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Abstract. Neural and mesenchymal stem cells have 
extensive tropism for malignant glioma. The tumor tropism 
of induced pluripotent stem (iPS) cells was tested using the 
Matrigel invasion assay. Mouse iPS cells showed a significant 
tropism to the conditioned media prepared from six rodent 
and human glioma cell lines and this tropism to the glioma 
conditioned media was partially blocked by the neutralizing 
antibodies for four major tumor-associated growth factors 
[stem cell factor (SCF), platelet-derived growth factor BB 
(PDGF-BB), stromal-derived factor-1α (SDF-1α) and vascular 
endothelial growth factor (VEGF)], which are secreted from 
the malignant gliomas. The tropism of the iPS cells was 
enhanced by the growth factors in a concentration-dependent 
manner from 0.1 to 100 ng/ml. The receptors for those growth 
factors (c-Kit, ICAM-1, CXCR4 and VEGFR2), measured by 
reverse transcriptase-polymerase chain reaction, were highly 
up-regulated in the mouse iPS cells compared to the mouse 
fibroblasts. The results showed that the specific growth factors 
secreted from the gliomas strongly attracted the iPS cells. 
Therefore, gene therapies using iPS cells as vectors to deliver 
anti-tumor agents are novel strategies for the treatment of 
malignant gliomas that deeply infiltrate the brain.

Introduction

Malignant glioma is the most common subtype of primary 
brain tumors. Glioblastoma multiforme, the most malig-
nant glioma subtype, is associated with a median survival  
duration in the range of 6-18 months (1,2). Due to their 

specific properties, including infiltrative growth and resistance 
to tumoricidal agents, numerous advances in conventional 
therapeutic approaches, such as extensive surgical excision 
and adjuvant radio- and chemotherapy have been unsuccessful 
(3,4). This poor outcome relates, at least in part, to the inability 
to deliver therapeutic agents to the tumor (5). Accumulating 
evidences of tropism of stem cells for malignant glioma (6) 
show that gene therapies, using stem cells as the vehicles for 
therapeutic agents, have emerged as a promising treatment 
modality for malignant glioma. Furthermore, a number of pre-
clinical trials of stem cell-based gene therapies have shown that 
neural stem cells (NSCs) are effective tumor-specific delivery 
vehicles for transgenes to malignant glioma (7-12). Similarly, 
evidence indicated that bone marrow-derived mesenchymal 
stem cells (MSCs) are effective vehicles for the delivery of 
gene therapies to malignant glioma (5,13). In previous studies, 
the extensive tropism of NSC and MSC for malignant glioma 
was observed, as well as a sufficient effect of the gene therapy 
using a suicide gene, the herpes simplex virus-thymidine kinase 
(HSVtk) gene, and a prodrug, ganciclovir (GCV) (14-18).

The mechanism underlying the tropism of NSC and MSC 
for tumors in general, and malignant gliomas in particular, 
has recently been identified as including soluble factors, cell 
adhesion molecules and extracellular matrix components 
(19-22). Malignant gliomas produce growth factors, cytokines 
and chemokines, which then mediate the tropism of NSC and 
MSC for malignant glioma. Previous studies using in  vitro 
migration assays suggested that the exposure of NSC and 
MSC to specific growth factors, particularly stem cell factor 
(SCF) (21), platelet-derived growth factor BB (PDGF-BB) (22), 
stromal-derived factor-1α (SDF-1α) (19) and vascular endothe-
lial growth factor (VEGF) (20), enhanced the migration of 
NSC and MSC (19-22).

Induced pluripotent stem (iPS) cells have been established 
both in rodents and humans, and various pre-clinical studies 
have been performed in the field of regeneration therapy (23). 
As previously noted, NSCs and MSCs are excellent vehicles 
for gene delivery to gliomas. Thus, the use of iPS cells from 
patients is likely to be more ideal in terms of the quality 
control of the cells and the invasiveness of cell collection. In 
the present study, the tumor-tropic activity of iPS cells was 
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examined to evaluate whether the cells could be utilized as 
vehicles for glioma gene therapies.

Materials and methods

Cell culture. The mouse iPS cells, iPS-MEF-Ng-20D-17 
established by Yamanaka et al (23), were obtained from 
Riken Biosource Center (Tsukuba, Japan) and were cultured 
on mitotically inactivated mouse embryonic fibroblasts in the 
medium composed of Dulbecco's modified Eagle's medium 
(DMEM) high glucose 1X (Invitrogen, Tokyo, Japan) supple-
mented with 15% fetal bovine serum (FBS; Sigma-Aldrich 
Japan, Tokyo, Japan), 0.1 mM MEM non-essential amino 
acids (Invitrogen), 0.1 mM 2-mercaptoethanol (Sigma-Aldrich 
Japan) and 1,000 U/ml leukemia inhibitory factor (ESGRO; 
Millipore, Temecula, CA, USA) on a gelatin-coated dish 
at 37˚C in a 5% CO2 humidified atmosphere according to 
the protocol previously reported (24). Experiments were 
performed using the mouse iPS cells during passages 2-4. The 
mouse glioma cell line GL261 and the rat glioma cell line C6 
were purchased from Health Science Research Resources 
Bank (Osaka, Japan), and the human glioma cell lines A172, 
T98G, YKG1 and U87 from the American Type Culture 
Collection (ATCC, Manassas, VA, USA). The cells were 
grown in DMEM (Sigma-Aldrich, Japan) supplemented with 
10% FBS, penicillin (100 IU/ml) and streptomycin (100 µg/ml) 
at 37˚C in a humidified atmosphere of 5% CO2. The mouse iPS 
cells were dissociated at 37˚C for 2 min using 0.25% trypsin 
with 1 mM EDTA, and the glioma cell lines were dissociated 
using 0.25% trypsin with 1 mM EDTA for 3 min.

Migration of induced pluripotent stem cells towards the 
glioma-conditioned media and specific growth factors. The 
in vitro migratory capacity of iPS cells was assessed using 
the 24-well Matrigel Invasion Chamber (BD Biosciences 
Discovery Labware, Bedford, MA, USA), which contained 
an 8-µm pore size PET membrane treated with Matrigel 
Basement Membrane Matrix in the insert (25). First, 0.5 ml 
DMEM was added to the interior of the inserts and the 
bottom of the wells and allowed to rehydrate for 2 h at 37˚C 
in a 5% CO2 humidified atmosphere. The DMEM was then  
carefully removed without disturbing the layer of Matrigel 
Matrix on the membrane. The mouse iPS cells were washed 
twice in phosphate-buffered saline (PBS) and resuspended 
to 1x105 cells/ml. Cell suspension (0.5 ml) (5x104 cells) was 
added to the upper insert. The lower chamber was filled with 
0.75 ml of conditioned medium (CM) of the glioma cell lines 
as well as unconditioned medium (DMEM) as a control. CM 
was obtained by collecting, centrifuging and filtering medium 
from GL261, C6, A172, T98G, YKG1 and U87 clones (1x106), 
which were cultured in 10 ml of DMEM without FBS for 
48 h. For the migration stimulation assays, the specific growth 
factors SCF, PDGF-BB, SDF-1α and VEGF were added to 
the lower chamber at concentrations from 0.1 to 100  ng/ml. 
For the specific growth factors blocking experiments, CM 
from the GL261 mouse glioma cell line was incubated with 
anti-SCF, anti-PDGF-BB, anti-SDF-1α and anti-VEGF neutrali- 
zing antibodies (Abcam PLC, Tokyo, Japan) for 3 h prior to 
transfer into the lower chamber at concentrations of 1  and 
10 µg/ml.

Following incubation of the Matrigel Invasion Chambers 
for 24 h at 37˚C in a 5% CO2 humidified atmosphere, the non-
invading cells and/or Matrigel Matrix were removed from the 
upper surface of the membrane in the inserts with a cotton swab. 
The cells migrating to the lower surface of the membrane were 
stained with the Diff-Quick kit (International Reagents, Hyogo, 
Japan), which was achieved by sequentially transferring the 
inserts to air dry. The nuclei of the migrated cells were counted 
in 4 high-power fields (HPF) per membrane using a magnifica-
tion of x200. All experiments were conducted in triplicate and 
results were expressed as the mean number of cells migrating 
per field ± SD. 

Expression of the receptors for growth factors. The status 
of the growth factor receptors of mouse iPS cells was 
analyzed by reverse transcriptase-polymerase chain reac-
tion (RT-PCR). The receptors used for the growth factors 
SCF, PDGF-BB, SDF-1α and VEGF were c-Kit, intercellular 
adhesion molecule-1 (ICAM-1), CXC chemokine receptor 4 
(CXCR4) and vascular endotherial growth factor receptor 2 
(VEGFR2), respectively. Total RNA was extracted from the 
mouse iPS cells and from the control mouse fibroblasts using 
TRIzol reagent (Invitrogen) according to the manufacturer's 
instructions. cDNA was generated from 1 µg of total RNA 
from each sample. The primers used were: c-Kit, forward, 
5'-CAGAGGCTTAGCGGAGTGAAGTG-3' and reverse, 
5'-TCCCTGGATTGGCAGCATTAC-3'; ICAM-1, forward, 
5'-AACTGTGGCACCGTGCAGTC-3' and reverse, 5'-AGGG 
TGAGGTCCTTGCCTACTTG-3'; CXCR4, forward, 5'-CCG 
GTACCTCGCTATTGTCCAC-3' and reverse, 5'-GGATCCAG 
ACGCCCACACATAGA-3'; VEGFR2, forward, 5'-TCTCC 
GTTATTGCTTCTGTTAG-3' and reverse, 5'-GTGATACC 
TTGCACAGAGTGACAC-3'; β-actin, forward, 5'-TCAGGT 
CATCACTATCGGCAAT-3' and reverse, 5'-AAAGAAAGGGT 
GTAAAACGCA-3'. The PCR conditions consisted of an initial 
denaturation at 94˚C for 2 min followed by 30 cycles of dena-
turation at 94˚C for 30 sec, annealing at 50˚C for 30 sec and 
extension at 72˚C for 30 sec in a thermal cycler (LightCycler, 
Roche Diagnostics K.K., Tokyo, Japan). The integrated density 
values were determined by extrapolation using the cRNA 
standard curve, and normalized with that of β-actin. The fold 
increase was calculated from the results of three independent 
experiments.

Statistical analysis. The data (mean ± SD) were analyzed using 
the two-tailed unpaired Student's t-test with 95% confidence  
interval for a two-group comparison. Differences were  
considered significant at p<0.01.

Results

Migration of induced pluripotent stem cells towards the 
glioma-conditioned media and specific growth factors. 
Directional migration of mouse iPS cells towards the CM 
prepared from six different glioma cell lines (GL261, C6, 
A172, T98G, YKG1 and U87) was analyzed using the 24-well 
Matrigel Invasion Chamber. A high number of mouse iPS 
cells were observed migrating towards the CM of GL261, 
C6, A172, T98G, YKG1 and U87 (388±70, 407±40, 355±59, 
401±14, 403±58 and 375±46 per 4HPF, respectively), whereas 
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few cells migrated towards the unconditioned medium with or 
without FBS (89±6 and 48±3 per 4HPF, respectively) (Fig. 1). 
Every CM from glioma cell lines significantly stimulated the 
directional migration of mouse iPS cells compared to uncon-
ditioned medium with or without FBS (p<0.001). 

The migration of mouse iPS cells towards increasing 
concentrations of specific growth factors, such as SCF, SDF-1α 
VEGF and PDGF-BB (Fig. 2) was then assessed. Specifically, 
0.1-100 ng/ml of specific growth factors were placed in the 
lower chambers. Migration was assayed after 24 h by counting 

  A

  B

Figure 1. (A) Migration of the mouse iPS cells induced by conditioned media (CM) prepared from six rodent (GL261 and C6) and human (A172, T98G, YKG1 
and U87) glioma cell lines and unconditioned medium Dulbecco's modified Eagle's medium (DMEM) in the 24-well Matrigel Invasion Chamber. The migra-
tion was significantly increased by the glioma CM (triplicate, means ± SD, *p<0.001). (B) Representative photomicrographs of the micropore membranes from 
DMEM, GL261-CM and T98G-CM (bars, 100 µm).

Figure 2. (A) Chemotactic migration of the mouse iPS cells by increasing concentrations of specific growth factors [stem cell factor, platelet-derived growth 
factor BB, stromal-derived factor-1α (SDF-1α) and vascular endothelial growth factor] in the 24-well Matrigel Invasion Chamber. The migration significantly 
increased with the stimulation of each growth factor in a concentration-dependent manner at concentrations of 0.1, 1, 10 and 100 ng/ml compared to Dulbecco's 
modified Eagle's medium (triplicate, means ± SD, *p<0.001). (B) Representative photomicrographs of the micropore membranes of SDF-1α at concentrations 
from 0.1 to 100 ng/ml (bars, 100 µm).

  A

  B
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the number of mouse iPS cells in 4HPF on the membrane. 
The migration of mouse iPS cells increased significantly with 
the stimulation of each specific growth factor (SCF, SDF-1α 
VEGF and PDGF-BB) at concentrations of 0.1, 1, 10  and 
100  ng/ml compared to the unconditioned medium without 
FBS (p<0.001). Furthermore, the number of migrating mouse 
iPS cells increased dose-dependently with concentrations of 
each specific growth factor from 0.1 to 100 ng/ml.

To investigate whether the increase in the migration of 
mouse iPS cells towards CM prepared from glioma cell lines 
was specifically attributable to the presence of specific growth 
factors, migration assays were performed using CM from the 
GL261 mouse glioma cell line treated with increasing concen-
trations of the inhibitory monoclonal anti-SCF, SDF-1α, 
VEGF and PDGF-BB antibodies that neutralized the activity 
of SCF, SDF-1α, VEGF and PDGF-BB, respectively. The 
high level of the migration of mouse iPS cells that resulted 
following exposure to native CM from the GL261 mouse 
glioma cell line was significantly attenuated by treatment with 
the inhibitory monoclonal anti-SCF, anti-SDF-1α, anti-VEGF 
and anti-PDGF-BB antibodies (Fig. 3). The application of 
the antibodies without any CM did not show any effect on 
mouse iPS cell migration (data not shown). The inhibition was 
dose-dependent, with 10 µg/ml of antibodies resulting in more 
effective inhibition of mouse iPS cell migration compared to 
1 µg/ml of antibodies. Anti-SCF, anti-SDF-1α, anti-VEGF and 
anti-PDGF-BB antibodies (10 µg/ml) blocked the effects of 
CM by 46.5, 42.1, 24.6 and 35.7%, respectively. On the other 
hand, 1 µg/ml of anti-SCF, anti-SDF-1α, anti-VEGF and anti-
PDGF-BB antibodies blocked the effects of CM by 58.5, 53.5, 
48.4 and 44.5%, respectively. Furthermore, the combination 
of all the antibodies showed a stronger attenuating effect of 
mouse iPS cell migration, with 10 µg/ml blocked by 18.2% 
and 1 µg/ml by 32.2%. Taken together, these results indicate 
that tumor-derived specific growth factors (SCF, SDF-1α 
VEGF and PDGF-BB) promote the migration of mouse iPS 
cells towards gliomas in vitro.

  A

  B

Figure 3. (A) Migration assays were performed using GL261-CM treated with the inhibitory monoclonal neutralizing antibodies of the growth factors at 
concentrations of 1 and 10 µg/ml. Enhanced migrations of the mouse-induced pluripotent stem cells by GL261-CM mouse were significantly attenuated by 
the treatment with anti-stem cell factor, anti-platelet-derived growth factor BB, anti-stromal-derived factor-1α and anti-vascular endothelial growth factor 
antibodies (triplicate, means ± SD, *p<0.001). (B) Representative photomicrographs of the micropore membranes of GL261-CM treated with 0, 1 and 10 µg/ml 
of the anti-SDF-1α antibody (bars, 100 µm).

Figure 4. Expression of the receptors for four growth factors (c-Kit, ICAM-1, 
CXCR4 and VEGFR2) in the mouse-induced pluripotent stem cells and mouse 
fibroblasts was analyzed by reverse transcriptase-polymerase chain reaction 
(RT-PCR). The values were normalized to β-actin expression. The mRNA 
expression of the growth factor receptors was significantly up-regulated in the 
mouse iPS cells compared to the mouse fibroblast (means ± SD, *p<0.001).
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Expression of the receptors for growth factors. The expres-
sion of four different growth factor receptors, c-Kit, CXCR4, 
VEGFR2 and ICAM-1, was analyzed in mouse iPS cells using 
RT-PCR (Fig. 4). As a positive control, mouse fibroblasts 
were analyzed in parallel. All of the growth factor receptors 
were found to be expressed by the mouse iPS cells. When the 
values were normalized to β-actin expresssion, c-Kit, CXCR4, 
VEGFR2 and ICAM-1 mRNA expression in mouse iPS cells 
was significantly up-regulated compared to the mouse fibro-
blasts (p<0.001).

Discussion

Following the establishment of mouse iPS cells generated 
from mouse skin fibroblasts by the retroviral introduction of 
four transcription factors (Oct3/4, Sox2, c-Myc and Klf4) (23), 
various cell transplantation studies were performed due to the 
high reproductive and pluripotent ability of iPS cells (26-29). 
For iPS cells to function appropriately, the migratory activity 
of iPS cells to the appropriate regions is crucial. Although 
numerous studies have shown the in vitro and in vivo tumor-
tropic migratory ability of NSCs and MSCs to malignant 
gliomas (6,7,9,11,12,15,30,31), studies of migratory activity of 
iPS cells have yet to be performed.

This study aimed to examine the migratory capacity 
of mouse iPS cells towards gliomas in order to evaluate the 
usefulness of iPS cells as vehicles for glioma gene therapies. 
The migration of mouse iPS cells was significantly stimulated 
by CM from six rodent and human glioma cell lines as well 
as four specific growth factors that are secreted by gliomas 
(SCF, PDGF-BB, SDF-1α and VEGF) (19-22). Furthermore, 
the expression of the corresponding receptors (c-Kit, ICAM-1, 
CXCR4 and VEGFR2) was also significantly up-regulated 
in the mouse iPS cells. These findings indicated that soluble 
factors secreted by malignant glioma cells, including the four 
growth factors examined, were potent inducers of mouse iPS 
cell migration.

However, factors other than these four growth factors that 
stimulate the migration of mouse iPS cells may be produced 
by the glioma cells to various extents, depending on the cell 
line. The heterogeneity of growth factor production presum-
ably expresses the in vivo differences in the biological behavior 
of malignant gliomas, including the proliferative and invasive 
natures associated with the expression profiles of cytokines, 
interleukins and growth factors, such as transforming growth 
factor-β1 (TGF-β1) (32-34) and matrix metalloproteinases 
(35). Other specific growth factors known to be expressed in 
malignant gliomas are fibroblast growth factor-1 (FGF-1), 
PDGF-AA, insulin-like growth factor-1 (IGF-1), scatter factor/
hepatocyte growth factor (SF/HGF) and TGF-α, -β1 and -β2 
(36,37). A number of these factors already play a role in the 
stimulation of NSC migration (31). 

The results of the present study showed that the four specific 
growth factors (SCF, PDGF-BB, SDF-1α and VEGF) serve as 
attractants for mouse iPS cells. Subsequently, blocking experi-
ments were performed by adding the inhibitory monoclonal 
antibodies for those factors in the CM from GL261 mouse 
glioma cells known to secrete numerous specific growth 
factors. Stimulated mouse iPS cell migration by GL261 CM 
was significantly inhibited by all the neutralizing antibodies 

examined, indicating that the presence of these specific growth 
factors was significantly responsible for the chemoattractant 
capacity of the CM.

Various types of stem cells are known to express the 
receptors for SCF, PDGF-BB, SDF-1α and VEGF (c-Kit, 
ICAM-1,CXCR4 and VEGFR2, respectively) (38,39). These 
receptors were highly expressed in the mouse iPS cells. The 
presence of ligand/receptor combinations of the chemoattrac-
tive factors, such as SCF/c-Kit, PDGF-BB/ICAM-1, SDF-1α/
CXCR4 and VEGF/VEGFR2, allow malignant glioma and 
iPS cells to communicate with each other and, consequently, 
facilitate the migration of iPS cells to gliomas.

The present study showed, for the first time, that mouse 
iPS cells exerted marked tropism to glioma CM and at least 
four specific growth factors (SCF, PDGF-BB, SDF-1α and 
VEGF). The tropism was blocked by the neutralizing anti-
bodies for these growth factors. The majority of the malignant 
glioma cells are supposed to secrete numerous soluble factors 
that attract mouse iPS cells, although the amount is variable 
among the tumors. Additionally, mouse iPS cells recognize 
a broad spectrum of signals from malignant glioma cells as 
migration triggers. These observations suggest that iPS cells 
are likely to aid as therapeutic vehicles for the treatment of 
malignant gliomas if they are genetically modified to express 
therapeutic transgenes that encode oncolytic agents, apoptosis-
inducing factors, interleukins, factors that inhibit angiogenesis 
and the suicide genes.

We have investigated the use of NSCs and MSCs as thera-
peutic vehicles for a suicide gene therapy, HSVtk/GCV, and 
obtained encouraging results in pre-clinical models (14-18). 
However, the use of this strategy for patients is hampered 
by significant limitations, such as the isolation of clinically 
viable and legally utilizable sources and ethical problems (20). 
Similarly, iPS cells remain in pre-clinical phases and also expe-
rience ethical problems, including cell tumorigenesis (40,41). If 
tumor formation of the iPS cells is adequately regulated and 
all of the variables affecting safety issues are rigorously evalu-
ated, the clinical use of iPS cell-based therapies may become 
a useful tool in the field of regeneration therapy. The results of 
the present study strongly suggest that the use of iPS cells as 
therapeutic vehicles for the delivery of suicide genes is a novel 
strategy for the treatment of malignant gliomas. Additional 
studies are required to compare the migration characteristics 
of iPS cells to those of NSCs and MSCs, particularly under 
in vivo conditions.
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