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Abstract Malignant gliomas are characterized by their
high level of resistance to chemo- and radiotherapy and
new treatment options are urgently required. We previous-
ly demonstrated that brefelamide, an aromatic amide iso-
lated from methanol extracts of cellular slime molds
Dictyostelium brefeldianum and D. giganteum, had anti-
proliferative effects on 1321N1 human astrocytoma cells,
a model of glioma. In this study, we investigated the
mechanisms by which brefelamide inhibited 1321N1 and
PC12 rat pheochromocytoma cell proliferation. When cells
were cultured in serum-free medium, hepatocyte growth
factor (HGF) increased survival of 1321N1 cells but not
PC12 cells. HGF receptor, c-MET, was strongly expressed
in 1321N1 cells, but not in PC12 cells. Pretreatment of
1321N1 cells with brefelamide inhibited both HGF-
induced cell survival and expression of c-MET.
Phosphorylation of extracellular signal-regulated kinase
(ERK) and AKT was increased by HGF, but these chang-
es were inhibited by brefelamide pretreatment. Moreover,
HGF mRNA levels and secretion were reduced by
brefelamide. These results suggest that brefelamide reduces
survival of 1321N1 cells via multiple effects including
suppression of HGF receptor expression and HGF secre-
tion and inhibition of ERK and AKT phosphorylation.
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Introduction

Glial cells are non-neuronal cells that provide myelin and phys-
ical support to neurons through the release of neurotrophic fac-
tors such as neurotrophin family members (Althaus and Richter-
Landsberg 2000), and also express a number of neurotransmitter
receptors for neuron–glia and/or glia–glia interactions (Fields
et al. 2002). Gliomas originate from glial cells and are common
tumors of the brain and central nervous system, expressing a
number of growth factors and corresponding receptors that con-
tribute to their malignancy by inhibiting apoptosis and stimulat-
ing angiogenesis (Abounader and Laterra 2005). Among them,
hepatocyte growth factor (HGF), also known as scatter factor,
and its transmembrane tyrosine kinase receptor, c-MET, play an
important role in the development and progression of primary
tumors and secondary metastases (Tomiya et al. 2007).

HGF was originally identified as a potent mitogenic protein
for hepatocytes, and subsequent studies revealed that HGF has
multiple biological effects on various cell types. HGF and c-
MET are present in the developing and adult mammalian ner-
vous system, where they have a neurotrophic function, stimulat-
ing cell proliferation, motility, invasion, angiogenesis, and pro-
tection from apoptosis (Corso et al. 2005). A wide variety of
human tumors including gliomas express bothHGF and c-MET,
and their expression correlates with glioma grade (Birchmeier
et al. 2003). Importantly, endogenous CMET and HGF gene
expression knockdown in human glioblastoma cells inhibits c-
MET-dependent signal transduction, affecting cell proliferation,
tumorigenicity, and chemoresistance (Abounader et al. 1999).

Malignant gliomas are highly refractory to current treat-
ment modalities including radiotherapy and chemotherapy,
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despite significant attempts to harness the wealth of genomic
data generated over the past decades to produce targeted ther-
apies. While likely target candidates have been identified,
such as epidermal growth factor (EGF) receptor, members of
the RAS/RAF/extracellular signal-regulated kinase (ERK)
and PI3K/AKT/mTOR pathways (Kesari et al. 2005), suc-
cessful molecularly targeted therapies remain elusive.
Brefelamide (Fig. 1) is an aromatic amide that was originally
isolated from Dictyostelium cellular slime molds. In a previ-
ous study, we revealed that brefelamide treatment inhibited the
proliferation of 1321N1 human astrocytoma cells (Kikuchi
et al. 2005). Subsequently, we showed that brefelamide in-
hibits ERK phosphorylation by downregulating EGF receptor
activity (Honma et al. 2009). In the present study, we investi-
gated the impact of brefelamide treatment on HGF-induced
survival of 1321N1 cells. We show that brefelamide reduced
the survival of 1321N1 cells via multiple mechanisms includ-
ing suppression of HGF receptor expression and HGF secre-
tion and inhibition of ERK and AKT phosphorylation.

Materials and Methods

Bre f e l am ide Syn the s i s N - ( 3 - ( 2 -Am i n o - 3 - ( 4 -
hydroxyphenoxy)phenyl)-3-oxopropyl)-4-hydroxybenzamide
(brefelamide) was synthetized as previously described
(Kikuchi et al. 2005). All spectral data for the synthetic

products were identical to that of products originally isolated
from methanol extracts of the fruiting bodies of Dictyostelium
brefeldianum and D. giganteum (Kikuchi et al. 2005). 1H
NMR spectrum showed that it was more than 99% pure.
Brefelamide was dissolved in dimethyl sulfoxide (DMSO) to
generate a 50 mM stock solution. The stock was diluted to the
required concentration with complete growth medium before
use (final DMSO concentration was less than 0.1%).

Cell Culture 1321N1 human astrocytoma cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM; Nissui
Pharmaceutical Co., Tokyo, Japan) supplemented with 5%
fetal bovine serum (FBS; HyClone Laboratories, Logan, UT,
USA), 50 units/ml penicillin, and 50g/ml streptomycin in a
humidified incubator in an atmosphere of 95% air and 5%
CO2 (Honma et al. 1999). PC12 rat pheochromocytoma cells
were grown in DMEM supplemented with 10% FBS, 5%
horse serum (Life Technologies, Rockville, MD), 50 unit/ml
of penicillin and 50 mg/ml of streptomycin.

MTT Assay 1321N1 cells and PC12 cells were seeded into
96-well plates at a density of 2.5×104 cells/ml. Two days after
seeding, the medium was replaced with serum-free DMEM,
and cells were incubated with or without 10M brefelamide for
24 h, and then treated with HGF (R&DSystems,Minneapolis,
MN, USA). Then, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT; Wako Pure Chemicals, Tokyo,
Japan) diluted to 0.1 mg in phosphate-buffered saline was
added to each well, and the cells were incubated for a further
4-h period at 37 °C. After removal of the medium, the cells
were lysed with DMSO to dissolve the formazan product.
Absorbance at 590 nm was then measured with a plate reader
(Sunrise, Tecan, Switzerland).

Brefelamide
Figure 1 Structure of brefelamide.

0 1 3

Time (day)

%
 o

f 
co

n
tr

o
l

a

60

80

100

120

140

160

180

200

220

Time (day)

%
 o

f 
co

n
tr

o
l

0 1 3

b

60

80

100

120

140

160

180

200

220

*
*

*

*

*

Figure 2 Effect of HGF on survival rate of 1321N1 human astrocytoma
cells and PC12 rat pheochromocytoma cells. Two days after seeding, the
mediumwas replaced with serum-free DMEM for 24 h, and then 1321N1
human astrocytoma cells (a) and PC12 rat pheochromocytoma cells (b)
were treated with vehicle (circles), 0.1 ng/ml HGF (triangles), 1 ng/ml

HGF (squares), or serum as positive control (rhombuses) for 1 or 3 d.
MTT assays were performed to determine cell viability. Each point rep-
resents the mean ± S.E.M. from at least three independent experiments.
Asterisks indicate significant differences compared with the correspond-
ing vehicle group (P< 0.05).
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Western Blotting Cells were seeded into 60-mm dishes at
a density of 5 × 104 cells/ml. After 48 h from seeding, the
medium was replaced with serum-free DMEM, and cells
were incubated with or without brefelamide for 24 h,
followed by addition of HGF. At the end of the incubation
period, the medium was aspirated and cells were lysed by
the addition of Laemmli sample buffer. Western blotting
was performed as described previously (Honma et al.
2006). Protein concentration was quantified by BCA as-
say (Thermo Fisher Scientific) and samples were run on
SDS-PAGE gels before transfer to polyvinylidene
difluoride membranes. Membranes were incubated for
2 h with 0.5% skim milk in Tris-buffered saline with
Tween 20 and then incubated with anti-ERK, anti-
phospho-ERK, anti-AKT, anti-phospho-AKT, anti-c-
MET (all Cell Signaling Technology, Beverly, MA), or
anti-β-actin (Sigma–Aldrich, St. Louis, MO) antibodies
(all at 1:1000 dilution). Membranes were then incubated
for 2 h at 25 °C with a 1:3000 dilution of an anti-rabbit
horseradish peroxidase (HRP)-linked immunoglobulin G
(IgG) or an anti-mouse HRP-linked IgG (Cell Signaling
Techno logy, Beve r l y, MA) a t 25 °C fo r 2 h .
Immunoreactivity was determined using an enhanced

chemi luminescence as say k i t (GE Hea l thca re ,
Buckinghamshire, UK), and immunopositive bands were
detected using a LAS-3000 luminescent image analyzer
(Fujifilm, Tokyo, Japan). Band density was analyzed
using Image Gauge software (Fujifilm). Data are
expressed as the ratio of phosphorylated to total ERK,
AKT, or -actin.

Real-Time RT-PCR Total RNA was extracted using the
GenElute Mammalian Total RNA Miniprep Kit (Sigma–
Aldrich), according to the manufacturer’s protocol. First-
strand cDNA was prepared from total RNA (1 μg) using
oligo(dT) primer and ReverTra Ace reverse transcriptase
(Toyobo Co. Ltd., Osaka, Japan). Human CMET cDNA
consisting of 85 base pairs (bp) and ratCmet cDNA consisting
of 310 bp were amplified using the following protocol: 30 cy-
cles of 98 °C for 10 s, 60 °C for 30 s, and 68 °C for 60 s.
Samples were then run out on 2% agarose gels by electropho-
resis to confirm the PCR products. Real-time PCR analysis was
performed using an Mx3000P analyzer (Stratagene, La Jolla,
CA). SYBR Premix Ex Taq (TaKaRa Bio, Otsu, Shiga, Japan)
was used for cDNA amplification. The sequences of the primer
p a i r s w e r e a s f o l l o w s : h u m a n CME T , 5 ′ -
TGCAAAGCTGCCAGTGAAGT-3 (sense) and 5 ′-
GCCAAAGGACCACACATCTGA-3′ (antisense); rat Cmet,
5′-CTGGGAGCTCATGACGAGAGG-3′ (sense) and 5′-
GCTAATGTTGTCTTGGGATGGC-3′ (antisense) (Lim et al.
2008); human HGF, 5′-AGAAATGCAGCCAGCATCATC-3′
(sense) and 5′-CACATGGTCCTGATCCAATCTTT-3′
(antisense) (Saghizadeh et al. 2005); human G3PDH, 5′-
ACCACAGTCCATGCCATCAC-3 ′ (sense) and 5 ′-
TCCACCACCCTGTTGCTGTA-3′ (antisense). The real-time
PCR conditions were as follows: 95 °C for 2 min, followed by
30 cycles of 15 s at 95 °C, 30 s at 56 °C, and 30 s at 72 °C. Gene
expression was normalized to G3PDH gene expression.

1321N1 PC12 1321N1 PC12

a b

Figure 3 Expression of c-METmRNA and protein in 1321N1 and PC12
cells. Two days after seeding, the medium was replaced with serum-free
DMEM for 24 h, and then mRNA or protein was extracted. (a) Ethidium
bromide staining of PCR products separated on 2% agarose gels. Arrows
indicate the 85-bp fragment of human CMET cDNA (left) and the 310-bp
fragment of rat Cmet cDNA (right). (b) c-MET protein from 1321N1 and
PC12 cells.
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Figure 4 Effect of HGF on ERK
and AKT phosphorylation in
1321N1 cells. Cell lysates were
separated by SDS-PAGE and then
immunoblotting was performed
using antibodies against (a) ERK
and phospho-ERK, and (b) AKT
and phospho-AKT. Each column
represents the mean ± S.E.M.
from at least three independent
experiments. Phosphorylation
levels were normalized to total
ERK or total AKT levels and are
shown as a percentage of the
control. Asterisks indicate signifi-
cant differences compared with
the vehicle group (P< 0.05).
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Enzyme-Linked Immunosorbent Assay HGF Human
ELISA Kit (Life Technologies) was used to quantify
HGF secreted from cultured 1321N1 cells. Assays were
performed according to the manufacturer’s instructions.
All samples were measured in duplicate.

Statistical Analysis Results are expressed as the mean
± S.E.M. Student’s t test for two-sample comparisons
was used to calculate the significance of differences
between values, while for multiple comparisons, one-
way analysis of variance with Dunnett’s test was used.
P values of <0.05 were considered statistically
significant.

Results

MTT assays were performed to determine the effect of HGF
on 131N1 human astrocytoma and PC12 rat pheochromocy-
toma cell proliferation following treatment with 0.1 or 1 ng/ml
HGF for 1 or 3 d. HGF treatment increased the survival rate of
1321N1 cells but not PC12 cells in a concentration-dependent
manner (Fig. 2).

We next examined whether c-MET, the HGF receptor, was
expressed in these cell lines. c-MET mRNA and protein were
strongly expressed in 1321N1 cells, in contrast with PC12
cells, in which the expression levels were much lower (Fig. 3).

Because HGF is reported to stimulate phosphorylation of
ERK and AKT in many cel ls (Menakongka and
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Figure 5 Effect of brefelamide on HGF-induced cell survival, c-MET
expression, and ERK andAKT phosphorylation in 1321N1 cells. (a) Two
days after seeding, the mediumwas replacedwith serum-free DMEM and
cultured in the presence of 10μMbrefelamide for 24 h. 1321N1 cells was
treated with vehicle (circles), 0.1 ng/ml HGF (triangles), 1 ng/ml HGF
(squares), or serum as a positive control (rhombuses) for 1 or 3 d. MTT
assays were performed to determine cell viability. Each point represents
the mean ± S.E.M. from three independent experiments. Asterisks indi-
cate significant differences compared with the corresponding vehicle
group (P < 0.05). (b) Real-time PCR analysis of the expression of
CMET mRNA. Each column represents the mean ± S.E.M. from six in-
dependent experiments. Asterisk indicates a significant difference com-
pared with the group without brefelamide treatment (P < 0.05). (c)

Western blotting analysis of c-MET protein expression. Cell lysates were
separated by SDS-PAGE and then western blotting was performed using
an anti-c-METantibody. Each column represents the mean ± S.E.M. from
three independent experiments. Data are normalized to the corresponding
-actin level and are shown as a percentage of the control. Asterisk indi-
cates a significant difference compared with the group without
brefelamide treatment (P< 0.05). Cell lysates were separated by SDS-
PAGE and then immunoblotting was performed using antibodies against
(d) ERK and phospho-ERK and (e) AKTor phospho-AKT. Each column
represents the mean ± S.E.M. from at least three independent experi-
ments. Phosphorylation levels were normalized to total ERK or total
AKT levels and are shown as a percentage of the control.
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Suthiphongchai 2010; Tang et al. 2010), we investigated these
effects in 1321N1 and PC12 cells. HGF significantly in-
creased phosphorylation of ERK and AKT at 5 min and
30 min, respectively, in 1321N1 cells (Fig. 4). However,
ERK and AKT phosphorylation was not induced by HGF in
PC12 cells (data not shown). To assess the effect of
brefelamide on HGF-induced cell survival, we performed
MTT assays following treatment of 1321N1 cells with
10 μM brefelamide for 24 h prior to the addition of 0.1 or
1 mg/ml HGF. Our data showed that brefelamide inhibited
HGF-induced cell viability in 1321N1 cells (Fig. 5a).

Next, we examined whether brefelamide affected the ex-
pression of c-MET in 1321N1 cells. Dosing of the cells with
brefelamide for 24 h significantly inhibited the expression of
c-MET mRNA and protein (Fig. 5b and c). Moreover,
brefelamide treatment affected HGF-induced ERK and AKT
phosphorylation in 1321N1 cells (Fig. 5d and e).

We next performed real-time PCR and ELISA to quantify
the levels of HGF mRNA and HGF protein secretion follow-
ing incubation of 1321N cells with brefelamide. Both HGF
mRNA levels and HGF protein secretion were significantly
reduced by brefelamide treatment (Fig. 6).

Discussion

In this study, we demonstrated for the first time that
brefelamide reduced HGF-induced cell survival in 1321N1
human astrocytoma cells, a model of glioma.

Brefelamide is assumed to exert its effects through multiple
mechanisms including inhibition of ERK phosphorylation via
downregulation of EGFR, and also reduction of HGF receptor
expression and HGF secretion in parallel with inhibition of
ERK and AKT phosphorylation in 1321N1 cells.

HGF exerts mitogenic, morphogenic, and motogenic activ-
ities in various types of cells (Brinkmann et al. 1995;
Matsumoto and Nakamura 1996). In the present study, vehicle
treatment in serum-free conditions decreased 1321N1 cell num-
ber because the growth factors contained in serum were neces-
sary for the survival of 1321N1 cells. However, HGF treatment
increased cell survival and stimulated phosphorylation of ERK
andAKT in 1321N1 cells but not PC12 cells. The reason for the
difference is most likely because c-MET, the HGF receptor, is
strongly expressed in 1321N1 cells. It has been shown that
ERK plays a pivotal role in cell proliferation, while AKT reg-
ulates multiple cellular functions such as cell proliferation and
survival, angiogenesis, glycogen synthesis, protein synthesis,
and transcription (Brazil and Hemmings 2001). Thus, it is pos-
sible that HGF-induced survival of 1321N1 cells was a conse-
quence of ERK and AKT phosphorylation.

In a previous study, we demonstrated that brefelamide
inhibited the proliferation of 1321N1 cells. Therefore, we ex-
amined the effect of brefelamide on HGF-induced 1321N1 cell
survival. Brefelamide reduced cell survival and ERK and AKT
phosphorylation in 1321N1 cells. Moreover, brefelamide
inhibited the expression of c-MET mRNA and protein.
Therefore, brefelamide might inhibit ERK and AKT phosphor-
ylation by reducing HGF receptor expression in 1321N1 cells.
Luteolin, an inhibitor of fatty-acid synthase, blocked HGF-
induced scattering and motility in DU145 prostate cancer cells
by reducing expression of c-MET protein and phosphorylation
of AKT (Coleman et al. 2009). FASN, which catalyzes the
synthesis of long-chain saturated fatty acids, is overexpressed
in many human cancers, and this overexpression is correlated
with advanced disease (Menendez and Lupu 2007). In contrast
with our results, luteolin failed to inhibit ERK phosphorylation,
suggesting that brefelamide may not be a FASN inhibitor. It is
likely that the inhibition of AKT phosphorylation led to sup-
pression of HGF-induced proliferation.
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Figure 6 Effect of brefelamide on HGF secretion in 1321N1 cells. Two
days after seeding, the medium was replaced with serum-free DMEM,
and cultured in the presence or absence of 10μMbrefelamide for 24 h. (a)
Real-time PCR analysis of HGF mRNA expression. Each column repre-
sents the mean ± S.E.M. from six independent experiments. Asterisk

indicates a significant difference compared with the group without
brefelamide application (P< 0.05). (b) ELISA analysis of HGF protein
expression. Each column represents the mean± S.E.M. from four inde-
pendent experiments. Asterisk indicates a significant difference compared
with the group without brefelamide application (P< 0.05).
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Xie et al. (2011) recently reported that HGF autocrine status
could be the dominant determinant of c-METsignaling pathway
activity. Chattopadhyay et al. (2004) showed that HGF induced
proliferation of U87 human astrocytoma cells, while the prolif-
eration of these cells was inhibited by transforming growth
factor- (TGF-)-1. Furthermore, TGF–1 and other TGF- family
proteins, such as bone morphogenetic proteins and activin A,
inhibited HGF secretion from U87 human astrocytoma cells
through transcriptional repression without inducing concomi-
tant changes in c-MET expression. In the present study, HGF
secretion was significantly reduced by brefelamide treatment.
The reduction in HGF secretion from 1321N1 cells may be a
critical effect of brefelamide that suppresses glioma progression.
Further studies are necessary to elucidate the detailed mecha-
nisms of brefelamide-induced inhibition of HGF secretion.

Recent findings have suggested several promisingmolecular
therapeutics that specifically inhibit c-MET in gliomas.
PHA665752, a highly selective c-MET inhibitor that competi-
tively inhibits binding of ATP to the tyrosine kinase domain of
c-MET, is capable of antagonizing HGF-induced migration and
proliferation or survival of c-MET-expressing neuroblastoma
cells (Crosswell et al. 2009). SGX523, a selective and orally
bioavailable small-molecule inhibitor of c-MET kinase, inhibits
c-MET, AKT, and ERK phosphorylation, cell proliferation, cell
cycle progression, migration, and invasion in human glioblas-
toma cell lines, glioblastoma primary cells, glioblastoma stem
cells, and medulloblastoma cell lines (Guessous et al. 2010).
Consequently, inhibition of c-MET may be a feasible and
promising approach for brain tumor therapy.

Conclusions

We have shown that brefelamide inhibited HGF-induced surviv-
al of 1321N1 human astrocytoma cells and reduced c-MET
expression, HGF secretion, and ERK andAKTphosphorylation.
Further studies are required to determine the precise mechanisms
of c-MET and HGF inhibition. However, treatment of gliomas
with brefelamide may be an effective therapeutic strategy.
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