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Abstract

MAZ51 is an indolinone-based molecule originally synthesized as a selective inhibitor of vascular endothelial growth factor
receptor (VEGFR)-3 tyrosine kinase. This study shows that exposure of two glioma cell lines, rat C6 and human U251MG, to
MAZ51 caused dramatic shape changes, including the retraction of cellular protrusions and cell rounding. These changes
were caused by the clustering and aggregation of actin filaments and microtubules. MAZ51 also induced G2/M phase cell
cycle arrest. This led to an inhibition of cellular proliferation, without triggering significant cell death. These alterations
induced by MAZ51 occurred with similar dose- and time-dependent patterns. Treatment of glioma cells with MAZ51
resulted in increased levels of phosphorylated GSK3b through the activation of Akt, as well as increased levels of active
RhoA. Interestingly, MAZ51 did not affect the morphology and cell cycle patterns of rat primary cortical astrocytes,
suggesting it selectively targeted transformed cells. Immunoprecipitation–western blot analyses indicated that MAZ51 did
not decrease, but rather increased, tyrosine phosphorylation of VEGFR-3. To confirm this unanticipated result, several
additional experiments were conducted. Enhancing VEGFR-3 phosphorylation by treatment of glioma cells with VEGF-C
affected neither cytoskeleton arrangements nor cell cycle patterns. In addition, the knockdown of VEGFR-3 in glioma cells
did not cause morphological or cytoskeletal alterations. Furthermore, treatment of VEGFR-3-silenced cells with MAZ51
caused the same alterations of cell shape and cytoskeletal arrangements as that observed in control cells. These data
indicate that MAZ51 causes cytoskeletal alterations and G2/M cell cycle arrest in glioma cells. These effects are mediated
through phosphorylation of Akt/GSK3b and activation of RhoA. The anti-proliferative activity of MAZ51 does not require the
inhibition of VEGFR-3 phosphorylation, suggesting that it is a potential candidate for further clinical investigation for
treatment of gliomas, although the precise mechanism(s) underlying its effects remain to be determined.
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Introduction

Indolinones, bearing different amino acid moieties in the 3

position, are a class of ATP-competitive receptor tyrosine kinase

inhibitors that have proven to be selective for certain receptor

tyrosine kinases, including receptors for vascular endothelial

growth factor (VEGF), epidermal growth factor, fibroblast growth

factor, and platelet-derived growth factor [1]. These small

molecules are being extensively studied for their biological

activities in several pharmaceutical areas. Several indolinone

derivatives show antiproliferative activity in cancer cell lines by

inhibiting various kinase families. This activity suggests the

potential therapeutic application of indolinones as antitumor

agents [1–7]. Of particular interest has been MAZ51 (3-(4-

dimethylamino-naphthelen-1-ylmethylene)-1,3-dihydroindol-2-

one), an indolinone-based synthetic molecule that potently inhibits

both VEGF-C-dependent and VEGF-C-independent VEGF

receptor (VEGFR)-3 phosphorylation in endothelial cell lines

[2,8,9]. MAZ51 also has anti-angiogenic effects and directly

suppresses tumor cell growth and progression in rat carcinoma

cells and in oral squamoid cancer cells via inhibition of the VEGF-

C/VEGFR-3 axis [3,8,10].

Glioblastoma is the most common and malignant primary brain

tumor and is characterized by its metastatic dissemination and

poor prognosis [11,12]. Although the actions of VEGF-C/

VEGFR-3 have been studied extensively in the lymphatic system

[13,14], VEGF-C and VEGFR-3 are also expressed in glioblas-

tomas and hemangioblastomas that are devoid of lymphatic vessels

[15]. In addition, upregulation of VEGFR-3 is observed in

glioblastomas, compared to low-grade gliomas and non-neoplastic

brain tumors, indicating that expression of VEGFR-3 in gliomas

correlates with the tumor grade [16]. Thus, we speculate that
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MAZ51 might have antitumor activity in gliomas by inhibiting

VEGFR-3 signaling. The current study was designed to examine

the in vitro effects of MAZ51 in rat C6 glioma cells, which share a

number of characteristics with human glioblastoma cells [17], and

in the U251MG human glioma cell line. In parallel, we used rat

primary cortical astrocytes as a non-transformed model of glial

cells.

In this study, we demonstrate that MAZ51 causes dramatic

cellular morphological changes by altering the cytoskeleton and

inducing cell cycle arrest at G2/M in glioma cells, but not in

primary cortical astrocytes. We also provide evidence that

phosphorylation of Akt/GSK3b and activation of RhoA are

involved in the effects of MAZ51. Unexpectedly, MAZ51 did not

inhibit tyrosine phosphorylation of VEGFR-3 in glioma cells. This

unanticipated result indicated that the antitumor activity of

MAZ51 in gliomas is likely to be independent of its inhibition of

VEGFR-3 phosphorylation, although the precise mechanism

remains to be determined.

Materials and Methods

Cell culture
The C6 rat glioma cell line was obtained from the Korean Cell

Line Bank (Seoul, Korea). The U251MG human glioma cell line

was provided by St. Mary’s Hospital, Department of Neurosurgery

Laboratory (Seoul Korea). The cells were grown and maintained

in Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco BRL,

CA, USA) containing 50 U/ml penicillin/streptomycin (Biowest,

Nuaille, France) and supplemented with 10% heat-inactivated

fetal bovine serum (FBS, Gibco). Cells were incubated at 37uC
under 5% CO2.

Rat primary cortical astrocytes were isolated from 1-day old

Sprague Dawley rat pups. The cerebral cortices were aseptically

dissected, and tissues were placed in Hank’s Balanced Salt

Solution (HBSS) containing 0.25% trypsin-EDTA (Biowest).

Cortical astrocytes were dissociated for 15 min using a Pasteur

pipette, then kept at 37uC for 10 min and centrifuged at 400 g for

5 min. The pellet was re-suspended in DMEM and gently

dissociated. After another centrifugation step (400 g, 5 min), the

cells were re-suspended in DMEM and centrifuged for 7 min

(400 g). The pelleted cells were re-suspended in DMEM in

185 cm2 tissue culture flasks and incubated at 37uC under 5%

CO2.

Animal care was conducted in accordance with the Laboratory

Animal Welfare Act, the Guide for the Care and Use of

Laboratory Animals, and the Guidelines and Policies for Rodent

Survival Surgery provided by the IACUC (Institutional Animal

Care and Use Committee) of the College of Medicine, at the

Catholic University of Korea.

Immunocytochemistry
Cells were seeded at a density of 46104 cells per milliliter and

grown on 4-well Lab-Tek chamber slides (Nalgene Nunc Penfield,

NY, USA). Cells were fixed with absolute ethanol for 10 min and

blocked using 5% bovine serum albumin in Dulbecco’s phosphate-

buffered saline (DPBS, Biowest). The chamber slides were

incubated overnight at 4uC with mouse monoclonal anti-alpha

tubulin (1:8000; Sigma-Aldrich, St. Louis, MO, USA). The

chamber slides were then washed with DPBS (Biowest) and

incubated with Cy3-conjugated anti-mouse antibody (1:2000;

Jackson ImmunoResearch, West Grove, PA, USA) for 2 h at room

temperature. Staining for F-actin was carried out using tetra-

methylrhodamine isothiocyanate (TRITC)-conjugated phalloidin

(1 mg/mL; Sigma-Aldrich). Counterstaining of cell nuclei was

carried out using 49,6-diamidino-29-phenylindole (DAPI, Roche,

Germany; dilution 1:1000) for 10 min at room temperature. Slides

were viewed using a confocal microscope (LSM 700; Carl Zeiss

Co. Ltd., Oberkochen, Germany).

Cell cycle analysis
Cells were cultured overnight on 6 well plates and then

incubated for 24 h either in the absence or in the presence of

MAZ51 (Calbiochem, San Diego, CA, USA). The concentration

of MAZ51 used was based on previous studies [2,18]. MAZ51 was

dissolved in DMSO and added to cells at 2.5 or 5 mM. The final

DMSO concentration was 0.1% (v/v) and control cells were

treated with this amount of DMSO alone. For bromodeoxyuridine

(BrdU) analyses, cells were pulsed with 1 mM BrdU and processed

with the BrdU Flow Kit (BD Pharmingen, San Diego, CA, USA)

according to the manufacturer’s instructions. Briefly, BrdU-pulsed

cells were fixed and permeabilized, then washed with BD washing

buffer. After re-fixation and DNase treatment, the fluorescein

isothiocyanate (FITC)-conjugated anti-BrdU antibody was added

for 20 min at room temperature. Cells were re-suspended in

20 mL of the 7-amino-actinomycin D (7-AAD) solution to stain

total DNA for cell cycle analysis, and then re-suspended in BD

Pharmingen stain buffer. The cell cycle profiles were analyzed by

FACScan flow cytometry (Becton Dickinson, San Jose, CA, USA).

Statistical significance was determined using two-way ANOVA

followed by the Bonferroni multiple comparison test. P,0.05 was

regarded as significant using GraphPad Prism Ver. 5.01

(GraphPad Software Inc., La Jolla, CA, USA).

Immunoprecipitation and western blot analysis
For the immunoprecipitation studies, C6 glioma cells were used

untreated, treated with medium containing 0.1% (v/v) DMSO, or

treated with medium containing 2.5 or 5 mM concentrations of

MAZ51. Cells were collected at 6 and 24 h after MAZ51

treatment. In addition, cells were treated with 150 ng/ml

recombinant rat VEGF-C protein (ReliaTech GmbH, Wolfen-

buttel, Germany) for 24 h. Identical amounts of protein from each

sample were resuspended with protein G-Sepharose (Sigma-

Aldrich) and 1 mg of normal rabbit IgG (Santa Cruz, CA, USA)

for 1 h at 4uC. Following the removal of protein G-Sepharose by

brief centrifugation (6,000 g), the supernatant was incubated with

1 mg of Flt4 antibody (Santa Cruz) for 1 h at 4uC. Immunopre-

cipitation of the antibody-antigen complexes was performed by

incubation overnight at 4uC with 80 mL of protein G-Sepharose.

Nonspecifically bound proteins were removed by washing the

Sepharose beads three times with lysis buffer and one time with

DPBS. Bound proteins were solubilized in 50 mL of 26Laemmli

sodium dodecyl sulfate (SDS) sample buffer and further analyzed

by western blotting. Samples were separated by SDS-polyacryl-

amide gel electrophoresis (SDS-PAGE, 6%), and transferred to

PVDF membranes. Nonspecific binding was blocked with 2.5%

BSA in TTBS (10 mM Tris, pH 8.0, 150 mM NaCl, 0.1% Tween

20) and samples were incubated with the anti-phosphotyrosine

antibody PY99 (1:500; Santa Cruz) at 4uC overnight. Immuno-

reactive bands were visualized using a peroxidase-conjugated

secondary antibody and an enhanced chemiluminescence (ECL)

kit (Amersham, GE healthcare, UK). Each experiment was

repeated at least 3 times, and representative blots are shown.

Rho pull-down assay
RhoA activation was examined using the Active-Rho Pull-

Down and Detection Kit (Pierce, Rockford, IL, USA). Cells were

lysed in buffer containing 25 mM Tris–HCl (pH 7.2), 150 mM

NaCl, 1% NP-40, 5% glycerol and 5 mM MgCl2. The protein

Role of Indolinone MAZ51 in Glioma

PLOS ONE | www.plosone.org 2 September 2014 | Volume 9 | Issue 9 | e109055



concentration of cell extracts was determined by the Bradford

assay (Bio-Rad, Hercules, CA, USA). Five hundred micrograms of

protein were incubated with glutathione S-transferase (GST)-

Rhotekin-Rho-binding domain (RBD) immobilized on a glutathi-

one resin slurry at 4uC for 1 h. The resin was then washed twice

with lysis buffer. Guanosine triphosphate (GTP)-bound RhoA was

released from the resin by heating at 95uC for 5 min in

26Laemmli SDS-sample buffer. The RhoA proteins were then

resolved by 12% SDS–PAGE and detected by western blot using

the kit containing the RhoA antibody (1:300). Active GTP-bound

RhoA was normalized against total RhoA using the same amount

of cell lysate.

Western blot analysis
Cells were lysed in ice-cold RIPA buffer (50 mM Tris-HCl

(pH 8.0), 150 mM NaCl, 1% NP-40, 0.5% deoxycholate, and

0.1% SDS) for 30 min. The debris was removed by centrifugation

at 16,000 g for 1 min. Equal amounts (30 mg) of total cell protein
were separated by SDS-PAGE (10%), and transferred to the

PVDF membrane. After blocking with 5% BSA in TTBS buffer

for 1 h at room temperature, membranes were incubated

overnight at 4uC with the following primary antibodies: rabbit

anti-GSK3b (1:1000; Cell Signaling, Beverly, MA, USA), rabbit

anti-pGSK3b (1:1000; Cell Signaling), rabbit anti-Akt (1:1000;

Cell Signaling), rabbit anti-pAkt (1:1000; Cell Signaling), rabbit

anti-Flt4 (1:500; Santa Cruz), anti-Rho (1:5000; Santa Cruz), and

b-actin (1:10000; Sigma-Aldrich). The membranes were incubated

with peroxidase-conjugated secondary antibody for 1 h at room

temperature. Blots were developed using an ECL kit (Amersham,

GE Healthcare, UK). Each experiment was repeated at least three

times, and the densitometric analysis was performed using Multi

Gauge V3.0 software (Fujifilm Life Science, Tokyo, Japan).

Statistical significance was determined using one-way ANOVA

followed by the Bonferroni multiple comparison test. P,0.05 was

regarded as significant using GraphPad Prism Ver. 5.01.

Small interfering RNA (siRNA) transfection
To decrease the expression of VEGFR-3, siRNA duplexes

specific for rat VEGFR-3 were purchased from Bioneer (Daejeon,

Korea). Target sequences of siRNA duplexes were as follows: sense

(59-GCAAACUUCGCUACACUAA (dTdT)-39), and antisense

(59-GGUUGCCAGUUAUAGGUAU (dTdT)-39). Transient

transfection of VEGFR-3 siRNA into C6 glioma cells was carried

out using Lipofectamine RNAiMAX (Invitrogen, CA, USA)

according to manufacturer’s protocol. Knockdown efficiency was

evaluated 72 h after transfection by measuring VEGFR-3 protein

levels in cell lysates using western blot analysis. Transfected cells

were then fixed with absolute ethanol for 10 min and used in

immunocytochemistry assays and F-actin staining as detailed

above.

Quantitative real-time reverse transcriptase–polymerase
chain reaction (qRT–PCR) and electrophoresis
Total RNA was isolated from cultured cells by using TRIzol

(Invitrogen), and the purity and yield of the RNA were determined

spectrophotometrically. One microgram of total RNA from each

sample was reverse transcribed into cDNA by using the RevertAid

First Strand cDNA Synthesis kit (Thermo Scientific, IL, USA) in a

total volume of 20 mL, according to the manufacturer’s instruc-

tions. PCR amplification was performed using 100 ng of cDNA

from each RNA sample, specific oligonucleotide primers (Figure

S1), and a PCR Thermal Cycler Dice (Takara Bio, Shiga, Japan).

PCR conditions were as follows: 35 cycles of 30 s at 94uC, 30 s at

54uC, and 45 s at 72uC. PCR products were resolved on 0.8%

agarose gels stained with Loading STAR (Dyne Bio, Seoul,

Korea). qRT-PCR was performed using 500 ng of cDNA as a

template and the SYBR Green Premix Ex Taq kit (Takara Bio) on

an ABI ViiA 7 Real-Time PCR System (Applied Biosystems,

Carlsbad, CA, USA). The qRT-PCR primer sequences are shown

in Figure S1, and dissociation curves were generated to check the

specificity of the primer annealing to the template. The expression

level of VEGFR-3 was calculated using the comparative threshold

cycle method (22DDCt) with GAPDH as the control gene. All PCR

assays were performed in triplicate. Statistical significance was

determined using one-way ANOVA followed by the Bonferroni

multiple comparison test. P,0.05 was regarded as significant

using GraphPad Prism Ver. 5.01.

Results

MAZ51 reversibly alters the organization of F-actin and
microtubules, inducing morphological changes in glioma
cell lines but not in primary astrocytes
Dramatic morphological transformation was observed in two

different glioma cell lines, C6 and U251MG, at an MAZ51

concentration as low as 2.5 mM. This effect was pronounced at

5.0 mM, a dose shown to inhibit VEGFR-3 activity [2]. Because

the cytoskeleton, including the actin and microtubule networks, is

critical for regulating cell shape, more detailed analyses of the

effects of MAZ51 on the structural changes in the cytoskeleton

were performed using TRITC-labeled phalloidin and an anti-a-
tubulin antibody, which are well-established markers of F-actin

and microtubule stability, respectively (Fig. 1). In the absence of

MAZ51 treatment, C6 cells showed a flattened and polygonal

morphology with well-organized actin stress fibers and microtu-

bules distributed in all of the cytoplasmic compartments (Fig. 1A).

However, cells treated with MAZ51 showed extensive clustering

and aggregation of F-actin and microtubules, inducing the

retraction of cellular protrusions and cell rounding (Fig. 1A).

The cell rounding was observed within 1 h after MAZ51

treatment (data not shown), and virtually all cells were rounded

at 24 h. These morphological changes were also observed when

U251MG cells were treated with MAZ51 (Fig. 1B). Interestingly,

the rounded MAZ51-treated cells rapidly reacquired their original

morphology when MAZ51-containing medium was replaced with

fresh medium without MAZ51 (Figs. 1A, B), suggesting that the

MAZ51-induced cytoskeletal alteration is reversible.

We then investigated whether the shape changes observed in

MAZ51-treated glioma cells also occurred in cultured primary

astrocytes. Unlike in glioma cell lines, MAZ51 caused no

appreciable changes in cell shape or cytoskeleton arrangements

(affecting F-actin and microtubules) in these cells (Fig. 1C).

MAZ51 reversibly causes cell cycle arrest at the G2/M
phase in glioma cell lines, but not in primary astrocytes,
without triggering cell death
To investigate whether the morphological alteration caused by

MAZ51 correlated with its cytotoxicity and effects on cell cycle

progression, a cell cycle assay using flow cytometry was performed

in C6 and U251MG glioma cells, and primary astrocytes. The

flow cytometry analysis revealed a dose-dependent increase of the

G2/M cell population in both C6 and U251MG cells treated with

MAZ51 (Fig. 2). Culturing of C6 cells for 24 h in the presence of

MAZ51 greatly increased the proportion of these cells in the G2/

M phase of the cell cycle (9.92%60.16% in control cells;

63.8%61.73% in cells treated with 2.5 mM MAZ51;
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70.2%61.78% in cells treated with 5.0 mM MAZ51). There was a

concomitant decrease in the proportion of these cells in the G0/

G1 phase (65.2%60.38% in control cells; 23.3%60.73% in cells

treated with 2.5 mM MAZ51; 17.7%60.61% in cells treated with

5.0 mM MAZ51) (Figs. 2A, B). Results obtained with U251MG

cells were similar, although MAZ51 treatment was more effective

with control cells in this line: 8.66% of control cells were in the

G2/M phase, but 77.8% of cells treated with 2.5 mM MAZ51 and

85.8% of cells treated with 5.0 mM MAZ51 were in the G2/M

phase, 24 h after the treatment (Figs. 2A, C). In spite of the effects

of MAZ51 on the cell cycle, this compound did not induce a

significant decrease in cell viability in glioma cell lines by 24 h of

treatment. In addition, the G2/M arrest of glioma cells by MAZ51

was reversed when MAZ51-containing medium was replaced with

Figure 1. MAZ51 reversibly alters the cytoskeletal organization in glioma cells but not in primary astrocytes. Two glioma cell lines, rat
C6 (A) and human U251MG (B), and primary rat cortical astrocytes (C) were treated for 24 h either in the absence (control) or presence of MAZ51
(2.5 mM or 5.0 mM). Glioma cells were also treated with 5.0 mM MAZ51 for 24 h and then incubated for an additional 24 h in fresh medium without
MAZ51 (MAZ51-free-24 h). Morphological changes and cytoskeletal rearrangements were assessed by staining with TRITC-labeled phalloidin for
filamentous actin (F-actin) or by immunocytochemistry using an anti-a-tubulin antibody for microtubules. Cell nuclei appear blue after DAPI staining.
Data are representative of three independent experiments. Scale bar = 50 mm.
doi:10.1371/journal.pone.0109055.g001
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fresh medium without MAZ51 (Fig. 2A). In agreement with the

morphological data, no significant alteration in the cell cycle

pattern was observed in primary astrocytes treated with up to

5.0 mM MAZ51. This suggests that MAZ51 preferentially targets

cancer cells (Figs. 2A, D).

The effects of MAZ51 in C6 glioma cells are related to the
effects on the Akt/GSK3b and Rho signaling pathways
PI3K/Akt, and the Akt downstream target GSK3b, are

important in regulating cell morphology and cell migration in

several cell types, including glioma cells [19–21]. Thus, we

examined whether MAZ51 could influence Akt phosphorylation

Figure 2. MAZ51 reversibly causes G2/M phase arrest in glioma cells but not in primary astrocytes. (A) Cells were treated for 24 h either
in the absence (control) or presence of MAZ51 (2.5 mM or 5.0 mM). Cells were also treated with 5.0 mM MAZ51 for 24 h and then incubated for an
additional 24 h in fresh medium without MAZ51 (MAZ51-free-24 h). Cell cycle distribution was analyzed by flow cytometry after coupled staining
with a fluorescein isothiocyanate (FITC)-conjugated anti-BrdU antibody and 7-amino-actinomycin D (7-AAD). (B–D) Cell cycle distribution is expressed
as the percentage of cells in each cell cycle phase for C6 cells (B), U251MG cells (C), and rat primary astrocytes (D). Data are representative of three
independent experiments. Statistical significance was determined by two-way ANOVA followed by the Bonferroni multiple comparison test using
GraphPad Prism. ***P,0.001; **P,0.01; *P,0.05.
doi:10.1371/journal.pone.0109055.g002
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status and the activation or inactivation profiles of GSK3b in C6

glioma cells. Treatment of C6 cells with MAZ51 resulted in a

dose-dependent increase in Akt phosphorylation without affecting

total Akt levels (Figs. 3A, C). We then examined whether GSK3b
was also affected by MAZ51. MAZ51 treatment increased the

phosphorylation of GSK3b at the Ser9 residue, which represents

the inactive form of GSK3b, without changing the total levels of

GSK3b (Figs. 3A, D). These data indicate that treatment of C6

glioma cells with MAZ51 increased Akt activity with resultant

inactivation of GSK3b.
RhoA, one of best-characterized Rho-GTPases, has a key role

in regulating the dynamics of actin filaments [22]. Given the

morphological and cytoskeletal alterations that are characteristic

of RhoA activation (Fig. 1), we investigated whether MAZ51

affected the activity of RhoA in C6 cells. Treatment of C6 cells

with MAZ51 induced dose-dependent increases in the amount of

active, GTP-bound RhoA, but did not alter the total RhoA

amount (Fig. 3B). This indicated that RhoA activation occurs

during the observed morphological and cytoskeletal alterations in

C6 cells treated with MAZ51.

The effects of MAZ51 in C6 glioma cells are independent
of the inhibition of VEGFR-3 phosphorylation
Because MAZ51 inhibits tyrosine phosphorylation of VEGFR-3

in endothelial cell lines [2,8,9], we examined whether the effects of

MAZ51 observed in C6 cells depend on the inhibition of VEGFR-

3 phosphorylation. Immunoprecipitation-western blot analysis

using C6 glioma cells revealed that MAZ51 appeared to increase,

rather than decrease, tyrosine phosphorylation of VEGFR-3

(Fig. 4A), while VEGF-C induced the tyrosine phosphorylation

of VEGFR-3. Although these results were confirmed through

repetition, confidence in this finding was increased through several

additional experiments using C6 cells. First, enhancing VEGFR-3

phosphorylation by the addition of VEGF-C had no effect on cell

shape or cytoskeleton arrangements, such as rearrangements

involving F-actin and microtubules (Fig. 4B). In addition, no

significant alterations in the cell cycle pattern were observed in C6

cells treated with VEGF-C (Fig. 4C). These results suggest that

MAZ51 causes alterations in the cytoskeletal arrangement and the

cell cycle pattern of glioma cells independent of the tyrosine

phosphorylation of VEGFR-3.

To provide additional evidence supporting this conclusion, we

tested whether decreasing the expression of VEGFR-3 in C6 cells

causes morphological and cytoskeletal alterations, and whether the

Figure 3. The effects of MAZ51 in C6 glioma cells are related to changes in the Akt/GSK3b and RhoA pathways. (A) Western blot
analysis of GSK3b, p-GSK3b (Ser9), Akt, p-Akt (Ser473), and b-actin in C6 cells treated with 2.5 mM or 5.0 mM MAZ51 for 24 h. Controls were treated
with 0.1% DMSO. (B) Expressions of active GTP-bound RhoA and total RhoA in C6 cells treated with 2.5 mM or 5.0 mM MAZ51 for 24 h. GTP-bound
RhoA was extracted with the Rhotekin pull-down assay. (C, D) Densitometric analyses of western blots. Statistical significance was determined by
one-way ANOVA followed by the Bonferroni multiple comparison tests using GraphPad Prism. Values are expressed as percentage of control and
were obtained from three independent experiments; each independent experiment was performed in triplicate. ***P,0.001; **P,0.01.
doi:10.1371/journal.pone.0109055.g003
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observed effects of MAZ51 also occur in VEGFR-3-silenced C6

cells. At 48 h and 72 h after transfection of C6 cells with VEGFR-

3 siRNA, there was a significant decrease in VEGFR-3 mRNA

and protein levels; transfection of C6 cells with control siRNA had

no effect on VEGFR-3 expression (Fig. 4D and Figure S1).

Silencing of VEGFR-3 did not cause any changes in cell shape or

cytoskeletal arrangements (Fig. 4E), and did not induce any

alterations in cell cycle patterns (data not shown). In addition,

when treated with MAZ51, C6 cells with decreased expression of

VEGFR-3 showed the same effects as control cells, including a

significant loss of both actin stress fibers and microtubule networks

(Fig. 4E). Considered together, these data suggest that the

inhibition of VEGFR-3 phosphorylation is not required for the

effects of MAZ51 in C6 glioma cells.

Discussion

Indolinones, such as MAZ51, inhibit the activity of receptor

tyrosine kinases, and thus have potent anti-angiogenic effects and

direct antitumor activities [1]. The key finding of the current study

is that MAZ51 disrupts the cytoskeletal architecture, including

Figure 4. The effects of MAZ51 in C6 cells are independent of the inhibition of VEGFR-3 phosphorylation. (A) C6 cells were treated with
2.5 mM or 5.0 mM MAZ51 for 6 h or 24 h. In parallel, cells were treated with recombinant rat VEGF-C protein (150 ng/mL) for 20 min. Cell lysates were
immunoprecipitated with anti-VEGFR-3 antibody and subsequently assayed by western blot analysis using an anti-phosphotyrosine antibody. The
loading control is represented by the western blot of VEGFR-3 with the double bands indicating the larger glycosylated (195 kD) and smaller cleaved
(125 kD) forms. Effects of treatment with VEGF-C on cytoskeletal rearrangements (B) and cell cycle distribution (C) of C6 cells. C6 cells were treated
with VEGF-C (150 ng/mL) for 20 min, while control cells were treated with 0.1% DMSO. (D) Transient transfection using VEGFR-3 siRNA or scrambled
RNA (mock) for the indicated time periods. C6 cells transfected with VEGFR-3 siRNA exhibited the most extensive knockdown of the protein level at
72 h after transfection. (E) Effects of 5 mM MAZ51 on the morphological and cytoskeletal rearrangements of C6 cells after transfection with VEGFR-3
siRNA or scrambled siRNA. Data are representative of three independent experiments. Scale bar = 50 mm.
doi:10.1371/journal.pone.0109055.g004
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actin filaments and microtubules, in C6 and U251MG glioma

cells, causing rapid changes in cell morphology, with retracting

processes, and eventually cell rounding. MAZ51-induced mor-

phological changes, such as cell shrinkage, loss of adherence, and

cell rounding, are common features of cells undergoing apoptosis.

However, MAZ51-induced morphological and cytoskeletal alter-

ations occurred at concentrations that did not cause significant cell

death. In addition, when glioma cells treated with MAZ51 were

placed in fresh medium without MAZ51, the MAZ51-induced

morphological changes were reversed. Thus, the alterations in cell

shape induced by MAZ51 were not due to apoptosis or necrosis.

Given that actin filaments and the microtubule cytoskeleton are

key components involved in cell migration, MAZ51-induced

disruption of the F-actin and microtubule cytoskeleton in glioma

cells presumably affects their adhesive properties and migratory

ability.

Interestingly, flow cytometric analysis revealed that MAZ51

caused a significant dose- and time-dependent accumulation of C6

and U251MG cells in the G2/M phase. Removal of MAZ51 led to

nearly normal cell cycle progression in cells arrested in G2/M

phase, indicating that the MAZ51-induced G2/M phase arrest is

reversible. The dynamics of the actin cytoskeleton are involved in

controlling cell shape and cell migration and are critical during cell

cycle progression and mitosis [22]. Thus, our data suggest a

possible link between cell cycle arrest and cytoskeletal alterations,

both of which occurred in glioma cells in similar dose- and time-

dependent patterns in response to treatment with MAZ51.

Mitotic cell rounding is the process in which flat interphase cells

retract their margins to reduce their spread area, taking on a near-

spherical shape; this process is accompanied by dramatic

remodeling of the actin cytoskeleton, generating a rigid and

rounded actomyosin cortex [23–27]. In this regard, the morpho-

logical and cytoskeletal alterations caused by MAZ51 could be

attributed to G2/M phase arrest. In support of this, our data show

a MAZ51-induced, dose-dependent increase of GTP-bound RhoA

in C6 cells. This finding is consistent with those of previous studies,

which showed that increases in the activity of RhoA and the

resulting activation of its effector, the Rho associated kinase

ROCK, induce remodeling of actomyosin; this drives both mitotic

rounding and cortical stiffening [25,28,29]. However, considering

that RhoA is the key regulator of actin cytoskeleton dynamics

involved in stress fiber formation, cell rounding, and retraction of

cell processes [22,30–36], it remains to be determined whether the

cell rounding induced by MAZ51 is caused by the persistent

mitotic cell rounding due to G2/M phase arrest.

PI3K/Akt, and the Akt downstream target GSK3b, have been

implicated in actin filament remodeling and cell migration in

several cell types, including glioma cells [19–21,37,38]. Activation

of Akt results in increased phosphorylation of GSK3b at Ser9,

which prevents Rac1-mediated migration by stabilizing the actin

cortex [37]. In addition, Rac1 activation is essential for astrocyte

stellation and migration, which results from the restructuring of

the cytoskeleton; this process involves the rearrangement of both

microtubules and microfilaments, and can lead to the outgrowth of

processes with lamellipodia [39,40]. Interestingly, we found that

MAZ51 activated Akt and increased the phosphorylation of

GSK3b at position Ser9, which represents the inactive form of

GSK3b; this suggests that Akt-mediated inhibition of GSK3b may

contribute to the cytoskeletal alterations in glioma cells induced by

MAZ51. Considered together, our data suggest that the effects of

MAZ51 in glioma cells could be mediated through phosphoryla-

tion of Akt/GSK3b and activation of RhoA. However, further

studies are required to determine whether other signaling

pathways are involved in the effects of MAZ51.

It is noteworthy that MAZ51 has tumor-selectivity in its ability

to cause cytoskeletal and cell cycle alterations. We found that the

effects of MAZ51 seen in C6 and U251MG cells also occur in

human glioma cell lines, U87MG and T98G, both of which

became round and retractile after MAZ51 treatment (unpublished

data). However, in rat primary cortical astrocytes, MAZ51 had no

effect on the cell-cycle pattern or the morphology and cytoskeleton

arrangements, at the same concentrations that affected trans-

formed cells. Several indolinone derivatives, including sunitinib

and toceranib, showed potential anti-proliferative activity in

cancer cell lines, suggesting the potential therapeutic application

of indolinones as antitumor agents [2–7]. Overall, our data suggest

that MAZ51 exhibits anti-proliferative and possibly anti-migratory

effects selectively against glioma cell lines, similar to other

indolinone derivatives.

In the present study, MAZ51 did not inhibit tyrosine

phosphorylation of VEGFR-3, but rather increased its phosphor-

ylation. This was in contrast to the inhibition of VEGFR-3

phosphorylation seen with MAZ51 in several other cell lines,

including endothelial cells [2,3,8,9]. Thus, several additional

experiments were conducted to enhance confidence in these

unanticipated results. First, as a positive control for immunopre-

cipitation-western blot analyses, VEGF-C was shown to enhance

the tyrosine phosphorylation of VEGFR-3 in glioma cells. This is

consistent with previous reports showing that VEGF-C induces the

tyrosine phosphorylation of VEGFR-3. Second, treatment of

glioma cells with VEGF-C affected neither cytoskeleton arrange-

ments nor cell cycle patterns, despite its ability to increase tyrosine

phosphorylation of VEGFR-3. Third, decreasing the expression of

VEGFR-3 in glioma cells did not cause any morphological or

cytoskeletal alterations and did not induce any alterations in the

cell cycle patterns. Finally, MAZ51 treatment of C6 cells with

decreased VEGFR-3 expression caused the same alterations of

morphology and cytoskeletal arrangements as in control cells.

Thus, although the reason for this discrepancy is unclear, it is

reasonable to conclude that the effect of MAZ51 in C6 glioma cells

does not require the inhibition of VEGFR-3 phosphorylation.

Recently, it was shown that VEGF-C provokes the rearrange-

ment of actin filaments in cervical cancer cells and drives cell

migration and invasion via upregulation of galectin-3 protein and

subsequent VEGFR-3 activation [41,42]. Because previous reports

used endothelial cells [2,8,9] or oral squamoid cancer cells [3], the

discrepancy in the effect of MAZ51 on VEGFR-3 phosphorylation

in glioma cells could be due to differences in cell lines. However,

further studies are needed to determine the precise mechanism(s)

for MAZ51-induced alterations in glioma cell lines.

In conclusion, using two glioma cell lines, our data have shown

the following: 1) MAZ51 causes dramatic shape changes due to the

clustering and aggregation of F-actin and microtubules, 2) MAZ51

induces cell cycle arrest at the G2/M phase in rat glioma C6 and

human glioma U251MG cell lines, 3) MAZ51 selectively targets

transformed cells but not primary astrocytes, 4) Akt-mediated

inhibition of GSK3b and activation of Rho are involved in the

effects of MAZ51, and 5) the effects of MAZ51 are independent of

the inhibition of VEGFR-3 phosphorylation in rat glioma C6 cells.

Although the precise mechanism(s) for MAZ51-induced cell

rounding and cell cycle G2/M arrest are not clear at the present

time, our data indicate that MAZ51 treatment inhibits prolifer-

ation, and presumably migration, of glioma cells, suggesting that

MAZ51 is a candidate for further clinical investigation for treating

gliomas.
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Supporting Information

Figure S1 PCR amplification and quantitative real-time
reverse transcriptase-polymerase chain reaction (qRT-
PCR) for VEGFR-3 mRNA in C6 cells transiently
transfected with VEGFR-3 siRNA or scrambled RNA
for the indicated time periods. (A) Oligonucleotide primers

used in PCR amplification and qRT-PCR; primer pairs originated

from rat VEGFR-3 mRNA. (B) VEGFR-3 mRNA expression was

determined after transfection using VEGFR-3 siRNA or scram-

bled RNA (mock); the mock control was collected at 72 h post-

transfection. Data are representative of three independent

experiments. (C) The expression level of VEGFR-3 was calculated

using the comparative threshold cycle method (22DDCt) with

GAPDH as the control gene. Statistical significance was

determined by one-way ANOVA followed by the Bonferroni

multiple comparison test using GraphPad Prism. ***P,0.001;

**P,0.01.
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