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Glioma stem cells (GSCs) are known to be maintained 
within  a “vascular niche”; thereby, disruption of this 
microenvironment using antiangiogenesis agents is a 
promising therapeutic modality. However, this regi-
men leads to treatment failure and tumor recurrence in 
patients with glioblastoma multiforme (GBM). Therefore, 
more effective therapeutic approaches that can eradicate 
GSCs and the bulk tumors are needed. Toward this goal, 
we examined the antitumor effects of an antiangiogen-
esis approach combined with conventional chemotherapy 
on suppressing glioma xenograft growth. We estab-
lished three genetically engineered mesenchymal stem 
cell (MSC) lines (GE-AF-MSCs) by stably transducing the 
gene encoding endostatin (an antiangiogenesis factor), 
the gene encoding secretable form of carboxylesterase 2 
(sCE2, a prodrug-activating enzyme), or a mixture of both 
genes. Among the three GE-AF-MSC cell lines, injection 
of amniotic fluid (AF)-MSCs-endostatin-sCE2 cells into 
U87MG-EGFRvIII-driven orthotopic brain tumor and post-
surgery tumor recurrence models, and subsequent CPT11 
treatment yielded the strongest antitumor responses, 
including diminished angiogenesis, increased cell death, 
and a reduced Nestin-positive GSC population. Therefore, 
our antitumor strategy provides a novel basis for designing 
stem cell-mediated therapeutic approaches to target and 
eradicate GSCs and the bulk tumors.
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Introduction
Glioblastoma multiforme (GBM) is the most malignant and aggres-
sive type of brain tumor. Despite considerable advances in glioma 
biology, GBM remains one of the most incurable malignancies, with 
a median survival of <1 year.1 Recent studies have demonstrated 
that a sub-population of glioma cells in GBM and other types of 

aggressive brain tumors exhibit stem cell properties—self-renewal 
and multilineage differentiation—and tumor-initiating poten-
tial.2 Thus, these cells are referred to as glioma stem cells (GSCs).3 
Clinically, GSCs are considered to be major culprits for GBM recur-
rence after conventional therapies such as surgical resection, chemo-
therapy, and/or radiotherapy,4 because of their intrinsic resistance 
to chemotherapy5 and irradiation.6 Therefore, although current 
GBM therapies can significantly diminish the bulk of a tumor, they 
cannot completely eradicate GSCs and prevent tumor recurrence,7 
supporting the idea that GSCs are important therapeutic targets to 
overcome current clinical limitations in patients with GBM.

Similar to normal neural stem cells (NSCs), GSCs reside within 
a “vascular niche” and maintain their stemness in this microen-
vironment,8 implying that disruption of the GSC vascular niche 
with antiangiogenesis drugs such as vascular endothelial growth 
factor monoclonal antibody, is a promising therapeutic modality.9 
However, in reality, this regimen eventually leads to treatment fail-
ure and tumor recurrence in patients with GBM.10 Therefore, more 
effective therapeutic approaches that can eliminate both GSCs and 
the bulk tumor are necessary for GBM therapy.

Human mesenchymal stem cells (MSCs) are multipotent 
cells that can differentiate into various cell types.11,12 Clinically, 
MSCs are particularly attractive because they can be easily iso-
lated, expanded in culture, and genetically manipulated using 
currently available molecular techniques.13–15 Additionally, MSCs 
can migrate toward glioma,16 and recently, genetically engineered 
MSCs demonstrated potent antitumor effects in an in vivo glioma 
model.17,18 Therefore, considerable improvement in understanding 
of the nature of MSCs may shed light on their potential as a deliv-
ery vehicle for various antitumor agents.

Endostatin, a cleavage product of collagen XVIII,19 is a potent 
antiangiogenic agent that inhibits endothelial cell migration and 
proliferation, leading to suppression of tumor growth and pro-
gression in mice.19,20 The carboxylesterases (CEs) can convert the 
prodrug CPT11, a water-soluble camptothecin derivative, into 
the more active lipophilic metabolite, SN-38.21 Although patients 
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express CEs, only 5–10% of CPT11 is converted into active SN-38, 
when systemically administered.22 Additionally, the clinical use of 
CPT11 is hampered by dose-dependent toxicity, primarily caus-
ing diarrhea.23 Therefore, a strategy that accelerates the antitumor 
efficacy of CPT11 without the unwanted side-effects is selectively 
increasing CE activity at the tumor site.24

To explore the potent synergistic effects of the antiangio-
genesis approach combined with conventional chemotherapy in 
eradicating GSCs and the bulk tumors, we used human amniotic 
fluid (AF)-derived MSCs25 as the delivery vehicle for an endosta-
tin and a secretable form of carboxylesterase 2 (sCE2) to glioma 
xenografts. Here, we show that delivery of endostatin and sCE2 
by MSCs at the tumor sites along with CPT11 treatment exhibits 
reliable antitumor effects in U87MG-EGFRvIII-driven orthotopic 
brain tumor and postsurgery tumor recurrence models.

Results
U87MG-endostatin cells suppress in vitro tube 
formation of endothelial cells, and tumor growth  
and angiogenesis in their xenograft tumors
To explore the potent effect of endostatin in tumor angiogen-
esis, we first established an endostatin-overexpressing U87MG 
(U87MG-endostatin) and control U87MG (U87MG-hygro) cell 

lines by transfection of pSecTag2/Endostatin/HygroB vector 
and pSecTaq2/HygroB empty vector, respectively. Endostatin 
overexpression did not influence proliferation in these cells at 
day 3, but slightly increased their growth at day 5 (Figure 1a). 
However, the in vitro tube-forming ability of human umbilical 
vein endothelial cells (HUVECs) was significantly suppressed 
when grown in U87MG-endostatin-derived conditioned media 
(CM) supplemented with or without vascular endothelial growth 
factor, compared with endothelial differentiation medium and 
U87MG-hygro-derived CM (Figure  1b and Supplementary 
Figure S1), supporting a previous idea that endostatin is a 
potent antiangiogenesis factor that inhibits vascular endothelial 
cell differentiation.26

To investigate the in vivo effect of endostatin on tumor growth, 
we subcutaneously injected U87MG-endostatin and U87MG-
hygro cells into nude mice. Endostatin overexpression signifi-
cantly reduced tumor growth (Figure 1c) and volume (Figure 1d), 
compared with that of U87MG-hygro cells. In addition, microve-
ssel formation in tumors arising from U87MG-endostatin cells 
markedly decreased as observed by reduced CD31+ endothelial 
cells and vessel shapes (Figure 1e and Supplementary Figure S2), 
indicating that endostatin can inhibit the tumorigenic potential of 
glioma cells by suppressing angiogenesis in vivo.
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sCE2 confers enhanced cytotoxic efficacy  
of CPT11 to glioma cells
Next, U87MG cells were transduced with a secretable form of 
sCE2 that converts the prodrug CPT11 to the active lipophilic 
metabolite SB-38 (Figure 2a, inset). We then performed an MTT 
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] 
assay to determine whether sCE2 overexpression could influence 
cell viability, and found that sCE2 did not decrease cell viability, 
but instead slightly increased cell survival (Figure 2a). However, 
after treatment with CPT11, U87MG-sCE2 cells exhibited a sig-
nificant reduction in cell viability as determined by Annexin 
V/PI-mediated fluorescence-activated cell sorting analysis 
(Figure 2b). Additionally, U87MG-EGFRvIII cells (containing a 
constitutively active epidermal growth factor receptor mutant27) 
showed a marked decrease in their viability when grown in 
U87MG-sCE2-derived CM combined with CPT11 compared 
with control cells (Figure 2c). Together, our findings demonstrate 
that a secretable carboxylesterase (sCE) confers enhanced cyto-
toxic efficacy of CPT11 to glioma cells, presumably due to the 
accumulation of active SB-38.

Three GE-AF-MSC cell lines possess the traits of MSCs
Based on our findings that demonstrate the potent antitumor effects 
of both endostatin and sCE2 in U87MG cells in vivo and in vitro, 
we used human AF-MSCs as a vehicle for the specific delivery of 
endostatin and sCE2 into the tumors, because of its homing proper-
ties in tumors.18 Thus, we overexpressed the gene encoding endosta-
tin, the gene encoding sCE2, and both genes into AF-MSCs, thereby 
establishing three genetically engineered AF-MSC cell lines (GE-AF-
MSCs; Supplementary Figure S3). We then investigated whether 
these three GE-AF-MSC cell lines maintained their fundamental 
MSC nature by analyzing their MSC marker expression and differen-
tiation potential to adipogenic and osteogenic cell lineages along with 
differentiated cell marker expression. IF-FACS analysis revealed that 
all three GE-AF-MSC cell lines, along with control AF-MSCs-hygro, 
express typical MSC marker proteins such as CD13, CD29, and 
CD44,28,29 but not CD31 (an endothelial marker), CD34 (a primitive 
hematopoietic marker), CD45 (a mature hematopoietic marker), and 
CD133 (a NSC marker; Supplementary Figure S4a). Furthermore, 
when cultured in adipogenic or osteogenic differentiation medium, 
the three GE-AF-MSC cell lines could differentiate into adipocytes 
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or osteoblasts [Supplementary Figure S4b (ref. 29)], and express the 
adipogenic genes aP2 and PPARγ2 or the osteogenic genes osteopon-
tin and osteocalcin (Supplementary Figure S4c). We also performed 
a migration assay using a transwell chamber to evaluate the migra-
tory property of AF-MSCs labeled with a membrane-permeable 
CSR dye. As shown in Figure 3a, AF-MSCs increased their migra-
tion to the highly aggressive glioma cell lines U87MG-EGFRvIII 
and U87MG-ID3 cells (X. Jin, J. Yin, S.H. Kim, Y.W. Sohn, S. Beck, 
T.C. Kang et al., unpublished results) compared with normal human 
astrocytes and parental U87MG cells. Together, these data indicate 
that our genetically engineered AF-MSCs retain their MSC traits.

The antitumor effects of GE-AF-MSCs on HUVECs  
and glioma cells in vitro, as well as primary brain 
tumor growth in vivo
In agreement with antiangiogenesis and the antitumor effects of 
U87MG-endostatin and U87MG-sCE2, respectively (Figures 1 and 
2), the in vitro tube formation of HUVECs was significantly inhib-
ited when grown in AF-MSCs-endostatin-derived CM (Figure 3b), 
whereas the cytotoxicity of U87MG-EGFRvIII to CPT11 increased 
when grown in AF-MSCs-sCE2-derived CM (Figure 3c). EGFRvIII 
overexpression allows U87MG to acquire GSC features such as self-
renewal, aberrant differentiation, and heterogeneous tumor forma-
tion (X. Jin, J. Yin, S.H. Kim, Y.W. Sohn, S. Beck, T.C. Kang et al., 
unpublished results).30 A mixture of U87MG-EGFRvIII labeled with 
NIR797 fluorescence dye and each GE-AF-MSC line was orthoto-
pically injected in the nude mice to assess the antitumor effects of 
endostatin and sCE2 on gliomagenesis in vivo. As orthotopically 
injected into nude mouse brains, GE-AF-MSCs with or without 
CPT11 treatment did not give rise to tumor formation and negli-
gible apoptotic cell death as determined by hematoxylin & eosin 
and cleaved caspase 3 staining, respectively (Supplementary Figure 
S5a). Furthermore, all mice used in in vivo studies displayed nor-
mal behaviors and body weights without potential toxicities during 
experimental period. Serum chemistry data showed no significant 
differences in albumin and total bilirubin levels. Although there 
was a slight change in levels of alanine aminotransferase, aspartate 

aminotransferase, and blood urea nitrogen, all mice were shown 
to maintain serum protein and liver enzymes levels in the normal 
physiological ranges (Supplementary Figure S5b).

Whole-body fluorescence imaging of mice orthotopically 
implanted with a mix of NIR797-labeled U87MG-EGFRvIII and 
GE-AF-MSCs (5:1 ratio) and treated with CPT11 revealed a sig-
nificant reduction in tumor burden in mice-bearing AF-MSCs-
endostatin or AF-MSCs-sCE2. However, the most potent antitumor 
effect was observed in tumors simultaneously implanted with 
AF-MSCs-endostatin-sCE2 at day 17 postinjection (Figure  4a), 
and was further confirmed by analyzing fluorescence signals in 
the extracted brains and staining brain sections with hematoxy-
lin & eosin (Supplementary Figure S6 and Figure 4b). Notably, 
the antitumor effects observed in our experimental setting were 
achieved using a relatively lower amount of CPT11 (0.5 mg) com-
pared with that used in previous studies.31

As shown in Figure  4b, compared with AF-MSCs-hygro, 
immunohistochemistry (IHC) assays of brain sections revealed 
the following: the vessel density (CD31+) was markedly decreased 
by AF-MSCs-endostatin and AF-MSCs-endostatin-sCE2; the cell 
proliferation rate (Ki67+) was suppressed by AF-MSCs-sCE2 and 
AF-MSCs-endostatin-sCE2; the apoptotic index (active cleaved 
caspase 3+) was markedly elevated by all three GE-AF-MSC 
cell lines; and the GSC population (Nestin+) was dramatically 
reduced by AF-MSCs-endostatin and AF-MSCs-endostatin-
sCE2. Conversely, differentiated cells (GFAP+ and S100β+) were 
markedly increased by AF-MSCs-endostatin and AF-MSCs-
endostatin-sCE2 (Figure 4b). Together, although delivery of the 
genes encoding endostatin or sCE2 into the tumors exerted a par-
tial antitumor effect, the combined delivery of these genes caused 
the extensive eradication of GSCs and the bulk of tumors.

The antitumor effects of the simultaneous delivery 
of endostatin and sCE2 by AF-MSCs in a postsurgery 
tumor recurrence model
To assess the antitumor effects of GE-AF-MSCs in tumor recur-
rence after surgical resection, we first created subcutaneous 
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tumors by injecting U87MG-EGFRvIII cells into nude mice. As 
tumor sizes reached 1.8–2.2 cm3, ~90% of the tumor mass was 
surgically removed, and then the three GE-AF-MSC cell lines 
and AF-MSCs-hygro were implanted in the resection cavity of 

the tumors (see Materials and Methods section). Compared with 
AF-MSCs-hygro and other GE-AF-MSCs tested, AF-MSCs-
endostatin-sCE2 showed the most significant suppression of 
tumor regrowth in the presence of CPT11 as examined by the 
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tumor growth rate (Figure 5a) and volume (Figure 5b). Notably, 
the fluorescence signals attained from AF-MSCs-sCE2 cells labeled 
with NIR730 dye were detected in the tumor masses throughout 
the experiment period (Supplementary Figure S7a,b), implying 
that GE-AF-MSCs are relatively resistant to CPT11.

As shown in Figure 5c, compared with AF-MSCs-hygro, our 
immunofluorescence (IF) assays with tumor sections revealed the 
following: AF-MSCs-endostatin decreased vessel density and cell 
proliferation; AF-MSCs-sCE2 reduced cell proliferation while it 
increased apoptosis; and AF-MSCs-endostatin-sCE2 showed a 

a b

c
U87MG-EGFRvIII tumor

AF-MSCs

AF-MSCs

C
D

31
/D

A
P

I
K

i6
7/

D
A

P
I

C
le

av
ed

ca
sp

as
e 

3
/D

A
P

I
N

es
tin

/D
A

P
I

C
D

15
/D

A
P

I
G

F
A

P
/D

A
P

I
S

10
0β

/D
A

P
I

T
um

or
 v

ol
um

e 
(c

m
3 )

0
20
40
60
80

100
120

V
es

se
l d

en
si

ty
(%

 o
f c

on
tr

ol
)

P
ro

lif
er

at
io

n
in

de
x 

(%
)

0
5

10

20
15

30
35

25

0
5

10

20
15

30
35
0
2
4
6
8

10
12
14

25
A

po
pt

os
is

in
de

x 
(%

)

0

10

20

40

30

N
es

tin
+

ce
lls

 (
%

)
C

D
15

+

ce
lls

 (
%

)

0

0

5

10

15

20

5
10

20
15

25

G
F

A
P

+

ce
lls

 (
%

)
S

10
0β

+

ce
lls

 (
%

)

Caspase 3

Nestin

GFAP

CD15

S100β

CD31

Ki67

**

**

**

**

**
*

**

**
***

**

**

**

**

HygroAF-MSCs Endo sCE2 Endo+sCE2

HygroCPT11

90
%

ex
ci

si
on

Endo sCE2 Endo+sCE2

Hygro
Endo
sCE2
Endo+sCE2

0
0 5 8

Days postexcision

11 14

1

2

3

4

5

6

T
um

or
 w

ei
gh

t (
g)

0

1

2

3

4

5

6

HygroAF-MSCs Endo sCE2 Endo+sCE2

Figure 5  Antitumor effects of genetically engineered amniotic fluid-derived mesenchymal stem cells (GE-AF-MSCs) in a postsurgery tumor 
recurrence model. (a,b) The AF-MSCs-hygro or each GE-AF-MSC cell line was implanted into the resection cavity of U87MG-EGFRvIII-driven tumors 
in which ~90% of the tumor mass had been surgically removed. The antitumor effects of GE-AF-MSCs and CPT11 treatment in this tumor recurrence 
model were investigated by measuring the (a) tumor growth rate and (b) tumor volume. **P < 0.01. (c) Immunofluorescence (IF) images (left panel) 
of recurrent tumors stained with CD31, Ki67, cleaved caspase 3, Nestin, and GFAP antibodies. 4′,6-diamidino-2-phenylindole (DAPI; blue) was used 
for nuclear staining. The right panel shows quantitative data of immunofluorescence (IF) analysis. *P < 0.05 and **P < 0.01.
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marked reduction in vessel density and cell proliferation with a 
dramatic increase in apoptotic cells. Notably, all three GE-AF-
MSCs cell lines caused a decrease in the Nestin+ and CD15+ GSC 
population32 and an increase in GFAP+ and S100β+ differentiated 
cells. Together, the simultaneous delivery of endostatin and sCE2 
by MSCs in the resection cavity of tumors is the most effective 
way to repress tumor regrowth in the postsurgery tumor recur-
rent model.

Discussion
NSCs reside in the subventricular zone in adult brain, provid-
ing a specific microenvironment required for the maintenance of 
their stemness traits.33 In particular, a perivascular niche in this 
microenvironment plays a pivotal role in controlling the nature 
of NSCs.34 Consistent with NSC biology, GSCs are also localized 
in the perivascular niche and require this microenvironment for 
maintaining their cancer stemness.8 Therefore, disrupting the 
perivascular niche of GSCs is considered a promising therapeutic 
modality to completely eradicate GSCs,8 preventing GSC-driven 
tumor recurrence after conventional therapy.35 However, many 
clinical studies have demonstrated that suppression of tumor angio-
genesis in patients with GBM with antiangiogenesis agents such 
as bevacizumab eventually leads to treatment failure and tumor 
recurrence,10 implying that alternative therapeutic approaches are 
necessary for GBM therapy. Our findings support this clinical limi-
tation of antiangiogenesis strategies, because inhibition of angio-
genesis by MSC-mediated delivery of endostatin fails to completely 
eliminate cancer cells in tumor initiation and postsurgery tumor 
recurrence models.36 Moreover, although MSC-mediated delivery 
of sCE2 in two different glioma models apparently enhanced the 
antitumor efficacy of CPT11, the overall outcome of these thera-
peutic approaches could not overcome the current limitation in 
conventional chemotherapy for GBM patients.37

However, the MSC-mediated simultaneous delivery of 
endostatin and sCE2 in our two glioma models displayed the most 
outstanding preclinical outcome in repressing either tumor initia-
tion or postsurgery tumor recurrence. In particular, both endosta-
tin and sCE2 appeared to completely suppress tumor initiation 
through inhibition of angiogenesis and proliferation as well as 
induction of apoptosis. Additionally, suppression of tumor ini-
tiation and regrowth is also attributable to exhausting the pool of 
GSCs along with an increased differentiated cell population.38,39

In conclusion, our study provides a proof of principle for 
designing a novel therapeutic approach that can eradicate both 
GSCs and the bulk tumors through disrupting the GSC vascular 
niche by antiangiogenesis drugs and enhancing the antitumor 
efficacy of chemotherapeutics by the introduction of a prodrug-
activating enzyme.

Materials and Methods
Cells and culture conditions. The human glioma cell line U87MG was pur-
chased from the American Type Culture Collection (Manassas, VA), and 
HUVECs and astrocytes were purchased from Cambrex Bio (Rutherford, 
NJ). Parental U87MG, ID3-overexpressing U87MG (U87MG-ID3), and 
EGFRvIII-overexpressing U87MG (U87MG-EGFRvIII) cell lines, as well 
as astrocytes were maintained in Dulbecco’s modified Eagle’s medium 
(Hyclone, Loga, UT) supplemented with 10% fetal bovine serum (Hyclone), 
1% penicillin/streptomycin (Gibco, Carlsbad, CA), and 2 mmol/l 

l-glutamine (Gibco). HUVECs were maintained in endothelial cell basal 
medium-2 with growth supplements (Clonetics, San Diego, CA). Human 
AF-derived MSCs (AF-MSCs) were prepared as described previously.25 
Briefly, primary cell cultures of AF were established in α-minimum essen-
tial medium (Grand Island, Grand Island, NY) containing 15% embryonic 
stem cell qualified-fetal bovine serum (Hyclone), 2 mmol/l l-glutamine, 
and 1% penicillin/streptomycin, supplemented with 18% Chang’s medium 
B and 2% Chang’s medium C (Irvine Scientific, Santa Ana, California). 
At this stage, a mixture of two morphologically distinct groups appears 
attached and forms colonies. For selective culture of AF-MSCs, cells were 
harvested by trypsinization and plated in Dulbecco’s modified Eagle’s 
medium low glucose medium (Hyclone) supplemented with 10% fetal 
bovine serum, 1% penicillin/streptomycin, 2 mmol/l l-glutamine, and 
4 ng/ml basic fibroblast growth factor (R&D, Minneapolis, MN). A mor-
phologically homogeneous population of AF-MSCs was obtained after two 
rounds of subculture.

Plasmid construction and gene transfection. The plasmid pSTCF-sCE2, 
containing a secretable form of human liver carboxylesterase 2 (sCE2) 
complementary DNA, was kindly provided by Dr Dinja Oosterhoff 
(VU University Medical Center, Amsterdam, The Netherlands). Human 
endostatin was cloned into the pSecTag2/HygroB vector (Invitrogen, 
Carlsbad, CA) as described previously.40 The resulting plasmid constructs 
were transfected into U87MG and AF-MSCs using Lipofectamine 2000 
(Invitrogen) according to the manufacturer’s instructions.

Real-time reverse transcription-PCR. Semiquantitative and real-time 
reverse transcription-PCR (RT-PCR) were performed to examine mRNA 
expression levels. Briefly, total RNA was isolated from cells using TRIzol 
reagent (Invitrogen) according to the manufacturer’s instructions. RT 
was performed using 1 µg of total RNA and MML-V reverse transcriptase 
(Invitrogen). A 1-µl aliquot of the RT reaction was used to amplify endosta-
tin, carboxylesterase, and GAPDH mRNAs, as well as 18S rRNA using the 
corresponding gene-specific primer sets. RT-PCR was performed using 
the iCycler IQ (Bio-Rad) and IQ Supermix with SYBR-Green (Bio-Rad, 
Hercules, CA). The expression levels of target genes were normalized to 
18S rRNA.

In vitro tube formation assay. The tube formation assay was performed 
using an in vitro angiogenesis assay kit (Chemicon, Temecula, CA). Briefly, 
a matrigel-coated plate was prepared by transferring 60 μl of solution 
admixed with 100 μl of 10× diluent buffer and 900 μl of EC Matrix solution 
to each well of a precooled 96-well culture plate, and then incubating it at 
37 °C for at least 1 hour to allow the matrix solution to coagulate. HUVECs 
seeded at a density of 1 × 104 cells/well of matrigel-coated plate were 
cultured in 0.2-μm filtered CM in which 5 × 105 cells of U87MG-hygro, 
U87MG-endostatin, AF-MSCs-hygro, or AF-MSCs-endostatin cells were 
cultured in endothelial cell basal medium for 24 hours. After incubation 
at 37 °C for 18 hours, the tube number of HUVECs in microscopic images 
(×40 magnification) attained from three random view-fields per well was 
counted.

In vitro invasion assay. The in vitro invasive properties of MSCs were 
examined using the BD Matrigel invasion assay system (BD Biosciences, 
San Jose, CA). Briefly, basement membrane matrix (BD Biosciences) was 
diluted to achieve a final protein concentration of 1 mg/ml in serum-
free, cold cell culture medium. In total, 100 μl of the diluted matrigel 
was placed into the upper chamber of a 24-well transwell culture plate 
(Corning Costar, Corning, NY) and subsequently incubated at 37 °C 
for at least 4–5 hours for polymerization. MSCs labeled with Cell Staker 
CSR (Biterials, Seoul, Korea) for 24 hours were harvested with trypsin/
EDTA and washed three times with serum-free cell culture medium. 
CSR-labeled MSCs were resuspended in serum-free medium at a den-
sity of 3×105 cells/ml, and then 100 μl of the cell suspension was put 
onto the matrigel-coated upper chamber of transwell culture plate. The 
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lower chamber of the transwell culture plate was cultured with human 
astrocytes (NHA), U87MG, U87MG-ID3, or U87MG-EGFRvIII cells. 
After incubation at 37 °C for 72 hours, transwells were removed from the 
24-well plates. CSR-labeled MSCs that invaded into the lower chamber 
were counted under an inverted fluorescence microscope (Carl Zeiss, 
Thornwood, NY).

Cytotoxicity assay. Cells were grown in 10% fetal bovine serum-supple-
mented Dulbecco’s modified Eagle’s medium with dimethylsulfoxide or 
CPT11 (10 μmol/l; Sigma, St Louis, MO) for 3 days. In addition, cells were 
grown in CM obtained from U87MG-control and U87MG-sCE2 cells, as well 
as from AF-MSCs-hygro and three GE-AF-MSC cell lines with or without 
CPT11 (5 and 10 μmol/l for U87MG-derived CM, or 10, 20, and 30 μmol/l 
for AF-MSCs-derived CM) for 3 days. Cell death was determined by flow 
cytometry after cells were double-stained with Annexin V-fluorescein iso-
thiocyanate (1:100; BD Pharmingen, Sparks, MD) and propidium iodide 
(50 μg/ml; Sigma). The percentage of dead cells was determined by flow 
cytometry using the FACS Calibur system and CellQuestPro software (BD 
Biosciences).

Subcutaneous and orthotopic cell implantation and imaging in vivo. 
For orthotopic implantation, a mixture of 2.5 × 105 U87MG-EGFRvIII 
cells labeled with NIR797 dye (Biterials) and 5 × 104 of each geneti-
cally engineered AF-MSC line was stereotactically injected into the left 
striata of nude mice (BALB/c nu/nu; coordinates: anterior-posterior, 
+2; medial-lateral, +2; dorsal-ventral, −3 mm from the bregma). After 3 
days, mice in each group were intravenously injected with 0.5 mg CPT11 
(Irinotecan; Hanmi, Seoul, Korea), diluted in 250 μl D5W (5% dextrose) 
twice a week for a period of 2 weeks. Whole-body fluorescence images 
of mice were achieved by using an in vivo multispectral Maestro II imag-
ing system (CRI) on days 3, 10, and 17 postimplantation. To establish a 
postsurgery tumor recurrence model using glioma xenografts, 2 × 106 
of U87MG-EGFRvIII cells were subcutaneously injected into nude mice 
(BALB/c nu/nu). When the tumor sizes reached 1.8–2.2 cm3, ~90% of 
the tumor mass was surgically removed, and then mice were randomly 
divided into four groups according to implanted cell types: 2.5 × 105 
each of AF-MSCs-hygro, AF-MSCs-endostatin, AF-MSCs-sCE2, or 
AF-MSCs-endostatin-sCE2 cells admixed with matrigel were implanted 
in the resection cavity of the tumor. After 3 days, mice in each group were 
intratumorally injected with 2 μg CPT11 in 100 μl D5W for 7 consecutive 
days. Tumor sizes were measured 0, 5, 8, 11, and 14 days postsurgical 
removal of tumors. All mouse experiments were approved by the Animal 
Care Committee of the College of Life Science and Biotechnology, Korea 
University, South Korea.

Immunofluorescence and IHC assays. Frozen subcutaneous tumors 
embedded in optimal cutting temperature medium (Sakura, Kampenhout, 
Belgium) were cut in serial 10-μm sections for IF assays. Paraffin sections 
of brains were stained with hematoxylin & eosin for histological evalua-
tion. IHC was performed using a standard technique with the Vectastain 
Elite ABC kit (Vector, Burlingame, CA). The following antibodies were 
used for IF and IHC: anti-CD31 (1:200; BD Pharmingen), anti-Ki67 
(1:1,000; Novocastra, Newcastle, UK), anti-cleaved caspase 3 (1:200; Cell 
Signaling, Beverly, MA), anti-Nestin (1:200; Millipore, Billerica, MA), 
and anti-GFAP (1:100; MP Biomedicals, Solon, OH). Hematoxylin and 
4′,6-diamidino-2-phenylindole were used to counterstain IHC and IF sec-
tions, respectively. The microvessel density was assessed as described by 
Leon et al.41 Cell proliferation, the apoptosis index, and the Nestin/GFAP+ 
cell population revealed by IHC were quantified by counting the number 
of positively stained cells of 100 nuclei in five randomly chosen high-
power fields. Quantitative data achieved from IF assays were analyzed 
using Image J software (http://rsb.info.nih.gov/ij/). The images of IHC 
and IF assays were adjusted by Metamorph software (Molecular Devices, 
Sunnyvale, California).

Statistical analyses. Data were analyzed statistically using two-tailed 
Student’s t-test. The level of statistical significance stated in the text was 
based on the P values. *P < 0.05 or **P < 0.01 was considered statistically 
significant.

SUPPLEMENTARY MATERIAL
Figure  S1.  Representative photos showing in vitro tube formation 
of HUVECs grown in conditional and endothelial cell differentiation 
medium.
Figure  S2.  Representative photos showing CD31+ endothelial cells 
and vessel shapes.
Figure  S3.  Three genetically engineered AF-MSC cell lines (GE-AF-
MSCs) are established by exogenously overexpressing the gene for 
endostatin, sCE2, or both genes into AF-MSCs.
Figure  S4.  Molecular and cellular characteristics of three GE-AF-MSC 
cell lines.
Figure  S5.  Toxicity and blood chemistry assessment following ortho-
topically implanted GE-AF-MSCs in normal mouse brain.
Figure  S6.  Tumor-bearing mice brains were extracted at day 17 
postimplantation with a mix of NIR797 dye-labeled U87MG-EGFRvIII 
and AF-MSCs-hygro or each GE-AF-MSC cell line as indicated.
Figure  S7.  In vivo multispectral imaging of AF-MSCs-sCE2 after label-
ing of 730 dye and injection into the cavity of 90% surgically resected 
tumors.
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