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A B S T R A C T

Genetically engineered stem cells (GESTECs) exhibit a potent therapeutic efficacy via their

strong tumor tropism toward cancer cells. In this study, we introduced the human parental

neural stem cells, HB1.F3, with the human interferon beta (IFN-b) gene which is a typical

cytokine gene that has an antitumor effect and the cytosine deaminase (CD) gene from

Escherichia coli (E. coli) that could convert the non-toxic prodrug, 5-fluorocytosine (5-FC),

to a toxic metabolite, 5-fluorouracil (5-FU). Two types of stem cells expressing the CD

gene (HB1.F3.CD cells) and both the CD and human IFN-b genes (HB1.F3.CD.IFN-b) were

generated. The present study was performed to examine the migratory and therapeutic

effects of these GESTECs against the colorectal cancer cell line, HT-29. When co-cultured

with colorectal cancer cells in the presence of 5-FC, HB1.F3.CD and HB1.F3.CD.IFN-b cells

exhibited the cytotoxicity on HT-29 cells via the bystander effect. In particular,

HB1.F3.CD.IFN-b cells showed the synergistic cytotoxic activity of 5-FU and IFN-b. We

also confirmed the migration ability of HB1.F3.CD and HB1.F3.CD.IFN-b cells toward

HT-29 cells by a modified migration assay in vitro, where chemoattractant factors secreted

by HT-29 cells attracted the GESTECs. In a xenograft mouse model, the volume of tumor

mass was decreased up to 56% in HB1.F3.CD injected mice while the tumor mass was

greatly inhibited about 76% in HB1.F3.CD.IFN-b injected mice. The therapeutic treatment

by these GESTECs is a novel strategy where the combination of the migration capacity of

stem cells as a vector for therapeutic genes towards colorectal cancer and a synergistic

antitumor effect of CD and IFN-b genes can selectively target this type of cancer.

ª 2013 Federation of European Biochemical Societies.

Published by Elsevier B.V. All rights reserved.
4; fax: þ82 43 267 3150.
oi).
ation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
4

mailto:kchoi@cbu.ac.kr
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.molonc.2013.01.004&domain=pdf
www.sciencedirect.com/science/journal/15747891
http://www.elsevier.com/locate/molonc
http://dx.doi.org/10.1016/j.molonc.2013.01.004
http://dx.doi.org/10.1016/j.molonc.2013.01.004
http://dx.doi.org/10.1016/j.molonc.2013.01.004
http://dx.doi.org/10.1016/j.molonc.2013.01.004


M O L E C U L A R O N C O L O G Y 7 ( 2 0 1 3 ) 5 4 3e5 5 4544
1. Introduction cancer (Fodde, 2006; Muller et al., 2006). In this study, we intro-
Colorectal malignancy is one of the most common types of

tumors in humans. Major causes of death associated with

this cancer could be attributed to metastasis in liver, abdom-

inal lymph nodes, and lungs (Bird et al., 2006). Conventional

therapies such as surgical removal (colectomy abdomino-

perineal resection), radiotherapy, and chemotherapy are

typical treatment for colorectal cancer (Milsom et al., 1998).

For instance, 5-fluorouracil (5-FU) has been used as a chemo-

therapeutic agent for treating the majority of solid tumors as

well as colorectal cancer. Although most patients are cur-

rently treated with chemotherapy of 5-FU, prognosis is still

poor (Pessino and Sobrero, 2006). It is also known that the

side effects such as gastrointestinal or hematological toxic-

ities of this drug are serious (Douillard et al., 2000). Since con-

ventional 5-FU treatments or therapies generally have low

selectivity for tumors and result in unwanted effects to nor-

mal and highly proliferative healthy tissue (parentheses

should only be used for citations and acronyms), novel thera-

peutic strategies are needed to enhance selective therapeutic

efficiency and effectiveness to treat colorectal cancer (Pessino

and Sobrero, 2006; Saukkonen and Hemminki, 2004) such as

the recently proposed molecular chemotherapy (Kucerova

et al., 2007; Reiser et al., 2005). A molecular chemotherapy is

based on the theory of targeting therapeutic suicide gene de-

livery using a cell-based system (Conrad et al., 2007;

Kaliberov et al., 2007).

As an approach of molecular chemotherapy known as

gene-directed enzyme/prodrug therapy (GEPT) has received

much attention because it can be designed to selectively target

tumor cells more than normal cells which can minimize

side-effects (Saukkonen and Hemminki, 2004). The cytosine

deaminase (CD)/5-fluorocytosine (5-FC) system is one of the

GEPTs where CD is tagged as a suicide enzyme to eradicate

cancer cells (Crystal et al., 1997; Hirschowitz et al., 1995;

Kanai et al., 1997). The CD gene could convert 5-FC to 5-FU,

which inhibits DNA synthesis in cancer cells (Yi et al., 2011a).

This CD/5-FC GEPT system has been used as experimental

treatments for several types of cancers, including prostate

and ovarian cancers (Freytag et al., 2002; Kim et al., 2010).

Whereas the application of GEPT systems seem to reduce the

toxicity in normal tissues than other therapies, problems

still exist that have yet to be solved in an effective delivery of

exogenous enzymes to tumor cells (Freytag et al., 2002).

The stem cells have recently received a great deal of atten-

tion for their clinical and therapeutic potential for treating

human cancers with their strong tumor tropic properties

(Altaner, 2008; Yazawa et al., 2002). For instance, human

neural stem cells (NSCs) are able to target tumor cells (Yi

et al., 2011b). GEPT using NSCs can serve as a potent delivery

system to target and eradicate tumor cells following systemic

prodrug administration (Aboody et al., 2008) specifically

medulloblastomas and gliomas, and could have a great tropic

and therapeutic potential for these human malignant tumors

(Aboody et al., 2006; Kim et al., 2006). Although tumor tropism

of NSCs such as moving toward the tumor sites, is yet to be

understood completely, it is used to deliver therapeutic mole-

cules in the patients who have had disseminated metastatic
duced HB1.F3 immortalized NSCs for treating colorectal can-

cer. These HB1.F3 cells are human NSCs generated from

fetal telencephalon and immortalized using a retroviral vector

carrying v-myc (Kim et al., 2002). This clonally isolated and

multi-potent human NSC line has the ability to self-renew

and differentiate into cells of neuronal and glial lineages

both in vivo and in vitro (Kim, 2004). When these cells were cul-

tured in in vitro, they are homogeneous and can be expanded

to large numbers. Since these NSCs have their inherentmigra-

tory and tumor-tropic properties, they can represent a novel

and potentially powerful approach for the treatment of inva-

sive tumors (Kim et al., 2006; Kim, 2007; Nakamura et al.,

2004). It was of interest that the tropism of NSCs can be used

to target intra- and extra-cranial tumors of both neural and

non-neural origins (Brown et al., 2003; Fodde, 2006). Other

studies have shown that HB1.F3 cells can migrate to subcuta-

neous xenografts of diverse types of solid tumors including

prostate and breast tumors, melanomas, gliomas, and neuro-

blastomas, which indicates that these cells do not possess

a tissue-specific homing tendency but could be useful thera-

peutically nonetheless due to their tendency to migrate to tu-

mor tissues in general (Aboody et al., 2006; Dietrich et al., 2008;

Freytag et al., 2002; Kim).

As a delivery vehicle that targets tumor cells, coupled with

the ability to selectively infiltrate tumor masses and dissemi-

nate therapeutic gene products throughout tumor sites, these

therapeutic stem cells may solve major obstacles that current

gene therapy strategies are facing (Kim et al., 2011). For the

delivery of therapeutic genes, HB1.F3 cells were engineered

to HB1.F3.CD and HB1.F3.CD.IFN-b cells to express a therapeu-

tic suicide gene such as the CD or IFN-b gene. In the previous

studies, the combination of interferon (IFN) and chemothera-

peutic drugs resulted in excellent outcomes (Kim et al., 2012;

Nagano et al., 2007; Ren et al., 2008; Studeny et al., 2004). SH

Juang et al., also demonstrated the effect of IFN-b in the

HT-29 human colorectal cancer cell line (Juang et al., 2004).

Type I IFNs, such as IFN-alpha (IFN-a) or IFN-beta (IFN-b),

have been shown to have highly suppressive effects on carci-

nogenesis by inhibiting cell cycle progression at the G1, S, or

G2/M phase with or without induction of apoptosis

(Kashiwagi et al., 2003; Ren et al., 2008).

In the present study, we investigated whether these ge-

netically engineered stem cells (GESTECs) have a significant

migrating capacity for selective targeting as well as the ther-

apeutic value of a suicide gene/prodrug system in colorectal

cancer therapy. We also confirmed the synergetic and thera-

peutic effects in the CD/5-FC and IFN-b using a double-punch

method which involves chemotherapy consisting of the sui-

cide gene/prodrug coupled with immunotherapy using IFN-

b for the treatment of human colorectal cancer.
2. Materials and methods

2.1. Cell culture

A human colon adenocarcinoma cell line, HT-29, was pur-

chased from Korean Cell Line Bank (KCLB, Seoul, Korea).

http://dx.doi.org/10.1016/j.molonc.2013.01.004
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Three types of GESTECs, HB1.F3, HB1.F3.CD, and

HB1.F3.CD.IFN-b generated by us and primary human

fibroblast (human FB) were employed in this study. All of

these cells were cultured in DMEM supplemented with

10% fetal bovine serum (FBS; Hyclone Laboratories Inc.,

Logan, UT, USA), 1% antibiotics (penicillin G and streptomy-

cin; Cellgro Mediatech Inc., Manassas, VA, USA), 1% HEPES

(Invitrogen Life Technologies, Calsbad, CA, USA), and 0.1%

of the anti-mycoplasmal agent Plasmocin, (Invivogen, San

Diego, CA, USA) at 37 �C in a humidified atmosphere of 5%

CO2-95% air. The cells were trypsinized with 0.05% tryp-

sin/0.02% EDTA (PAA Laboratories Int., Dartmouth, MA,

USA).
2.2. RNA extraction and RT-PCR

Total RNA extracts were prepared using TriZol Reagent (Invi-

trogen Life Technologies) and reverse transcribed from 1 mg

of total RNA into cDNA using M-MLV RT (iNtRON Biotechnol-

ogy, Sungnam, Kyeonggido, Korea) following the manufac-

turer’s protocols. PCR was conducted to amplify the

bacterial CD and IFN-b genes from GESTECs using the respec-

tive primers. To confirm the expression of the chemoattrac-

tant ligands and receptors including stem cell factor (SCF),

c-Kit, chemokine receptor 4 (CXCR4), vascular endothelial

growth factor (VEGF) and VEGF receptor2 (VEGFR2), PCR was

also conducted using the cDNA of cancer cells with sense

and antisense primers based on the published sequence

of the genes respectively. Human glyceraldehydes-3-

phosphate dehydrogenase (GAPDH) gene was used as a posi-

tive control and PCR mixture without a cDNA template for

a negative control. The sense and antisense oligo-

sequences and the expected size of RT-PCR products are de-

scribed in Table 1. PCR amplification was performed for 30

cycles. The reaction products were analyzed on a 1.5% aga-

rose gel pre-stained with ethidium bromide (EtBr; Sigma-

eAldrich Corp., St. Louis, MO, USA). These results were

scanned by Gel Doc 2000 (Bio-Rad Laboratories Inc., Hercules,
Table 1 e The oligonucleotide sequences of the primers used in this stud

mRNA Oligo-

CD Forward GCGCGAGTCA

Reverse GTTTGTATTCG

SCF Forward ACTTGGATTCT

Reverse CTTTCTCAGGA

c-Kit Forward GCCCACAATA

Reverse AGCATCTTTAC

CXCR4 Forward CTCTCCAAAG

Reverse AGACTGTACA

IFN-b Forward AAAGAAGCAG

Reverse TTTCTCCAGTT

VEGF Forward AAGCCATCCTG

Reverse GCTCCTTCCTC

VEGFR2 Forward ACGCTGACAT

Reverse GCCAAGCTTG

GAPDH Forward ATGTTCGTCAT

Reverse TGGCAGGTTTT
CA, USA) and compared to 100 bp ladder of DNA (iNtRON

Biotechnology).

2.3. Cell viability assay

To investigate the effect of 5-FC and 5-FU on HT-29 colorec-

tal cancer cells, the cancer cells were seeded in 96-well

plates (4000 cells/well) and cultured in 0.1 ml medium. Af-

ter 24 h of pre-incubation, HB1.F3.CD, or HB1.F3.CD.IFN-

b cells (8000 cells/well or do increase cell number 8000,

16000 and 24000 cells/well) in the medium containing 5%

FBS were added to the cancer cell cultures and incubated

for 24 h before the treatment with 5-FC or 5-FU. After

24 h, 5-FC and 5-FU (SigmaeAldrich Corp.) were serially di-

luted with PBS (final concentration, 100, 200, 300, 400, and

500 mg/ml or constant concentration 500 ug/ml), and were

added to each well in the plates and treated for 4 days.

After the treatment of 5-FC or 5-FU, MTT (3-(4,5-dimethyl-

thiazol-2-yl)-2,5-diphenyltetrazolium bromide) assays were

performed to measure the cancer cell viability. MTT solu-

tion (10 ml; 5 mg/ml) was added to each well and incubated

for 4 h at 37 �C. Supernatants were removed and 100 ml of

dimethyl sulfoxide (DMSO, 99.0%; Junsei Chemical Co.,

Ltd, Tokyo, Japan) was added to each well to dissolve the

resultant formazan crystals. Optical densities were mea-

sured at 540 nm using an ELISA reader (VERSA man, Molec-

ular Devices, CA, USA). MTT assay was carried out in

duplicate.

2.4. In vitro migration assay

To investigate whether GESTECs are capable of migrating to

HT-29 (1 � 105 cells/well), HT-29 and human FB were plated

in 24-well plates and incubated in culture media for 24 h at

37 �C. The cells were then incubated with new serum-free

media and incubated for 24 h. Transwell plates (8 mm; BD Bio-

sciences, Franklin lakes, NJ, USA) coated with fibronectin

(250 mg/ml; SigmaeAldrich Corp.) were placed in the 24-well
y and the predicted sizes of the PCR products.

sequences (50e30) Expected size (bp)

CCGCCAGCCACACCACGGC 559

ATGGCTTCTGGCTGC

CACTTGCATTT 505

CTTAATGTTGAAG

GATTGGTATTT 570

AGCGACAGTC

GAAAGCGCAGGTGGACAT 558

CTGTAGGTGCTGAAATCA

CAATTTTCAG 296

TTTCTTCCA

TGTGCCCCTGATG 377

CTGCCCGGCTCAC

GTACGGTCTAT 438

TACCATGTGAG

GGGTGTGAACCA 351

TCTAGACGGCAG

http://dx.doi.org/10.1016/j.molonc.2013.01.004
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plates and incubated overnight. According to the

manufacturer’s instruction, chloromethyl-benzamido-1,10-
dioctadecyl-3,3,30-tetramethylindocarbocyanin perchlorate

(CM-DiI; Invitrogen Lift Technologies) was used to labeled

HB1.F3.CD or HB1.F3.CD.IFN-b cells (1 � 105 cells/well) that

were plated in the upper chambers of the transwell plates

and cultured in serum-free medium for 24 h at 37 �C. HT-29

and human FB were stained by adding 40,6-diamidino-2-

phenylindole (DAPI; 200 ng/ml, Invitrogen Life Technologies)

and the plate was incubated for 20 min at 37 �C. Each well

was washed with PBS and the upper side of the transwell was

then scraped to remove cells that had not migrated into the

transwell. The cells stained with CM-DiI and DAPI were exam-

ined by fluorescence microscopy (IX71 Inverted Microscope,

Olympus, Japan).
2.5. Colorectal cancer xenograft model

Twenty-one 6 week old male BALB/c nude mice were pur-

chased from Central Laboratory Animal (SLC, Shizuoka,

Japan) and the experiment was conducted according to the

protocols approved by the Animal Care Committee of Chung-

buk National University. The mice were acclimatized in

a controlled room where the temperature was set at

23 � 1 �C and humidity was set at 40e60% under a 12 h

light/dark cycle for at least 1 week prior to the experiments.

The colorectal cancer cells, HT-29 (2 � 106 cells/mouse) were

injected into the right flank of the mice. Tumor size of these

heterotopic xenograft models was measured by using cali-

pers once a week and tumor volume was calculated by

0.5236 � length � width � height.
2.6. In vivo therapeutic effect of HB1.F3.CD and
HB1.F3.CD.IFN-b

To identify the therapeutic effect of HB1.F3.CD and

HB1.F3.CD.IFN-b, xenograft mouse model was employed as

indicated in the aforementioned paragraph. The mice were

divided into 3 groups; group 1 was treated with 0.85% saline

as a negative control, group 2 was treated with HB1.F3.CD

cells with 5-FC (500 mg/kg/day), and group 3 was treated

with HB1.F3.CD.IFN-b in the presence of 5-FC at the same

dose. When the tumor volume reached 200 mm3, HB1.F3.CD

or HB1.F3.CD.IFN-b (4 � 106) cells were injected into xeno-

grafted mice next to the colorectal tumor mass subcutane-

ously at 0.5 cm distance. These stem cells were pre-labeled

with a CM-DiI cell tracker prior to injection for post-sacrifice

cell detection. These pre-labeled stem cells were injected to

the adjacent colorectal cancer mass two times during the ex-

perimental period. Two days after injecting NSCs, the mice of

group 1 were injected with normal saline (100 ml, i.p. explain

acronym), while the mice of group 2 and 3 were injected

with 5-FC (500 mg/kg/day in 100 ml, i.p.) every 24 h. The

mice were sacrificed and tumor or skin tissues were isolated

48 h after the last 5-FC treatment for histopathological analy-

sis. Before the mice were dead or euthanized where tumor

mass reached at 20 mm size in any dimension, the survival

rate and volume of tumors were measured. The survival

rate was drawn by Graphpad Prism (v5.0; Graphpad software,
San Diego, CA, USA) and a Chi-square test was used to test

statistical significance.
2.7. Histopathology

For histopathological analysis, tumor mass and sur-

rounding tissue excised from colorectal cancer xeno-

grafts following necropsy were fixed at 10% normal

formalin solution (SigmaeAldrich Corp.). These fixed

samples were cut into 4e6 mm thick sections, embedded

in paraffin and sectioned using microtome at a 5 mm

thickness. Prepared slides were stained using the

hematoxylin and eosin (H&E, SigmaeAldrich Corp.) stain-

ing method. In stained slides, skin and surrounding tis-

sue basis structure and morphology of cancer cells in

tumor mass or structure of surrounding tissues was ob-

served by light microscope using a BX51 microscope

model.
2.8. DAPI staining

To observe the distribution of NSCs (CM-DiI fluorescent red) in

the colorectal cancer mass, DAPI (nuclei fluorescent blue)

staining was performed in prepared tumor section slides.

After rehydration, the slides were fixed with 10% formalin

(SigmaeAldrich Corp.) solution for 10 min, washed using PBS

two times, and treated with DAPI for 10 min at 37 �C. The
slides were mounted with coverslips and observed by fluores-

cent microscopy using an IX71 inverted microscope

(Olympus).
2.9. Statistical analysis

The results from most experiments are presented as the

mean � SD except survival rate. A statistical analysis was per-

formed with a one-way ANOVA test and/or paired t test using

Graphpad Prism. P < 0.05 was considered statistically

significant.
3. Results

3.1. Confirmation of the introduced genes and
chemoattractant factors

Confirmation of the expression of CD and IFN-b genes in

HB1.F3.CD or HB1.F3.CD.IFN-b cells was performed by

RT-PCR. CD gene (559 bp) was expressed in HB1.F3.CD and

HB1.F3.CD.IFN-b cells, while human IFN-b gene (296 bp) was

only detected in HB1.F3.CD.IFN-b cells as shown in Figure 1.

GAPDH was used as an internal control detected in HB1.F3.CD

and HB1.F3.CD.IFN-b cells at 351 bp. To examine whether

colorectal cells express chemoattractant factors, the expres-

sions of several chemoattractant ligands and their associated

receptors were examined in HT-29 cells by RT-PCR. These

chemoattractant ligands and receptors, i.e., SCF, CXCR4,

and VEGF, were shown to be expressed in the HT-29 cells

(Figure 2).

http://dx.doi.org/10.1016/j.molonc.2013.01.004
http://dx.doi.org/10.1016/j.molonc.2013.01.004
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Figure 1 e Expressions of E. coil CD and human IFN-b genes in

GESTECs. Expected products of E. coli CD or human IFN-b genes

in HB1.F3.CD and HB1.F3.CD.IFN-b were shown at 559 bp and

296 bp, respectively. The cDNAs were synthesized from extracted

RNAs of HB1.F3.CD and HB1.F3.CD.IFN-b by RT and amplified

by PCR. Next, the sizes of the PCR products were confirmed by 1.5%

agarose gel electrophoresis. GAPDH was used as a control. a;

HB1.F3.CD cells, b; HB1.F3.CD.IFN-b cells, Mwt; molecular

weight marker.
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3.2. In vitro cell migration assay

A modified transwell migration assay was performed to

measure the ability of GESTECs to migrate toward colorec-

tal cancer cells. We confirmed that CM-DiI stained stem

cells, HB1.F3.CD cells, and HB1.F3.CD.IFN-b cells signifi-

cantly migrated to DAPI-stained HT-29 cells compared to

DAPI-stained human FB as seen in Figure 3a. The ratio

of migrated stem cells was shown in Figure 3b. Migration

ratio of stem cells cultured with HT-29 cells was in-

creased seven times compared to stem cells cultured

with human FB. These results was indicated that GESTECs
may have a tumor-tropic effect towards colorectal cancer

cells.

3.3. Effect of 5-FC and 5-FU on colorectal cancer cells and
GESTECs

The cytotoxic effects of HB1.F3.CD and HB1.F3.CD.IFN-b cells

were confirmed by a co-culture system using a MTT assay.

To determine the effects of 5-FC and 5-FU on colorectal cancer

cells, these cells were seeded and treated with 5-FC and 5-FU

at increasing concentrations (100, 200, 300, 400, and

500 mg/ml). In this case, 5-FC treatment did not decrease the

growth of HT-29 cells, whereas 5-FU significantly inhibited

the cancer cell proliferation (Figure 4a). We also examined

the cytotoxic effects of HB1.F3.CD and HB1.F3.CD.IFN-b cells

on HT-29 cells in the presence of 5-FC. After 5-FC (500 mg/ml)

treatment, the viability of HT-29 cells was decreased by

35.7% in the co-culture system with HB1.F3.CD cells while

HB1.F3.CD.IFN-b cells significantly reduced the cell viability

by 56.4% as shown in Figure 4b.

In both cases, the treatment with 5-FC resulted in a dose-

dependent inhibition of cancer cell growth. In addition,

when co-cultured with different numbers of HB1.F3.CD or

HB1.F3.CD.IFN-b cells (8� 103, 1.6� 104, or 2.4� 104 cells/well),

HT-29 cell growth appeared to decrease in the presence of

a high dense population of HB1.F3.CD or HB1.F3.CD.IFN-b cells

(2.4 � 104 cells/well) (Figure 4c). These results demonstrate

that HB1.F3.CD or HB1.F3.CD.IFN-b cells induced growth

inhibition of colorectal cancer cells when 5-FC is converted

to 5-FU.

3.4. Effectiveness in reducing tumor burden and
enhancing survival in the colorectal cancer xenograft model

All animals injected with the colorectal cancer cell line, HT-29

cell suspension, developed tumormass after 4 weeks from the

injection. A schematic experimental schedule was presented

in Figure 5a. During the experimental period, we measured

xenografted colorectal tumor mass by calipers. The growth

of each tumor mass was inhibited by HB1.F3.CD and

HB1.F3.CD.IFN-b cells with 5-FC as a prodrug. The calculated

tumor mass was inhibited by HB1.F3.CD and HB1.F3.CD.

IFN-b approximately 56% and 76% respectively when com-

pared to a control as shown in Figure 5b. These results showed

that these GESTECs have the therapeutic efficacy and syner-

gistic effect of IFN-b in vivo. In addition, it was of interest

that the mice treated with HB1.F3.CD and HB1.F3.CD.IFN-b in

the presence of 5-FC showed a prolonged survival rate com-

pared with the untreated control group during the animal

study (Figure 5c).

3.5. Histopathological analysis of xenografted model

Histopathological examination of xenografted tumor mass

and its surrounding skin at the 6th week after first treat-

ment was used to assess alteration of tumors. There was

no significant change in circumferential skin tissues (Data

not shown). Although the tumor burden of a control group

appeared to be more compact with tumor cells, there was

a significant suppression of colorectal cancer cells in the

http://dx.doi.org/10.1016/j.molonc.2013.01.004
http://dx.doi.org/10.1016/j.molonc.2013.01.004
http://dx.doi.org/10.1016/j.molonc.2013.01.004


Figure 2 e Expression of chemoattractant factors in colorectal cancer cells. After extracting total RNA from HT-29 cells, RT-PCR was performed.

The expressions of chemoattractant ligands and receptors including SCF, VEGF, VEGFR2, CXCR4, and c-kit, were identified by 1.5% agarose

gel electrophoresis. Chemoattractant ligands and receptors, i.e., CXCR4, SCF, and VEGF, were highly expressed in HT-29 cells. GAPDH was

used an internal control Mwt: Molecular weight marker, NC: Negative control without cDNA template.
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presence of HB1.F3.CD and HB1.F3.CD.IFN-b plus 5-FC as

shown in Figure 6aec. Moreover, extensive tumor necrosis

was observed in the tumor burden of both GESTECs-

treated mice. In HB1.F3.CD.IFN-b treated group, the vacuoles

indicating tumor necrosis were higher in number compared

to a control and HB1.F3.CD treated group as shown in

Figure 6 (b and c). It should also be noted that the mice

treated with HB1.F3.CD.IFN-b cells had relatively small and

less pyknotic nuclei, implying the process of necrosis

(Figure 6c).

A fluorescent analysis was further conducted to explain

these changes using CM-DiI pre-labeled GESTECs

(Figure 6del). We confirmed that the red fluorescent GESTECs

(Figure 6h and i) were present inside of the tumor mass as

seen in Figure 6h and i. These results demonstrate that these

GESTECs have the migratory capability through colorectal

tumor mass and effectively exert an antitumor effect by

delivering therapeutic genes.
4. Discussion

Although systemic administration of 5-FU has been used in

the treatment of cancer patients for a long time, it also has

severe side effects, including myelosuppression and stoma-

titis (Hartmann and Heidelberger, 1961). As an alternative in

cancer therapy, GESTECs have advantages in the gene ther-

apy against various types of cancers (Yi et al., 2011b; You
et al., 2009; Zhao et al., 2008). The GESTECs that are

employed in GEPT system can convert non-toxic prodrug

into the toxic active form. In particular, the CD/5-FC GEPT

system has been tested as an anticancer therapy for several

types of cancers including breast, prostate, and colon can-

cers (Boucher et al., 2006; Chung-Faye et al., 2001). In addi-

tion, as GESTECs take advantage of the tumor tropic

capacity that originated from stem cells, they can be

efficient delivery vehicles of exogeneous therapeutic genes

to tumor sites, leading to the reduction of side effects (Kim

et al., 2006; Yi et al., 2011a).

In this study, we have presented GESTECs which have the

capability of therapeutic gene delivery for colorectal cancer

chemotherapy. HB1.F3.CD and HB1.F3.CD.IFN-b cells are the

GESTECsmanufactured to expressCDandhuman IFN-b genes.

First, we confirmed the expression of CD and human IFN-b

genes in these GESTECs by RT-PCR. In the in vitromodifiedmi-

gration assay, HB1.F3.CD and HB1.F3.CD.IFN-b cells appeared

to effectively migrate toward HT-29 cells compared to

non-tumorigenic human fibroblasts cells. This selective

migratory ability of GESTECs to cancer cells was considered

by the responsiveness of GESTECs to chemoattractant factors

secreted by colorectal cancer cells. In previous studies, SCF

and VEGF secreted from tumor cells caused the tumor tropic

effect of several stem cells (Sun et al., 2006, 2004). Also, recent

studies suggested that the tumor-targeting behavior of NSCs

was mediated by chemoattractant molecules and their

respective receptors, which includes SCF/c-Kit (Sun et al.,
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Figure 3 eMigratory ability of GESTECs toward colorectal cancer cells. (a) Human fibroblast or HT-29 (colorectal cancer cell; 13 105 cells/well)

were seeded in the lower wells of 24-well plates. HB1.F3.CD cells (13 105 cells/well) were stained with CD-DiI and seeded in the fibronectin pre-

coated upper wells of 24-well plates. DAPI staining solution was added to lower wells to observe colorectal cancer and human fibroblast. Blue

stained cells indicated HT-29 or human fibroblast as a control in the lower wells. Red stained cells indicated HB1.F3.CD or HB1.F3.CD.IFN-b

cells migrated from the upper wells toward HT-29 colorectal or human fibroblast cells. (b) The migration ratio of stem cells was quantitated.
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2004), CXC chemokine receptor 4 (CXCR4) (Ehtesham et al.,

2004), and VEGF and VEGF receptor (VEGFR)-2 (Schmidt et al.,

2005). By RT-PCR, we also confirmed that these chemoattrac-

tant factors were highly expressed in HT-29 cells. These che-

moattractant molecules and their individual receptors may

play a role in the intrinsic tumor specific migration of these
GESTECs, which is a crucial factor in selectively delivering

a therapeutic enzyme to the tumor site (Kim et al., 2006;

Nakamizo et al., 2005). However, the molecular mechanisms

underlying the tumor-tropism of GESTECs through the che-

moattractant factors is not clearly understood (Kucerova

et al., 2007; You et al., 2009) and further study is required to

http://dx.doi.org/10.1016/j.molonc.2013.01.004
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Figure 4 e Effects of 5-FC and 5-FU on colorectal cancer cell growth.

Proliferative rates at each concentration of 5-FC or 5-FU are

expressed as relative fold-change compared to the controls. (a) HT-29

cells (4 3 103 cells/well) were seeded in 96-well plates and treated

with 5-FC and 5-FU at various concentrations (100, 200, 300, 400 or

500 mg/ml). (b) HB1.F3.CD and HB1.F3.CD.IFN-b cells

(8 3 103 cells/well) cultured with HT-29 cells (4 3 103 cells/well)

were treated with different concentrations of 5-FC (100, 200, 300,

400, and 500 mg/ml). (c) HT-29 cells (4 3 103 cells/well) were seeded

in 96-well plates and increasing numbers of HB1.F3.CD and

HB1.F3.CD.IFN-b cells (8 3 103, 1.6 3 104, or 2.4 3 104 cells/well)

were added to the plates. The cells were then treated with 5-FC or

PBS (control) at a concentration of 500 mg/ml. Values are the

mean ± SD for three independent experiments. a; P< 0.05 compared

to the control. b; P < 0.05 compared the value of

HB1.F3.CD.IFN-b to HB1.F3.CD with identical number of cells.
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confirm the role of these factors in the mechanisms of tumor

cell recognition and/or tumor tropism of GESTECs.

In this study, we also examined the cytotoxic activity of

these GESTECs.When co-culturedwith HT-29 cells, HB1.F3.CD

and HB1.F3.CD.IFN-b cells decreased cancer cell growth in the

presence of 5-FC. Although colorectal cancer cells by them-

selves are not sensitive to a prodrug of 5-FC (500 mg/ml), the vi-

ability of cancer cells on co-culture system was decrease by

50% at the concentration of 5-FC (500 mg/ml). In our previous

study, the viability of HB1.F3.CD cells were decrease by nearly

75% at 100 mg/ml of 5-FC (Kim et al., 2010). Therefore, these

therapeutic stem cells appear to be mostly transduced with

CD gene in this study. By increasing the number of treated

HB1.F3.CD.IFN-b cells, the proliferation of HT-29 cells de-

creased more rapidly at the constant concentration of 5-FC.

When the number of GESTECs was constant, 5-FC at various

concentrations (100e500 mg/ml) inhibited the cancer cell

growth in a dose-dependent manner. It should be noted that

HB1.F3.CD.IFN-b gene cells expressing the CD gene and IFN-

b decreased cell growth of HT-29 cells more than HB1.F3.CD

cells alone. This result demonstrates the synergistic effect of

HB1.F3.CD.IFN-b cells by the combined effect of two fused

gene expression, CD and IFN-b, even though the individual

therapeutic actions appear to be different. CDacts as a prodrug

activating enzyme and IFN-b can enhance anti-angiogenic

effects and immune responses. The anticancer activity of

these GESTECs on colorectal cancer cells can be attributed to

the cytotoxic effect of their gene products and the bystander

effect (Huber et al., 1994; Mullen et al., 1992).

An in vivo xenograft mousemodel was further employed to

prove the efficiency of these GESTECs in vitro. In in vivo assays,

GESTECs that express CD and IFN-b genes significantly

inhibited tumor growth. The volume of the tumor mass was

decreased up to 56% in HB1.F3.CD injected mice when com-

pared to a control. In contrast, the tumor mass was further

inhibited about 76% in HB1.F3.CD.IFN-b injected mice which

supports the hypothesis that HB1.F3.CD.IFNeb expressing

both the CD and IFN-b genes may have a synergistic antican-

cer effect compared to HB1.F3.CD only against HT-29 cells.

Although the tissue structure from a control group appeared

to be more compact with tumor cells, there was a significant

suppression of colorectal cancer cells in the presence of

HB1.F3.CD and HB1.F3.CD.IFN-b plus 5-FC. Moreover, exten-

sive tumor necrosis was observed in the tumor burden of

both GESTECs-treated mice, and the mice treated with

HB1.F3.CD.IFN-b cells have relatively small and less pyknotic

nucleus. These results indicate that GESTECs expressing

both CD and IFN-b has a synergistic anti-tumor effect for se-

lectively target human colorectal cancer cells (Kohase et al.,

1986). In addition, these therapeutic stem cells should be ex-

amined following intravenous application as well as xeno-

grafted application for clinical use.

In summary, these results suggest that the GESTECs

expressing CD and/or IFN-b genes may selectively migrate

toward colorectal cancer cells and exert a synergistic anti-

tumor effect by the fusion gene. Therefore, the GESTECs

derived from HB1.F3 cells have a therapeutic potential for

selectively targeting colorectal cancer as an efficient delivery

vehicle for therapeutic genes and can provide a progressive

approach in GEPT.
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Figure 5 e Scheme of xenograft mouse model and the changes in tumor volume following GESTEC treatment. A xenograft model was employed

implanting HT-29 (2 3 106 cells) to male BALB/c nu/nu mice. (a) During 5 weeks, tumor mass volume mostly reached at 200 mm3. At day 34 and

48, pre-stained with CM-DiI human NSCs (4 3 106 cells/mouse) were injected surrounding xenografted tumor mass. After 2 days injected with

GESTECs, 5-FC (500 mg/kg/day) was treated every 24 h. At day 63, the mice were sacrificed. (b) The tumor volume of xenografted mice was

measured caliper twice a week. Tumor volume was calculated by length 3 width 3 high 3 .5236. The volume of tumor mass was decreased up to

56% in HB1.F3.CD injected mice compared to a control. In addition, the tumor mass was inhibited about 74% in HB1.F3.CD.IFN-b treated

mice. (c) The KaplaneMeier analysis and log rank test of mouse survival showed improved survival curve in the mice injected with GESTECs in

the presence of 5-FC compared to a control (P [ 0.0437, by Log rank test for trend). a, P< 0.05 compared to the control; b, P < 0.05 compared

the value of HB1.F3.CD only.
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Figure 6 e Histological analysis of xenografted tumor mass and fluorescent analysis of xenografted tumor mass. The xenografted tumor mass

isolated at day 63 were fixed 10% neutral formalin and cut into 4e6 mm thick. Then, they were embedded in paraffin, sectioned 5 mm thick by

a microtome. Tissue slides were stained with hematoxylin and eosin (H&E); (a)e(c). Injected GESTECs were pre-labeled with CM-DiI as cell

tracker and prepared tissue slides were counterstained with DAPI solution. The stained tissue slides were observed under a microscope

(Magnification: 3100, Blue: DAPI stained nuclei of colon cancer cells and GESTECs; (d), (e), (f). Red: CM-DiI labeled GESTECs; (g), (h), (i).

Merged; (j), (k), (l).). We observed red pre-labeled stem cells surrounding or inside of tumor mass, indicating these GESTECs have a migratory

ability in vivo. In addition less number of DAPI stained cells were observed at the surrounding areas located near red fluorescent cells.
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