical reports about the pseudo-response 

and pseudo-progression of GBM on MRI analysis (58-60). Therefore, several imaging 

parameters are used for glioma diagnosis. The functional and metabolic activity of glioma can 

be imaged using PET with 18F-FDG, 11C-MET, and 18F-FLT. 18F-FDG shows glucose 

consumption that could indicate viability of tumor cells. However, it is difficult to image the tumor 

lesion specifically because of variable background uptake in the normal brain tissue (61). 

Glioma images with 11C-MET as the amino acid tracer show high sensitivity and specificity (62). 

However, PET images have the limitation of identifying anatomic information about the body and 

the morphologies of tumors. Morphologic, functional and metabolic molecular imaging is 

necessary for diagnosis and to evaluate the therapeutic effects of intracranial primary tumors. 

Therefore, it is necessary to analyze both PET images and MR images for cancer diagnosis and 
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to evaluate any therapeutic effects (63, 64). In this research, the PET image was merged with 

MR image using the Osirix software program. These merged images provide the co-localization 

of biologic and precise anatomic information of glioma (Figure 15). The value of SUVmean is used 

to diagnose cancer on PET scans (65). An analysis of PET images showed that the value of 

SUVmean was much higher in the non-treated orthotopic model than in the MSC/CDs and 5-FC 

treated orthotopic model. Like the analysis of PET images, the analysis of MR images showed 

that tumor growth was suppressed by treatment with MSC/CDs and 5-FC compared to the non-

treated orthotopic model. Tumor growth analysis using luciferase intensity analysis was similar 

with tumor volume analysis from the MRI and SUVmean analysis from 11C-MET PET. It is difficult 

to expect that BLI can be extended to human studies even though it is evident that BLI is a 

convenient and accurate method for monitoring the therapeutic effect of cancer in small animal 

models. 

 

Many current cancer therapy agents target the integrity of cellular DNA, which is 

important to cell survival. These agents induce DNA damage by breaking DNA, forming cross 

links and targeting DNA-related proteins (66). Ionizing radiation generates oxidative DNA 

damage by generating reactive oxygen species (ROS) and results in single-strand and double-

strand breaks in the double helix. Intracellular nucleotide excision repair (NER) and base 

excision repair (BER) systems are activated after DNA damage to repair breaks in the double 

helix. For this reason, the enhancement of DNA repair pathway (NER, BER) related genes is 

one of the crucial mechanisms causing cellular resistance to DNA-damaging agents (67, 68). 
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Therefore, the expression levels of DNA-repair related enzymes in glioma cells were analyzed 

to reveal the reason for radio-resistance in glioma cells. To analyze the expression levels of 

DNA repair enzymes in glioma cells, 54 DNA repair related genes were studied using a 

microarray. Glioma cells were clustered together by DNA repair related genes using a TIGR 

multi-experiment viewer (MeV). Each cluster was determined by hierarchical clustering 

algorithms with a Pearson correlation as a similarity measurement for each glioma cell. 

Hierarchical clustering was performed grouping clusters according to their similarities in gene 

function representation.  

In this research, U87MG cells showed more radio-resistance than other glioma cells 

(U373, GBM28). And I also determined that the radio-resistance of U87MG cells was due to the 

high expression of DNA repair related genes in those U87MG cells (Figure. 4). Interestingly, the 

radio-resistant U87MG cells were more sensitive to 5-FU therapy than were the U373 cells 

(Figure 4). The expression of 5-FU metabolism enzymes, such as DPD, TS, TP, and OPRT, has 

been estimated in order to predict 5-FU sensitivity in various cancers (69). A microarray analysis 

found that the sensitivity of 5-FU therapy was due to the expression of 5-FU metabolism related 

genes in glioma cells (Figure 5). DPD is especially important in MSC/CDs and 5-FC therapy, 

because it degrades 5-FU into F-β-alanin (70). Of all the gliima cells, U87MG cells were the 

least expressed cells in DPD in this study. This is why U87MG cells showed the greatest 

response to 5-FU therapy. The microarray results were closely correlated with the therapeutic 

effect when glioma cells were clustered by 5-FU metabolism related enzymes. Consistent with 

in vitro 5-FU therapy results, U87MG cells showed the most sensitive cytotoxicity to MSC/CD 
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and 5-FC therapy (Figure 14). These results indicate that the gene analysis of glioma cells of 

patients can predict the efficacy of MSC/CD and 5-FC therapy. When the expression level of 5-

FU rate limiting enzymes is low, MSC/CDs and 5-FC therapy can be an option for glioma 

therapy. Personalized cancer therapy has been proposed and widely studied as the new 

targeted therapy for cancer patients, because the expression levels of oncogenes and drug 

metabolism related genes in cancer patients are different (71). 

5-FU is an antimetabolite that kills rapidly proliferating cells by inhibiting DNA synthesis. 

Therefore, the 5-FU converted from 5-FC by MSC/CDs could have a more cytotoxic effect on 

malignant brain tumor cells compared to MSCs. In an in vitro experiment, MSCs showed no 

reduced survival rate even after high-dose 5-FC treatment (Figure. 13). In addition, in the in vivo 

experiments, the control and therapy groups were treated with the same dose of 5-FC (500 

mg/Kg). Only the therapeutic group showed dramatically reduced glioma development. Also, 

when the MSC/CDs were treated using a glioma orthotopic model without 5-FC, there were no 

considerable differences in tumor development between the control group and the MSC/CD-

treated group (Figure 18). These results indicate that both MSC/CDs and 5-FC are needed for 

tumor suppression.  

Some of the limitations of this research include the need for further study of the effect 

of bone marrow derived MSCs on brain tissue, the mechanisms of the MSCs migrating towards 

tumor lesions, and the distribution volume of 5-FU in vivo due to MSC/CDs. 
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In conclusion, I show the therapeutic effect of MSC/CDs and 5-FC on glioma cells in 

vitro and in vivo using molecular imaging. A co-culture of MSC/CDs and glioma cells showed a 

therapeutic effect dependent on 5-FC concentration and the MSC/CD to tumor ratio. 

Furthermore, the therapeutic effect was closely related with the expression of 5-FU metabolism 

related enzymes on glioma cells. These promising results demonstrate that therapeutic MSCs 

and 5-FC are valuable for glioma therapy and show low expression of 5-FU rate limiting 

enzymes. This research proposes a cancer-targeting therapeutic method to treat tumor cells 

that have infiltrated or micro-metastasized in normal tissues  
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국문 초록 

 

서론: 악성 뇌교종은 기존의 항암치료에도 불구하고 광범위한 암 침윤 때문에 완치

가 드물고 환자의 생존율이 매우 낮다. 중간엽 줄기세포는 암세포를 표적 치료할 

수 있기 때문에 줄기세포를 이용한 항암 연구가 전 세계적으로 진행 중이다. 이 연

구에서는 비활성 약제 5-플루오로시토신과 함께 시토신 디아미나아제를 발현하는 

중간엽 줄기세포를 이용하여 뇌종양 세포에 대한 치료효과를 분자 영상 실험을 이

용하여 확인하였다.  

방법: 사람 신경교종 세포 주 (U87MG, U373)와 신경교종 환자의 조직으로부터 

동정한 신경교종세포 (GBM28)를 영상화 하기 위해서 형광 유전자와 생체발광 유

전자를 신경교종 세포에 이입하였다. 표준 신경교종 치료방법인 비전리 방사선 또

는 테모졸로마이드를 신경교종 세포에 처리한 후 세포독성을 생체발광 영상을 통하

여 관찰 및 정량화 하였다. 각 신경교종 세포의 세포독성 차이의 원인을 찾기 위해 

방사선 치료에 저항성을 갖도록 하는 DNA 회복 경로 연관 유전자의 발현을 마이

크로어레이 유전자 분석을 통하여 비교 확인하였다. 또한 5-플루오로시토신의 활

성 약제인 5-플루오로우라실에 의한 신경교종 세포의 세포독성을 확인 한 후 유전

자 분석을 통하여 5-플루오로우라실 대사관련 유전자의 발현을 비교 확인하였다. 

인간 골수 유래 중간엽 줄기세포에 시토신 디아미나아제 유전자를 이입하여 시토신 

디아미나아제를 발현하는 치료용 줄기세포를 제작하고 형광 유전자와 생체발광 유

전자를 이입하여 영상화 하였다. 시토신 디아미나제 발현 줄기세포에 의한 5-플루

오로시토신의 5-플루오로우라실 전환을 핵자기 공명 실험을 이용하여 확인하였고 

치료용 줄기세포의 항암효과를 세포와 마우스 생체 내에서 확인하였다.  

결과: 비전리 방사선(3 Gy)에 의해서 U87MG 의 경우 82.8% ± 9.59% 의 생존

율을 보였고 U373 과 GBM28 의 경우 57.9% ± 6.88%, 48.0 ± 6.0%의 세포 

생존율을 생체발광 영상을 통하여 확인하였다. 방사선 저항성에 영향을 주는 DNA 
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회복 경로와 관련된 유전자들이 U373, GBM28 세포에 비하여 U87MG 세포가 강

하게 발현되는 것을 확인하였다. 4 uM 의 5-플루오로우라실 처리 시, U87MG 신경

교종 세포는 36.3% ± 8.9%의 생존율을 보이는 반면 U373 은 68.6% ± 15% 의 

생존율을 보였다. 유전자 분석을 통하여 U87MG 세포가 5-플루오로우라실 활성에 

영향을 주는 디하이드로피리미딘 탈수소 효소의 발현이 U373 세포 보다 적은 것을 

알 수 있었다. 핵자기 공명 실험을 이용하여 시토신 디아미나제 발현 줄기세포에 

의한 5-플루오로시토신의 5-플루오로우라실 전환을 확인하였고 시토신 디아미나

제 발현 줄기세포와 신경교종 세포를 함께 배양하였을 때, 5-FC 의 농도에 따라서 

신경교종 세포에 대한 세포독성 효과를 확인할 수 있었다. 50 uM 의 5-플루오로시

토신 처리 시, U87MG 세포는 82.5% ± 0.69%, U373 의 경우 65.1% ± 7.55%

의 세포독성 효과를 관찰하였다. 뇌종양 마우스 모델에서 생체발광영상, 자기공명영

상, 핵의학 영상을 통하여 신경교종세포의 성장이 시토신 디아미나제 발현 줄기세

포와 5-플루오로시토신에 의하여 70%가 감소하는 것을 확인할 수 있었다.  

결론: 시토신 디아미나제 발현 줄기세포와 5-플루오로시토신에 의한 악성 뇌교종 

세포의 치료효과를 분자 영상을 이용하여 확인하였다. 생체 발광 영상 이용 시, 세

포 실험과 원발성 뇌종양 마우스 모델 모두에서 줄기세포에 의한 치료효과를 정확

하게 확인 할 수 있었으며 악성 뇌교종 세포가 발현하는 유전자 차이에 의해서 치

료법에 따른 민감성이 다르게 나타나는 것을 알 수 있었다. 그러므로 이 연구에서 

사용한 시토신 디아미나제 발현 줄기세포와 5-플루오로시토신 치료제는 방사선에 

저항성이 있으며 5-플루오로우라실에 민감한 악성 뇌교종 세포 치료제 개발에 크

게 기여할 수 있을 것으로 사료된다.  

--------------------------------------------------- 

주요어 : 신경교종세포, 중간엽 줄기세포, 5-fluorouracil, 5-Fluorocytosine, Cytosine 

deaminase 
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