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Glioblastoma multiforme (GBM) is the most common and lethal primary brain tumor of the central
nervous system (CNS). As an attempt to identify drugs for GBM therapeutics, phenotypic assays were
used to screen 1000 chemicals from a clinical compound library. GBM subtypes exhibited different
capabilities to induce angiogenesis when cultured on Matrigel; proneural cells migrated and formed a
tube-like structure without endothelial cells. Among the compounds screened, indatraline, a nonselective
monoamine transporter inhibitor, suppressed these morphological changes; it dose dependently inhib-
ited cell spreading, migration, and in vitro/in vivo tube formation. In addition to intracellular calcium con-
centration, indatraline increased the level of Rho GTPase and its activity. Moreover, indatraline
downregulated angiogenesis-related genes such as IGFBP2, PTN, VEGFA, PDGFRA, and VEGFR as well as
nestin, a stem cell marker. These findings collectively suggest that the activation of Rho GTPase and
the suppression of angiogenesis-related factors mediate the antiangiogenic activity of indatraline in

proneural GBM culture.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Glioblastoma multiforme (GBM) is the highest grade glioma
variant and the most malignant and aggressive type of brain tumor
[1]. In spite of intensive treatment including surgery, radiation, and
chemotherapy, the mean life expectancy for patients with GBM is
still <14 months [2]. Gliomas are classified into astrocytoma, oligo-
dendroglioma, ependymoma, and mixed gliomas on the basis of
the original cell types [3]. On the other hand, GBMs are classified
into proneural, neural, classical, and mesenchymal subtypes
according to gene expression profiles. Proneural cells showed a
strong upregulation of the gene expression of platelet-derived
growth factor (PDGF), PDGF receptor (PDGFR), and its downstream
pathway [4]. The specific pathogenesis of proneural GBM has been
intimately associated with PDGF signaling [5].

Recent studies have identified specific therapeutic targets
for GBM treatment. Aspirin causes apoptosis via downregula-
tion of IL-6-dependent STAT3 signaling in glioblastomas [6].
Harmine hydrochloride inhibits Akt phosphorylation in
glioblastoma cells [7]. Histone deacetylase inhibitor and

Abbreviations: GBM, glioblastoma multiforme; IGFBP2, insulin-like growth
factor-binding protein 2; PDGFRA, platelet-derived growth factor receptor alpha;
PTN, pleiotropin; VEGFA, vascular endothelial growth factor A; VEGFR, vascular
endothelial growth factor receptor.
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Wnt/B-catenin/Tcf signaling modulater inhibits the growth of
glioblastoma cells [8,9].

To screen for antiangiogenic compounds, we evaluated the
inhibitory activities of drug libraries against tube formation in
three GBM subtypes. Among the noncytotoxic library com-
pounds, indatraline showed the most potent antiangiogenic
effect on proneural GBM. Until now, the pharmacological activi-
ties of indatraline on GBMs have not been documented precisely.
Therefore, the present study aimed to investigate the antiangio-
genic activities of indatraline in order to reveal its potential for
GBM treatment.

2. Materials and methods
2.1. Materials

Indatraline [(1R,3S)-3-(3,4-dichlorophenyl)-N-methyl-2,3-dihy-
dro-1H-inden-1-amine, chemical structure shown in Fig. 1B] and
retinoic acid were obtained from Sigma Aldrich.
2.2. GBM tissue and primary cell culture

GBM patient samples were obtained from Samsung Medical

Center (Seoul, Korea) after obtaining written informed consent
from the patients in accordance with the appropriate Institutional
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Fig. 1. Tube formation ability of three GBM subtypes and chemical structure of indatraline. (A) Capillary-like tube formation in three GBM subtypes (Scale bar = 200 uM). (B)

Chemical structure of indatraline.

Review Boards. Tumors were classified by pathologists as GBM on
the basis of WHO criteria [10].

Surgically isolated tumor tissues were mechanically dissected,
followed by enzymatic dissociation and single cells purification,
as reported previously [11]. Isolated cells were cultured under
stem cell culture conditions in Neurobasal media with N2 and
B27 supplements (Invitrogen) and human recombinant bFGF and
EGF (R&D Systems). The cells were maintained in a ultra-low
attachment flask (Corning) at 37 °C with 5% CO, and 95% air.

2.3. Oris cell migration assay

A migration assay was performed using the Oris Cell Migration
Assay System (Platypus Technologies, USA) [12]. Stoppers were in-
serted into each well of a laminin/fibronectin-coated plate to pre-
vent the attachment of the cells to the center of the well. The cells
were seeded at 100 pL/well and incubated for 24 h to permit cell
adhesion. After the cells had reached 90% confluence, the silicone
stoppers were removed and indatraline (1-10 pM) was added to
the cells. After 24 h, migration images were acquired using a
microscope, and the migrated cells were quantified using Cello-
mics (Thermo) after Hoechst staining.

2.4. Tube formation assay

The 48-well plates were coated with 200 pL of growth factor-
reduced BD Matrigel (10 pig/mL) and were polymerized by incubat-
ing at 37 °C for 2 h. Indatraline-treated cells (density, 5 x 10* cells/
well) were suspended in Neurobasal-A medium present in the
Matrigel-coated wells and incubated at 37 °C for 18 h. Antiangio-
genic activity was calculated by measuring the angiogenic index
using a Cellomics Array Scan [13].

2.5. Cell spreading assay

Cell adhesion was measured using an xCELLigence real-time cell
analyzer (Roche) according to the manufacturer’s protocol. Cell
attachment and spreading was automatically analyzed by register-
ing the electrical impedance of cell spreading on the laminin/fibro-
nectin-coated plate [14].

2.6. Imaging of actin and vinculin

Cells were plated at a density of 2 x 10%cellsjwell on
amine-coated 96-well plates (BD) and were incubated overnight.
Indatraline was added, and the plates were incubated for 1 h.
Immunofluorescence staining for F-actin assembly was performed
with rhodamine-phalloidin (Invitrogen), and followed by fixing
with 4% (w/v) paraformaldehyde in phosphate-buffered saline
(PBS). The cells were washed three times for 5 min with 0.05%
(v/v) Tween 20 in PBS and permeabilized for 5 min with 0.1% Triton
X-100 (v/v) in PBS at room temperature. Subsequently, the cells
were washed and blocked with 1% (w/v) bovine serum albumin
(BSA). Vinculin labeling was achieved by incubating the cells for
1h with 1:500 diluted anti-vinculin antibody (Abcam) in 5%
(w/v) BSA and then the secondary antibody (KPL DyLight) in the
dark. Fluorescence images were obtained using Cellomics [15].

2.7. Western blot analysis

Nestin expression was assessed using Western blot analysis.
Cells were lysed and centrifuged at 16,000g. Then, the supernatant
was resolved by 12% SDS-PAGE and transferred to nitrocellulose
membranes. The membranes were blocked for 1 h with 5% skim
milk in Tween (0.05%)/PBS, incubated with the primary antibody,
and detected using HRP-conjugated antibody. The resultant immu-
noreactive bands were visualized using a West Femto Chemilumi-
nescent substrate (Thermo) [16].

2.8. Calcium mobilization assay

The Fluo-4 NW Calcium Assay Kit (Invitrogen) was used accord-
ing to the manufacturer’s instructions [17]. In brief, 5 x 10 cells/
well in 96-well amine-coated plates (BD) were washed two times
with calcium-free Hanks balanced salt solution supplemented with
20 mM HEPES. A Fluo-4 NW dye mix solution (100 pL) was added
to the culture plate, and the plate was incubated for 45 min at
37 °C. The plate signal was measured immediately after indatraline
treatment with or without adenosine 5'-triphosphate (ATP, 1 uM).
Values for fluorescence were recorded for 100 s in every 3 s at ex
485/em 525 nm using FlexStation II (Molecular Device).
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2.9. Rho activity test

The GTP-bound form of Rho was monitored using a Rho-GTP
Activation Kit (Pierce) [18]. In brief, cell lysates were centrifuged
at 16,000g, and the supernatant was incubated for 1 h at 4 °C with
GST-Rhotekin-RBD loaded on a SwellGel Immobilized Glutathione
Disk. The glutathione disk-bound proteins were solubilized with
2 x SDS loading buffer [125 mM Tris-HCl (pH 6.8), 2% glycerol,
4% SDS (w/v), 0.05% mercaptoethanol, and 0.05% bromophenol
blue]. Isolated Rho-GTP protein from the disk was separated on
12% SDS-PAGE and analyzed by Western blot.

2.10. RNA extraction and qPCR

Trizol™ (Invitrogen) was used to extract RNA. Following reverse
transcription, real-time PCR was performed using a QuantiTect
SYBR Green PCR Kit (Qiagen) [19]. Template cDNA was mixed with
SYBR Green master mix containing Taq and dNTPs (Qiagen), and
each of forward and reverse primers. The primers used for PCR
were 18S rRNA forward: 5-CCT TGG ATG TGG TAG CCG TTT-3/, re-
verse: 5'-AAC TTT CGA TGG TAG TCG CCG-3', vascular endothelial
growth factor receptor-1 (VEGFR-1) forward: 5-ACA ATC AGA
GGT GAG CAC TGC AA-3/, reverse: 5-TCC GAG CCT GAA AGT TAG
CAA-3', VEGF A (VEGFA) forward: 5-GTG TGC GCA GAC AGT GCT
CCA-3/, reverse: 5-ACA GCA GAA AGT TCA TGG TTT CG-3’, PDGFR
alpha (PDGFRA) forward: 5'-CTT CTC ACA GGG CTG AGC CTA-3/, re-
verse: 5-TCC ACA TCG GAG CTC TCT TCT TC-3', insulin-like growth
factor-binding protein 2 (IGFBP2) forward: 5'-ATG ACC ACT CAG
AAG GAG GCC-3, reverse: 5-CCA AGG TGA TGC TTG CCA CCC
TT-3' and pleiotropin (PTN) forward: 5'-ACC ATG AAG CAG AGA
TGT AAG-3/, reverse: 5'-CTT GGA GAT GGT GAC AGT CTT CT-3".
gPCR was performed using a CFX96 Touch™ Real-Time PCR Detec-
tion System (Bio-Rad). All experiments were repeated three times.
The related gene expression levels were analyzed after normaliza-
tion to 18S mRNA.

2.11. Chick chorioallantoic membrane (CAM) assay

Fertilized chicken eggs were incubated at 37 °C in 80% humidi-
fied incubator. On the third day, 2 mL of albumin was aspirated
from the eggs using a 22-gauge hypodermic needle to detach the
developing CAM from the shell. On the fourth day, the shell was
punched out to make windows, and a thermanox coverslip (Nunc)
coated with 10 pL indatraline (10 pM) or with vehicle was applied
to the CAM surface and sealed using a cellophane tape. Blood ves-
sels were observed under the microscope after injection of Intrali-
pid 10% in 2 days. Photographs were taken and the total length of
the vessels was quantified using Cellomics (Thermo) [20].

2.12. Data analysis

Data were expressed as mean + standard deviation (S.D.), and
the differences between two groups were compared using paired
Student’s t-test. All experiments were performed and replicated
in triplicates. p Values of <0.01* and <0.001** were considered
significant.

3. Results
3.1. Indatraline inhibited the spreading and migration of GBM

The tube forming ability of GBM1-3 was compared on Matrigel.
Among them, GBM1 (proneural subtype) showed stronger angio-
genic activity than GBM2 (mesenchymal) and GBM3 (classical)
(Fig. 1A).

A series of angiogenesis assays with indatraline manifested its
antiangiogenic activities. Indatraline suppressed the spreading,
migration, and tube formation of cultured GBM without cytotoxic-
ity (Fig. 2D).

In spreading assays, indatraline 1, 3, and 10 uM inhibited the
attachment and spreading ability of GBM1 in a dose- and time-
dependent manner (Fig. 2A and C). Cell migration analysis also
showed dose-dependent inhibition by indatraline (Fig. 2B and D).

3.2. Indatraline induced cytoskeletal collapse and inhibited the
expression of proangiogenic factors

Cellular morphology is largely determined by events of actin
filaments and microtubules. These cytoskeletal elements influence
cell adhesion formation and morphology. To further characterize
the effects of indatraline on cell shape, focal adhesion and cytoskel-
eton were examined using a fluorescence microscope. Indatraline
caused a significant assembly of F-actin-containing stress fibers.
Many cells displayed an aggregated and collapsed actin filament,
which finally became rounded. Indatraline 5 and 10 uM also de-
tached the focal adhesion molecule vinculin (Fig. 2E). Immunoblot-
ting data revealed the inhibition of nestin expression in GBM1.
Indatraline 5 uM treatment for 48 h decreased nestin expression
by 60% (Fig. 2F and G). Reduced expression of nestin, a neural stem
cell marker, indicates loss of stemness, which can correlate with
neuronal or endothelial differentiation. According to the fact that
indatraline can modify cell migration in proneural GBM, we
hypothesized that indatraline might influence the expression of
genes associated with cell migration. Real-time quantitative
RT-PCR revealed the decreased transcript levels of IGFBP2, PTN,
VEGFA, PDGFRA, and VEGFR, related angiogenesis and motility fac-
tor, in indatraline-treated GBM1 (Fig. 2H). These results indicate
that indatraline inhibits cell migration and spreading through
F-actin collapse and the expression of the glioblastoma progression
marker, nestin. Moreover, indatraline suppressed the expression of
proangiogenic factors in proneural GBM.

3.3. Indatraline induces calcium mobilization

Indatraline dose dependently induced an intracellular calcium
flux in GBM1. Indatraline induced 12% and 29% increases in cal-
cium at 10 and 30 pM, respectively (Fig. 3A). Moreover, indatraline
and ATP combination treatment induced an additional increase in
calcium concentrations compared with ATP alone treatment.
Indatraline and ATP combination treatment induced 6%, 12%, and
20% increases in calcium concentrations at 1, 3, and 10 puM, respec-
tively, compared with ATP alone treatment (Fig. 3B). These data
indicate that the indatraline-induced increase in calcium concen-
trations may be produced by an ATP-independent mechanism.

3.4. Activation of the Rho pathway by indatraline

To gain insight into the mechanism of action of indatraline, we
measured the amount of Rho-GTP in GBM1 in the presence of
indatraline. Rho activity increased by 2.9- (1 uM), 3.7- (3 uM),
and 4.0-fold (10 uM) after 15 min of indatraline treatment
(Fig. 3C and E). However, the enhancement was transient and
Rho activity was diminished to the basal level within 1 h (Fig. 3D
and F).

3.5. Indatraline inhibited tube formation by proneural GBMs and
angiogenesis in the CAM assay

Tube formation by proneural GBM cells was dose dependently
suppressed with 1, 3, and 10 uM indatraline (Fig. 4A and C). The
angiogenic index, which comprises tube length and node number,
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Fig. 2. Indatraline inhibited cell motility and related gene expression in proneural GBM. (A) Spreading was measured in GBM exposed to various concentration of indatraline
for 1 h. (B) To determine migration activity in the Oris cell migration assay. (C) Time-dependent quantitative evaluation of GBM adhesion in response to indatraline using the
xCELLigence system. (D) Quantitative measurement of cell migration activity and cell viability by indatraline. (E) Indatraline induced actin and adhesion complex detachment
in GBM. Cells were fixed and stained for F-actin and the focal adhesion protein vinculin. (F) Western blot analysis of nestin expression using GBM cells treated with
indatraline for 48 h. (G) Quantification of nestin expression by indatraline. (H) Relative expression level of IGFBP2, PTN, VEGFA, PDGFRA, and VEGFR mRNA measured by RT-
qPCR in GBM cells treated with indatraline (10 pM). All experiments were performed in triplicates. Scale bar represent 100 uM. Data represent mean * S.D. compared with the
data for the DMSO control cells. Significant difference from the control, *p < 0.01 and **p < 0.001.



J.-C. Heo et al./Biochemical and Biophysical Research Communications 443 (2014) 749-755

° 11
8
S 10f
x
=
™S
o

oL .

0 50 100

Time (sec)
C Indatraline (15 min, uM)
0 1 3 10

Rho-GTP - .

-
Total Rho B — J

D Indatraline (10 uM, hour)
0 0.5 1 2

ey
T ey — .

Rho-GTP

753
o
(=]
o
o
-
x
>
™
o
Time (sec)
5 5
%k
*k
T4 54
g
g T g
- -
) i °
. g?]
z Z
2 3
a a * %
g &
° °
z 1 =11
0 4 0 4
0 1 3 10 0 05 1 2
IN (15 min, M) IN (10 uM, h)

Fig. 3. Indatraline increased intracellular calcium concentrations and Rho activity in proneural GBM. (A) Intracellular calcium mobilization was increased in a dose-
dependent manner when GBM were treated with titrated concentrations of indatraline. (B) Indatraline and ATP combination treatment increased intracellular calcium
concentrations in a dose-dependent manner in GBM (NT, no treatment and DMSO control). (C) Rho was activated by indatraline in a dose-dependent manner. (D) Rho
activation was depending on the time. (E) Quantification of Rho-GTP expression against concentration of indatraline. (F) Quantification of Rho activation by treatment interval
of indatraline (IN). Data represent mean * S.D. compared with the data for the DMSO control cells. Significant difference from the control, **p < 0.001.

decreased by 23% (1 uM), 56% (3 uM), and 98% (10 uM) with
indatraline.

Furthermore, we found that indatraline strongly inhibited the
formation of new vessels on CAM as observed in the inhibitory
control group treated with retinoic acid. After 2 days of treatment,
retinoic acid at 1 pg/egg showed approximately 40% inhibition
in the branching numbers of blood vessels. When indatraline
was applied at 10 pg/egg on CAM, angiogenesis inhibition was
estimated to be 48% (Fig. 4B and D), which clearly indicates that
indatraline has potent antiangiogenic activity.

4. Discussion

Sprouting new blood vessels from an existing vascular structure
is a complex and essential procedure for the survival of tumors. In
this study, we found a potent inhibitor of cell motility and angio-
genesis. Indatraline is a nonselective monoamine transporter agent
[21]. Until now, the pharmacological activities of indatraline on
proneural GBM have not been documented precisely. We here clar-
ified the antiangiogenic activities of indatraline using both in vitro
and in vivo models.

Many researchers have reported drugs that reduce angiogenesis
in brain tumors. Atorvastatin reduced the protumorigenic effects of
microglia on glioma migration and invasion by reducing the
microglial expression of membrane type 1 metalloproteinase
[22]. The antitumor activity of a small molecule polypeptide
chemokine PK2 antagonist, PKRA7, in the context of glioblastoma
[23] and Geldanamycins (inhibitors of HSP90) blocked glioblas-
toma growth [24]. In search of antiangiogenic compounds, we used

spreading, migration, and tube formation assays, which are impor-
tant phenotypic tools for monitoring cell motility particularly in
cancer research. This study showed that indatraline inhibited cell
motility in a dose-dependent manner (Figs. 2 and 4). Indatraline
also inhibited tube formation in human glioblastoma U18MG cells
and human umbilical vein endothelial cells (data not shown).

Several novel therapeutic targets are involved in the invasion
and motility of GBM. Epidermal growth factor receptor pathway
substrate 8 (Eps8) is a crucial regulator of the actin cytoskeleton
dynamics accompanying cell motility and invasion in GBM [25].
Narciclasine, a plant growth modulator, showed activities related
to cell proliferation, morphology, and actin cytoskeleton organiza-
tion through the modulation of the Rho pathway in human GBM
[26]. We measured adhesion signaling molecules and actin cyto-
skeleton rearrangement in proneural GBM. The effect of indatraline
on F-actin organization was detectable under a microscope after
F-actin and vinculin staining; collapse of stress fibers and detach-
ment was observed (Fig. 2E).

Nestin, a class VI intermediate filament protein, was originally
described as a neuronal stem cell marker during central nervous
system development. Nestin expression was significantly higher in
high-grade tumors from patient biopsies than in low-grade tumors
[27]. Moreover, nestin plays important roles in cell growth, migra-
tion, invasion, and adhesion to extracellular matrices in glioma cells
[28].Inthe present study, indatraline (5 M for up to 48 h)decreased
nestin expression in proneural GBM (Fig. 2F and G).

Next, we examined the effects of indatraline on angiogenesis on
the basis of the expression level of the angiogenesis-related genes
IGFBP2, PTN, VEGFA, PDGFRA, and VEGFR. IGFBP2 is involved in
GBM invasiveness and angiogenesis [29-31]. Our result explains
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that indatraline inhibited angiogenesis through the suppressed
expression of IGFBP2, PTN, VEGFA, PDGFRA, and VEGFR in proneu-
ral GBM (Fig. 2H).

Cytoskeletal rearrangements including focal adhesion turnover
induce changes in morphology during migration. Actin polymeriza-
tion occurs within a dense meshwork of actin filaments that is
important for cell motility. Calcium channels represent a specific
channel family overexpressed in different types of tumors, and this
signaling is important in many signaling processes involved in the
proliferation and motility of cancer cells, including those of
glioblastomas of the brain. They are involved in controlling the pro-
liferation, angiogenesis, and invasion of tumor cells [32]. Calcium-
activated protease calpain 2 regulates glioblastoma cell invasion
by mediating adhesion and cytoskeletal plasticity [33]. Numerous
studies showed that the increase in intracellular calcium concentra-
tions was synchronized with the induced cell motility. However, the
indatraline-induced increase in intracellular calcium concentra-
tions (Fig. 3A and B) resulted in decreased motility.

The increase in calcium concentrations and Rho activity are
very closely related. Actin remodeling at dendritic spines is depen-
dent on the calcium and Rho GTPase signaling activity [34]. Rho
activation is classically associated with the formation of actin
stress fibers and is related to tumor cell motility and tumor pro-
gression. The GTPase signaling pathway presents innovative drug
targets for glioma therapy [35]. Inhibition of glioma cell migration
by sphingosine 1-phosphate is associated with RhoA activation and

Rac1 suppression in glioblastoma cells [36]. Farnesyl thiosalicylic
acid can avert the transformation of human GBM cells by inhibiting
both their migration through decreased Rac-1 activity and RhoA
activation [37]. Therefore, we examined the effect of indatraline
on Rho-GTP levels in GBM. Indatraline increased Rho-GTPase activ-
ity in a dose-dependent manner, suggesting that indatraline has
the potential to increase the Rho activity level (Fig. 3).

Angiogenesis is important in the development and progression
of various pathological conditions including tumor growth and
metastasis in GBM [38]. Downregulation of angiogenesis has been
considered advantageous for the prevention of neoplastic growth
and inflammation. The CAM assay was used for examining the
inhibitory activity of indatraline, and retinoic acid was used as a
positive control for the assay (Fig. 4B).

In conclusion, indatraline inhibited spreading, migration, and
tube formation, suggesting both antimetastatic and antiangiogenic
activities in GBM cells. In addition, signal transduction related to
calcium and Rho signaling appeared to be the mechanism underly-
ing the inhibitory activity of indatraline against GBM cell motility.
These results also indicate that indatraline might have a therapeu-
tic potential for GBM treatment.
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