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ABSTRACT

Malignant gliomas, the most common subtype of primary brain tumors, are characterized by high proliferation, great invasion, and
neurological destruction and considered to be the deadliest of human cancers. Analgesic-antitumor peptide (AGAP), one of scorpion toxic
polypeptides, has been shown to have antitumor activity. Here, we show that recombinant AGAP (rAGAP) not only inhibits the proliferation of
gliomas cell SHG-44 and rat glioma cell C6, but also suppresses the migration of SHG-44 cells during wound healing. To explain these
phenomena, we find that rAGAP leads to cell cycle of SHG-44 arrested in G1 phase accompanied by suppressing G1 cell cycle regulatory
proteins CDK2, CDK6, and p-RB by means of the down-regulated protein expression of p-AKT. Meanwhile, rAGAP significantly decreases the
production of NF-«B, BCL-2, p-p38, p-c-Jun, and p-Erk1/2 and further suppresses the activation of VEGF and MMP-9 in SHG-44 cells. These
findings suggest rAGAP inhibit proliferation and migration of SHG-44 cells by arresting cell cycle and interfering p-AKT, NF-«B, BCL-2, and
MAPK signaling pathways. J. Cell. Biochem. 112: 2424-2434, 2011. © 2011 Wiley-Liss, Inc.
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comprised of astrocytomas, oligodendrogliomas, and oligoastro-
cytomas and can be classified into different grades (grades I-IV)
and histopathologic subgroups [Kleihues et al., 2002; Murat et al.,
2008]. Especially, grade IV tumors are highly malignant, usually

uman gliomas are the most common primary brain cancers
arising within the central nervous system (CNS). They are

recalcitrant to chemotherapy, and lethal within 9-12 months
[Elizabeth et al., 2001]. Gliomas are characterized by a high invasive
potential and display a wide diversity of histological features. They
are derived from glial support cells in the brain and the vast majority
are thought to be of astrocytic origin. Malignant gliomas constitute
a heterogeneous group of tumors associated with significant
morbidity and mortality [Elizabeth et al., 2001]. They are aggressive,
highly proliferative, greatly invasive, and neurologically destructive
tumors and considered to be the deadliest of human cancers. Their
abilities to invade normal brain tissue and seed new tumor growth at

sites distant from the original tumor location are very impressive.
Significant progress has been made in understanding pathways of
glioma migration and invasion. There are several mechanisms
implicated in glioma cell migration and invasion, for example,
enhanced expression of matrix metalloproteinase, epidermal growth
factor (EGF) receptor, and anti-apoptotic protein BCL-2, and up-
regulation of several important signaling pathways such as glial
cell-derived neurotropic factor [Wick et al., 1998; Woo et al., 2005;
Song and Moon, 2006; Gadji et al., 2009]. In addition, it has been
greatly observed in recent studies that ion channels are implicated
with great importance in glioma cells. Several studies have shown
that the expression of chloride, potassium, and sodium channels are
up-regulated in glioma cells and these phenomena are not found in
normal astrocytes [Bubien et al., 1999; Olsen et al., 2003; Warth
et al., 2005]. Voltage-gated sodium channels (VGSC) are large
glycoproteins composed of a major pore-forming a-subunit (250-
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260 kDa) that contains the elements essential for ion conduction and
voltage-dependent gating and at least two auxiliary -subunits (30-
40kDa) that modify the channel function and participate in the
targeting to the membrane [Catterall, 2000]. Now, at least 10 genes
encoding a-subunits have been identified. Nine of these constitute a
single family and are noted Navl.l to Nav1.9. In particular, the
expression of Navl.5 and Navl.7 are related to cell migration
[Mycielska et al., 2003; Diss et al., 2005; Fraser et al., 2005; Onganer and
Djamgoz, 2005]. The mechanism of glioma cell migration is complex.
To understand this mechanism needs more relative researches.

In traditional Chinese medicine, the scorpion Buthus martensii
Karsch has been one of the indispensable materials used in the
treatment of convulsions and epilepsy since the Sung Dynasty [Zhou
et al.,, 1989]. Scorpion toxin contains various toxic polypeptides
with different functions. Moreover, these polypeptides have been
shown to affect the activities and functions of ion channels, such as
sodium and potassium channels [Possani et al., 1999; Liu et al,,
2002]. Analgesic-antitumor peptide (AGAP), one of these polypep-
tides, has been purified from the venom of Buthus martensii Karsch
[Liu et al., 2003]. Several studies have shown that AGAP has
analgesic and antitumor activities [Liu et al., 2003; Cao et al., 2010].
AGAP prolongs the survival of mice with engrafted Ehrlich ascites
tumor cells greatly and suppresses the growth of S-180 fibro
sarcoma efficiently [Liu et al., 2003]. Moreover, AGAP is more
effective for tumor cells and less harmful for healthy cells than
cyclophosphamide. Over the years, the mechanism of anti-tumor
protein AGAP is still unknown. In this study, we explore and
understand this mechanism.

Here, we obtained a large quantity of rAGAP with high stability
and solubility as described [Cao et al., 2010]. It was found to play a
role on inhibiting proliferation and migration of malignant glioma
cells SHG-44, but it could not induce cell apoptosis. These results
might be related to G1 cell cycle arrest and interfering some
signaling pathways. In other words, AGAP down-regulated the
protein expression of p-AKT and p-Erk1/2 and caused a reduction in
the protein levels of CDK2, CDK6, and p-RB, finally resulting in G1
cell cycle arrest. These changes led to the inhibition of SHG-44 cells
proliferation. In addition, AGAP inhibited proliferation and
migration of SHG-44 cells accompanied by suppressing the protein
expression of VEGF and MMP-9 by means of the down-regulation of
NF-«B and BCL-2 which were regulated by the reduced activation of
p-AKT, p-p38, and p-c-Jun. In summary, our results suggested
rAGAP would become a promising candidate for a potential
anticancer drug on patients with malignant gliomas.

REAGENTS AND ANTIBODIES

MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide], dimethyl sulfoxide (DMSO0), isopropyl -p-1-thiogalactopyr-
anoside (IPTG) were obtained from Sigma Chemical. DMEM
medium, heat-inactivated fetal bovine serum (FBS), penicillin,
and streptomycin were purchased from Gibco. Antibodies against
AKT, p-AKT (ser473), BCL-2, caspase-3, caspase-8, caspase-9, cyclin
E, cyclin E,, CDK2, CDK6, cdc25A, Erk1/2, p-Erk1/2 (Thr202/
Tyr204), p38, p-p38 (T182), c-Jun, p-c-Jun (T93), p-RB, VEGFA, and

GAPDH were obtained from Cell Signaling Technology (Beverly,
MA).

THE PREPARATION FOR RECOMBINANT AGAP

rAGAP was obtained by the expression of pET28a/SUMO-AGAP in
Escherichia coli (E. coli) as described [Cao et al., 2010]. The activity
of rAGAP was the same as the previous.

CELL CULTURE

Human anaplastic astrocytoma cell line SHG-44 and rat glioma cell
line C6 were obtained from the Cell Bank of Chinese Academy of
Sciences (Shanghai, China). The cells were maintained in DMEM (pH
7.4) supplemented with 10% FCS, 100 U/ml penicillin, 100 mg/ml
streptomycin, and 0.2% NaHCO; at 37°C in a humidified atmosphere
containing 95% air and 5% CO,.

ACTIVITY AND TOXICITY ASSAYS OF rAGAP

SHG-44 and C6 Cells (1 x 10" per well) were seeded in 96-well
plastic plates, respectively, and incubated at 37°C supplied with
5% CO, until they reached 80-90% confuency. They were treated
with eight concentrations of rAGAP and incubated for 48 h. Then,
5mg/mL MTT solution (10 pl/well) was added to each well and cells
were incubated for an additional 4 h at 37°C. The supernatant was
aspirated and 100 L. DMSO was added to the wells to dissolve any
precipitate present. The cells were mixed with a microplate shaker
for 10 min. The absorbance (A) was finally measured at an
absorption wavelength of 570/630nm by Multiskan spectrum
(Thermo). All MTT assays were conducted in triplicate independent.
The absorbance (A) values were presented as relative viable cell
number. The growth inhibition was calculated according to the
following formula: The growth inhibition ratio (IR%)=[(the
absorbance of blank control group — the absorbance of experi-
mental group)/the absorbance of blank control group] x 100%.

HOECHST 33258 STAINING ASSAY

SHG-44 cells (10 x 10" per well) were seeded in 24-well plastic
plates and incubated for 24h. Then various concentrations of
rAGAP was directly added to the well and incubated for an
additional 48 h. Cells were washed with PBS twice. One milliliter 4%
formaldehyde was added to each well and cells were incubated for
10 min at 4°C. The supernatant was aspirated and cells were washed
twice with PBS. Then, Hoechst dye solution (4 wl/well) was added to
each well and cells were incubated for 10 min at room temperature
in the dark. The supernatant was aspirated and cells were washed
twice with PBS. Finally, 100 nl PBS was added to each well.
Apoptotic cells were photographed and identified under a
fluorescence microscope (Zeiss Axio Observer A1) at 340 nm.

CELL CYCLE ANALYSIS

To analyze cell cycle phase distribution, the DNA content of cells
was determined by flow cytometry as described [Li et al., 2007].
After indicated treatments, cells were collected by trypsinization,
washed with PBS, and fixed in ice cold 70% ethanol at 4°C
overnight. After washed with PBS, cells were incubated with the
DNA-binding dye propidium iodide (50 p.g/ml) and RNase (1.0 mg/ml)
for 30 min at 37°C in the dark. Finally, cells were washed in PBS and
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flowcytometric data were acquired using a FACSCan analysis
system equipped with a FACStation, MAC PowerPC computer and
CellQuest Acquisition software from Becton Dickinson (FACSCali-
bur, Becton Dickinson). DNA histograms were analyzed using the
WinMDI2.9 software. For each sample, at least 10* events were
recorded.

MONOLAYER WOUND-HEALING ASSAY

Wound-healing assay of SHG-44 cells was performed as described
previously with some modifications [Valster et al., 2005]. Briefly,
before the cells were plated into this plate, two parallel lines were
drawn at the underside of the well with a Sharpie marker. These lines
would serve as auxiliary marks for the analyzed wound areas. SHG-
44 cells were plated on a 12-well plate overnight until they reached
absolute confuency. The next day, the growth medium was aspirated
and two parallel scratch wounds of approximately 400 pm width
were made perpendicular to the marker lines with a 200-pl sterile
pipette tip, then cells were washed with PBS three times and
incubated with various concentrations of rAGAP for 24 h. At last,
cells were gently washed three times with PBS and photographed
with an Olympus microscope (Melville, NY). The cell migration areas
were quantified by Image J software. Wound closure rate was
determined using the initial and final wound areas during the
wounding experiments, with the percentage wound closure
calculated as [(initial — final)/initial] x 1000%.

WESTERN BLOT

SHG-44 cells were treated with various concentrations of rAGAP (O,
10, 20, 30, and 40 wM). The treated cells were washed once with PBS,
trypsinated, and centrifuged. The collected cells were washed once
with PBS again, transferred to a new 1.5ml tube and lysed on ice
with lysis buffer [1% NP-40, 0.5% deoxycholate, 0.1% SDS,
68.5 mM Tris-HCl (pH 6.8), 10% glycerin] containing 1:100 protease
(Sigma-Aldrich, Deisenhofen, Germany) and 1:100 phosphatase
inhibitors. Protein concentrations were determined using Nano-
Drop1000 spectrophotometer (Thermo). The protein was denatured
in boiled water for 5 min and centrifuged at 12,000 x rpm for 5 min.
Equal amounts of protein were separated on 8% or 13% SDS-PAGE
by electrophoresis and blotted onto PVDF membrane using the
SemiPhor Semi-Dry transfer unit. Membranes were blocked for 2 h
in 1% BSA (in TBST) at room temperature and then immunobloted
overnight at 4°C with primary antibodies. After three washes in
0.05% Tween-20 in TBS (TBST), membranes were incubated with
goat anti-mouse IgG-HRP or goat anti-rabbit IgG-HRP second
antibodies (Santa Cruz) for 2h at room temperature. Membranes
were washed three times in TBST. Immunoreactive protein bands
were detected with Gel/Chemi Doc System (Bio-Rad). The grayscale
of the bands was detected by Adobe Photoshop CS to obtain the
semi-quantitative analysis.

REVERSE TRANSCRIPTASE-POLYMERASE CHAIN

REACTION (RT-PCR)

RT-PCR analysis was used to examine the mRNA expression
levels of MMP-2, MMP-9, Nav1.5, and Nav1.7. RT-PCR for GAPDH
was independently performed as an internal control. 1 x 107 cells
were treated in the absence or presence of 10, 20, 30, and 40 pM

rAGAP for 48h. The treated cells were washed twice with
PBS, trypsinated, and centrifuged. Cells were washed twice with
PBS and transferred to a new tube. Total RNA was isolated from
the treated cells using TRIzol reagent (Invitrogen) according to the
manufacturer’s protocol. The quality of RNA samples was
determined by electrophoresis on agarose gel to identify the
integrity of the 18S and 28S RNA bands. The concentration, purity,
and amount of total RNA were determined using NanoDrop1000
spectrophotometer (Thermo). By these standards, all the RNA
samples used for assay were of high quality and purity (Abs260/
Abs280 > 1.7).

Total RNA (2 .g) was reversely transcribed with 200 U of M-MLV
reverse transcriptase (Takara) according to standard procedures.
Following inactivation of the reverse transcriptase activity, cDNA
was stored at —20 °C. Oligonucleotides primers used for PCR were
synthesized by Invitrogen Biological Engineering (Shanghai,
China). The temperature profile included an initial denaturation
for 5min at 95°C, followed by cycle of denaturation at 95°C for 30's,
annealing at 52°C for 30 s, elongation at 72°C for 30 s. The following
primers were used for identification: MMP-2 (sense: 5'-CTCCTGA-
CATTGACCTTGGC-3/, antisense: 5'-CCTCGCTCCAGGGTGCTGGC-
3') 42 cycles, MMP-9 (sense: 5-TTCTACGGCCACTACTGTGCC-3/,
5'-CGCCTGTGTACACCCACACC-3') 42 cycles, Navl.5 (sense: 5'-
CACGCGTTCACTTTCCTTCG-3', antisense: 5-TGTGAAGAAGCTG-
GCTGATG-3') 40 cycles, Nav1.7 (sense: 5-GGCTCCTTGTTTTCT-
GCAAG-3’, antisense: 5-CAGTAACATCAGCCAAGCCA-3') 40
cycles, GAPDH (sense: 5-CCTGACCTGCCGTCTAGAAA-3/, anti-
sense: 5'-TTACTCCTTGGAGGCCATGT-3') 25 cycles. The PCR
products were detected by 1.0% agarose gel electrophoresis and
photographed.

GELATIN ZYMOGRAPHY

The activity of MMP-2 and MMP-9, secreted in media, were detected
by gelatin zymography assay as described previously [Woo et al.,
2005; Jung et al, 2006]. In brief, conditioned media were
concentrated by centrifugal, mixed with 2x sample buffer without
a reducing agent [0.5M Tris-HCl (pH 6.8), 10% SDS, 0.5%
bromophenol blue, and 25% glycerol], and then loaded onto a
8% SDS-PAGE gel containing 0.1% (w/v) gelatin without prior
boiling. After electrophoresis at 4°C, the gel was washed with
washing buffer [50 mM Tris-HCl (pH 7.5), 2.5% Triton X-100 (v/v)]
for 30 min at RT and the protein was allowed to renature and
subsequently incubated in renaturation buffer [50 mM Tris-HCl (pH
7.5), 1mM ZnCl,, and 5mM CaCl,] at 37°C for 48 h. After the
staining and destaining of the gel, the zymogram was obtained.
Gelatinolytic enzymes appeared as clear bands against the blue
background of the stained gel.

STATISTICAL ANALYSIS

All experiments were carried out in triplicates or duplicates and
repeated at least three times. Data were processed using Microsoft
EXCEL version 2003. All the results were expressed as mean
+ standard deviation (SD). Statistical analyses among groups were
performed using two-tailed Student’s t-test or one-way ANOVA
(SPSS13.0), the result with a P value of <0.05 was considered
statistically significant.
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INHIBITION OF GLIOMA CELL PROLIFERATION BY rAGAP

MTT assay provides an indication of cellular proliferation and
toxicity assays by way of the measure of mitochondrial dehy-
drogenase activity within the cell. To assess the activity of
recombinant protein, we examined the effect of rAGAP on the
growth inhibition of SHG-44 and C6 cells by MTT assay. Cells were
incubated with eight concentrations of TAGAP for 48 h. The drug
inhibited cellular proliferation in a dose-dependent manner. As
shown in Figure 1, rAGAP induced a dose-dependent increase in the
growth inhibition of SHG-44 and C6 cells. The percentages of
growth inhibition in SHG-44 and C6 cells were from 40% to 949% at
concentrations of 5, 10, 15, 20, 25, 30, 35, and 40 pM of rAGAP.
After 48 h of treatment with 20 uM rAGAP, the numbers of SHG-44
and C6 living cells were reduced by 50%. From the observed results
of the MTT assay, the IC50 value for SHG-44 cells and C6 cells were
both 20pwmol/L calculated by SPSS13.0 program.

EFFECT OF rAGAP ON GLIOMA CELL SHG-44 APOPTOSIS

Hoechst staining was used to investigate whether the treatment of
rAGAP caused apoptosis. As shown in Figure 2, the Hoechst 33258
dye stained morphologically normal nuclei dimly blue. With
concentration of rAGAP increased, the fluorescence intensity of the
treated group with Hoechst staining was shown with strong blue
fluorescence, but apoptotic bodies were not observed in significant
numbers. These results showed that rAGAP did not cause cell
apoptosis in SHG-44 cells.
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Fig. 1. Effect of rAGAP on SHG-44 and C6 cells proliferation. SHG-44 and
C6 cells were treated with different concentrations of pentobarbital for 48 h.
Each value was expressed as mean+SD (n=3). The absorbance of color
produced in MTT assay was used to measure the cell proliferation. [Color
figure can be seen in the online version of this article, available at http://
wileyonlinelibrary.com/journalfjcb]
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Control
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Fig. 2. SHG-44 cells were observed with a fluorescence microscope after
staining with Hoechst 33258 (200x magnification). Representative figures
were the SHG-44 cells treated with rAGAP at 0, 10, 20, 30 M, respectively.
Data shown here were from one of the three repeated experiments with similar
results. [Color figure can be seen in the online version of this article, available
at http://wileyonlinelibrary.com/journalfjcb]

EFFECTS OF rAGAP ON CELL CYCLE DISTRIBUTION OF

SHG-44 CELLS

To gain insight into the mechanism of growth inhibitory effect of
rAGAP, we assessed cell cycle distribution of SHG-44 cells by flow
cytometry. Analysis of cell cycle showed that a dose-dependent
SHG-44 accumulation in G1 phase was found to reach approxi-
mately 72.6%, 74.9%, and 78.0% of population at the concentra-
tions of 10, 20, and 30 M, respectively, while that in control was
64.3%, indicating cell cycle arrest at this phase. Concomitantly,
there was a striking decrease in the S phase (from 20.5% of control to
9.5%, 6.7%, and 6.4% due to rAGAP treatment at 10, 20, and 30 p.M).
However, the percentage of cells in G2/M phase remained the same
(Fig. 3A,B). These effects demonstrated cell cycle of SHG-44 cells
treated by rAGAP arrested in G1 phase.

To further determine the molecular mechanism of the cell cycle
G1 arrest induced by rAGAP, we examined the expression of
multiple cell cycle regulatory proteins by Western blot. Two cell
cycle kinases (CDK4/6-cyclin D and CDK2-cyclin E) and the
transcription that included RB were pivotal in controlling the G1/S
cell cycle checkpoint. Cyclin E, Cyclin E,, CDK2, CDK®6, cdc25A, and
p-RB were investigated. Figure 3C showed that the expression of
CDK2, CDK6, and p-RB were down-regulated with the concentra-
tions of rAGAP increased in SHG-44 cells. Compared with the
negative control, the protein expression of CDK2 merely increased
by 7% at 10 uM and decreased by 25.4%, 50.1%, and 57.7% at 20,
30, and 40 uM. Moreover, the expression level of p-RB originally
increased by 30% and 10% at the concentrations of 10 and 20 pM
and then reduced by 35% and 54% at the concentrations of 30 and
40 wM, respectively (Fig. 3D). However, the levels of cdc25A, cyclin
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can be seen in the online version of this article, available at http://wileyonlinelibrary.com/journal/jcb]

E and cyclin E, were not altered (Fig. 3E). The inhibitory effect of
rAGAP on cyclin/CDK complex expression was consistent with the
reduced S phase progression. Based on these studies, rAGAP was
likely to inhibit proliferation by blocking cell cycle progression
through G1 to S phase by inactivation of CDK2, CDK6, and p-RB.

rAGAP SUPPRESSED SHG-44 GLIOMA CELL MIGRATION
Apart from the infinite proliferation ability, migration, and invasion
are another characteristic feature of malignant gliomas. To evaluate

the possibilities for limiting glioma cell migration by inhibition of
rAGAP, we performed a scratch-migration-assay. When comparing
four different rAGAP concentrations, there was an apparent
phenomenon that untreated SHG-44 cells were able to invade the
scratched area which was recolonized in the majority 24 h later
(Fig. 4). However, rAGAP strongly impaired this process in a dose-
dependent fashion. In fact, only a small minority of cells in 30 pM
rAGAP group was in the scratched area 24 h later and the distance
between the borders of the wound was significantly different from
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Fig. 4. rAGAP inhibited the migration of SHG-44 cells in vitro. SHG-44 cells
(2 x 10° cells/well; 12-well plates) were scraped with a 200~ sterile pipette
tip and treated with 0, 10, 20, and 30 uM rAGAP for 24 h. Cells were
photographed under phase-contrast microscopy (100x magnification). A:
The contrast of cell migration area between 0 and 24 h was observed under
the microscope. Representatives of three independent experiments are shown.
B: The quantification of cell migration areas was performed and presented as
bar graph. The data represented the mean of three independent experiments,
*P<0.05, “*P<0.01 compared with control.

that of the control after the scratch (Fig. 4). Quantitative analysis
clearly indicated significant decreases (P < 0.05) of the cell
migration rate with rAGAP at concentrations of 10, 20, and
30 uM for 24 h in wound closure compared to the control. These data
suggested that rAGAP have the ability to suppress the migration of
SHG-44 cells.

EXPRESSION OF PROLIFERATION, MIGRATION, AND
APOPTOSIS-RELATED PROTEINS BY rAGAP TREATMENT

To further explore the inhibition of SHG-44 cellular migration
involved in some signal pathways, the expression levels of various
intracellular proteins in a dose-dependent change were evaluated.
The cells were treated with rAGAP. We firstly measured the total
protein levels of caspase-3, -8, and -9 to further confirm the
statement that rAGAP brought SHG-44 cells to apoptosis. Western
blotting of inactive caspase precursor did not reveal a significant
change and the active cleaved-caspase 3, 8, 9 were not observed
(Fig. 5). These results indicated that the precursors of these proteins
were not cleaved into the fragment and not activated. This further
demonstrated that rAGAP did not cause cell apoptosis in SHG-44
cells. As shown in Figure 5, anti-apoptotic protein BCL-2 and
nuclear factor NF-kB/p65 were significantly down-regulated in a
dose-dependent manner. In addition, the protein levels of p-AKT, p-
p38, p-Erk1/2, p-c-Jun, and VEGF were gradually decreased with
the increase of rAGAP concentrations. However, the levels of MMP-
2 in cell and medium were not altered and the total protein level of
BAX was not detectable (data not shown). These results demon-
strated that TAGAP might inhibit SHG-44 cells proliferation and
migration through BCL-2, NF-«kB/p65, AKT, and MAPK signaling
pathway, whereas the apoptotic signaling pathways was not
involved in.

EXPRESSION OF PROLIFERATION AND MIGRATION-RELATED
GENES BY rAGAP

The mechanism that TAGAP inhibited SHG-44 cells proliferation
and migration was complex, so we studied some genes changes in
the mRNA levels. The down-regulation of Nav1.5 and MMP-9 was
seen in SHG-44 cells treated by rAGAP in a dose-dependent manner.
However, the total mRNA levels of Nav1.7 and MMP-2 were detected
without changes (Fig. 6). These studies showed that rAGAP might
suppress proliferation and migration of SHG-44 cells by way of
the mRNA expression of Nav1.5 and MMP-9 in a dose-dependent
change.

ZYMOGRAPHY ANALYSIS

Gelatinases, such as MMP-2 and MMP-9, have been shown to be
elevated in glioma tissue samples and play a major role in glioma
invasion and migration [Kim et al., 2005; Woo et al., 2005]. In this
study, we detected gene and protein expression of these two MMPs
in SHG-44 cells treated by several concentrations of rAGAP. In the
negative control, cultured SHG-44 constitutively expressed MMP-9
protein. However, in the treated group, the expression of MMP-9
was gradually down-regulated at the protein level with the
concentrations of rAGAP increased (Fig. 7), but the expression of
MMP-2 was shown without change (result not shown). The truth
showed that rAGAP might suppress SHG-44 cells migration by
reducing the protein expression of MMP-9.

Malignant gliomas are the most common subtype of primary brain
tumors within the CNS. Among various histological types of CNS
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Representative Western blot showed the changes in the levels of associated proteins in cell proliferation and migration of SHG-44 cells treated with rAGAP. The SHG-

44 cells (5 x 10° cells/well) were treated with rAGAP at 0, 10, 20, and 30 pM, then the total protein was prepared and determined, as described in Materials and methods. A,C:
The expression levels of AKT, p-AKT, p38, p-P38, Erk1/2, p-Erk1/2, Jun, p-c-Jun, BCL-2, caspase-3, caspase-8, caspase-9, MMP-2 (cells or cell culture medium), NF-xB/p65,
VEGF (cells) and GAPDH were estimated by Western blot, as described in Materials and Methods section. B, D, and E: The quantification of band intensity was performed by
densitometric analysis and presented as bar graph. The data represented the mean of three independent experiments, “P< 0.05, ““P< 0.01 compared with control. [Color figure
can be seen in the online version of this article, available at http://wileyonlinelibrary.com/journal/jcb]

glioma, malignant tumor from astrocytic origin is characterized by
their aggressiveness, high invasiveness, and great neovasculariza-
tion. In addition, neurologically destructive tumors are considered
to be the deadliest of human cancers [Bian et al., 2004]. Although
various treatments for gliomas are developing, the expectancy of
patients with malignant glioma is poor. To explore the pathogenic
mechanism and find a better understanding of glioma biology are
essential for deriving more effective therapeutics for such an
incurable CNS neoplasm [Maher et al., 2001].

In traditional Chinese medicine, the scorpion Buthus martensii
Karsch has been one of the indispensable materials used in the
treatment of many diseases such as convulsions and epilepsy since
the Sung Dynasty [Zhou et al., 1989; Tan and Guo, 2006]. Scorpion
toxin contains various toxic peptides with different functions and
these peptides have been shown to affect the activities and function

1999].
AGAP is one of these toxin peptides. Sequence comparison at the
amino acid level demonstrates that AGAP shows the high homology
with nine kinds of scorpion toxin, such as alpha-toxin-4, alpha-
toxin-beml, bukatoxin, neurotoxin-tx15, sodium-bukta, toxin-
bmkal, toxin-bmkt, toxin-buktta3, and toxin-bmktatx15. In
particular, it shares 86.36% similarity to bukatoxin (result not
shown). Moreover, nine kinds of scorpion toxin are Na'-channel
specific inhibitor. AGAP consists of 66 amino acid residues and is
one of scorpion alpha-toxins which belong to Na*-channel specific
scorpion toxins. Together, AGAP may be the inhibitor of sodium
channel toxin. In addition, the above study has shown that the
mRNA level of Nav1.5 was down-regulated in SHG-44 cells treated
by AGAP in a dose-dependent manner. It further allows for the
statement that AGAP might be a Na*-channel-specific inhibitor.

of ion channels, such as sodium channels [Possani et al.,
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Fig. 6. Effect of rAGAP on gene expression of GAPDH, Nav1.5, Nav1.7,
MMP-2, and MMP-9 in cultured SHG-44 cells. Cells were treated with rAGAP
at0, 10, 20 30, and 40 M for 48 h. A: RT-PCR analysis of mRNA expression. B:
Semi-quantified using image analysis, “P< 0.05, “*P< 0.01 compared with
control. [Color figure can be seen in the online version of this article, available
at http://wileyonlinelibrary.com/journal/jcb]

rAGAP has been purified from the venom of Buthus martensii
Karsch [Liu et al., 2003; Cao et al., 2010]. Several studies have shown
that rAGAP has analgesic and antitumor activities. It can inhibit the
proliferation and growth of tumor cells, but the mechanisms of these
phenomena are unknown. The main reason is that these scorpion
toxins are ion channel inhibitor and the complexity of structures
and function involved in ion channel have not been absolutely
mastered. In the current study, the statement that rAGAP brought
SHG-44 cells to apoptosis was not sure, because apoptotic bodies
were not observed in significant numbers. In addition, the
experiments of DNA ladder that rAGAP induced SHG-44 cells in
a dose- and time-dependent manner showed that DNA ladder did not
occurred (result not shown). This allowed for the above statement.
Apart from these, we detected the protein expression of the caspases
essential in cells for apoptosis. Caspase-3, -8, and -9 were extremely
important in the apoptosis signaling pathway. The expression levels
of their total typical apoptotic proteins were seen without changes
and the cleaved fragment of them was not observed. This event
further supported the above statement. In summary, rAGAP did not
cause SHG-44 cell apoptosis.

Blockage of cell cycle progression is an important reason that
leads to inhibit the proliferation of tumor cells. The G1/S-phase
checkpoint, the first critical restriction point in the cell division

12h

Control 10 20 30 40
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Fig. 7. Gelatin zymography of MMP-9. The bands indicate MMP-9 activity.
A: MMP-9 collected from the culture medium of SHG-44 cells cultured with
rAGAP at 0, 10, 20 30, and 40 puM for 12 h. B: MMP-9 collected from the
culture medium of the same number of SHG-44 cells cultured with rAGAP at 0,
10, 20 30, and 40 pM for 24 h.

cycle, controls the passage of eukaryotic cells from the first “gap”
phase (G1) into the DNA synthesis phase (S). The G1/S transition is
closely linked to the activation of cell cycle kinases such as cyclins,
CDKSs, and the transcription complex that includes RB [Nurse, 2000].
In our study, the data of flow cytometry showed that cell cycle
induced by rAGAP in SHG-44 cell arrested in G1 phase,
accompanied by the reduction in S phase and no change in G2/
M phase. To understand the mechanism about SHG-44 cell arrested
in G1 phase, the expression of cell cycle protein was detected by
Western blot. The expression of CDK2, CDK6, and p-RB were down-
regulated in a dose-dependent manner. As was well known, the cell
cycle from G1 to S phase was regulated by cyclin D/CDK4 (CDK6) or
cyclin E/CDK2 complexes. Cyclin/CDK complexes mediated RB
phosphorylation in late G1 phase, and hyperphosphorylated RB
induced the release of the transcription factor E2F, resulting in cell
cycle progression to S phase. In our result, the expression levels of
CDK2 and p-RB were increased at low concentrations (10-20 pM) of
rAGAP and decreased at high concentrations (30-40 pM) of rAGAP
compared with the negative control. The reason that this
phenomenon occurred might be that rAGAP affected the Na*t
current or Na® influx by inhibiting the Nav1.5 mRNA expression,
contributed to altering electrophysiological properties of cancer
cells, causing the perturbation of their intracellular ionic home-
ostasis or resulting in energy shortages. As was well known, DNA
synthesis was related to Na*. Thus, rAGAP might interfere with DNA
synthesis directly and partially and result in the death of few SHG-
44 cells. The accumulation of CDK2 in dead cell contributed to
increasing the total amount of CDK2 and p-RB. However, when high
concentrations of rAGAP-treated SHG-44 cells, they decreased the
expression of CDK2 and CDK6 and caused the activation of p-RB a
sharp reduction, finally resulting in cell cycle arrest in G1 phase. In
addition, the protein expression of p-AKT, a cytoplasmic serine/
threonine protein kinase, was decreased. Inhibiting the activity of
AKT kinase brought about a decline in the expression of CDK2 [Shin
et al.,, 2002]. In conclusion, these results involved in cell cycle
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confirmed the pathway that the down-regulation expression of p-
AKT leaded to a decline in the expression of CDK2 and CDKS6, finally
resulting in a reduction in the protein of p-RB. This pathway might
contribute to the cell cycle arrest in G1 phase and inhibiting the
proliferation of SHG-44 cells.

The infiltration of malignant gliomas cells and their high
proliferative activity are key elements in turning the local adjacent
tissue to tumor lesion. More important, cell migration is a crucial
event for tumor spreading, metastasis, and invasiveness. Recently,
ion channels are gradually and increasingly being proved to be
involved in different aspects/stages of the cancer process, including
proliferation [Fraser et al., 2002] and migration [Diss et al., 2004].
Especially, the expression of VGSCs has been shown to be up-
regulated in several human cancers (in vitro and in vivo), including
breast cancer [Fraser et al., 2005], prostate cancer [Diss et al., 2005],
and small-cell lung cancer [Onganer and Djamgoz, 2005]. The up-
regulation of functional VGSCs is viewed as the reason for
metastatic cell behavior such as motility, adhesion, invasion, and
endocytosis [Mycielska et al., 2003; Diss et al., 2005; Fraser et al.,
2005; Onganer and Djamgoz, 2005]. The inhibition of the Na+
current they carry decreases glioma growth and cell migration [Vila-
Carriles et al., 2006; Kapoor et al., 2009]. Moreover, augmented Na™
influx due to the overexpression of Na™ permeable voltage-gated
(Nav1.5 and Navl1.7) [Prevarskaya et al., 2010]. In a word, cell
migration is closely linked with VGSCs. In the current study,
the mRNA expression of Nav1.5 voltage-gated Na® channel was
down-regulated in dose-dependent manner, whereas there was no
change in the total mRNA expression of Nav.1.7 voltage-gated Na™
channel. These results showed that rAGAP inhibited the Nav1.5
mRNA expression and further suppressed the migration of SHG-44
cells.

Using a wound-healing assay in vitro, which was involved in both
cell proliferation and migration, we found that SHG-44 cell wound
closure exhibited a bell-shape curve in response to different dose of
rAGAP, suggesting that the migration of SHG-44 cell mainly led to
wound closure. This demonstrated that rAGAP inhibited the
migration of SHG-44 cells. To explain this phenomenon, the
protein expression was detected by Western blot and zymography
analysis. These results showed that the expression levels of p-AKT,
NF-kB, BCL-2, p-p38, p-Erk1/2, p-c-Jun, VEGF, and MMP-9 were
down-regulated. The activation of serine/threonine kinase Akt was
linked to the enhancement of NF-«kB nuclear localization and
transactivation [Dhawan et al., 2002]. It was well known that p-AKT
regulated BCL-2 by PI3K-Akt-BCL-2 signaling pathway. Therefore,
when rAGAP-treated SHG-44 cells in dose-dependent manner, the
expression levels of NF-kB and BCL-2 were gradually down-
regulated with the activation of p-AKT suppressed. The down-
regulation of NF-kB and BCL-2 did not induce SHG-44 cell
apoptosis. There was a possible reason that rAGAP affected the Na™
current or Na* influx by inhibiting the Nav1.5 mRNA expression,
resulted in blocking DNA synthesis, the perturbation of their
intracellular ionic homeostasis or energy shortages. These might
contributed directly to the death of SHG-44 cells without the
apoptotic process. In addition, Erk1/2 (extracellular signal-
regulated kinase), JNK/SAPK (C-Jun N-terminal kinase/stress-
activated protein kinase) and p38 kinase belonged to MAPK

families of serine/threonine protein kinases. Erk1/2 activation-
induced cell proliferation and activation of p38 promoted cell
migration [Sharma et al., 2003]. Both p38 and Erk1/2 were
translocated to the nucleus and further phosphorylate-specific
transcription factors to regulate gene expression. Erk1/2 regulated
MMP-9 by way of NF-«B signaling pathway [Moon et al., 2004]. The
JNK pathway regulated NF-kB-mediated gene transcription through
its phosphorylation and activation of c-Jun [Tuyt et al., 1999].
rAGAP could inhibit proliferation of SHG-44 cells by means of
suppressing the activation of p-Erk1/2 and migration of SHG-44
cells involved in decreasing the protein expression of p-AKT, p-p38,
and p-c-Jun.

NF-kB, a key regulator of immune and inflammatory response,
could regulate the processes of cell growth, migration, and invasion.
Several studies had shown the suppression of cell tumor angiogen-
esis and metastasis partly through the inhibition of NF-kB and its
target genes MMPs and VEGF, and inhibition of NF-kB-reduced
expression of MMP-9 and VEGF and activity of the MMP-9
promoter reporter [Fujioka et al., 2003; Ogawa et al., 2004; Schmidt
et al., 2007]. In addition, anti-apoptotic protein BCL-2 promoted
migration and invasiveness of human glioma cells by increasing the
expression of matrix metalloproteinase such as MMP-9 [Wick et al.,
1998]. Gelatinases, such as MMP-9, played a major role in glioma
invasion and migration [Kim et al., 2005; Woo et al., 2005]. VEGF,
one of the most potent angiogenic factors, increased glioma cell
proliferation and invasion [Hong et al., 2006]. Taken together, with
the concentration of rAGAP increased, the protein levels of NF-«xB
and BCL-2 in treated SHG-44 cells were gradually down-regulated
by means of suppressing the protein expression of p-AKT, p-Erk1/2,
p-c-Jun, and p-p38 in dose-dependent manner. Meanwhile, there
was a corresponding reduction in the total amounts of VEGF and
MMP-9 by the regulation of NF-kB and BCL-2. rAGAP finally
inhibited proliferation of SHG-44 cells by means of suppressing the
activation of p-Erk1/2 and migration of SHG-44 cells in a wound-
healing assay involved in targeting Erk, p38, c-Jun MAPK, and AKT
pathway.

In conclusion, we found here that rAGAP might be the inhibitor of
Nav1.5 and perturbed intracellular ionic homeostasis by inhibiting
the expression and activity of Nav1.5 in SHG-44 cells, resulting in
down-regulation of the protein activation of p-AKT, p-p-38, p-Erk1/
2, and p-c-Jun. These changes triggered some signaling cascades. On
the one hand, decreasing p-AKT expression down-regulated the
protein levels of CDK2 and CDK6 and further reduced activation of
p-RB, finally leading to cell cycle arrest in G1 phase. On the other
hand, the protein expression of NF-«kB and BCL-2 was gradually
reduced by suppressed activation of p-AKT, p-p-38, p-Erk1/2, and
p-c-Jun, respectively, finally decreasing the protein levels of VEGF
and MMP-9. These events eventually inhibited proliferation and
migration of malignant glioma SHG-44 cells.

We have demonstrated that rAGAP suppresses proliferation and
migration of SHG-44 cells by cell cycle arrest in G1 phase and
blocking some signaling pathway such as AKT, Erk, p38, c-Jun
MAPK, NF-kB, and BCL-2. As an active polypeptide of scorpion
toxin, rAGAP may prove to be a novel candidate for treating the
multimodality of malignant gliomas. There will be more hope of a
cure for cancer patients with malignant gliomas.
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