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Mesenchymal stem cells (MSCs) possess self-renewal and multipotential differentiation abilities, and they are
thought to be one of the most reliable stem cell sources for a variety of cell therapies. Recently, cell therapy using
MSCs has been studied as a novel therapeutic approach for cancers that show refractory progress and poor
prognosis. MSCs from different tissues have different properties. However, the effect of different MSC properties
on their application in anticancer therapies has not been thoroughly investigated. In this study, to characterize
the anticancer therapeutic application of MSCs from different sources, we established two different kinds of
human MSCs: umbilical cord blood-derived MSCs (UCB-MSCs) and adipose-tissue-derived MSCs (AT-MSCs).
We used these MSCs in a coculture assay with primary glioblastoma multiforme (GBM) cells to analyze how
MSCs from different sources can inhibit GBM growth. We found that UCB-MSCs inhibited GBM growth and
caused apoptosis, but AT-MSCs promoted GBM growth. Terminal deoxynucleotidyl transferase-mediated
biotinylated UTP nick-end labeling assay clearly demonstrated that UCB-MSCs promoted apoptosis of GBM via
tumor necrosis factor-related apoptosis-inducing ligand (TRAIL). TRAIL was expressed more highly by UCB-
MSCs than by AT-MSCs. Higher mRNA expression levels of angiogenic factors (vascular endothelial growth
factor, angiopoietin 1, platelet-derived growth factor, and insulin-like growth factor) and stromal-derived factor-
1 (SDF-1/CXCL12) were observed in AT-MSCs, and highly vascularized tumors were developed when AT-
MSCs and GBM were cotransplanted. Importantly, CXCL12 inhibited TRAIL activation of the apoptotic path-
way in GBM, suggesting that AT-MSCs may support GBM development in vivo by at least two distinct
mechanisms—promoting angiogenesis and inhibiting apoptosis. The opposite effects of AT-MSCs and UCB-
MSCs on GBM clearly demonstrate that differences must be considered when choosing a stem cell source for
safety in clinical application.

Introduction

Mesenchymal stem cells (MSCs) isolated from a great
variety of tissues have been evaluated with respect to

their phenotypes, proliferation and differentiation ability,
secretion of soluble factors that activate development, and
homing functions [1,2]. Indeed, MSCs can be isolated from
adult tissues, including bone [1], fat [3], skeletal muscle [4],
synovium [5], dental pulp [6], and fetal tissues, including
umbilical cord blood [7,8], placenta [9,10], amniotic mem-
branes and fluid [11], and Wharton’s jelly [12]. MSCs are
adherent, self-renewing cells that have the ability to differ-
entiate into osteoblasts, chondrocytes, and adipocytes. MSC-
specific cell surface markers have yet to be determined, but
MSCs are reported to be positive for cell surface markers
CD105, CD73, HLA-ABC, CD29, CD44, CD71, CD90, CD106,
CD120a, and CD129, and negative for CD45, CD14, CD31,
and CD34 markers [1,2,13]. Although MSCs derived from

different sources share many characteristic features, they
differ in many aspects of gene expression profile and physi-
ology.

In addition to recent studies describing the tissue regen-
eration capability of MSCs, MSCs have been identified as
promising therapeutic tools for treating cancer [14–16].
Mainly, the efficacy of MSCs to deliver anticancer molecules
to sites of tumors has been studied. Delivery of molecules,
including interferons [14–17], interleukins [18–20], and apo-
ptotic inducers [21,22], has been investigated. The poor im-
munogenicity of MSCs represents an additional advantage
for cell-based cancer therapy.

Glioblastoma multiforme (GBM) are the most aggressive
primary brain tumors in humans. Despite advances in neu-
rosurgery, radiotherapy, and chemotherapy, the prognoses
for most patients with GBM are very poor [23]. To minimize
the loss of brain function, a certain amount of glioma mass
should remain in the primary site after surgical resection.
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Therefore, it would be useful to combine the surgical treat-
ment with chemotherapy, radiation, and cell-based therapy
[24].

A new approach for targeting brain tumor cells has been
developed using stem cells to deliver therapeutic genes and
products to tumor sites. For targeted delivery, neural stem
cells (NSCs) have been well studied and applied [25,26].
However, isolation and use of NSCs are limited by ethics
concerns, and MSCs have been proposed as an alternative
type of therapeutic stem cells. On the other hand, the pro-
posed use of MSCs in cancer therapies is controversial, be-
cause MSC promotion of tumor vascularization has been
reported previously [27,28]. MSCs may promote cancer
progression and the invasive tendency of tumors.

MSCs, depending on their source tissue, can be easier to
harvest and expand in vitro. Bone marrow (BM)-MSCs have
been used for delivery of target genes [16,17,19,20]. How-
ever, because of donor morbidity and small expansion ca-
pacity, other sources of MSCs would be of considerable use
for cancer therapy [16]. Umbilical cord blood-derived MSCs
(UCB-MSCs) are being evaluated for use in cell therapy.
UCB-MSCs are in a primitive stage, provoke less immune
response, and possess large expansion capacity [2,7,8]. Of
note, UCB-MSCs can be harvested without the risk to the
donor. However, the frequency of UCB-MSCs is extremely
low [7]. Adipose tissue-derived MSCs (AT-MSCs) might be a
useful alternative source for therapeutic stem cells due to
ease of isolation and extensive self-renewal capacity. In ad-
dition, AT-MSCs can be cultured for several months with
low levels of senescence, retaining the potential to differen-
tiate into various cell types [2].

Several kinds of GBM cell lines have been established and
characterized, with varying expression of tumor-associated
cytokines and receptors [29,30]. Here, instead of GBM cell
lines, we isolated primary GBM cells and used MSC cocul-
ture and cotransplantation assays to analyze characteristics
important for clinical application. We demonstrate that UCB-
MSCs inhibit GBM proliferative activity, whereas AT-MSCs
support GBM proliferation. We further show that among
UCB-MSCs, AT-MSCs, and BM-MSCs, UCB-MSCs express
the lowest level of CXCL12. Of note, the expression of tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL) in
UCB-MSCs promoted apoptosis of gliomas, and the effect of
TRAIL toward gliomas was inhibited by addition of exoge-
nous CXCL12. Thus, we propose that to ensure the safety of
anticancer therapy using MSCs, the characteristics of MSCs
themselves are quite important and should be investigated
before using an MSC-based therapy.

Materials and Methods

Isolation and culture of GBM and MSCs

Brain tumor samples were obtained from patients under-
going surgical resection for newly diagnosed World Health
Organization (WHO-) grade IV glioma at the University of
Tsukuba Hospital. Tissue sections were stained with hema-
toxylin and eosin (HE) to confirm the diagnosis of glioma
according to the WHO criteria [31]. The research followed
the tenet of the Declaration of Helsinki, and written informed
consent was obtained from each eligible participant. GBM
samples were minced and treated with 0.1% collagenase
(Nitta Gelatin, Osaka, Japan)/20% fetal bovine serum (FBS)

(Hyclone, South Logan, UT)/PBS solution at 37�C for 1 h.
Cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM)-high glucose (Invitrogen, Carlsbad, CA) with 10%
FBS (Hyclone), 0.1 mM nonessential amino acid (Invitrogen),
2 mg/mL l-glutamine (Invitrogen), 0.1 mM 2-mercaptoetha-
nol (Invitrogen), and 0.1% (v/v) penicillin–streptomycin
(100 U/mL penicillin, 0.1 mg/mL streptomycin; Invitrogen)
in a 25-cm2 tissue culture-treated flask (Sumitomo-Bakelite,
Osaka, Japan) at 37�C in 5% CO2 and in a humidified at-
mosphere. Adherent cells were treated with trypsin (In-
vitrogen) and passed through a cell strainer (Falcon 3078;
pore size 100 mm; BD Bioscience, San Jose, CA). Then, cells
were purified for CD31-/CD45 - cells using FACSVantag-
eSE (BD Biosciences, San Jose, CA) to remove endothelial
and hematopoietic cells. Surgical samples derived from 15
patients were analyzed, and five samples were successfully
maintained in the culture. Pathological analysis showed that
three samples were GBM (two samples were ependymoma),
and two primary GBM cells (named as GBM#1 and GBM#12)
were selected for further analysis because of high growth activity.

MSCs were isolated from umbilical cord blood and adi-
pose tissues as described previously [7]. Briefly, human full-
term UCB samples were collected from umbilical cord veins,
and adipose tissue was collected from healthy donors with
permission from the local ethics authorities at the University
of Tsukuba. The clusters formed in the flask from UCB were
analyzed by the uptake of phycoerythrin (PE)-conjugated
low-density lipoprotein from the human plasma-acetylated DiI
complex (DiI-Ac-LDL; Molecular Probes-Invitrogen, Eugene,
OR). DiI-Ac-LDL uptake-negative, CD31-negative, and CD45-
negative fractions were sorted using FACSVantageSE (BD
Bioscience). After adherent cells from adipose tissue were ex-
panded, they were purified for CD31 - /CD45 - cells using
FACSVantageSE to remove endothelial and hematopoietic
cells. The culture medium for UCB-MSCs and AT-MSCs con-
sisted of Iscove’s modified Dulbecco’s medium (IMDM)
(Invitrogen) with 10% FBS (Hyclone), 2 mg/mL l-glutamine
(Invitrogen), 10 ng/mL human basic fibroblast growth factor
(b-FGF) (Peprotech, London, United Kingdom), and 0.1% (v/v)
penicillin–streptomycin (100 U/mL penicillin, 0.1 mg/mL
streptomycin; Invitrogen). Cells ware maintained in a 25-cm2

tissue culture-treated flask at 37�C in 5% CO2 and in a hu-
midified atmosphere. All experiments were performed using at
least two distinct sources of UCB and adipose tissue, and re-
sults were reproducible.

Cell lines

The GBM cell line, U87MG, was maintained in DMEM
low-glucose (Invitrogen) with 10% FBS (Hyclone) and 0.1%
(v/v) penicillin–streptomycin (100 U/mL penicillin, 0.1 mg/
mL streptomycin; Invitrogen) in a 25-cm2 tissue culture-
treated flask (Sumitomo-Bakelite).

Animals

C57BL/6J mice were purchased from Japan SLC, Inc.
(Shizuoka, Japan). Animals were treated in accordance with
the National Institutes of Health guide for the Care and Use of
Laboratory Animals. All experimental procedures were ap-
proved by the University of Tsukuba Institute Animal Care
and Use Committee.
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shRNA

To downregulate CXCR7 expression in GBM cells, we
used the shRNA MISSION lentiviral transduction system
(NM_020311; clone: TRCN0000014512; sequence: 5¢-CCGG
CGCTCTCCTTCATTTACATTTCTCGAGAAATGTAAATG
AA GGAGAGCGTTTTT-3¢; Sigma-Aldrich, St. Louis, MO)
according to the manufacturer’s protocol. After infected
cells were selected using puromycin, mRNA expression of
the CXCR7 level was analyzed by quantitative reverse
transcription-polymerase chain reaction (RT-PCR).

Annexin V binding assay

Apoptotic cells were detected by staining using an Annexin
V-PE kit (BD Biosciences, Bedford, MA) according to the
manufacturer’s instructions. GBM coculture with MSCs was
treated with trypsin, and then cells were stained with surface
markers and washed twice with PBS. Next, labeled cells were
resuspended in the Annexin V-binding buffer containing PE-
conjugated Annexin V and 7-amino-actinomycin (7-AAD)
and incubated at room temperature for 15 min in the dark.
Cells were analyzed using FACSVantageSE. The PE-negative
population was defined as viable cells. The PE-positive/
7-AAD-negative (PE + /7-AAD - ) population was defined as
early apoptotic cells. The PE-positive/7-AAD-positive (PE +/
7-AAD + ) population was defined as necrotic cells.

In vitro GBM-MSC coculture assay

Green fluorescence protein (GFP)-labeled UCB-MSCs and
AT-MSCs were prepared as described previously [32]. GBM
cells or U87MG cells (2 · 104 cells/well) were either cultured
alone or cocultured with GFP-labeled UCB-MSCs or AT-
MSCs (2 · 104 cells/well or 4 · 104 cells/well) in 35-mm dishes
(Sumitomo-Bakelite) for 3 or 7 days in IMDM (Invitrogen)
supplemented with 10% FBS (Hyclone), 2 mg/mL l-gluta-
mine (Invitrogen), and 0.1% (v/v) penicillin–streptomycin
(100 U/mL penicillin, 0.1 mg/mL streptomycin; Invitrogen).
GBM and UCB-MSCs were treated with 10 ng/mL recombi-
nant human CXCL12 (R&D Systems, Minneapolis, MN) and/
or 1 ng/mL recombinant human TRAIL (R&D Systems),
respectively. The total cell number was scored by a hemocy-
tometer under a microscope with trypan blue staining. The
frequency of GFP-labeled MSCs in each sample was deter-
mined using a flow cytometer (FACScalibur; BD Biosciences,
San Jose, CA). All experiments were done in triplicate.

In vivo subcutaneous cotransplantation
of GBM-MSCs

Mice were anesthetized by intraperitoneal injection of
2,2,2-tribromoethanol (200 mg/kg). Xenografts were ob-
tained by subcutaneous injection of GBM cells (1 · 106 cells)
with or without MSCs (2 · 106 cells) in 100mL of growth fac-
tor-reduced Matrigel (BD Biosciences, San Jose, CA). Tumor
growth was monitored daily by measuring the average tumor
diameter (two perpendicular axes of the tumor were mea-
sured by a caliper). After 18 days, mice were sacrificed by
cervical dislocation, and the tumor mass was excised and
weighed. Immunosuppression was performed by intraperi-
toneal injection of cyclosporin-A (Wako, Osaka, Japan) at
20 mg/kg body weight, 2 days before the assay. The injection

of cyclosporin-A was continued daily for the entire period
of the assay.

Immunohistochemistry

Tumor specimens and cotransplanted GBM-MSC mass
were harvested and were fixed with 4% paraformaldehyde.
Cryostat sections (5 mm) were stained using HE, anti-glial
fibrillary acidic protein (GFAP, 1:2,000; Dako, Carpinteria,
CA), CD31 (1:800 for primary tumor specimens, clone:
JC70A, Dako; 1:200 for cotransplanted tumor specimens,
clone: MEC 13.3, BD Biosciences, San Diego, CA), and Ki-67
(1:100, clone; MIB-1, Dako) antibodies. Samples were visu-
alized by an EnVision + kit (HRP [DAB]; Dako) after staining
with primary antibodies and by the Vectastain Elite ABC
standard kit after staining with secondary antibodies (Vector
Laboratories, Inc., Burlingame, CA).

Terminal deoxynucleotidyl transferase-mediated
biotinylated UTP nick-end labeling assay

After cotransplantation of GBM with MSCs, cryostat sec-
tions (5 mm) were stained using a terminal deoxynucleotidyl
transferase-mediated biotinylated UTP nick end labeling
(TUNEL) assay kit conjugated with anti-FITC HRP (TaKaRa,
Ohtsu, Japan). Brown, TUNEL-positive cells of three differ-
ent areas in a single section were counted.

Growth curve

GBM cells were plated at a density of 2 · 104 cells per
35-mm tissue culture dish (Sumitomo-Bakelite) and cultured
under normoxic conditions (20% O2). The cell culture medium
was changed to fresh one every 4th day. The numbers of live
cells in triplicate dishes were scored using a hemocytometer at
24-h intervals for 10 days. Dead cells were excluded by the use
of trypan blue staining solution (Invitrogen).

Microscopy analysis

Cell samples were viewed with an Olympus IX71 micro-
scope system (Olympus, Tokyo, Japan) using LCPlanFL ob-
jective lenses at 4 · /0.13PhL, 10 · /0.30Ph1, and 20 · /
0.40Ph1. Sample slides were viewed with an Olympus BX51
microscope system (Olympus) using UPlanSApo objective
lenses at 4 · /0.16PH, 10 · /0.40PH, and 20 · /0.75PH
(Olympus) and mounting reagent (Muto Pure Chemicals,
Tokyo, Japan). Data were acquired with the DP70 digital
camera attached to the microscope and DP controller soft-
ware (Olympus). Images were processed using Adobe Pho-
toshop version 8.0 software (Adobe System, San Jose, CA).

Quantitative PCR

Total RNA (1 mg) was reverse transcribed using a Re-
verTra-Plus� kit (Toyobo, Osaka, Japan). The reaction
mixtures for quantitative PCR were prepared using the
POWER SYBR� Green PCR master mix (Applied Biosys-
tems, Carlsbad, CA) and analyzed by a 7700 Sequence
Detector (Applied Biosystems). Experiments were per-
formed as triplicate, and the data were calculated using the
DDCt method. The sequence of primer sets used for the PCRs
is shown in Table 1.
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Table 1. Primers Used for Polymerase Chain Reaction

VEGF 5¢ primer AGATGAGCTTCCTACAGCACAAC
3¢ primer AGGACTTATACCGGGATTTCTTG

CXCL12 5¢ primer ATGAACGCCAAGGTCGTGGTC
3¢ primer CTTGTTTAAAGCTTTCTCCAGGTACT

CXCR-4 5¢ primer TTTTAAGACCGCATTCTCTTTACC
3¢ primer ATTCTCCTAAAGCGCAAAAACTTA

CXCR-7 5¢ primer TAAATATATGCCAGTCTTGGCTGA
3¢ primer TTACAAAGCAGTTTTCGTTCCATA

PDGFR-a 5¢ primer AAAGAGCTGGATATCTTTGGATTG
3¢ primer CTAGCATGGGGACATACTGTGTAG

PDGFR-b 5¢ primer GTAAGATGGGAAAGTTAGGCTTGA
3¢ primer ACCACCTCAGTAACTCCAAGAATC

IGFR 5¢ primer ATTTCACACGTCTTTGTTCAGTGT
3¢ primer GTTAACACTGCTGTTGTACCCAAG

EGFR-WT 5¢ primer ACCTGCGTGAAGAAGTGTCC
3¢ primer CCGTCTTCCTCCATCTCATAGC

EGFR-vIII 5¢ primer AAGAAAGGTAATTATGGTGGTGACA
3¢ primer CCGTCTTCCTCCATCTCATAGC

TGF-a 5¢ primer AATGACTGCCCAGATTCCCAC
3¢ primer CACTGAATAACCCCAAGCCGAC

TGF-b 5¢ primer AGAGCTCCGAGAAGCGGTACCTGAACCC
3¢ primer GTTGATGTCCACTTGCAGTGTGTTATCC

Ang-1 5¢ primer CTGACTCACATAGGGTGCAGCAATCAG
3¢ primer AGGCTGGTTCCTATCTCCAGCATGGTA

PDGF-a 5¢ primer TGGACAGAACCCAAATTCTTTATT
3¢ primer GGCTCTCAGGTATACAAAACAGGT

PDGF-b 5¢ primer TTAGAGATGGAGTTTGCTGTTGAG
3¢ primer TGGAGGTAGAGAGATGAAAGGAAC

IGF 5¢ primer TGTTAAACTTTGGAACACCTACCA
3¢ primer TCACTCCTAAAGACAATGTTGGAA

EGF 5¢ primer CATTACAGAATCTCAACACATGCTAGTGGC
3¢ primer CAAGACAGTGAATCCCATCTCCTTGGTAGCC

FGF2 5¢ primer TTCTAAATGTGTTACGGATGAG
3¢ primer TTCAGTGCCACATACCAACTGG

TRAIL 5¢ primer CGATTTCAGGAGGAAATAAAAGAA
3¢ primer TCCATATTCTGCATCTTTAGACCA

TNF-a 5¢ primer CCTGTGAGGAGGACGAACAT
3¢ primer AGGCCCCAGTTTGAATTCTT

TNF-b 5¢ primer CACCGGAGCTTTCAAAGAAG
3¢ primer TGCTCTTCCTCTGTGTGTGG

FasL 5¢ primer GGGGGCAGTGTTCAATCTTA
3¢ primer TGGAAAGAATCCCAAAGTGC

DR4 5¢ primer ACATGCAAGAGAGAAGATTCAGG
3¢ primer TAACACCTAAGAGGAAACCTCTGG

DR5 5¢ primer ATCTTGGCTCAGTGCAACCT
3¢ primer TGGTGAAACCCCGTCTCTAC

DcR1 5¢ primer CCAACGCTTCCAACAATGAA
3¢ primer GGCATTGGCACCAAATTCTT

DcR2 5¢ primer CTCAGGTGGTGGAGGAGGTC
3¢ primer GTGGCTCCTCTGGCAACTCT

TNFR-a 5¢ primer GAGAGGCCATAGCTGTCTGG
3¢ primer GTTCCTTTGTGGCACTTGGT

TNFR-b 5¢ primer ATTCTGGGAGGAAGCAGGTT
3¢ primer AGCCAGCCAGTCTGACATCT

Fas 5¢ primer ATGGCCAATTCTGCCATAAG
3¢ primer TGGAAGAAAAATGGGCTTTG

b-Actin 5¢ primer GTGCGTGACATTAAGGAGAAGCTGTGC
3¢ primer GTACTTGCGCTCAGGAGGAGCAATGAT

VEGF, vascular endothelial growth factor; PDGF, platelet-derived growth factor; TGF, transforming growth factor; IGF, insulin-like growth
factor; EGF, epidermal growth factor; FGF, fibroblast growth factor; TNF, tumor necrosis factor; Ang-1, angiopoietin 1; TRAIL, tumor necrosis factor-
related apoptosis-inducing ligand.
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FIG. 1. Isolation of primary glioblastoma multiforme (GBM) cells from patients. (A) Histological analysis was performed for
GBM tissues by immunostaining. Specimens were stained with H&E: hematoxylin–eosin staining, glial fibrillary acidic
protein (GFAP): astrocyte markers, CD31: endothelial markers, and MIB-1 (Ki-67): proliferation markers. Scale bar indicates
100 mm. (B) Adherent cells derived from GBM tissues were purified for nonhematopoietic (CD45-negative) and none-
ndothelial (CD31-negative) cells by fluorescence activated cell sorting (FACS). (C) CD45 - /CD31 - cells were purified and
expanded for further experiments. Primary GBM cells (GBM#1) and U87MG showed fibroblastic morphology and expressed
GFAP by immunostaining. Scale bar indicates 100 mm. (D) Growth activity was measured in primary GBM#1 and U87MG
cells. Cells were harvested every 24 h until cells reached at a confluent state. The average cell number in triplicate dishes was
determined (mean – SD). Note that the growth rate of U87MG (black squares) was faster than that of GBM#1 (white squares). (E)
mRNA expression of each factor in GBM#1 and U87MG was examined by real-time polymerase chain reaction. White bar
indicates GBM#1; black bar, U87MG. The mRNA expression seen in GBM#1 was normalized to a value of 1 as the standard for
each factor (*P < 0.05; **P < 0.01). Color images available online at www.liebertpub.com/scd
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Enzyme-linked immunosorbent assay

Supernatants of UCB-MSCs and AT-MSCs were harvested
after 2 days of culture. Each supernatant was centrifuged
at 2,000 g for 10 min at 4�C and stored at - 80�C before
use. The collected each conditioned medium was analyzed
with an enzyme-linked immunosorbent assay (ELISA) kit for
CXCL12 (R&D Systems) and TRAIL (R&D Systems). The
total protein concentration of cytosol extracts was measured
with the Bio-Rad protein assay (Bio-Rad Laboratories, Her-
cules, CA). CXCL12 and TRAIL protein expression was
measured according to the manufacturer’s instructions.

Statistical analysis

Data were statistically evaluated using the Student’s t-test
for pair-comparison analysis. Data are presented as mean –
SD.

Results

Characterization of primary cultured GBM cells

Tissue specimens of GBM were highly cellular and com-
posed of fibrillary astrocytes with tumor-giant cells (Fig. 1A).
Most cells were strongly positive for GFAP. Tumor vessels
surrounded by CD31-positive endothelial cells were ob-
served in the specimens. The percentage of nuclei positive for
the tumor cell proliferation marker Ki-67/MIB-1 ranged from
12% to 20% (mean labeling index: 16.7% – 3.2%).

To eliminate hematopoietic cells and endothelial cells,
primary cultured adherent cells were expanded and sorted
by fluorescence activated cell sorting (FACS) (Fig. 1B). Iso-
lated CD45 - /CD31 - cells had fibroblastic morphology and
stained positive with GFAP antibody (Fig. 1C).

The proliferative ability of primary cultured GBM cells
(GBM#1) was examined. Doubling time was 84.4 h. By con-
trast, the doubling time of the GBM cell line, U87MG, was
68.9 h, indicating that while GBM#1 showed good prolifer-
ative ability, U87MG showed more robust proliferative po-
tential than primary cultured GBM #1 cells (Fig. 1D).

We then examined the expression levels of genes that may
affect proliferation and survival of glioma cells. Platelet-
derived growth factor (PDGF)-a/b, epidermal growth factor
(EGF), fibroblast growth factor 2 (FGF2), and transforming
growth factor-a (TGF-a) were expressed more highly in
U87MG than in GBM#1. Receptors of PDGF (PDGFR-b) and
EGF (EGFR) were expressed at higher levels in U87MG,
whereas PDGFR-a expression was slightly higher in GBM#1.
Of note, the chemokine CXCL12 (also known as SDF-1) was
expressed at a high level in U87MG as compared with
GBM#1. The CXCL12 receptor CXCR4 was expressed more
highly in U87MG, whereas the CXCL12 receptor CXCR7 was
expressed at a higher level in GBM#1 (Fig. 1E).

Coculture of GBM cells and MSCs in vitro

Cytotoxicity of MSCs against GBM was examined by in
vitro coculture assay. At first, we examined whether UCB-
derived MSCs possess cytotoxicity against GBM at different
cell ratios. In this study, the number of GBM cells was scored
by FACS after 3- and 7-day coculture with GFP-labeled
MSCs. When GBM#1 or U87MG cells were cocultured with
UCB-MSCs at a 1:1 ratio, no decrease of glioma cells was
measured on days 3 and 7 (Fig. 2A). On the other hand,
GBM#1 cocultured with twice as many UCB-MSCs (1:2)
showed significant decrease in the number of GBM#1 on day
3 (without coculture: 4.5 – 0.8 · 104 cells; with coculture:
0.8 – 0.1 · 104 cells, n = 3, P < 0.01) and day 7 (without cocul-
ture: 11 – 1.4 · 104 cells; with coculture: 3.1 – 0.3 · 104 cells,
n = 3, P < 0.01), as well as other primary GBM cells (GBM#12)
(Fig. 2C; Supplementary Fig. S1B; Supplementary Data are
available online at www.liebertpub.com/scd). Of note, the
number of U87MG did not decrease after coculture with
twice as many UCB-MSCs, indicating that primary and es-
tablished GBM cells have different sensitivities to the cyto-
toxic effects of UCB-MSCs (Fig. 2B). Indeed, some groups
have previously reported that primary glioma cells show
different expression of growth and survival factors than do
established glioma cell lines [30,33]. Therefore, while primary
GBM cells likely better reflect the process occurring in vivo,

FIG. 2. Analysis of anti-GBM effects of mesenchymal stem cells (MSCs) in vitro. GBM cells (2 · 104/well) were cocultured
with MSCs (2 · 104/well or 4 · 104/well). After culture for 3 and 7 days, the number and frequency of GBM cells and green
fluorescence protein (GFP)-labeled MSCs were measured by a hemocytometer and FACS. (A) U87MG and GBM#1 were
cocultured with umbilical cord blood-derived MSCs (UCB-MSCs) at a ratio of 1:1. The left panel represents the number of
U87MG and the right panel represents the number of GBM#1 in each time point. White bar: number of GBM alone w/o
coculture; black bar: number of GBM cocultured with UCB-MSCs (**P < 0.01). (B) U87MG were cocultured with UCB-MSCs at
a ratio of 1:2. The left panel represents coculture of GFP-labeled UCB-MSCs with U87MG under fluorescence microscopy (top)
and merged picture (bottom). Scale bar indicates 100 mm. The right panel represents the number of U87MG cells (top graph)
cocultured with (black bar) or w/o GFP-labeled UCB-MSCs (white bar) and the number of UCB-MSCs (bottom graph) co-
cultured with (black bar) or w/o U87MG (white bar) (**P < 0.01). (C) GBM#1 was cocultured with UCB-MSCs at a ratio 1:2. The
left panel represents coculture of GFP-labeled UCB-MSCs with GBM#1 under fluorescence microscopy (top) and merged
picture (bottom). Scale bar indicates 100mm. The right panel represents number of GBM#1 cells (top graph) cocultured with
(black bar) or w/o GFP-labeled UCB-MSCs (white bar) and the number of UCB-MSCs (bottom graph) cocultured with (black bar)
or w/o GBM#1 (white bar) (*P < 0.05; **P < 0.01). (D) GBM#1 was cocultured with adipose-tissue-derived MSCs (AT-MSCs) at
a ratio 1:2. The left panel represents coculture of GFP-labeled AT-MSCs with GBM#1 under fluorescence microscopy (top) and
merged picture (bottom). Scale bar indicates 100mm. The right panel represents number of GBM#1 cells (top graph) cocultured
with (black bar) or w/o GFP-labeled AT-MSCs (white bar) and the number of UCB-MSCs (bottom graph) cocultured with (black
bar) or w/o GBM#1 (white bar) (*P < 0.05; **P < 0.01). (E) The effect of a conditioned medium of UCB-MSCs (left panel) and AT-
MSCs (right panel) was analyzed. GBM#1 cells (2 · 104 cells) were cultured w/o (white bar) or with 20% condition medium
(CM) from each MSC (black bar). Note that CM derived from UCB-MSCs did not affect GBM growth (left panel), whereas CM
derived from AT-MSCs promote GBM growth significantly on days 3 and 7 (**P < 0.01).

‰
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precise biological analyses are required to assess the ability
of cytotoxicity of MSCs against GBM.

We then examined whether MSCs derived from another
tissue possess a similar cytotoxicity against GBM; AT-MSCs
were utilized for coculture assay. After coculture with AT-
MSCs for 3 days, the number of GBM#1 did not decrease
(without coculture: 5.3 – 0.4 · 104 cells; with coculture:
5.7 – 0.1 · 104 cells, n = 3, P > 0.05), whereas the number of
GBM#1 significantly increased after coculture with AT-MSCs
for 7 days (without coculture: 12 – 0.2 · 104 cells; with cocul-
ture: 21 – 0.8 · 104 cells, n = 3, P < 0.01) (Fig. 2D). The number of
AT-MSCs after 3 days’ coculture with GBM#1 increased
slightly (without coculture: 3.9 – 0.2 · 104 cells; with coculture:
5.7 – 0.1 · 104 cells, n = 3, P < 0.05), and 7-day coculture with
GBM#1 was not correlated with a significant difference in the
number of AT-MSCs (without coculture: 1.3 – 0.1 · 104 cells;
with coculture: 1.2 – 0.1 · 104 cells, n = 3, P > 0.05) (Fig. 2D). In
addition, after GBM#12 was cocultured with AT-MSCs for 3
days, the number of GBM#12 did not decrease (without co-
culture: 4.1 – 0.7 · 104 cells; with coculture: 4.2 – 0.2 · 104 cells,
n = 3, P > 0.05), whereas the number of GBM#12 significantly
increased after coculture with AT-MSCs for 7 days (without
coculture: 13 – 0.9 · 104 cells; with coculture: 17 – 1.4 · 104 cells,
n = 3, P < 0.05) (Supplementary Fig. S1C). These results indi-
cate that the effectiveness of cytotoxicity against GBM differs
among MSCs derived from different tissues. We then exam-
ined whether secreted factors in supernatant of MSCs were
responsible for the cytotoxic effect. The number of GBM#1
was not significantly different in the absence or presence of a
conditioned medium of UCB-MSCs (day 3: without condi-
tioned medium, 4.5 – 0.1 · 104 cells; with conditioned medium,
4.6 – 0.4 · 104 cells; and day 7: without conditioned medium,
11 – 1.0 · 104 cells; with conditioned medium, 11 – 0.5 · 104

cells; n = 3, P > 0.05) (Fig. 2E). Of note, the number of GBM#1
increased on day 3 (without conditioned medium:
3.9 – 0.2 · 104 cells; with conditioned medium: 7.6 – 0.2 · 104

cells, n = 3, P < 0.01) and day 7 (without conditioned medium:
11 – 1.1 · 104 cells; with conditioned medium: 21 – 2.1 · 104

cells, n = 3, P < 0.01) in the presence of a conditioned medium
from AT-MSCs, indicating that AT-MSCs may secrete some
factors that support proliferation of GBM#1 (Fig. 2E).

Expression of growth factor and chemokine
mRNA in UCB-MSCs and AT-MSCs

To investigate the effect of MSCs on GBM#1 proliferation
in vitro, mRNA expression of growth factors or chemokines
was examined in UCB-MSCs and compared with those of
AT-MSCs (Fig. 3). Platelet-derived growth factor-a (PDGF-
a), PDGF-b, and insulin-like growth factor (IGF) were more
highly expressed in AT-MSCs than in UCB-MSCs (PDGF-a:
42-fold increase; PDGF-b: 9.5-fold increase; IGF: 9-fold in-
crease), and EGF was slightly more highly expressed in UCB-
MSCs than AT-MSCs (EGF: 6-fold increase). TGF-b and
FGF2 mRNAs were expressed in UCB-MSCs and AT-MSCs
at similar levels. Chemokine CXCL-12 was expressed at
a higher level in AT-MSCs than in UCB-MSCs (CXCL-12:
112-fold increase). We then examined the expression of
angiogenic factors in UCB-MSCs and AT-MSCs. Vascular
endothelial growth factor (VEGF) and angiopoietin 1 (Ang-1)
were more highly expressed in AT-MSCs than in UCB-MSCs
(VEGF: 5-fold increase; Ang-1: 4.9-fold increase) (Fig. 3A).

Analysis of CXCL12 effect on GBM-MSC
coculture assay

The time course analyses of the apoptotic cell frequency
demonstrated that the highest apoptotic cell frequency oc-
curred on day 3 of coculture of GBM#1 with UCB-MSCs
(GBM#1: 2.1% – 1.1%; UCB mixture: 20.4% – 3.9%, n = 3,
P < 0.01). The frequency of apoptotic cells gradually de-
creased on days 5 and 7 of coculture of GBM#1 with UCB-
MSCs (Fig. 3B, C). As shown in Fig. 3A, CXCL12 was
significantly more highly expressed in AT-MSCs than in UCB-
MSCs. Therefore, we hypothesized that CXCL12 might have
an antiapoptotic role in coculture of GBM#1 with AT-MSCs.
CXCL12 was added to the coculture of GBM#1 and UCB-
MSCs, and the frequency of apoptotic cells was analyzed. The
frequency of apoptotic cells in GBM#1 and UCB-MSC cocul-
ture greatly decreased in the presence of CXCL12. The mag-
nitude of decrease was similar to that of GBM#1 alone on days
3 and 5 (day 3: without CXCL12: 20.4% – 3.9%, with CXCL12:
2.0% – 0.3%; day 5: without CXCL12: 11% – 2.4%, with
CXCL12: 3.8% – 1.2%, n = 3, P < 0.01). This result suggests that
CXCL12 and its receptor are associated with the antiapoptotic
effect observed in coculture of GBM and MSCs (Fig. 3B, C).
Indeed, the number of GBM cells reached a level similar to
that of GBM#1 alone or GBM#1 in the presence of CXCL12 on
days 3 and 7 after coculture with UCB-MSCs (day 3: without
CXCL12: 4.5 – 0.1 · 104 cells, with CXCL12: 4.6 – 0.4 · 104 cells;
day 7: without CXCL12: 11 – 1.0 · 104 cells, with CXCL12:
11 – 0.5 · 104 cells, n = 3, P > 0.05). These results indicate that
CXCL12 acts effectively as an antiapoptotic factor in GBM
development in vitro (Fig. 3D).

Cotransplantation assay of GBM and MSCs in vivo

To investigate the cytotoxic effect of MSCs on GBM#1
in vivo, GBM#1 and MSCs were mixed with Matrigel
and transplanted subcutaneously into the back of mice.
Cyclosporin-A used in this study did not show tumor growth
suppression in the xenotransplanted mice (Supplementary
Fig. S2). Tumor development was analyzed on day 18 after
transplantation. When the GBM#1 and UCB-MSC mixture
was transplanted into mice, the tumor weight significantly
decreased compared to that derived from GBM#1 alone
(GBM#1 alone: 21.3 – 1.8 mg; GBM#1 + UCB-MSCs:
11.3 – 3.0 mg, n = 5, P < 0.01). On the contrary, cotransplanta-
tion of GBM#1 and AT-MSCs generated an increase in the
tumor weight compared to the transplantation of GBM#1
alone or cotransplantation of GBM#1 and UCB-MSCs
(GBM#1 alone: 21.3 – 1.8 mg; GBM#1 + AT-MSCs: 36.0 –
7.8 mg, n = 5, P < 0.01) (Fig. 4A). Histological analyses re-
vealed broad expansion of GFAP positive-stained cells in the
transplantation of GBM#1 alone or transplantation of GBM#1
with AT-MSCs. A small number of weakly stained GFAP-
positive cells was observed in the cotransplantation of
GBM#1 and UCB-MSCs (Fig. 4B, middle panel). A higher
number of CD31-positive tumor endothelial cell (EC) was
observed in the transplantation of GBM#1 and AT-MSCs
compared to the transplantation of GBM#1 alone or trans-
plantation of GBM#1 with UCB-MSCs (GBM#1 alone: 49.0 – 21
numbers/field; GBM#1 + UCB-MSCs: 11.6 – 2.0 numbers/
field; GBM#1 + AT-MSCs: 104 – 26 numbers/field, n = 5;
GBM#1 alone vs. GBM#1 + UCB-MSCs, P < 0.01; GBM#1 +
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FIG. 3. Analysis of how MSCs affect GBM#1 survival. (A) Expression of growth, angiogenic, and survival factors was
analyzed in UCB-MSCs and AT-MSCs by real-time PCR. The expression of factors in UCB-MSCs was normalized to a value
of 1 as the standard for each factor. White bar: UCB-MSCs; black bar: AT-MSCs (*P < 0.05; **P < 0.01). (B) The effect of CXCL12
on GBM#1 was analyzed by FACS. Expression of Annexin V and 7-amino-actinomycin (7-AAD) was determined in the
presence or absence of CXCL12. Lower right areas in each (surrounded by bold line) was measured as apoptotic cells
according to the manufacturer’s instruction. (C) The frequency of 7-AAD/Annexin V + cells was measured as apoptotic cells
by FACS. White bar: GBM#1 alone; hatched-line bar: GBM#1 with recombinant CXCL12; black bar: GBM#1 + UCB-MSCs; gray
bar: GBM#1 + UCB-MSCs with recombinant CXCL12 (**P < 0.01). Note that frequency of apoptotic cells after coculture of
GBM#1 with UCB-MSCs greatly decreased in the presence of CXCL12. (D) Number of GBM#1 cells after coculture with UCB-
MSCs was analyzed with or w/o CXCL12. White bar: GBM#1 alone; hatched-line bar; GBM#1 with recombinant CXCL12; black
bar: GBM#1 + UCB-MSCs; gray bar: GBM#1 + UCB-MSCs with recombinant CXCL12 (**P < 0.01). Note that the number of
apoptotic cells after coculture of GBM#1 with UCB-MSCs greatly increased in the presence of CXCL12 at the level of GBM#1
alone.
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FIG. 4. Analysis of anti-GBM effects of MSCs in vivo. (A) GBM#1 (1 · 106 cells) and UCB-MSCs or AT-MSCs (2 · 106 cells) in
100 mL of Matrigel was inoculated subcutaneously into the mouse back skin. After 18 days post-transplantation, tumors were
harvested, and tumor weights were measured (right graph). White bar: GBM#1 alone; hatched-line bar: GBM#1 + UCB-MSCs;
black bar: GBM#1 + AT-MSCs (**P < 0.01). Scale bar indicates 1 mm. (B) Histological analysis of transplanted tumors was
performed staining with H&E (top panel), GFAP (middle panel), and CD31 (bottom panel) antibodies. Sectioned sample from
GBM#1 alone (left), GBM + UCB-MSCs (middle), and GBM + AT-MSCs (right) was analyzed for morphology of GBM and
angiogenesis. The number of CD31-positive cells was scored (right graph). White bar: GBM#1 alone; hatched-line bar:
GBM#1 + UCB-MSCs; black bar: GBM#1 + AT-MSCs (**P < 0.01). Scale bar indicates 200 mm. Note that the number of vessels
increased when GBM#1 was transplanted with AT-MSCs. (C) Terminal deoxynucleotidyl transferase-mediated biotinylated
UTP nick-end labeling (TUNEL) assay was performed in GBM#1-derived tumors. GBM#1 alone (left), GBM#1 + UCB-MSCs
(middle), and GBM#1 + AT-MSCs (right). The number of TUNEL-positive cells was measured (right graph). White bar: GBM#1
alone; hatched-line bar: GBM#1 + UCB-MSCs; black bar: GBM#1 + AT-MSCs. Scale bar indicates 200 mm (**P < 0.01). Color
images available online at www.liebertpub.com/scd
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FIG. 5. Analysis of a role of CXCR7 in GBM#1. (A) CXCR7 mRNA expression was analyzed in GBM#1 (white bar) and
shCXCR7 GBM#1 (black bar). **P < 0.01. (B) Growth activity was analyzed in GBM#1 (white square) and shCXCR7 GBM#1
(black square). Cells were harvested every 24 h until cells reached at a confluent state. (C) GBM#1 (1 · 106 cells) and shCXCR7
GBM#1 (1 · 106 cells) with or w/o AT-MSCs (2 · 106 cells) in 100 mL of Matrigel was inoculated subcutaneously into the
mouse back skin. At 18 days post-transplantation, tumors were harvested, and the tumor weight was measured (right graph).
White bar: GBM#1 alone; hatched-line bar: GBM#1 shCXCR7; black bar: GBM#1 + AT-MSCs; gray bar: GBM#1 shCXCR7 + AT-
MSCs (**P < 0.01). Scale bar indicates 1 mm. (D) TUNEL assay was performed in GBM#1- or shCXCR7 GBM#1-derived
tumors with or w/o AT-MSCs. GBM#1 alone (left); shCXCR7 GBM#1 alone (second from the left); GBM#1 + AT-MSCs (second
from the right); GBM#1 shCXCR7 + AT-MSCs (right). The number of TUNEL-positive cells was measured in each tumor (right
graph). White bar: GBM#1 alone; hatched-line bar: GBM#1 shCXCR7; black bar: GBM#1 + AT-MSCs; gray bar: GBM#1
shCXCR7 + AT-MSCs (**P < 0.01). Scale bar indicates 200 mm. Note that the highest number of TUNEL-positive cells was
observed in tumors derived from shCXCR7 + AT-MSCs. Color images available online at www.liebertpub.com/scd
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UCB-MSCs vs. GBM#1 + AT-MSCs, P < 0.01; GBM#1 alone vs.
GBM#1 + AT-MSCs, P < 0.01) (Fig. 4B, bottom panel and right
graph).

To clarify the mechanism of cytotoxic effect of UCB-MSCs
against GBM, the number of apoptotic cells was evaluated
by the TUNEL assay in each tumor after transplantation.
The number of TUNEL-positive cells was the highest in
the cotransplantation of GBM#1 and UCB-MSCs among
the harvested tumors (GBM#1 alone: 1.3 – 1.5 cells/field;
GBM#1 + UCB-MSCs: 126 – 24 cells/field, n = 3, P < 0.01) (Fig.
4C), suggesting that a decreased number of GBM was caused
by apoptosis after cotransplantation with UCB-MSCs.

Effect of GBM proliferation on CXCR7

As shown in Fig. 1E, CXCL12 receptor CXCR7 was more
highly expressed in GBM#1 than in U87MG. To investigate
how the CXCL12/CXCR7 pathway is involved in the cyto-
toxicity observed in the coculture assay, expression of
CXCR7 was impaired in GBM#1 using shRNA (Fig. 5A).

At first, we examined how CXCR7 is involved in the
proliferation of GBM#1, and the cell doubling time was
examined between GBM#1 alone and GBM#1 shCXCR7. We
could not find a significant difference between them (dou-
bling time; GBM#1: 84.4 – 8.4 h; shCXCR7 GBM#1: 70.4 –
6.1 h, n = 3, P > 0.05) (Fig. 5B), indicating that the CXCL12/
CXCR7 axis is not associated with the proliferation of
GBM#1, as previously reported [34].

In vivo transplantation analyses clearly demonstrated that
shCXCR7 GBM#1 alone did not show any reduction of tu-
mor size compared to GBM#1 alone (GBM#1: 20.5 – 1.4 mg;
shCXCR7 GBM#1: 22 – 3.6 mg, n = 5, P > 0.05), whereas co-
culture of shCXCR7 GBM#1 with AT-MSCs clearly demon-
strated the reduction of tumor weight compared to those of
GBM#1 and AT-MSC coculture (GBM#1 + AT-MSCs:
36.0 – 7.8 mg; shCXCR7 GBM#1 + AT-MSCs: 14.3 – 3.1 mg,
n = 5, P < 0.01) (Fig. 5C, top panel and graph). Histological
analysis clearly revealed that CD31-positive cells were highly
observed in GBM#1 coculture with AT-MSCs (GBM#1:
49 – 21.5 vessels/field; GBM#1 + AT-MSCs: 104 – 26.9 ves-
sels/field, n = 3, P < 0.01). Interestingly, interference with the
CXCR7 expression in GBM#1 showed a less number of ves-
sels even coculture with AT-MSCs (GBM#1 shCXCR7 + AT-
MSCs: 15.0 – 5.3 vessels/field; GBM#1 + AT-MSCs: 104 – 26.9
vessels/field, n = 3, P < 0.01) (Fig. 5C, bottom panel and
graph). Consistent with these data, the frequency of apo-
ptotic cells and TUNEL-positive cells increased in coculture
of shCXCR7 GBM#1 and AT-MSCs compared to that of
GBM#1 and AT-MSC coculture (shCXCR7: 94.3 – 53.1 cells/
field; GBM: 12.3 – 3.2 cells/field, n = 5, P < 0.01) (Fig. 5D).
Moreover, the frequency of apoptotic cells slightly increased
in shCXCR7 GBM#1 alone compared to GBM#1 alone, even
though the cell proliferation activity was not significantly
different between GBM#1 and shCXCR7 GBM#1 (Fig. 5B).

TRAIL secreted from UCB-MSCs affected
GBM apoptosis

TRAIL-based cancer therapies against glioma have been
previously analyzed [21,22]. We investigated expression of
TRAIL and tumor necrosis factor (TNF) in MSCs and TRAIL
receptors in GBM. Expression of TRAIL, TNF-a, and TNF-b

was higher in UCB-MSCs than in AT-MSCs (TRAIL: 45-fold;
TNF-a: 5-fold; TNF-b: 10-fold increase), whereas FasL was
expressed at a similar extent in UCB-MSCs and AT-MSCs
(Fig. 6A).

While mRNA expression of TRAIL receptors possessing a
death domain (DR4 and DR5) was higher in U87MG com-
pared to GBM#1 (DR4: 9-fold; DR5: 7-fold increase), mRNA
expression of TRAIL decoy receptors (DcR1 and DcR2) was
also detected at a higher level in U87MG than in GBM#1
(DcR1: 7-fold; DcR2: 6-fold increase), suggesting that high
expression of DcR1 blocks DR5 functions in TRAIL-induced
apoptosis, which might be caused in UCB-MSC and U87MG
coculture (Fig. 6B).

Collectively, these data suggest that TRAIL expressed in
UCB-MSCs act effectively on TRAIL receptors of GBM#1, but
not on those of U87MG.

CXCL12 inhibits TRAIL pathway on GBM

From previous results, we hypothesized that TRAIL
pathway might have an important role in coculture of
GBM#1 and UCB-MSCs and have an apoptotic effect. Thus,
we added recombinant TRAIL exogenously to GBM#1 cul-
ture and examined the number of live and dead cells. GBM#1
in the presence of recombinant TRAIL showed a significantly
decreased number of live GBM#1 on day 3 (GBM alone:
3.4 – 0.2 · 104 cells; with TRAIL: 0.8 – 0.2 · 104 cells, n = 3,
P < 0.01) and day 7 (GBM alone: 10 – 0.3 · 104 cells; with
TRAIL: 2.6 – 0.1 · 104 cells, n = 3, P < 0.01) (Fig. 6C, left panel).
On the other hand, the number of dead GBM#1 increased on
day 7 (GBM alone: 1.0 – 0.1 · 104 cells; with TRAIL: 1.6 –
0.1 · 104 cells, n = 3, P < 0.01) (Fig. 6C, right panel). These re-
sults strongly suggest that the TRAIL pathway plays a major
role in GBM cell survival. Then, we examined the protein
level of TRAIL in the conditioned medium of UCB-MSCs
and AT-MSCs by using ELISA. TRAIL protein in the culture
medium was not detected both in UCB-MSCs and AT-MSCs
(data not shown). Taken together, these results suggest that
TRAIL expression in MSCs is important and may cause ap-
optosis efficiently as reported previously [35].

As CXCL12 was highly expressed in AT-MSCs compared
to UCB-MSCs, we hypothesized that CXCL12 might act as a
key antiapoptotic factor inhibiting the TRAIL pathway.
ELISA analysis clearly revealed that AT-MSCs secreted *11-
fold increase of CXCL12 in the supernatant compared to
UCB-MSCs (Supplementary Fig. S1E).

CXCL12 was added exogenously to GBM#1 culture with
recombinant TRAIL, and the number of live and dead cells
was scored. GBM#1 in the presence of TRAIL and CXCL12
showed a significantly increased number of live GBM#1
compared to TRAIL alone without CXCL12 on day 3 (with
TRAIL: 0.8 – 0.2 · 104 cells; with TRAIL and CXCL12:
4.0 – 0.2 · 104 cells, n = 3, P < 0.01) and day 7 (with TRAIL:
2.6 – 0.1 · 104 cells; with TRAIL and CXCL12: 9.9 – 0.2 · 104

cells, n = 3, P < 0.01) (Fig. 6C, left panel). In addition, the
number of GBM cells reached a level similar to that of
GBM#1 alone or GBM#1 in the presence of TRAIL and
CXCL12 on day 3 and day 7 (day 3: GBM alone: 3.4 – 0.2 · 104

cells, with TRAIL and CXCL12: 4.0 – 0.2 · 104 cells; day 7:
GBM alone: 10 – 0.3 · 104 cells, with TRAIL and CXCL12:
9.9 – 0.2 · 104 cells, n = 3, P < 0.01) (Fig. 6C, left panel). More-
over, the number of dead GBM#1 cells decreased in the
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presence of CXCL12 with TRAIL on day 7 compared to
TRAIL alone (with TRAIL: 1.6 – 0.1 · 104 cells; with TRAIL
and CXCL12: 0.7 – 0.2 · 104 cells, n = 3, P < 0.01) (Fig. 6C, right
panel). These results indicate that CXCL12 plays a role in-
hibiting the TRAIL pathway in GBM development.

Discussion

In this study, we analyzed the inhibitory effect of MSCs
derived from different tissues on glioma cell proliferation.
Because characteristics of established glioma cell lines vary in
many aspects [30,33], we analyzed glioblastoma cells from

patients representing a spectrum of primary brain tumors.
Individual glioma cell lines secrete distinct kinds of growth
factors and chemokines, suggesting that inhibitory effects of
MSCs may vary depending on the glioma cell type. First, we
isolated glioblastoma cells (GBM#1) and compared prolifer-
ation activity and mRNA expression of growth factor and
chemokine to U87MG glioma cell lines (Fig. 1). As expected,
U87MG proliferated faster than GBM#1 and expressed a
higher level of mRNA of several kinds of growth factors and
chemokines. Indeed, when U87MG and UCB-MSCs were
cocultured at a higher ratio of 1:2, the number of U87MG did
not decrease (Fig. 2B). Instead, the number of UCB-MSCs

FIG. 6. Analysis of apoptosis derived from UCB-MSCs toward GBM#1. (A) mRNA expression of death ligands was
analyzed in UCB-MSCs and AT-MSCs by real-time PCR. The expression of factors in UCB-MSCs was normalized to a value
of 1 as the standard for each factor. White bar: UCB-MSCs; black bar: AT-MSCs (*P < 0.05; **P < 0.01). (B) mRNA expression of
death receptors in GBM#1 and U87MG was analyzed by real-time PCR. The expression of factors in GBM#1 was normalized
to a value of 1 as the standard for each receptor. White bar: GBM#1; black bar: U87MG (**P < 0.01). (C) The effect of tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL) and CXCL12 on GBM#1 survival was analyzed. The number of live
GBM#1 was measured on days 3 and 7 in the presence of TRAIL (1 ng/mL) with or w/o CXCL12 (10 ng/mL) (left graph).
The number of dead GBM#1 was measured in the presence of TRAIL (1 ng/mL) with or w/o CXCL12 (10 ng/mL) (right
graph). White bar: GBM#1 alone; black bar; GBM#1 + recombinant TRAIL (1 ng/mL); gray bar; GBM#1 + recombinant
TRAIL + recombinant CXCL12 (10 ng/mL). Note that GBM#1 death induced by TRAIL was inhibited in the presence of
CXCL12.
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significantly decreased, possibly because with exceptionally
high proliferation activity of U87MG outcompeting UCB-
MSCs. Similarly, when AT-MSCs were cocultured with
U87MG for 7 days, the number of U87MG did not increase,
but the number of AT-MSCs significantly decreased even
when a high ratio of AT-MSCs was cocultured (Supple-
mentary Fig. S1D). To characterize MSCs properly, primary
brain tumor cells would be better to use in coculture assay, as
they may more accurately reflect the in vivo effects on tu-
mors in clinical applications.

Compared to BM-MSCs, UCB-MSCs have many advan-
tages to use in cell-based therapy because of their relatively
large ex vivo expansion capacity, low risk of viral infection,
lack of donor morbidity, and less-pronounced immunoge-
nicity [7,8,16]. In addition, the use of AT-MSCs has the ad-
vantages of large ex vivo expansion of capacity and less
donor morbidity compared to the use of BM-MSCs. Because
of the possibility of autotransplantation, the risk of im-
munorejection after transplantation of AT-MSCs is as low as
after transplantation of BM-MSCs.

For most complete analysis of transplantation risk, it is
important that precise and detailed analyses of characteris-
tics of MSCs derived from different tissues should be per-
formed, as well as analysis of MSCs after gene transduction
for cell-based therapy. We found that among UCB-MSCs,
AT-MSCs, and BM-MSCs, UCB-MSCs express the lowest
level of CXCL12 (data not shown). Of note, the expression of
TRAIL in UCB-MSCs promotes apoptosis of gliomas, and the
effect of TRAIL toward gliomas is inhibited by CXCL12 (Fig.
6). This result suggests some parameters for selecting suit-
able MSCs for MSC-based cell therapy. CXCR4, the receptor
for CXCL12, is known to be important in the migration,
homing, and survival of several kinds of stem cells [36–38].
The roles of chemokines in tumor development, including
glioma, have been studied through investigation of CXCL12
and its receptor CXCR4 [39–45]. The level of CXCL12 ex-
pression in glioma correlates well with the tumor grade,
necrosis, angiogenesis, and invasiveness [46]. In fact, growth
factors and those receptors expressed in glioma have been
investigated in low-grade and high-grade gliomas, but ex-
pression of most of these are not precisely related to the
tumor grade [47,48]. PDGF-a and PDGFR-a expression in
glioma tends to relate to tumor grade due to an autocrine
loop strongly associated with tumor progression [49].

Importantly, blockade of the CXCL12/CXCR4 axis in
glioma cells inhibited glioma proliferation, invasion, and
angiogenesis in vitro and in vivo. Recently a second receptor
for CXCL12, CXCR7, has been identified [50,51]. CXCR7 is
expressed in a number of cells, including EC [51,52], T cells
[53], dendritic cells and B cells [54], chondrocytes [55], and
endometrial stromal cells [56]. CXCR7 regulates cell adhe-
sion and survival, but does not stimulate cell migration or
mobilization of calcium (Ca2 + ) [50]. Collectively, studies
show that the CXCL12/CXCR4 axis mediates both chemo-
taxis and cell growth, whereas interaction of CXCR7 with
CXCL12 promotes cell survival and cell growth [50,57].
Compared with U87MG, GBM#1 expressed a higher CXCR7
mRNA level and a lower CXCR4 mRNA level (Fig. 1E).
CXCR7 shRNA experiments demonstrated that the
CXCL12/CXCR7 axis might not be involved in cell growth
of GBM#1. Transplantation of GBM#1 shCXCR7 showed no
impairment of tumor growth or increase in number of apo-

ptotic cells compared to control (Fig. 5). Unexpectedly, when
GBM#1 shCXCR7 was cotransplanted with AT-MSCs, the
number of apoptotic cells increased compared to the trans-
plantation of shCXCR7 GBM#1 alone. However, the tumor
weight did not significantly change compared with tumors
derived from shCXCR7 GBM#1 alone. These results indicate
that AT-MSCs can promote cell apoptosis when the
CXCL12/CXCR7 pathway is inhibited in GBM. Further
study is required to clarify the mechanism and to safely use
AT-MSCs for cell-based therapy.

AT-MSCs express a higher level of mRNA of angiogenic
factors, including PDGF, IGF, Ang-1, and VEGF than UCB-
MSCs (Fig. 3). In fact, angiogenesis in tumors was acceler-
ated when GBM#1 and AT-MSCs were cotransplanted
in vivo (Fig. 4A, B). Therefore, PDGF-a and PDGFR-a act as
an autocrine loop of glioma proliferation [49], suggesting
that AT-MSCs would promote tumor progression of glioma
as a paracrine loop via the PDGF-a/PDGFR-a axis (Fig. 1E).

In addition, the inhibition of the CXCL12/CXCR4 axis
generates impairment of tumor-producing angiogenic fac-
tors, such as interleukin-8 and VEGF, resulting in the failure
of tumor angiogenesis [58,59]. CXCL12 expression is crucial
for tumor development associated with the tumor cell sur-
vival and tumor angiogenesis. Importantly, CXCL12 ex-
pression in tumors is highly associated with the prognosis of
the patients [46,60]. Thus, MSCs must be carefully charac-
terized with respect to CXCL12 production when applying
MSC-based cell therapy to inhibit tumor cell proliferation.

While inoculation with UCB-MSCs reduced the size of
GBM was observed in vivo, we did not achieve complete
tumor regression (Fig. 4A). MSCs engineered to express
TRAIL have been injected into glioma-bearing mice; results
suggest that repeated administration of engineered UCB-
MSCs might be necessary to consistently inhibit progressive
GBM growth.

The proliferation of some cancer cells was enhanced by
adding MSCs to the culture [27,28]. On the other hand, some
groups have reported the anticancer activity of MSCs [14–
22]. In fact, after BM-MSCs was transduced with therapeutic
molecules [interferon-a (IFN-a), IFN-b, interleukin-12 (IL-
12), IL-18, IL-23, IL-2, TRAIL, cytosine deaminase-uracil
phosphoribosyl transferase (CD-UPRT), and thymidine
kinase (TK)], anticancer activity was observed [14,17,19,22,
61,62]. In addition, AT-MSCs and UCB-MSCs were trans-
duced with therapeutic molecules (CD-UPRT, TK, and
TRAIL) and used for analysis of the mechanisms of inhibit-
ing cancer cell proliferation [16,18,21,63,64]. Therefore, MSCs
are used to investigate their roles of delivering targeting
molecules, and characteristics of MSCs without transduction
of targeting molecules have not been well studied. In
agreement with previous reports suggesting contradictory
effects of MSCs on tumor cell proliferation [16,65,66], we
found that UCB-MSCs show tumor cell cytotoxicity, whereas
AT-MSCs do not. The inhibitory effect of MSCs on other
types of tumor proliferation should be investigated before
MSCs are used as a tool for drug delivery.

In conclusion, for clinical application of MSCs, further
investigation will be necessary to establish effective treat-
ment strategies, with particular attention paid to the ex-
pression level of anticancer molecules in MSCs, appropriate
time intervals of administration, and with extreme caution
regarding expression of tumor-supporting factors.
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