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The expression of matrix metalloproteinases (MMPs)
has been implicated in the invasion and metastasis of
cancer cells. Here we examined the effect of ascochlorin,
a prenyl-phenol anti-tumor compound from the fungus
Ascochyta viciae, on the regulation of signaling path-
ways that control MMP-9 expression in human renal
carcinoma (Caki-1) cells. Ascochlorin reduced the inva-
sive activity of Caki-1 cells and inhibited phorbol 12-
myristate 13-acetate-induced increases in MMP-9 ex-
pression and activity in a dose-dependent manner.
Reporter gene, electrophoretic mobility shift, kinase in-
hibitor assays, and in vitro kinase assay showed that
ascochlorin inhibits MMP-9 gene expression by sup-
pressing activation of the nuclear transcription factor
activator protein-1 (AP-1) via the extracellular signal-
regulated kinase 1 and 2 pathway. The AP-1 family mem-
ber most specifically affected by ascochlorin was Fra-1.
Ascochlorin did not affect the activation of the c-Jun
N-terminal or p38 kinase pathways. Moreover, transfec-
tion of Caki-1 cells with AP-1 decoy oligodeoxynucleo-
tides resulted in the suppression of phorbol 12-myris-
tate 13-acetate-induced MMP-9 expression and invasion.
In conclusion, ascochlorin represents a unique natural
anti-tumor compound that specifically inhibits MMP-9
activity through suppression of AP-1-dependent induc-
tion of MMP-9 gene expression.

Ascochlorin (see Fig. 1A), a prenyl-phenol compound isolated
from the fungus, Ascochyta viciae, was originally found to have
antiviral antibiotic activity (1). In addition to its antiviral and
anti-fungal activity, natural and synthetic derivatives of asco-
chlorin reduce serum cholesterol and triglyceride levels suppress
hypertension and tumor development and ameliorate type I and
II diabetes (2–9). Moreover, several ascochlorin derivatives have
been reported to be potent agonists of nuclear hormone receptors,
including peroxisome proliferator-activated receptor �, suggest-

ing that the structure of ascochlorin would be useful in designing
modulators of nuclear receptors (6, 10, 11, 13).

The most well known extracellular matrix (ECM)1-degrading
enzymes are the matrix metalloproteinases (MMPs). MMPs are
a family of zinc-dependent endoproteinases that are capable of
degrading all the components of the ECM. MMPs are structur-
ally and functionally homologous proteins, with at least 20
known members. MMPs can be divided into four families based
on structure and substrate specificity: collagenases, gelati-
nases, stromelysins, and membrane-associated MMPs. Among
the previously reported human MMPs, gelatinase-A (MMP-2)
and gelatinase-B (MMP-9) are key enzymes that degrade type
IV collagen (14, 15). These two gelatinases share structural and
catalytic similarities, but transcription of the MMP-2 and
MMP-9 genes is independently regulated due to distinct arrays
of regulatory elements in the gene promoters. Regulated ex-
pression of MMP-9 has been implicated in renal development,
macrophage differentiation, atherosclerosis, inflammation,
rheumatoid arthritis, and tumor invasion (16–17). In contrast,
MMP-2 is usually expressed constitutively.

Recent studies have reported a positive correlation between
the expression of MMP-9 and tumor metastasis in colorectal
cancer and several other types of epithelial cancers (18, 19),
suggesting an important functional role for these proteinases
in metastasis. Metastasis of cancer cells requires several se-
quential steps, including changes in cell-ECM interactions,
dissociation of intercellular adhesion complexes, separation of
single cells from the solid tumor mass, degradation of the ECM,
and locomotion of tumor cells into the ECM (20, 21).

The mechanisms of MMP-9 gene activation in human cancer
cells are not well defined. The production of MMP-9 can be
induced by a number of factors, including the inflammatory
cytokine tumor necrosis factor-�. Tumor necrosis factor-� also
serves as an autocrine regulator of the phorbol 12-myristate
13-acetate (PMA)-induced expression of MMP-9. It is known
that the human MMP-9 promoter contains several cis-acting
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regulatory elements that participate in the regulation of the
MMP-9 gene expression, including sites that bind the tran-
scription factors AP-1 (located at �79 and �533 bp), NF-�B
(�600 bp), and Sp1 (�588 bp) (22, 23).

We hypothesized that the anti-tumor and anti-metastatic
activity of ASC may function to regulate MMP-9 in renal dis-
eases. Renal cell carcinoma is a common renal malignancy, and
no specific therapy presently is available for treating advanced
renal cell carcinoma or tumor recurrence. It has been shown
that MMP-9 expression correlates with invasion and metasta-
sis of renal carcinoma cells, but the mechanisms regulating
expression in this and other tumors are poorly understood (24,
25). Because early diagnosis of renal cell carcinoma would en-
hance treatment, we are interested in the expression and activity
of markers like MMPs for the detection and treatment of renal
cell carcinoma. In the studies described here, a human renal
carcinoma cell line (Caki-1) was used to investigate the pathways
that regulate MMP-9 expression. When Caki-1 cells are stimu-
lated by PMA, expression of MMPs, particularly MMP-9, is en-
hanced greatly. Here we describe the molecular mechanism by
which ASC blocks expression of MMP-9 in Caki-1 cells.

EXPERIMENTAL PROCEDURES

Cells and Materials—Caki-1 (human renal carcinoma), Chang (hu-
man liver cells), MDA-MB-231 (breast adenocarcinoma), and U2OS
(osteosarcoma) cells were obtained from the American Type Culture
Collection (Manassas, VA). Cells were cultured in Dulbecco’s modified
Eagle’s medium (Invitrogen) containing 10% fetal bovine serum, 20 mM

HEPES buffer, and 100 �g/ml gentamicin. ASC produced by A. viciae
was purified as described previously (1). Lipofectamine reagent was
obtained from Invitrogen. Luciferase and �-galactosidase assay systems
were obtained from Promega (Madison, WI). PMA, dexamethasone and
�-lipoic acid were purchased from Sigma. Specific PKC, mitogen-acti-
vated protein kinase kinase (MEK)-1, c-Jun N-terminal kinase, and p38
inhibitors (Go6976, PD98059, SP600125, and SB203580, respectively)
were obtained from Calbiochem.

Cytotoxicity Assays—Reduction of 3-[4,5-dimethylthiazol-2-yl]-2,
5-diphenyltetrazolium bromide (MTT) (Roche Applied Science) assays
were performed as described in the supplier’s protocol to evaluate the
cytotoxicity of ASC.

Cell Invasion Assays—5 � 104 cells/chamber were used for each
invasion assay. The upper parts of the Transwell (Corning Costar,
Cambridge, MA) were coated with 30 �l of a 1:2 mixture of Matrigel:
phosphate-buffered saline. Cells were plated on the Matrigel-coated
Transwells in the presence of various concentrations of ASC. The in-
serts were incubated for 24 h at 37 °C. Cells that had invaded the lower
surface of the membrane were fixed with methanol and stained with
hematoxylin and eosin. Random fields were counted by light microscopy
under a high power field (�200).

Gelatin Substrate Gel Zymography—To determine the effect of ASC
on PMA-induced MMP-9 activity, cells were treated with various concen-
trations of ASC in the presence of 50 nM PMA, and MMP-9 expression was
evaluated by zymography. Zymography was performed using a previously
described the procedure with minor modifications (26). Caki-1 cells were
suspended in medium containing 10% fetal bovine serum and plated at
3 � 105 cells/35-mm dish. The dishes were incubated until the cultures
were 80% confluent; the medium then was changed to fresh serum-free
medium with or without ASC compounds. Supernatants were collected
after incubation for 24 h. The medium was subjected to SDS-PAGE in 10%
polyacrylamide gels that had been copolymerized with 1 mg/ml gelatin.
After electrophoresis, the gels were washed several times in 2.5% Triton
X-100 for 1 h at room temperature, then incubated for 24 h at 37 °C in
buffer containing 5 mM CaCl2 and 1 �M ZnCl2. Gels were stained with
Coomassie Brilliant Blue R250 (0.25%) (Bio-Rad) for 1 h and then
destained. Proteolytic activity was evidenced as clear bands against the
blue background of the stained gelatin.

Western Blot Analysis—Cellular lysates were prepared by suspend-
ing 3 � 105 cells/35-mm dish in 30 �l of lysis buffer (50 mM Tris, 150 mM

NaCl, 5 mM EDTA, 1 mM DTT, 0.5% Nonidet P-40, 100 �M phenylmeth-
ylsulfonyl fluoride, 20 �M aprotinin, and 20 �M leupeptin, adjusted to
pH 8.0). The cells were disrupted and extracted at 4 °C for 30 min. The
proteins were electrotransferred to Immobilon-P membranes (Millipore
Corp., Bredford, MA). Detection of specific proteins was carried out by
enhanced chemiluminescence following the manufacturer’s instructions

(Amersham Biosciences). MMP-9, MMP-2, p38, PKC, JNK/stress-acti-
vated protein kinase (SAPK), ERK1/2, c-Fos, c-Jun, Fra-1, and ATF2
rabbit polyclonal antibodies were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA). Phosphospecific ERK1/2, p38, and JNK/SAPK
antibodies were purchased from New England Biolabs (Beverly, MA).

RT-PCR—Total RNA was extracted by RNA ZolBee (Invitrogen). For
reverse transcription reaction, cDNA was synthesized from 1 �g of total
RNA using Moloney murine leukemia virus reverse transcriptase (Pro-
mega). PCR primers are described below. PCR products were analyzed
by agarose gel and visualized by ethidium bromide. Used primers in
RT-PCR are described in Ahn et al. (30).

Plasmid Transfection and Luciferase Reporter Gene Assays—MMP-9
wild type (pGL2-MMP-9WT), AP-1 site-mutated MMP-9 (pGL2-MMP-
9mAP-1–1 and pGL2-MMP-9mAP-1–2), NF-�B site-mutated MMP-9
luciferase promoter constructs (pGL2-MMP-9mNF-�B), MMP-2 pro-
moter construct (26, 27), and SP-1 reporter constructs (28) were used in
transient transfection assays as described previously. The AP-1 and
NF-�B reporter constructs were purchased from Clontech (Palo Alto,
CA). Cells were plated at a density of 3 � 105 cells/35-mm dish and
grown overnight. Cells were cotransfected with 2 �g of various plasmid
constructs and 1 �g of the pCMV-�-galactosidase plasmid for 5 h using
Lipofectamine reagent (Invitrogen) according to the manufacturer’s
instructions. After transfection, the cells were cultured in 10% fetal
bovine serum medium with vehicle (Me2SO) or ASC for 24 h. Luciferase
and �-galactosidase activities were assayed according to the manufac-
turer’s protocol (Promega). Luciferase activity was normalized for �-ga-
lactosidase activity in cell lysates and expressed as the average of three
independent experiments.

Electrophoretic Mobility Shift Assay—Cultured cells were collected
by centrifugation, washed, and suspended in buffer A (10 mM Hepes (pH
7.9), 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, and 0.5 mM

phenylmethylsulfonyl fluoride). After 15 min on ice, the cells were
vortexed in the presence of 0.5% Nonidet P-40. The nuclear pellet was
then collected by centrifugation and extracted with buffer B (20 mM

Hepes (pH 7.9), 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, and
1 mM phenylmethylsulfonyl fluoride) for 15 min at 4 °C. The nuclear
extracts (10 �g) were preincubated at 4 °C for 30 min with a 100-fold
excess of an unlabeled oligonucleotide consensus sequence of AP-1,
NF-�B, and SP-1. After this time the reaction mixtures were incubated
at 4 °C for 30 min in 25 mM Hepes buffer (pH 7.9), 0.5 mM EDTA, 0.5 mM

DTT, 0.05 M NaCl, and 2.5% glycerol with 1 �g of poly(dI/dC) and 5 fmol
(2�104 cpm) of a probe end-labeled with [�-32P]ATP. Probes included
30-mer oligonucleotides encompassing the consensus sequences for
AP-1, NF-�B, and SP-1. The reaction mixtures were resolved by elec-
trophoresis at 4 °C in 6% polyacrylamide gels using a TBE (89 mM Tris,
89 mM boric acid, and 1 mM EDTA) running buffer. Gels were rinsed
with water, dried, and exposed to x-ray film overnight.

In Vitro Kinase Assay of ERK and JNK—Cells (5–10 � 106 cells)
detached from a dish were washed with 0.9% NaCl, centrifuged for 5
min at 3000 rpm at 4 °C, and lysed with a buffer containing 50 mM Tris,
250 mM NaCl, 3 mM EDTA, 3 mM EGTA, 1% Triton X-100, 0.5% Nonidet
P-40, 10% glycerol, 2 mM DTT, 1 mM phenylmethylsulfonyl fluoride, 0.1
mM sodium orthovanadate, 2 mM p-nitrophenylphosphate, and 0.3
units/ml aprotinin. The cell lysate was centrifuged for 10 min at
10,000 � g at 4 °C and stored at �80 °C. The immunoprecipitates were
immobilized on protein G-Sepharose beads (Amersham Biosciences) by
incubation for 4 h at 4 °C overnight. The pellet was washed twice with
the lysis buffer, suspended in kinase assay buffer (25 mM Hepes, 300
mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.1% Triton X-100, 0.5 mM

DTT, 20 mM �-glycerophosphate, 0.1 mM Na3VO4, 2 �g/ml leupeptin, 1
mM phenylmethylsulfonyl fluoride, 0.3 units/ml aprotinin, and 2 mM

p-nitrophenylphosphate), and mixed with either 20 �g of c-Jun (for JNK
assay) or 20 �g of Elk-1 protein (for ERK-1 assay), 5 �Ci of [32P]ATP
and incubated at 30 °C for 30 min. The reaction was stopped by the
addition of 2� Laemmli buffer, and the sample was boiled, centrifuged,
and separated by electrophoresis. The gels were washed, dried, and
analyzed by a phosphorimaging analyzer.

Synthesis of AP-1 Decoy ODNs and Selection of Target Sequences—
ODNs included the transcriptional factor AP-1 binding sequence (under-
lined below (in this paragraph)) at the central site and dummy sequences
upstream and downstream of the binding sequence. As described (29, 30),
double-stranded ODNs were prepared and designated as the AP-1 decoy.
A mutant AP-1 (mt-AP-1) decoy with ODNs that were mutated at two
bases (small letters) of the AP-1 binding sequence was used as a control.
Inspection of the resulting nucleotide sequences in transcriptional regu-
lation databases revealed no homology with other known transcription
factors. AP-1 decoy, single-stranded sequence, 5�-TGTCTGACTCATGTC-
3�; mt-AP-1 decoy, 5�-TGTCTctCTgATGTC-3�. 100 nM decoy ODN was
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transferred to cells by Lipofectamine reagent (Invitrogen) according to the
manufacturer’s instructions.

RESULTS

Effect of ASC on Proliferation and Invasion of Caki-1 Cells—
The structure of ASC used in this study is shown in Fig. 1A.
Because it was known to have antibiotic activity, we first tested
the cytotoxic effects of ASC in Caki-1 cells in serum-free and
10% serum-containing medium using an MTT assay. Treat-
ment of cells with ASC ranging in concentration from 1 to 100
�M showed a 10–12% decrease in cell viability in serum con-
taining medium and a 12–15% decrease in cell viability in
serum-free medium (Fig. 1B). We next used a cell invasion
assay to begin analysis of the anti-tumor activity of ASC. As
shown in Fig. 1C, treatment of Caki-1 cells with PMA stimu-
lated invasion about 5-fold. ASC inhibited PMA-dependent in-
vasion in a dose-dependent manner, with inhibition in ASC-
treated cells reaching the levels of control cells by 10–30 �M.
These results indicated that ASC counteracts the effects of
PMA on induction of invasive activity in Caki-1 cells.

ASC Inhibits MMP-9 Activity in a Dose-dependent Manner—
Reduced invasion activity by ASC prompted us to examine the
effect of ASC on proMMP-9 activity induced by PMA. Caki-1
cells, which release proMMP-2 and proMMP-9 when cultured in
serum-free medium, were treated with various concentrations of
PMA for 24 h. The level of proMMP-2 expression was not signif-
icantly altered by PMA (50 nM), but the expression of proMMP-9
was induced, as evidenced by gelatin zymography (Fig. 2A and
data not shown). This concentration of PMA had no effect on cell
growth. From 1 to 50 �M ASC caused dose-dependent decreases
in PMA-induced proMMP-9 activity; the activity of proMMP-2
also was decreased but only at higher doses.

To determine whether the inhibitory effect of ASC on
proMMP-9 activity is a general phenomenon, Chang, MDA-
MB-231, and U2OS cells were tested for sensitivity to ASC.
Chang cells secrete MMP-2 constitutively in a manner similar
to Caki-1 cells, whereas MDA-MB-231 and U2OS cells consti-
tutively secrete primarily MMP-9. Increased activity of
proMMP-9 in response to PMA (50 nM) was dramatically de-
creased by ASC in each cell line (Fig. 2A). As for Caki-1 cells,
the effect on proMMP-2 activity was less dramatic. These re-

sults indicated that the ASC effect on proMMP-9 activity is not
cell type-specific.

We next compared the effects of ASC to other known MMP-9
inhibitors that suppress AP-1 activity. Caki-1 cells were treated
with dexamethasone in the presence of PMA, and proMMP-9
expression was evaluated by zymography as described previously
(21, 31). Treatment with dexamethasone decreased proMMP-9
activity in a dose-dependent manner; proMMP2 activity was not

FIG. 2. Effect of ASC, dexamethasone, and �-lipoic acid on
proMMP-9 activity. Caki-1, Chang, MDA-MB-231, and U2OS cells
were treated with various concentrations of ASC (A), dexamethasone
(Dexa, B), or �-lipoic acid (Lipo, C) in the presence of PMA (50 nM).
Conditioned medium was collected from cultures after 24 h and ana-
lyzed by gelatin zymography.

FIG. 1. Chemical structure of ASC
and the effects of ASC on the viability
and in vitro invasion of Caki-1 cells.
A, chemical structure and molecular
weight of ASC. B, effects of ASC on cell
viability. Caki-1 cells were treated with
ASC in the presence (open circle) or ab-
sence of serum (closed circle), and cell vi-
ability was tested by MTT assay after
24 h. C, ASC inhibits cell invasion. For
invasion assays, the upper parts of Tran-
swells were coated with Matrigel, and
Caki-1 cells with various concentrations
of PMA and ASC were added. After 24 h,
cells on the bottom side of filter were
fixed, stained, and counted. Data repre-
sent the mean � S.E. of at least three
independent experiments. Results were
statistically significant (*, p � 0.05 com-
pared with control; **, p � 0.01 compared
with PMA only treatment) using Stu-
dent’s t test. FBS, fetal bovine serum.
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affected. �-Lipoic acid, another inhibitor of MMP-9 (32), de-
creased both proMMP-9 and proMMP-2 activity in a dose-de-
pendent manner (Fig. 2B). These results suggest that ASC is
more selective for MMP-9 than these known inhibitors.

ASC Inhibits Expression of MMP-9—The levels of MMP-9
and MMP-2 proteins were determined by Western blot analysis
(Fig. 3A). The expression levels of MMP-9 protein gradually
decreased in a dose-dependent manner, indicating that reduced
proMMP-9 enzyme activity was the result of decreased
amounts of MMP-9 protein. As before, ASC had less dramatic
effects on expression of MMP-2.

To determine whether the inhibition of MMP-9 enzyme ex-
pression by ASC was due to a decreased level of transcription,
we performed RT-PCR and reporter gene analyses. In RT-PCR
analysis, the treatment of Caki-1 cells with ASC decreased the
levels of PMA-stimulated MMP-9 mRNA expression (Fig. 3B).
Because the activities of MMP-9 are also tightly regulated by
endogenous inhibitors, tissue inhibitor of metalloproteinases

(TIMPs) (16, 33), the levels of expression of TIMP-1 and -2 RNA
were assessed by RT-PCR. ASC had no effect on TIMP-1 and
TIMP-2 mRNA expression at the concentrations tested (Fig. 3B).

The effect of ASC on MMP-9 promoter activity was also
investigated using Caki-1 cells that had been transiently trans-
fected with a luciferase reporter gene linked to the MMP-9
promoter sequence. As shown in Fig. 3C, luciferase gene ex-
pression was activated up to 50-fold in cells treated with PMA
as compared with untreated cells. Treatment of cells with ASC
(10 �M) decreased PMA-mediated luciferase activity in a dose-
dependent manner, indicating that ASC inhibits MMP-9 ex-
pression at the transcriptional level and that the MMP-9 pro-
moter contains ASC response elements. ASC had little effect on
a luciferase reported gene containing the MMP-2 (Fig. 3D).

Effects of ASC on AP-1 and NF-�B Activities—The MMP-9
promoter contains cis-acting regulatory elements for transcrip-
tion factors that include two AP-1 sites (located at �79 bp and
�533 bp) and an NF-�B site (located at �600 bp). To test which
of these transcription factors may regulate the MMP-9 gene in
Caki-1 cells, cells were transiently transfected with reporter
genes that included the wild type (WT) MMP-9 promoter or
promoters with mutations in one or both AP-1 sites or the
NF-�B site (Fig. 4A). The mutation of the AP-1 binding site at
�533 bp drastically decreased induction by PMA, and mutation
of both AP-1 binding sites completely abolished the activation
of the MMP-9 promoter by PMA. Mutation of the NF-�B bind-
ing site also decreased PMA-induced MMP-9 reporter gene
activity but not to the extent achieved by mutation of the AP-1
sites. Treatment with 10 �M ASC in the presence of PMA also
decreased MMP-9 activity in reporters with AP-1 and NF-�B
site mutations.

In subsequent experiments cells were transiently trans-
fected with reporter vectors that included the tandem repeat of
AP-1, NF-�B, or SP-1 binding sites. Luciferase activity in the
cells with the AP-1 construct was significantly reduced by
treatment with ASC at 1 to 50 �M, whereas luciferase activity
in cells containing the NF-�B construct showed no statistically
significant changes in the presence of ASC (Fig. 4C). Vectors
containing reiterated SP-1 sites were not affected by ASC with
or without PMA (data not shown). These results show that both
the AP-1 and NF-�B binding sites in the MMP-9 promoter
contribute to promoter activity and that the AP-1 sites repre-
sent the primary sites for regulating responses to ASC during
PMA-dependent activation of the MMP-9 promoter.

ASC Decreases Transcription Factor Binding to AP-1 Mo-
tifs—To examine the reporter gene results further, electro-
phoretic mobility shift assays were performed using oligonucleo-
tides containing the consensus sequences for AP-1, NF-�B, and
SP-1 as probes. Caki-1 cells were incubated in the presence of
PMA with different concentrations of ASC for 24 h, and nuclear
extracts then were prepared and analyzed for AP-1 and NF-�B
DNA binding activity (34). The results indicated that AP-1 is
induced by PMA, as expected, but this activity decreased dramat-
ically when cells were treated with ASC (Fig. 5A). In contrast,
NF-�B binding activity was slightly increased (Fig. 5, A and B).
These data were consistent with the reporter gene analysis and
suggest that ASC blocks MMP-9 expression at least in part by
decreasing the expression or DNA binding activity of members of
the AP-1 transcription factor family. Although NF-�B contrib-
uted to PMA-dependent MMP-9 reporter gene expression, acti-
vation of the NF-�B pathway does not appear to be involved
directly in the ASC-mediated inhibition.

The PKC and ERK1/2 Mitogen-activated Protein Kinase Sig-
naling Pathways Are Involved in PMA-dependent Modulation
of MMP-9 Expression—The electrophoretic mobility shift assay
results suggest that the AP-1 transcription factor complex

FIG. 3. ASC inhibits PMA-induced MMP-9 expression. A, ex-
pression of MMP-9 and MMP-2 in Caki-1 cells treated with vehicle and
ASC in the presence of PMA for 24 h was evaluated by Western blot
analysis using anti-MMP-9 and MMP-2 antibodies. Expression of �-ac-
tin in cell lysates was used as a control. B, using RT-PCR, the levels of
MMP-9, MMP-2, and TIMP-1 and TIMP-2 mRNA from cells treated as
indicated were determined; a representative result from three inde-
pendent experiments is shown. C, Caki-1 cells were transfected with
WT-MMP-9 promoter-containing reporter vector and incubated with
various concentrations of ASC in the absence or presence of PMA (50
nM) as indicated. Luciferase activity was measured 24 h after transfec-
tion. Values represent the mean of at least three independent experi-
ments; bars,�S.D. Results were statistically significant (*, p � 0.05
compared with control; **, p � 0.01 compared with PMA only treat-
ment) using Student’s t test. D, Caki-1 cells were transfected with
WT-MMP-2 reporter vector, and luciferase activity was measured 24 h
after transfection. Values represent the mean of at least three inde-
pendent experiments; bars, � S.D.
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plays an essential role in stimulation of MMP-9 promoter ac-
tivity. In its active form the AP-1 complex may be composed of
homodimers of c-Jun or heterodimers between c-Fos, c-Jun,
and ATF2 (35–38). To determine whether PKC is involved in
PMA-dependent MMP-9 expression, MMP-9 expression was
analyzed by gelatin zymography in cell cultures treated with
Go6976, a general PKC-� and -� inhibitor. Treatment of Caki-1
cells with Go6976 (1–10 �M) abolished PMA-induced MMP-9
secretion in a dose-dependent manner (Fig. 6A), demonstrating
that activation of PKC is critical for induction of MMP-9 secre-
tion in response to PMA.

It is known that activation of one or more mitogen-activated
protein kinase pathways is important for the MMP-9 induction
by PMA in various cell types (27). The experiments described
below were designed to elucidate the signaling cascades that
activate expression of the MMP-9 gene in Caki-1 cells in re-
sponse to stimulation by PMA and how ASC influences infor-
mation flow through these pathways. Hence, the effects of
specific kinase inhibitors on the expression of MMP-9 in Caki-1
cells were analyzed by zymography. PD98059 is known to se-
lectively block the activity of mitogen-activated protein kinase
kinase (MEK), an activator of ERK1/2 kinases. SP600125 is

known to inhibit the c-Jun N-terminal kinase (JNK)/(SAPK).
Before stimulation with PMA, cells were incubated with vari-
ous concentration of PD98059 (10 �M) or SP600125 (10 �M) for
1 h and then incubated for 30 min in the presence of PMA.
PD98059 caused a dose-dependent decrease in PMA-dependent
induction of proMMP-9 activity in culture medium, whereas
SP600125 had no effect to proMMP-9 activity (Fig. 6A and data
not shown). We also tested other kinase inhibitors, including
SB203580, a specific inhibitor of p38 kinase. SB203580 (100
nM) had no effect on MMP-9 activity (Fig. 6A).

To further evaluate the effects of ASC on these signaling
cascades, we used antibodies against the phosphorylated forms
of the three mitogen-activated protein kinases ERK1/2, JNK/
SAPK, and p38. As shown in Fig. 6B, ERK1/2 phosphorylation
was induced by PMA and was decreased as the result of ASC
treatment; the levels of phosphorylated JNK and p38 remained
unchanged (Fig. 6B). We confirmed that the concentrations of
inhibitors used in these studies effectively reduced the phos-
phorylation of the corresponding target kinases (Fig. 6C).
These results suggest that ASC specifically inhibits ERK1/2
activity. This result was further confirmed by in vitro kinase
assay for endogenous ERK-1 and JNK. ERK-1 and JNK were

FIG. 4. Effects of ASC on the activi-
ties that function through AP-1 and
NF-�B binding sites. A, mutations were
introduced in the NF-�B or AP-1 binding
sites of pGL2-MMP-9WT by 2-bp changes.
Caki-1 were transfected with pGL2-
MMP-9WT or pGL2-MMP-9mNF-�B or
pGL2-MMP-9mAP-1 reporter plasmids
and then cultured with PMA (50 nM) and
ASC (10 �M). Caki-1 cells transfected
with the indicated reporters were cul-
tured with ASC (10 �M) and/or PMA (50
nM) for 24 h, and luciferase activity in cell
extracts was then determined. Values
represent the mean of at least three inde-
pendent experiments; bars, � S.D. Re-
sults were statistically significant (*, p �
0.05 compared with control) using Stu-
dent’s t test. B and C, Caki-1 cells were
transfected with reporter vectors contain-
ing binding sites for AP-1 (B) or NF-�B
(C) and cultured in the presence of ASC
for 24 h, and luciferase activity was meas-
ured. Values represent the mean of at
least three independent experiments;
bars,� S.D. Results were statistically sig-
nificant (*, p � 0.05 compared with con-
trol) using Student’s t test.
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immunoprecipitated with specific antibodies and incubated
with and without Elk-1 and c-Jun, specific substrates for
ERK-1 and JNK, in the presence of [�-32P]ATP. Although PMA
activated both ERK-1 and JNK activities, ASC specifically
decreased ERK-1 activity induced by PMA stimulation without
affecting JNK activity (Fig. 7). Western blotting of immunopre-
cipitates showed that ASC did not alter protein expression of
ERK and JNK after PMA treatment. Taken together, these
results indicate an essential role for PKC/ERK1/2 in activation
of MMP-9 expression in Caki-1 cells.

Next we examined the effects of ASC on expression of c-Jun,
c-Fos, Fra-1, and ATF2 by immunoblotting using the same
culture and treatment conditions as before. PMA (50 nM) treat-
ment greatly induced expression of c-Fos and Fra-1 and in-
duced phosphorylation of c-Jun as expected (Fig. 8). PMA had
no discernible effect on ATF2. In the presence of PMA, ASC
treatment (1 to 30 �M) decreased expression of c-Fos and Fra-1
but did not influence expression or phosphorylation of c-Jun.
Again, ATF2 expression was not affected (Fig. 8).

AP-1 Decoys Partially Inhibit PMA-induced MMP-9 mRNA
Expression—We next used transfection of decoy AP-1 binding
sites to examine the requirement for AP-1 on PMA-induced
expression of MMP-9 in Caki-1 cells. Cells were transfected
with wild type or mutant AP-1 decoys stimulated with PMA (50
nM) for 24 h and then subjected to RT-PCR analysis. Caki-1
cells treated with Lipofectamine alone were used as controls.
Treatment with the wild type AP-1 decoy reduced PMA-in-
duced MMP-9 mRNA expression but not to control levels (Fig.
9A). In contrast, transfection of the mt-AP-1 decoy or treatment
with Lipofectamine had little inhibitory effect on PMA-induced
MMP-9 mRNA.

We also examined whether PMA-induced cell invasion was
inhibited by AP-1 decoy transfection. Caki-1 cells were trans-
fected with wild type AP-1 decoy or mt-AP-1 decoy as before,
and invasion was assayed after treatment with 50 �M PMA.
Enhanced invasion in response to PMA in Caki-1 cells trans-
fected with wild type AP-1decoy was reduced to about 60% that
of the untransfected control (Fig. 9B). In contrast, transfection
with mt-AP-1 decoy treatment only had minimal effect on in-
vasiveness. Because the transfection efficiency of decoy oligo-
nucleotides was not measured directly in these experiments,
we are unable to conclude if these effects represent a modest
decrease in expression of MMP-9 in most cells or more substan-
tial decreases in a fraction of the cell population. However,
these results reinforce those described above that link the
inhibitory effects of ASC on PMA-dependent MMP-9 expres-
sion to activation of AP-1 by the ERK1/2-signaling pathway.

DISCUSSION

ASC is a potent antiviral and antifungal compound, and its
derivatives are known to modulate a variety of physiological
activities, anti-tumor, anti-metastatic, and anti- diabetic activ-
ities in animals (1–9). A variety of phenotypic changes are
associated with cancer cells, including increased proliferation,
migration, and invasion. ASC appeared to have little effect on
cell viability but did affect cell invasion as assessed by the
Matrigel assay (Fig. 1). Decreased invasion activity by treat-
ment of Caki-1 cells with ASC prompted us to survey its rela-
tionship to expression of MMP-9, a protease implicated in tu-
mor invasion in a number of settings.

Using a renal carcinoma cell line, our results indicate that
ASC is a potent inhibitor of PMA-induced MMP-9 expression.

FIG. 5. Transcription factor binding
to the MMP-9 AP-1 motif. Nuclear ex-
tract (10 �g) prepared from control or
Caki-1 cells treated for 24 h with 50 nM

PMA and ASC was mixed with radioac-
tive oligonucleotide containing AP-1 and
NF-�B motif. Bound complexes were an-
alyzed by electrophoresis (A). The results
are expressed as the mean � S.D. of three
independent experiments (B). NS, non-
specific signal. Statistical significance
was determined as: *, p � 0.05 compared
with control; **, p � 0.01 compared with
PMA only treatment using Student’s t
test.
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The ASC effect on MMP-9 expression was also observed in
other cell lines (Chang, MDA-MB-231, and U2OS), suggesting
that the ability of ASC to inhibit MMP-9 expression may be a
general phenomenon. The ultimate target of the inhibitory
effect was on transcription of the MMP-9 gene, as evidenced by
RT-PCR and reporter gene assays. BecauseTIMP-1 is a major
inhibitor of MMP-9, and TIMP-1 and -2 are differentially reg-
ulated in vivo as well as cell in a culture systems (39, 40), we
ruled out the effects of ASC on TIMP-1 and -2.

The molecular mechanism by which ASC inhibits PMA-me-
diated expression involves inhibition of AP-1 activation
through the ERK1/2-signaling pathway. ASC also influences
NF-�B DNA binding activity, and increases in this pathway

may lead to p50 homodimers that inhibit expression of MMP-9,
a possibility that deserves further investigation. However, our
reporter gene and inhibitors studies indicate the ASC acts
primarily through AP-1, which agrees with previous reports
that MMP-9 is regulated by AP-1 (22, 23). In addition, the
inhibition of invasion activity of Caki-1 cells by AP-1 decoys in
this study supports a role for AP-1 in regulation of MMP-9
expression and that ASC acts through AP-1 to inhibit MMP-9
expression.

The expression of proteases such as MMP-9 is regulated by
diverse growth factors, cytokines, and xenobiotics such as
PMA. The role of mitogen-activated protein kinases in the
regulation of MMP-9 expression in malignant cells is well un-
derstood. Extracellular signal-regulated kinase and JNK/SAPK

FIG. 6. Effects of various kinase inhibitors on the PMA medi-
ated stimulation of proMMP-9 production. A, Caki-1 cells were
stimulated with PMA (50 nM) in the presence or absence of several
inhibitors as indicated for 24 h, and proMMP-2 and -9 production in
culture medium was determined by zymography. B, ASC affects the
levels of phosphorylated mitogen-activated protein kinase. Caki-1 cells
were incubated with ASC and/or PMA as indicated, and the levels of
phospho-JNK/SAPK, -ERK1/2, and -p38 were determined by Western
blotting with phospho-specific antibodies. Protein expression levels of
�-actin in cell lysates were used as a control. C, the phosphorylation
level of ERK1/2, JNK/SAPK, and p38 in cells incubated with PD98059
(PD, 10 �M), SP600125 (SP, 10 �M), and SB203580 (SB, 100 nM) in the
presence or absence of PMA were analyzed by Western blotting. Protein
expression levels of �-actin in cell lysates was used.

FIG. 7. ASC Inhibits activation of nuclear ERK. Caki-1 cells were
treated with ASC and/or PMA for 24 h, and activities of nuclear ERK-1
and JNK immunoprecipitated with specific antibodies were determined
by in vitro kinase assay using Elk-1 and c-Jun as a specific substrate for
ERK-1 and JNK, respectively. Total ERK1/2 and JNK in immunopre-
cipitates (IP) were also shown by Western blotting (IB).

FIG. 8. Selective suppression of Fos-family proteins by ASC.
Caki-1 cells were treated with ASC and/or PMA for 24 h, and the
expression of c-Jun, c-Fos, Fra-1 and ATF2 was analyzed by Western
blotting. Expression of �-actin was used as a loading control.

FIG. 9. Competition for AP-1 binding activity inhibits MMP-9
expression and the invasiveness of Caki-1 cells. A, Caki-1 cells
transfected with AP-1 decoy or mt-AP-1 decoy or treated with Lipo-
fectamine alone (Empty) were incubated in serum-free Dulbecco’s mod-
ified Eagle’s medium with 50 nM PMA for 24 h. Total RNA was ex-
tracted, and the expression levels of proMMP-9 and �-actin mRNA was
determined by RT-PC. B, Caki-1 cells were transfected with AP-1 decoy
or mt-AP-1 decoy oligonucleotides as above or treated with Lipo-
fectamine alone (Empty). Matrix penetration was assayed as described
in the legend for Fig. 1. Values represent the mean � S.E. of at least
three independent experiments. Results were statistically significant
(*, p � 0.05 compared with control; **, p � 0.01 compared with PMA
only treatment; #, p � 0.01 compared with PMA only treatment) using
Student’s t test.
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are well known mitogen-activated protein kinase pathways in
mammalian cells that induce the up-regulation of MMP-9 (41–
46). PMA stimulation of MMP-9 expression was also reported to
involve the p38 pathway, since the p38 inhibitor SB203580 sup-
pressed MMP-9 expression in SCC cells (47). In this study we
surveyed MMP-9 expression by various kinase inhibitors and
found that PMA-nduced MMP-9 activation was decreased by
ERK1/2 inhibitors but not p38, JNK/SAPK, or phosphatidylinosi-
tol 3-inase inhibitors. From these findings, AP-1 activation
through the PKC and ERK1/2 pathways appears to be required
for the induction of MMP-9 expression in Caki-1 cells.

ERK1/2 is a major regulator of AP-1 activity. ERK1/2 rapidly
phosphorylates Elk-1, which subsequently stimulates tran-
scription activity of serum response elements on the promoter
region of the c-fos gene (48). Activation of ERK1/2 protects Fra1
from proteasomal degradation (12, 49). ASC suppressed ex-
pression of c-Fos and Fra1, whereas the phosphorylation of
c-Jun that correlates with transcriptional activation was not
affected by treating cells with doses of ASC that inhibit MMP-9
expression. This result suggests that the major AP-1 family
members that are affected by ASC are c-Fos and Fra1. We also
observed that inhibitors of PKC and ERK had a selective in-
hibitory effect on MMP-9 expression and that ASC suppressed
ERK1/2 phosphorylation, and its kinase activity was detected
by in vitro kinase assay without affecting JNK activity. Taken
together, it can be assumed that ASC inhibits AP-1 activity
through the suppression of the signaling pathway involving
PKC, which subsequently inhibits ERK1/2 activity and expres-
sion of c-Fos and Fra-1 (Fig. 10).

We, therefore, suggest the anti-tumor activity of ASC is in
part due to the inhibition of MMP-9 through down-regulation of
AP-1. Small molecular weight inhibitors like ASC which target
pathways that regulate MMP-9 expression could improve our
understanding of these pathways. Considering the overwhelm-
ing evidence for a role of this type IV collagenase in tumor cell
invasion, inhibitors of MMP-9 might be useful for preventing
cancer. ASC may prove to be highly effective in reducing the
in vivo invasiveness of cancers.
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FIG. 10. Schematic model for inhibition of invasion of renal
carcinoma cells by ASC. PMA activates AP-1 and NF-�B transcription
factors through stimulation of PKC and ERK signaling pathways in renal
carcinoma cells. Among other genes, AP-1 increases expression of MMP-9,
which induces the invasiveness and metastatic potential of renal cancer
cells. We propose that ASC suppresses expression of MMP-9 by blocking
ERK1/2-dependent activation of AP-1 activation by reducing the expres-
sion or stability of c-Fos family proteins, most notably Fra-1. ASC may
inhibit ERK1/2 activity by interfering with upstream signaling involving
PKC. AP-1 decoy oligonucleotides effectively suppress MMP-9 expression
by directly blocking DNA binding of AP-1. MEK, mitogen-activated pro-
tein kinase kinase; MEKK, MEK kinase. SRE, serum response element;
SRF, serum response factor; TRE, TPA response elements; MKK, MAP
kinase kinase.
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