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Acer mono is known to contain bioactive substances that exhibit beneficial effects in 
osteoporosis, gastric ulcers, hepatic damage, and pathologic angiogenesis. The current 
study aimed to investigate the effects of Acer mono extract on the invasive activities 
and cell-cycle progression of human fibrosarcoma cells. Cytotoxicity of Acer mono ex-
tract was assessed by MTT assay, in-vitro invasiveness of HT1080 fibrosarcoma cells 
was measured using matrigel assay, expression of invasion- and cell-cycle-related pro-
teins was analyzed by western blot analysis, and that of E2F target genes was quanti-
fied using qRT-PCR. Acer mono extract did not show distinct cytotoxicity in the ex-
perimental concentrations used. Invasiveness of HT1080 fibrosarcoma cells and ex-
pression of cyclin D1 and CDK4 in them were significantly reduced in a dose-dependent 
manner after treatment with Acer mono extract. Acer mono extract showed inhibitory 
effects on the G1/S transition during cell-cycle progression; the active phosphorylated 
Rb protein level was decreased, and expression of E2F target genes was downregulated 
by the Acer mono extract. Our data collectively demonstrated that Acer mono extract 
exerts inhibitory effects on the invasiveness and cell-cycle progression of HT1080 hu-
man fibrosarcoma cells.
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INTRODUCTION

Acer mono Max. is a wild plant distributed across East 
Asia, especially Korea, Japan, China, Mongolia, and the 
Russian Far East. A species of Acer mono is a deciduous tree 
with five to seven lobular leaves and growing up to 15-20 
m in height. It has been reported to have beneficial effects 
on osteoporosis.1 The leaves, roots, and sap of Acer mono 
have been used in Korean folk medicine for the treatment 
of hemostasis, arthralgia, cataclasis, difficulty in uri-
nation, constipation, other gastrointestinal disorders, and 
neuralgia. Several studies have demonstrated its effects on 
angiogenesis, hepatic protection, and stress-induced gas-
tric ulceration.2-5 Acer species are known to contain various 
secondary metabolites, such as coumarinolignans, diary-
lheptanoids, flavonoids, sterols, and triterpenoids.6,7 How-
ever, there has been no report on the bioactive character-
istics of Acer mono extract in relation to cell invasion and 

proliferation of tumor cells.
Cancer cells differ from normal cells in many cellular 

characteristics, including loss of contact inhibition, in-
creased invasiveness and metastasis, continuous cell pro-
liferation, loss of differentiation, and decreased drug sensi-
tivity. The differences arise from increased proteolytic ac-
tivities in the extracellular matrix and uncontrolled cel-
lular proliferation of tumor cells. Tumor cell migration and 
metastasis have been known to be closely related to the ex-
pression of matrix metalloproteinase (MMP) and tissue in-
hibitor of metalloproteinases (TIMP).8-14 In our previous pi-
lot study, Acer mono duramen extract had been found to 
function as a matrix metalloproteinase inhibitor (MMPI). 
The present study aimed to investigate the effects of Acer 
mono on the invasive activities and expression of MMPs 
and TIMPs in HT1080 fibrosarcoma cells. 

The cell-cycle is a conserved proliferative signaling cas-
cade consisting of a series of events occurring in a dividing 



186

Acer mono Inhibits Invasive Activities and Cell-Cycle

cell, specifically the G1, S, G2, and M phases.15 When cells 
are stimulated by mitogens to divide, active G1-CDK (cy-
clin D1-CDK4) accumulates and phosphorylates Rb pro-
teins, reducing their binding to E2F. The liberated E2F pro-
teins then activate the transcription of G1/S genes, includ-
ing cyclin E and cyclin A. Therefore, dysregulation of cell- 
cycle progression leads to changes in cell proliferation cha-
racteristics. Overexpression of cyclin D1 could be a reason 
behind tumor progression and metastasis.16,17 Although 
the relationship between tumor cell invasion and prolifer-
ation still remains unclear, we analyzed the effects of Acer 
mono on cell-cycle progression to elucidate the mechanism 
of anticancer activity of Acer mono extract in tumor cells 
and explore its potential as a chemotherapeutic agent in 
anticancer therapy.

MATERIALS AND METHODS

1. Materials
An extract of the medicinal plant Acer mono was pur-

chased from Plant Extract Bank, Daejeon, Korea. The ex-
tract was dissolved in methanol and stored at 4℃. EMEM 
medium, trypsin-EDTA, and fetal bovine serum (FBS) were 
obtained from Gibco BRL (Life Technologies, USA). HT1080 
fibrosarcoma cells were obtained from the American Type 
Culture Collection (USA). Antibodies were purchased from 
R&D (USA), and matrigel was purchased from BD Biosciences 
(USA).

2. Cell culture
HT1080 cells were grown as monolayers in tissue culture 

flasks (Nunc, Denmark) in EMEM medium supplemented 
with 10% fetal bovine at 5% CO2 and 37℃ in a humidified 
atmosphere. Cells were passaged thrice a week by treating 
with trypsin–EDTA, and then used for subsequent experi-
ments. Once the cells adhered to the culture plate, the me-
dium was replaced with EMEM medium containing 1% 
FBS, and the extract was added at various concentrations. 
The conditioned medium was collected after 24 h of in-
cubation for subsequent analysis.

3. MTT assay
Cytotoxic levels of extracts in HT-1080 cells were measured 

using the 3-(4,5-dimethyl-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) method. Cells were grown in 96-well plates 
at a density of 5×103 cells/well. After 24 h, they were washed 
with fresh medium and treated with different concentra-
tions of extracts. After 24-h incubation, cells were re-wash-
ed, 20 μL of MTT (5 mg/mL) was added, and incubated again 
for 4 h. Finally, dimethyl sulfoxide (DMSO, 100 μL) was 
added to solubilize the formazan salt formed, and the 
amount of formazan salt was determined by measuring the 
OD at 490/540 nm using a microplate reader (Molecular 
Devices, USA). Data are expressed as the mean of three in-
dependent experiments.

4. Invasion assay 
For the invasion assay, 5×104 HT-1080 cells in 250 μL 

EMEM were seeded in the upper chamber and serum-free 
EMEM was placed in the lower chamber. Matrigel ma-
trix-coated membranes were inserted between the two 
chambers. After incubation at 37℃ in a 5% CO2 incubator 
overnight, the medium in upper chamber was replaced by 
EMEM containing 1% FBS (250 μL) and treated with vari-
ous concentrations of the extract (0-200 μg/mL). The cham-
ber was then incubated at 37℃ in a 5% CO2 incubator for 
24 h. At the end of the incubation period, the membrane was 
fixed and stained according to the manufacturer’s instruc-
tions (Becton-Dickinson, USA).

5. Western blot analysis
The treated cells were suspended in lysis buffer (1% 

Triton X-100, 150 mM NaCl, 5 mM EDTA, 1 mM phenyl-
methylsulfonyl fluoride (PMSF), 20 mM Na-phosphate 
buffer (pH 7.4), 100 % aprotinin (100 μL), 1 mg/mL leupeptin 
(10 μL), and 250 mM Na3VO4 (20 μL)) for 10 min on ice. The 
nuclei were pelleted by centrifugation at 6,000 rpm at 4℃ 
for 5 min, and the supernatants containing cytosolic pro-
teins were collected. Equal amounts of protein and an equal 
volume of 2× sample buffer were mixed and electro-
phoresed on 8% sodium dodecyl sulfate-polyacrylamide gel 
(SDS-PAGE). The proteins were then electro-transferred 
to a nitrocellulose membrane (Amersham, USA). The mem-
brane was blocked with 5% skimmed milk in 1× PBS (pH 
7.6) for 2 h at room temperature with shaking, and in-
cubated with the primary antibody, followed by secondary 
anti-mouse/goat IgG. The immunoreactive protein bands 
were visualized with enhanced chemiluminescence (ECL) 
reagents (Amersham, USA).

6. qRT-PCR
RNA extraction was performed using TRI reagent ac-

cording to the manufacturer’s instructions (Molecular Re-
search Center, USA). Total RNA (3 μg) was reverse-tran-
scribed using an M-MLV cDNA synthesis system (Invitrogen, 
USA), and the reverse-transcribed cDNA was subjected to 
PCR. The amplification reaction was performed under the 
following conditions: 40 cycles of denaturation at 94℃, an-
nealing at 60℃, and extension at 72℃. Disassociation 
curves were generated after each PCR run to ensure that 
a single product of the appropriate length was amplified. 
The mean threshold cycle were calculated from individual 
Ct values obtained from triplicates per stage. In each re-
action, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
was used as an internal control. Primers of E2F target 
genes, such as cyclin A (CCNA), cyclin E (CCNE), CDC6 
(cell division cycle 6), dehydrofolate reductase (DHFR), 
and thymidine kinase (TK), were purchased from Quiagen.

7. Statistical analysis 
The p value was determined by the one-tailed Student’s 

t-test. The level of statistical significance was set at p<0.05.
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FIG. 1. Effect of Acer mono extract on the viability of HT1080 cells. 
HT1080 cells (5×103) were treated with the Acer mono extract in 
a dose-dependent manner (0, 50, 100, 150, and 200 μg/mL) for 24 
h. Cell viability was determined using the standard MTT assay. 
Cell viability is represented as the percentage of relative absorb-
ance compared to that in the control. Results are presented as the 
mean±SD of three independent experiments. 

FIG. 2. Inhibitory effect of Acer mono ex-
tract on the invasiveness of HT1080 
cells. Effect of Acer mono extract on ma-
trigel invasion of HT1080 cells is shown 
(A). HT1080 cells were treated with in-
dicated concentrations of the Acer mono
extract. Photograph of cells penetrating 
the matrigel is shown. The conditioned 
medium was collected from each well 
and treated with different concen-
trations of Acer mono extract (50, 100, 
and 200 μg/mL). MMP2 and MMP9 ac-
tivity was analyzed by zymography (B). 
TIMP2, MMP2, MMP9, and MMP14 
protein expression in cells treated with 
different concentrations of the Acer 
mono extract was analyzed by western 
blotting (C). The scale bar represents 20 
μm (*p<0.05, **p<0.01).

RESULTS

1. Cytotoxicity of the Acer mono extract in HT1080 cells 
Cytotoxicity of the Acer mono extract in HT-1080 cells 

was evaluated by the MTT assay. Cells (5×103) were treat-
ed with different concentrations of the Acer mono extract 
(0, 50, 100, 150, and 200 μg/mL) and incubated for 24 h. The 
Acer mono extract had no effect on the viability of HT1080 
cells under the experimental concentrations (Fig. 1).

2. Acer mono extract inhibited invasive behavior of HT1080 
cells 
The invasive activities of HT1080 cells, treated with dif-

ferent concentrations of the Acer mono extract, were eval-
uated using a matrigel assay. Results showed the Acer 
mono extract to significantly inhibit the invasive activity 
of HT1080 cells in a dose-dependent manner (Fig. 2A). 

3. Acer mono extract inhibited the expression of MMP2 and 
MMP9
Metastasis is a multistep and complex process that in-

cludes cell proliferation, ECM degradation and invasion. 
The MMP2 (72 kD gelatinase A) and MMP9 are ECM de-
grading enzymes, associated with the invasive metastatic 
potential of various tumor and cancer cells. So, zymog-
raphy was performed to examine the activity of MMP-2 in 



188

Acer mono Inhibits Invasive Activities and Cell-Cycle

FIG. 3.  Effect of Acer mono extract on the 
expression of pRb, cyclin D1, and CDK4. 
HT1080 cells were treated with Acer 
mono extract (50, 100, and 200 μg/mL) 
for 24 h. Cell lysates were subjected to 
SDS-PAGE and analyzed by western 
blotting. Rb phosphorylated on Ser795 
or Ser807/811 was measured by im-
munoblotting with a specific anti-Ser795-
phospho-Rb or Ser807/811-phospho-Rb 
antibody. Representative blots are shown
(A, B). Total Rb expression was meas-
ured by immunoblotting using a rabbit 
polyclonal antibody, which recognizes 
total Rb protein. Densitometric analy-
sis of the effect of Acer mono extract on 
the expression of p-Rb, cyclin D1, and 
CDK4 (C) (*p<0.05).

FIG. 4. Real-time qRT-PCR analysis of E2F target gene mRNAs. 
Cells were incubated with Acer mono extract (50 and 100 μg/mL). 
Total RNA was isolated from cells after 48 h of treatment and used 
for qRT-PCR analysis with the indicated E2F target gene primers 
(CCNA, CCNE, CDC6, DHFR, and TK). GAPDH was used as a 
control gene for normalization. The mean and standard error for 
the three independent datasets are shown (*p<0.05, **p<0.01).

HT1080 cells. MMP-2 activity was significantly decreased 
in a dose-dependent manner (Fig. 2B). In addition, TIMP2 
expression was significantly reduced (Fig. 2C). This result 
indicated that the inhibitory effect on cell invasion in the 
matrigel assay was mediated by MMP-TIMP imbalance.

4. Acer mono extract inhibited the expression of cyclin D1, 
CDK4, and pRb in HT1080 cells 
HT1080 cells were treated with DMSO or Acer mono ex-

tract (50, 100, and 200 μg/mL) for 24 h, and the expression 
of pRb (Ser795), pRb (Ser807/811), cyclin D1, and CDK4 
was examined by western blot analysis. Cyclin D1 and CDK4 
protein expressions were decreased in a dose-dependent 
manner, with maximum inhibition occurring at 200 μg/mL 
Acer mono extract (Fig. 3B ,C).

5. Cyclin/CDK-Rb signaling pathway was involved in the 
inhibition of E2F function in G1/S transition
Acer mono extract blocked the G1/S transition by inter-

fering with the Rb-E2F signaling pathway via regulation 
of the expression of cyclin D1, CDK4, and E2F. Further-
more, the mRNA levels of downstream targets of E2F, in-
cluding CCNA, CDC6, DHFR, and TK genes, were sig-
nificantly lower in Acer mono extract-treated cells than in 
DMSO-treated cells (Fig. 4). The data suggested that Acer 
mono extract may inhibit the G1/S transition by suppress-

ing multiple targets, including cyclin D1, CDK4, and Rb- 
E2F, which in turn attenuate the transcription of S-phase 
genes.
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DISCUSSION

Metastasis is the major cause of death in patients with 
cancer. Extracellular secretion of MMPs to destroy ex-
tracellular matrix is an important key step in tumor cell 
invasion and metastasis. HT1080 human fibrosarcoma 
cells secret abundant MMPs and exhibit strong metastatic 
characteristics. For this reason, we selected HT1080 cells, 
which are widely used to measure the invasive activities 
of tumor cells to evaluate the effect of Acer mono extract 
in matrigel assay. As shown in Fig. 2A, Acer mono extract 
inhibited the invasive activities of HT1080 cells in a 
dose-dependent manner, and the inhibitory effect on tumor 
cell invasion was considered to be a result of the down-
regulation of MMP activities, in addition to increased ex-
pression of TIMP2 (Fig. 2C). However, whether Acer mono 
extract also exhibits similar effects on invasive activities 
of other tumor cell types is necessary to be studied in the 
future. Although there is no report elucidating the mecha-
nisms of invasiveness and cell proliferation, Cheu and Pan 
had demonstrated that PD-0332991 inhibits cellular growth 
and suppresses migration, invasion, and MMP-2 expres-
sion of esophageal squamous cell carcinoma (ESCC) cells.18 
While the mechanism underlying the invasion-prolifer-
ation relationship has not yet been clearly elucidated, the 
current study indicated that there is a link between cellular 
invasion and proliferation. 

The cell-cycle control system plays a pivotal role in regu-
lating cell proliferation in the body tissues. The central 
components of this system includes members of a family of 
protein kinases known as cyclin-dependent kinases (CDKs). 
Activities of the kinases change as the cell progresses 
through the cycle, leading to cyclical changes in the phos-
phorylation of intracellular proteins that initiate or regu-
late the major events of cell-cycle. Cyclins are the most im-
portant CDK regulators. When cyclin forms a complex with, 
the protein kinase is activated to trigger specific cell-cycle 
progression. G1/S-cyclins activate CDKs in late G1 phase 
and promote cell-cycle progression. The G1/S transition is 
a crucial event in cell-cycle progression, which requires cy-
clin proteins and their associated kinases, especially cyclin 
D1, in the early G1 phase.19,20 Deregulation of the cyclin/ 
CDK–Rb–E2F pathway, such as amplification, mutation, 
and overexpression of cyclin D, is crucial for the develop-
ment of human cancer. Moreover, cancers displaying acti-
vation of specific oncogenic pathways may also be partic-
ularly sensitive to CDK4/ CDK6 inhibition.17 Our present 
study revealed that entry of HT1080 cells into G1/S phase 
transition is inhibited after treatment with Acer mono ex-
tract (Fig. 3). To investigate the changes in proteins that 
are important for the progression of cell-cycle, the ex-
pression levels of cyclin D1 and CDK4 were measured by 
western blot analysis. As shown in Fig. 3 cyclin D1 and 
CDK4 were downregulated in HT1080 cells treated with 
Acer mono extract in a dose-dependent manner. We also 
measured the activities and expressions of other cell-cycle 
and proliferation related proteins including cyclinD3, 

Cdk6, Chk1, Chk2, p53, p27, p15 and p16 after treatment 
of Acer mono extract, however any significant changes 
were not found in our experiment. (data not shown). The 
results suggested that Acer mono extract inhibits cell-cycle 
progression by suppressing G1/CDK action, which is re-
quired for the G1/S transition. Cyclin D1 overexpression 
has been observed in various tumor cells.21-23 Similar to our 
data, other molecules inhibiting cell-cycle progression in 
the G0/G1 phase (for example, luteolin and silibinin) have 
also been reported to show anti-proliferative activities.24,25 
In this study, the potent inhibitory effect on cyclin D1 and 
CDK4 provides molecular evidence of an anti-proliferative 
effect directed at cell-cycle arrest. 

G1/CDK complexes activate Rb protein and subsequently 
liberate gene regulatory factors known as E2F proteins, 
which promote the expression of genes that encode proteins 
required for S-phase entry.

In this study, we found that phosphorylated Rb proteins 
are decreased in HT1080 cells treated with Acer mono ex-
tract (Fig. 3A). As a result, expression of E2F target genes, 
including CCNA (cyclin A), CDC6 (cell division cycle 6), 
DHFR (dehydrofolate reductase), and TK (thymidine kin-
ase) genes, were downregulated (Fig. 4).

Taken together, the results indicated that Acer mono ex-
tract inhibits cell-cycle progression by suppressing the 
G1/CDK-Rb-E2F pathway in HT1080 cells. 

Our data further suggested that Acer mono extract has 
anti-tumor activity and can be applied in the development 
of therapeutic resource for cancer therapy. 
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