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Glioblastoma (GBM) is notoriously refractory to 
all current therapeutic modalities, and the median 
survival of patients with this tumor is 15 months.40 

Neuroimaging modalities, such as CT and/or MRI, have 

revealed that the recurrence of GBM after surgery and ra-
diation therapy is confined to within 2 cm of the primary 
site, and that only 5% of patients show distant recurrence 
after combined treatments including chemotherapy.1,42 
These results suggest that the main cause of treatment 
failure is local tumor invasion of surrounding brain tis-
sue. The specific molecular mechanism facilitating the 
invasive behavior of malignant glioma cells largely re-
mains unclear. However, it is necessary for glioma cells 
to degrade multiple elements of the extracellular matrix 
(ECM) to invade and spread through surrounding normal 
tissue. Among the various proteolytic enzymes secreted 
by tumor cells, matrix metalloproteinase (MMP), par-
ticularly MMP-2 and MMP-9, partially accounts for the 
proteolytic capacity of GBM, which in turn explains its 
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Object. Local invasiveness of malignant glioma is a major reason for the failure of current treatments including surgery 
and radiation therapy. Tetraarsenic oxide (As4O6 [TAO]) is a trivalent arsenic compound that has potential anticancer and 
antiangiogenic effects in selected cancer cell lines at a lower concentration than arsenic trioxide (As2O3 [ATO]), which has 
been more widely tested in vitro and in vivo. The authors tried to determine the cytotoxic concentration of TAO in malignant 
glioma cell lines and whether TAO would show anti-invasive effects under conditions independent of cell death or apoptosis.

Methods. The human phosphatase and tensin homolog (PTEN)-deficient malignant glioma cell lines U87MG, U251MG, 
and U373MG together with PTEN-functional LN428 were cultured with a range of micromolar concentrations of TAO. The 
invasiveness of the glioma cell lines was analyzed. The effect of TAO on matrix metalloproteinase (MMP) secretion and 
membrane type 1 (MT1)-MMP expression was measured using gelatin zymography and Western blot, respectively. Akt, or 
protein kinase B, activity, which is a downstream effector of PTEN, was assessed with a kinase assay using glycogen syn-
thesis kinase-3b (GSK-3b) as a substrate and Western blotting of phosphorylated Akt.

Results. Tetraarsenic oxide inhibited 50% of glioma cell proliferation at 6.3–12.2 μM. Subsequent experiments were 
performed under the same TAO concentrations and exposure times, avoiding the direct tumoricidal effect of TAO, which 
was confirmed with apoptosis markers. An invasion assay revealed a dose-dependent decrease in invasiveness under the in-
fluence of TAO. Both the gelatinolytic activity of MMP-2 and MT1-MMP expression decreased in a dose-dependent manner 
in all cell lines, which was in accordance with the invasion assay results. The TAO decreased kinase activity of Akt on GSK-
3b assay and inhibited Akt phosphorylation in a dose-dependent manner in all cell lines regardless of their PTEN status.

Conclusions. These results showed that TAO effectively inhibits proliferation of glioblastoma cell lines and also exerts 
an anti-invasive effect via decreased MMP-2 secretion, decreased MT1-MMP expression, and the inhibition of Akt phos-
phorylation under conditions devoid of cytotoxicity. Further investigations using an in vivo model are needed to evaluate the 
potential role of TAO as an anti-invasive agent.
(http://thejns.org/doi/abs/10.3171/2014.8.JNS131991)
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invasiveness. The expression and proteolytic activities of 
these MMPs are upregulated in more aggressive forms of 
brain tumors including gliomas.9,35 Matrix metalloprotein-
ase activities quantitatively increase in proportion to the 
invasiveness and malignancy of a brain tumor.29 For ex-
ample, MMP-2 is overexpressed particularly in malignant 
gliomas as compared with low-grade gliomas.30

Akt, or protein kinase B, a serine/threonine-protein 
kinase, plays a critical role in controlling the balance be-
tween cell survival and apoptosis, and the cellular onco-
gene c-Akt is overexpressed in various cancers and may be 
associated with tumor aggressiveness.3,11 Protein kinase 
B is a core component of the phosphoinositide 3-kinase 
(PI3K) signaling pathway. Akt promotes cancer cell in-
vasion by increasing motility and metalloproteinase pro-
duction.19 Specific inhibitors of PI3K, such as LY294002, 
decrease the invasiveness of GBM cell lines by disrupting 
Akt phosphorylation and MMP activation.23

Arsenic derivative compounds have been used as 
pharmaceutical agents in a variety of diseases for more 
than 2000 years.17 These applications have received re-
newed attention recently given the successful clinical 
application of arsenic trioxide (As2O3 [ATO]) in treating 
acute promyelocytic leukemia (APL) without severe toxic-
ity.38,39 Although the mechanism of the ATO antileukemic 
effect has not been well defined, ATO at clinically allow-
able concentrations induces apoptosis in an APL cell line, 
a process that may be mediated through the downregu-
lation of Bcl-2 and the modulation of the promyelocytic 
leukemia–retinoic acid receptor a fusion protein.5 Several 
studies have reported that ATO exerts its anticancer effect 
not only in hematological cancers but also in solid tumors 
via an antiangiogenic effect by inhibiting vascular endo-
thelial growth factor25,28,36 or via a proapoptotic effect by 
causing cell cycle arrest and activating the reactive oxy-
gen species (ROS) pathway.44,45 Based on these preclini-
cal results, phase I studies of ATO in combination with 
radiotherapy were successfully performed in patients with 
malignant glioma.7,12

Tetraarsenic oxide (As4O6 [TAO]) is a trivalent arse-
nic compound with a discrete adamantyl structure, which 
gives it physical and chemical properties different from 
those of ATO, which has a divalent 2D structure.2 One of 
the coauthors (M.J.P.) has revealed in a mouse model that 
TAO is less toxic than ATO and shows antiangiogenic ef-
fects and the induction of apoptosis in vitro and in vivo at 
lower concentrations than with ATO.34 Tetraarsenic oxide 
is more effective at suppressing cancer cell growth in vitro 
and in vivo, and cells treated with TAO show more promi-
nent features of apoptosis than those treated with ATO.4 
Furthermore, ATO has already shown the induction of au-
tophagic cell death in malignant glioma cell lines at a low 
concentration as well as enhanced radiation-induced kill-
ing of a GBM cell line via increased intracellular ROS in 
vitro and in vivo in a xenograft mouse model.18,31 Hence, 
we hypothesized that TAO could exert the same cytotoxic 
effect on malignant glioma at a lower concentration than 
ATO and could be more safely combined with radiation 
therapy, which takes at least 4–6 weeks of exposure to 
augment the cell-killing effect and/or prevent local inva-
sion.

The purpose of this study was to determine the cyto-
toxic concentration of TAO in several malignant glioma 
cell lines and to evaluate its anti-invasive effects under 
conditions devoid of direct cytotoxicity.

Methods
Cell Culture and Reagents

The human GBM cell lines U87MG, U251MG, and 
U373MG were obtained from the American Type Cul-
ture Collection, and LN428 was kindly provided by Dr. 
Frank Funari (Ludwig Institute for Cancer Research, La 
Jolla, CA). The different p53 and PTEN genetic statuses 
of the tested malignant glioma cell lines are summarized 
in Table 1.16 The cells were maintained in DMEM supple-
mented with 10% heat-inactivated fetal bovine serum and 
50 U/ml of both penicillin and streptomycin in a humidi-
fied 5% CO2/air atmosphere at 37°C. The TAO (> 99.9% 
purity, Chonjisan Institute, Seoul, Korea) was dissolved 
at 5 × 10-2 M concentration in 1 N of NaOH as a stock 
solution. The 1-N concentration of NaOH in the culture 
medium had no influence on the growth of the GBM cells.

Growth Inhibition Assay
The in vitro growth-inhibitory effects of TAO on the 

GBM cells were determined by measuring the dimethyl 
thiazolyl diphenyl tetrazolium (MTT) dye absorbance of 
live cells. Cells (5 × 103 cells/well) were seeded in a 96-
well microtiter plate (Nunc). After exposure to the drug 
for 48–72 hours, 15 μl of MTT solution (Sigma; 2 mg/
ml in phosphate-buffered saline [PBS]) was added to each 
well, and the plates were incubated for an additional 4 
hours at 37°C. To solubilize the formazan crystals formed 
in viable cells, 100 μl of dimethyl sulfoxide was added to 
each well, and absorbance was measured at 570 nm. The 
50% inhibitory concentration (IC50) was determined from 
relative absorbance compared with that of the control, and 
the mean value was obtained from triplicate assays by us-
ing Prism software (GraphPad).

Cell Invasion Assay
This assay was modified from a procedure described 

previously.47 A 105 aliquot of cells per chamber was used 
for each invasion assay. Fifty microliters of Matrigel (1:1 
vol/vol dilution in cold serum-free medium) was applied 
to the upper parts of a 24-well Transwell plate (8-μm pore 
size, Corning) and was coated at 37°C. After rinsing with 
PBS, the 105 cells in 100 μl of serum-free DMEM was 
added to the upper chamber. Conditioned medium con-
taining 0.1 mg/ml of bovine serum albumin (Sigma) was 
added to the lower compartments. Various concentrations 
of TAO were added to the upper chambers. Invasion was 
allowed to proceed for 6 hours at 37°C. After the incuba-
tion, filters were fixed and stained with a Diff-Quick stain-
ing kit (Fisher Scientific). Cells that reached the underside 
of the filter were counted. The average number of cells in 
10 randomly chosen microscopic fields was determined 
for each filter. The final values for each condition were the 
average from the three invasion chambers.
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Analysis of TAO-Induced Apoptosis Via Flow Cytometry
The possible apoptosis fraction of glioma cells during 

the invasion assay was investigated using flow-activated 
cell sorter (FACS) flow cytometry. Briefly, following a 
6-hour treatment with various concentrations of TAO, the 
U87MG cells were trypsinized and washed twice with 
PBS. The cells were centrifuged at 12,000g for 5 min-
utes and washed twice with PBS. Cell suspensions of 106 
cells/ml were prepared by adding an appropriate volume 
(300–400 ml) of binding buffer (10 mM of HEPES/NaOH 
[pH 7.4], 140 mM of NaCl, 2.5 mM of CaCl2). Five mi-
croliters of Annexin V-FITC (PharMingen) and 10 ml of 
propidium iodide were added to measure the cell frac-
tions representing apoptosis and necrosis, respectively, 
and were incubated at room temperature for 30 minutes in 
the dark. The cells were analyzed using a FACScan flow 
cytometer (FACSCalibur, Becton Dickinson Immunocy-
tometry Systems).

Gelatin Zymography
Production of MMPs by malignant glioma cells was 

analyzed using gelatin zymography, as described previ-
ously.34 Briefly, cells were incubated in serum-free medi-
um overnight (12–16 hours) after drug treatment. The con-
ditioned medium was mixed with sodium dodecyl sulfate 
(SDS) sample buffer without heating or reduction, and the 
mixture was applied to 10% polyacrylamide gels copoly-
merized with 1 mg/ml of gelatin. After electrophoresis, 
the gels were washed for 2 hours at room temperature in 
buffer containing 2.5% (vol/vol) Triton X-100 in 50 mM 
of Tris-HCl (pH 7.5). The gels were then incubated in 50 
mM of Tris-HCl (pH 7.5) with 5 mM of CaCl2 and 1 μM 
of ZnCl2 for 16 hours at 37°C. After staining with Coo-
massie Brilliant Blue (0.5%), zones of gelatinolytic activi-
ty were detected as clear bands against a blue background.

Akt Kinase Activity Assay
Akt kinase activity was detected using glycogen syn-

thase kinase 3b (GSK-3b) as the substrate. Briefly, after 
exposure to the indicated reagents (6 hours), cells were 
washed twice with ice-cold PBS and lysed in a lysis buf-
fer solution containing 20 mM of Tris-HCl (pH 7.5), 1.25 
mM of b-glycerophosphate, 137 mM of NaCl, 1 mM of 
ethylene glycol tetraacetic acid (EGTA), 1 mM of EDTA, 
2 mM of NaF, 1% NP-40, 1 mM of sodium orthovana-
date, and Complete protease inhibitor mix (Roche Bio-

chemicals). The cell lysates were centrifuged, and 250 μg 
of supernatant was immunoprecipitated with anti–Akt 
antibody and protein A/G plus-agarose. The beads were 
washed three times with a solution containing 150 mM of 
NaCl, 20 mM of Tris-HCl (pH 7.5), 1 mM of EGTA, 1 mM 
of EDTA, and 0.5% NP-40 and once with a kinase assay 
buffer containing 50 mM of Tris-HCl (pH 7.5), 137 mM 
of NaCl, 1 mM of MgCl2, 1 mM of sodium orthovanadate, 
2.5 mM of b-glycerophosphate, 2 mM of EDTA, and 5 
mM of adenosine triphosphate (ATP), and then were sub-
jected to the kinase assay. The Akt activity was measured 
in a reaction mixture consisting of kinase assay buffer, 1 
mg of GSK-3b, and 5 mCi [g-32P] of ATP for 20 minutes at 
30°C. The reaction was terminated by adding SDS sample 
buffer, and the samples were subjected to 10% SDS–poly-
acrylamide gel electrophoresis (SDS-PAGE). Phosphory-
lated GSK-3b was visualized using autoradiography.

Western Blotting Analysis
Control and reagent-treated malignant glioma cells 

were washed twice with ice-cold PBS and lysed in lysis 
buffer (20 mM of Tris-HCl [pH 7.4], 150 mM of NaCl, 
1% Triton X-100, 0.5% NP-40, 1 mM of EDTA, 1 mM 
of EGTA, 2 mM of sodium orthovanadate, 2 mM of NaF, 
and Complete protease inhibitor mix for 20 minutes on 
ice). After centrifugation, the protein concentration in the 
cell lysates was determined using the Bio-Rad protein as-
say kit (Bio-Rad). Proper concentrations of proteins (50 
μg for membrane type 1 [MT1]-MMP, 20 μg for Akt, and 
40 μg for p-Akt) were resolved on 10% SDS-PAGE and 
transferred to nitrocellulose membranes. The membranes 
were blocked with 5% nonfat dry milk in TBST (10 mM 
of Tris-HCl [pH 7.5], 100 mM of NaCl, and 0.05% Tween 
20) for 1 hour at room temperature and then were incubat-
ed with appropriate primary antibody (MT1-MMP: IM39 
L, Calbiochem; anti-Akt: N-19, Santa Cruz Biotechnol-
ogy; anti–phosphorylated active Akt [anti–phospho-Akt]: 
Ser473, New England Biolabs) overnight at 4°C, followed 
by incubation with horseradish peroxidase–conjugated 
secondary antibody at 1:2000 dilution for 1 hour at room 
temperature. The immunoblots were visualized with an 
enhanced chemiluminescence plus Western blotting de-
tection system (Amersham Pharmacia Biotech).

Statistical Analysis
Quantitative data are expressed as the mean ± stan-

dard deviation. All measurements for each condition were 
performed in triplicate. The IC50 values were automatical-
ly obtained using Prism software version 3.0. Significant 
differences were assessed using a 2-tailed unpaired Stu-
dent t-test and 1-way ANOVA (SPSS version 11.0, SPSS 
Inc.). A p value < 0.05 was considered significant.

Results
Effect of TAO on the Growth of Malignant Glioma Cells

The effect of TAO on malignant glioma cell prolif-
eration was examined in both conditioned and serum-free 
medium to confirm the inhibitory effect and to evaluate 
the reference concentration of TAO for subsequent experi-

TABLE 1: Genetic characteristics of tested malignant glioma 
cells and IC50 of TAO*

Cell Line p53 PTEN
IC50 (μM)

serum (+) serum (−)

U87MG wild-type mutant 6.3 ± 0.3 6.0 ± 0.1
U251MG mutant mutant 7.0 ± 0.3 6.5 ± 0.2
U373MG mutant mutant 12.2 ± 1.1 11.8 ± 0.1
LN428 mutant wild-type 6.4 ± 0.5 0.9 ± 0.3

*  Data are expressed as the mean ± standard deviation. Values repre-
sent those of three independent experiments.
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ments. Significant dose-dependent growth inhibition was 
observed at 72 hours after TAO treatment, but no discern-
ible growth inhibition was observed at concentrations < 2 
μM (Fig. 1). The IC50 values in conditioned medium were 
6.3–12.2 μM (Table 1). Evaluation was performed at 24 
hours after drug exposure in serum-free medium because 
of shriveled growth. The IC50 values were in a range and 
order similar to those of the conditioned medium except 
that the LN428 cell line had an IC50 of 0.9 ± 0.3 μM.

Effect of TAO on the Invasion of Malignant Glioma Cells
In the control study, the LN428 cell line displayed sig-

nificantly decreased invasiveness compared with the other 
cell lines (U373MG: 1264 ± 115 cells/hpf, U251MG: 1109 
± 312 cells/hpf, U87MG: 915 ± 229 cells/hpf, LN428: 232 
± 80 cells/hpf; p < 0.001, ANOVA). The cells were sus-
pended in serum-free medium with TAO concentrations 
of 1, 5, and 10 μM for 6 hours, and the number of cells that 
penetrated the Matrigel-coated membrane was counted. 
Tetraarsenic oxide caused a significant dose-dependent 
reduction in invasion for all tested cell lines (Fig. 2; p < 
0.001, ANOVA). Even at 1 μM of TAO, at which no cyto-
toxic effect was expected, the malignant glioma cell lines 
showed significantly decreased invasion by 13%–37%, 
although invasion by U251MG decreased by only 7% (p 
< 0.05, unpaired t-test). All four cell lines showed a rela-
tive reduction in invasion by 40%–91% at 5 μM of TAO, 
and the percentage reduction was further augmented to 
72%–94% at 10 μM of TAO.

Cytotoxic Effect of TAO in the Invasion Assay
To evaluate possible apoptosis caused by TAO under 

the invasion assay conditions, an FACS analysis of the 
U87MG cell line was performed 6 hours after exposure 
(Fig. 3). The apoptosis index (percentage of Annexin-la-
beled cells) was 2.2% in the control group and was not 
significantly different according to TAO concentration (1 
μM, 2.6%; 5 μM, 2.9%; and 10 μM, 1.7%). The necro-
sis index also revealed no differences between the con-
trol and drug-treated groups (control, 6.0%; 1 μM, 3.9%; 
5 μM, 6.0%; and 10 μM, 3.1%). Thus, the FACS analysis 
results demonstrated that exposure to TAO in the invasion 
assay did not result in either apoptosis or necrosis.

Effect of TAO on MMP-2 Activity 
To determine whether the decreased invasiveness in-

duced by TAO was associated with MMP activity, we ana-
lyzed MMP-2 (68 kD) activity using gelatin zymography 
in the cell culture supernatant of the serum-free condition 
following treatment with various TAO concentrations. 
Our results revealed that TAO decreased MMP-2 activ-
ity in malignant glioma cells in a dose-dependent manner 
(Fig. 4). The active form of MMP-2 (62 kD) was observed 
separately in U251MG cells, and it also decreased in pro-
portion to the TAO concentration.

To confirm that the anti-invasive effects of TAO 
were mediated by decreased secretory MMP activity, we 
performed Western blotting to analyze MT1-MMP, an 
intracellular activator of latent MMP-2, in cultured cell 
pellets of a given TAO concentration. All four tested cell 
lines displayed decreased MT1-MMP expression at 5 and 

10 μM of TAO, whereas the decrease in the MT1-MMP 
band at 1 and 2.5 μM was marginal compared with that 
of the control (Fig. 5). The amount of MT1-MMP expres-
sion was different among the tested cell lines, and the 
difference was in accordance with the order of invasive-
ness measured on the invasion test. The U373MG cell 
line showed the most abundant expression of MT1-MMP, 
whereas LN428 expressed the least amount.

TAO-Induced Inhibition of Akt Phosphorylation 
To explore the possible mechanism responsible for 

inhibited cell invasion, we examined whether TAO might 
attenuate Akt activity, as Akt requires phosphorylation 
to enhance cell motility by mediating the phosphoryla-
tion of its downstream effectors. Therefore, we studied 
Akt Ser473 phosphorylation status after exposure to 
TAO for 12 hours. Subsequently, whole cell extracts were 
probed using Western blot analysis with a Ser473-specific 
anti–phospho-Akt antibody. As depicted in Fig. 6, TAO 
decreased phospho-Akt in a dose-dependent manner, 
whereas total Akt remained constant in all four malig-
nant glioma cell lines. Additionally, a 60-minute pretreat-
ment with 10 mM of LY294002, a specific inhibitor of 
PI3K, markedly inhibited Akt phosphorylation as a posi-
tive control.

The effect of TAO on Akt activity was also tested by 
determining GSK-3b phosphorylation, which is an endog-
enous substrate of Akt. As shown in Fig. 7, Akt activity 
decreased in a dose-dependent manner in U251MG cells. 
In addition, phosphokinase activity of the other cell lines 
was inhibited in the presence of TAO at 5 μM.

Discussion
Cytotoxic Effects of TAO on Malignant Glioma Cell Lines

Tetraarsenic oxide shows a mechanism of action sim-
ilar to that of ATO in various cancer cell lines but acts 
more efficiently at lower doses. Park et al. investigated the 

Fig. 1.  The effect of TAO on the proliferation of GBM cell lines. The 
relative number of viable cells was determined using the MTT assay, 
which was performed when cells were cultured on conditioned medium 
with the indicated concentrations of TAO for 48–72 hours. Each bar 
represents the standard deviation of three independent experiments. 
The concentration of TAO on the x-axis is plotted on a log scale.
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effect of TAO on the induction of apoptosis in ATO-resis-
tant U937 leukemic cells.32 The TAO induced apoptosis 
in U937 leukemic cells at much lower concentrations than 
ATO via an early increase in cellular ROS and a decrease 
in cellular mitochondrial membrane potential, followed 
by cytochrome-c release and caspase-3 activation. In an-
other study Park and colleagues observed that TAO inhib-

its bovine capillary endothelial (BCE) cells to proliferate 
in vitro and to invade through a Matrigel-coated layer in 
a dose-dependent manner in the nanomolar range (IC50 = 
27.4–99.7 nM).34 They attributed part of these results to 
the inhibited secretion of MMP-2 from BCE cells. Orally 
administered TAO (50 mg/kg/day) inhibited basic fibro-
blast growth factor–induced new-vessel formation in a rat 

Fig. 2.  Inhibited invasiveness of four GBM cell lines incubated with TAO: U87MG (A), U251MG (B), U373MG (C), and LN428 
(D). Each bar represents the mean number of cells that migrated through Matrigel-coated membranes during 6 hours in serum-
free medium. Each value for a given TAO concentration was compared with the control value, and a significant effect was 
observed, except at 1 μM of U251MG (*p < 0.05, **p < 0.01). The values for a given cell line show a dose-dependent decrease 
according to the TAO concentration (p < 0.001, 1-way ANOVA) in all four cell lines. Error bars indicate standard deviations of 
observed cell numbers from 10 separate hpf (×150).

Fig. 3.  Flow cytometry analysis of U87MG cells at a given concentration of TAO and under the same conditions as the inva-
sion assay. The number of both apoptotic cells (positive for Annexin V-FITC, lower right quadrant) and necrotic cells (positive 
for both Annexin V-FITC and propidium iodide, upper right quadrant) remained constant despite the addition of TAO at a given 
concentration.
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corneal micropocket assay and reduced the number of ex-
perimental pulmonary metastatic nodules by 54% in mice. 
Chang et al. compared the anticancer effects of ATO and 
TAO in cervical cancer cell lines and a xenograft model. 
These researchers suggested that TAO more effectively 
inhibited cell growth and suppressed antiapoptotic factors 
at a lower concentration than did ATO.4

According to reports about the inhibitory effect of 
ATO in solid tumors, a relatively high concentration of 
ATO is required to induce overt apoptotic cell death (IC50 
= 10–50 μM).14,27 Haga et al.14 suggested different sensitiv-
ities to ATO according to p53 status. More than 50 μM of 
ATO is required for apoptosis in the p53 wild-type T98G 
cell line, whereas the p53 mutant A172 cell line is suscep-
tible at 10 μM. We observed almost the same sensitivity 
to TAO despite different p53 and phosphatase and tensin 
homolog (PTEN) statuses. The U87MG cell line (p53 
wild-type and PTEN deficient) showed an IC50 of 6.3 μM, 
whereas U251MG (p53 mutation and PTEN deficient) and 
LN428 (p53 mutation and PTEN functional) were inhib-
ited at IC50 values of 7.0 and 6.4 μM, respectively.

However, Kanzawa et al. reported that ATO inhib-
its cell proliferation without apoptosis at a clinically safe 
concentration (2 μM) via type 2 cell death and autophagy 
in malignant glioma cell lines.18 Although we did not ob-
serve autophagy in our experiments, the cell viability of 
manually counted cells that took up tryptophan blue could 
be different from that of manually counted functionally 
intact cells.

Anti-Invasive Effect of TAO
Our observations are the first to illustrate decreased 

migration and invasion of malignant glioma cell lines un-
der a TAO condition of not provoking direct cytotoxicity. 
We confirmed that the TAO concentration and exposure 
time in our experiment did not induce discernible apopto-
sis, as shown by Annexin V. The decreased invasiveness 
under the influence of TAO was partially mediated by the 
decreased secretion of MMP-2 and reduced expression 
of MT1-MMP. The detailed mechanism of how TAO de-
creases the invasiveness of glioma cell lines was difficult 
to determine from this experiment. However, given the 
more than 6 hours required to exert its effect on the above 
mediators, neither direct neutralization nor substrate 
competition was probably responsible for the observed 
effects. Park et al. observed that ATO inhibits migration 
and invasion of HT1080 cells stimulated with phorbol 
12-myristate 13-aceate by blocking the promoter-stim-
ulating and DNA-binding activity of nuclear factor-kB 
(NF-kB), whereas activator protein-1 (AP-1) activity was 
unchanged.33 AP-1 inhibited cell adhesion to the collagen 
matrix in a concentration-dependent manner and also sup-
pressed the expression of ECM-degrading molecules such 
as MMP-2, MMP-9, MT1-MMP, urokinase plasminogen 
activator (uPA), and the uPA receptor.

Matrix metalloproteinase expression and its rela-
tionship to malignant behavior and/or glioma grade have 
been reported in many studies. Among MMP families, 
MMP-2 is constitutively secreted as an inactive form of 
latent MMP-2 into the ECM surrounding a glioma, and 
its dense distribution to the tumor margin and perivascu-
lar area reflects its role as a main effector of glioma inva-
sion.23 Uhm et al. measured the invasiveness of various 
malignant glioma cell lines in vitro and insisted that the 
difference in invasiveness among cell lines was well cor-
related with MMP-2 activity.41 In our zymography study, 
all glioma cell lines showed strong MMP-2 gelatinolytic 
activity, and MMP-2 secretion was inhibited by TAO in a 
dose-dependent manner.

Activation of MMP-2 in vivo is minimally affected 
by various growth factors or oncogenes because of the ab-
sence of the AP-1 unit, which has a key role in inducing 
transcription and amplification. Its activation is regulated 
not by plasmin but by MT1-MMP, and its expression is 
in accordance with MT1-MMP expression in both human 

Fig. 4.  Effect of TAO on MMP-2 secretion by the GBM cell lines. 
Clear bands represent gelatinolytic activity of latent MMP-2 (68 kD) and 
active MMP-2 (62 kD) secreted by each GBM cell line into the culture 
supernatant. The supernatant was collected after incubation with a 
given concentration of TAO in serum-free medium for 18 hours. A dose-
dependent inhibition of gelatinolysis in response to TAO was observed. 
All images are representative data from three repeated experiments. C 
= control.

Fig. 5.  Western blots showing MT1-MMP expression in GBM cell 
lines under the influence of TAO in conditioned serum. Suppression of 
MT1-MMP expression shows dose-dependent reduction after incuba-
tion with a given TAO concentration for 24 hours. C = control.
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glioma tissue and glioma cell lines.15,46 This observation is 
well supported by a trimolecular complex activation/inhi-
bition model composed of latent MMP-2, MT1-MMP, and 
TIMP-2.37 Deryugina et al. reported that transfection of 
MT1-MMP c-DNA into the U251MG cell line causes in-
creased invasion through a Matrigel barrier and activation 
of MMP-2, which are abrogated by exogenous TIMP-2.8 
In our experiment, the inhibited expression of MT1-MMP 
coupled with decreased gelatinolytic activity of MMP-
2 by TAO explained the decreased invasion through the 
Matrigel barrier.

Inhibition of Akt Phosphorylation by TAO
Akt is highlighted in the field of glioma research, 

as the deletion or mutation of its regulator gene, PTEN, 
is one of the most frequent genetic alterations in many 
GBMs.16,26 PTEN modulates Akt activity by dephosphory-
lating phosphatidylinositol phosphate (PIP). Thus, PTEN-
deficient tumor cell lines exhibit high basal levels of PIP 
and Akt phosphorylation, which in turn affect the genera-
tion or maintenance of the glioma phenotype.13 The role 
of Akt in glioma cell lines has also been investigated by 
many authors. Li and Sun genetically introduced PTEN 
into a PTEN-deficient U87MG cell line and observed that 
PTEN induces G1 cell cycle arrest by inhibiting G1 cyclin-
dependent kinase and inhibits tumorigenicity and prolif-
eration by suppressing the PI3K/Akt pathway.26 Koul et al. 
reported that introducing PTEN to PTEN-deficient U251/
U87 cell lines decreases MMP-2 activity and inhibits in-

vasion.22 By introducing myristoylated Akt and dominant 
negative Akt into the U87MG cell line, Lee et al. observed 
that Akt phosphorylation is related to MMP-2 promoter 
and enzyme activity.24

Our observation of decreased Akt phosphorylation 
under the influence of TAO was in accordance with pre
vious reports stating that Akt plays a critical role in glio-
ma migration and invasion. Among the tested cell lines 
in our experiment, LN428 was a PTEN-functional type 
and showed obviously weak invasiveness in the assay with 
the Matrigel-coated Transwell plate compared with other 
PTEN-deficient glioma cell lines. However, the invasive-
ness of LN428 was also inhibited by TAO in a dose-de-
pendent manner. The above observations could be attrib-
uted to decreased MT1-MMP expression.

Limitations of In Vitro Study and Possibility for a Clinical 
Trial

The anti-invasive effect of TAO at a noncytotoxic low 
concentration makes it a candidate for long-term adju-
vant therapy with mainstream cytotoxic therapies such as 
radiation. However, to be effective against glioma, TAO 
should penetrate the blood-brain barrier (BBB) and reach 
a therapeutic concentration at a dosage that avoids sys-
temic toxicities.

A phase I clinical trial and pharmacokinetic study 
in patients with leukemia indicated that 0.2 mg/kg/day 
of ATO showed dose-limiting toxicity to the heart (QT 
prolongation) or increased the risk of pancreatitis and that 
0.15 mg/kg/day achieved the plasma maximum concen-
tration (Cmax) of 0.28 μM.10 Arsenic trioxide shows syner-
gistic effects in cervical cancer cell lines when combined 
with radiation and inhibits radiation-promoted migration 
and invasiveness at a low concentration (1 μM) in vitro by 
inhibiting MMP-9 and down-regulating NF-kB.6,43

Fig. 6.  Immunoblots showing total Akt and phosphorylated Akt 
(p-Akt) expression under the influence of TAO in the GBM cell lines. 
Phosphorylated Akt was reduced by TAO at a given concentration in a 
dose-dependent manner after a 12-hour incubation, whereas total Akt 
remained constant. LY = LY294002, a specific inhibitor of PI3K, which 
completely inhibits Akt phosphorylation after a 1-hour incubation at 20 
μM. C = control.

Fig. 7.  Akt phosphokinase assay under the influence of TAO in the 
GBM cell lines using recombinant human GSK-3b as a substrate. Akt 
phosphokinase activity was decreased by TAO at a given concentration 
in a dose-dependent manner after 6 hours of exposure in the U251MG 
cell line. The other cell lines show reduced Akt phosphokinase activity 
at the designated concentration of TAO.
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It is difficult to estimate if the drug could accumulate 
at an effective concentration across the BBB for the treat-
ment of glioma. Although the molecular weight of ATO 
is relatively small, its BBB permeability has been evalu-
ated in neither an animal glioma model nor a clinical set-
ting. Ning and Knox31 reported the effectiveness of ATO 
as a radiation sensitizer on the U87 cell line in vitro and 
increased the cure rate from an SNB75 glioma cell line 
xenograft in nude mice by combining 5 mg/kg ATO with 
radiation.31 Kim et al. demonstrated that 8 mg/kg of ATO 
enhances the radiation response of 9L glioma in an or-
thotropic rat brain tumor model but had not measured the 
ATO concentration reaching the glioma.20

Our observation of the decreased invasion of glioma 
cell lines via the inhibition of MMP-2, MT1-MMP, and 
Akt phosphorylation suggests a possible role for TAO as 
long-term therapy when combined with radiation. How-
ever, it is necessary to determine if TAO meets two condi-
tions to adopt it in glioma treatment: 1) Does it have lower 
toxicity profiles than ATO at a comparable concentrations 
in vivo, and 2) can it cross the BBB despite the fact that it 
is double the molecular weight of ATO? As yet, no study 
has revealed that TAO can meet these conditions. Kim et 
al. evaluated the synergistic antitumor effect of TAO at a 
concentration of 3 μM combined with photodynamic ther-
apy in cervical cancer cell lines in a mice xenograft mod-
el.21 They injected 7.5 mg/kg of TAO, and this amount was 
comparable to that used in an animal study with ATO.20,31 
For future steps toward a clinical trial, we should evaluate 
both the systemic toxicities of TAO at its maximal toler-
able dose and actuarial data for proving that TAO crosses 
the BBB.

Conclusions
Tetraarsenic oxide inhibited the proliferation of glio-

ma cells at a concentration thought to be equal to or lower 
than a similar dose of ATO. Moreover, TAO revealed an 
anti-invasive property at a concentration and time expo-
sure that did not cause direct toxicity. Although we could 
suggest the anti-invasive use of TAO on glioma cells 
based on our results, we should provide both the systemic 
toxicity profiles and an orthotropic invasive glioma model 
before launching a clinical trial.
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