
Abstract. The expression of matrix metalloproteinase-9
(MMP-9) has been implicated in tumor invasion and
metastasis. In this study, the factors and signaling pathways
that are involved in the regulation of the MMP-9 expression
were examined in urinary bladder cancer HT1376 cells. Tumor
necrosis factor-α (TNF-α) stimulated the secretion of MMP-9
in HT1376 cells, as shown by zymography and immunoblot
analysis. At the level of transcription, TNF-α also stimulated
5'-flanking promoter activity of MMP-9. Transcription factor
NF-κB, AP-1 and Sp-1 binding sites were identified by a gel
shift assay to be cis-elements for TNF-α activation of the
MMP-9 promoter. TNF-α activates multiple signaling
pathways in HT1376 cells, including the extracellular signal-
regulated kinase (ERK1/2), p38 MAP kinase and JNK
pathways. Chemical inhibitors, which specifically inhibit
each of these TNF-α-activated pathways, were used to
examine the signaling pathways involved in TNF-α-mediated
MMP-9 expression. The ERK1/2 inhibitor, U0126 and the
p38 MAP kinase inhibitor, SB203580, significantly down-
regulated TNF-α-induced MMP-9 expression and promoter
activity. The transactivation of TNF-α-stimulated NF-κB,
AP-1 and Sp-1 were inhibited by U0126 and SB203580
treatment. In conclusion, the findings of the present study
indicate that TNF-α induces MMP-9 expression in HT1376

cells by activating transcription factors, which are involved
in the ERK1/2- and p38 MAP kinase-mediated control of
MMP-9 regulation, namely, NF-κB, AP-1 and Sp-1.

Introduction

The early stages of bladder cancer are characterized by a
dysplastic and proliferative urothelium that initially grows into
the lumen of the bladder (1). Bladder tumors can be divided
into two broad categories-superficial and invasive-based on
growth patterns and biological behavior (2,3). The majority of
bladder cancers (90%) are transitional cell carcinomas (TCC),
which result from neoplastic lesions with environmental and
occupational causal factors (4).

Matrix metalloproteinase (MMP) concentrations are
elevated in many types of human cancers, such as breast, lung,
gastric, ovarian, brain and bladder (5-8). Tumor growth and
metastasis depend on the balance between the expression of
genes that regulate angiogenesis and those that control
invasion (9,10). The process of invasion is regulated by
MMP expression, as MMP activity is responsible for the
degradation of the extracellular matrix and basal membranes
(11,12). MMP-2 (gelatinase A, 72 kDa gelatinase) and MMP-9
(gelatinase B, 92 kDa gelatinase) are of particular importance
in this step since they hydrolyze type IV collagen in the basal
membrane. Expression of MMP-2 and MMP-9 are higher in
invasive compared with superficial bladder tumors (13).
MMP-9 expression was correlated with high grade and stage
of the tumors (14). Expression of MMPs, especially of
MMP-9, in tissue, serum and urine of patients with TCC
correlated with disease progression and metastasis
(1,13,15,16).

Tumor necrosis factor-α (TNF-α), a proinflammatory
cytokine, which is sometimes also regarded as a growth factor,
plays a major role in a wide variety of tumors (17,29,30).
Previously, it was suggested that TNF-α may contribute to the
progression of urinary bladder cancer (18). TNF-α induces
MMP-9 expression in a variety of cell types (19-23,31). In
addition, recent results have demonstrated that TNF-α-induced
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MMP-9 expression is mediated by increased activities of
NF-κB and AP-1 and involves the activation of the MAP
kinase pathway in several cell lines (17,23-28,35). Although a
recent study demonstrated that TNF-α induced MMP-9
expression in urinary bladder cancer cells (31), the factors and
signaling pathways involved in MMP-9 expression in urinary
bladder cancer cells are yet to be identified. In the present
study, the role and importance of the signaling pathway in the
transcriptional regulation of MMP-9 in TNF-α-treated HT1376
cells was examined.

Materials and methods

Materials. TNF-α was obtained from R&D systems
(Minneapolis, MN). U0126, SP600125, U0126 and SB203580
were purchased from Calbiochem (San Diego, CA).
Polyclonal antibodies to ERK1/2, phosphor-ERK1/2, p38
MAP kinase, phosphor-p38 MAP kinase, JNK and phosphor-
JNK were obtained from Cell signaling (Danvers, MA). The
polyclonal MMP-9 antibody was obtained from Chemicon
Transduction Laboratories (Temecula, CA).

Cell culture. The human bladder carcinoma cell line, HT1376,
was obtained from the American Type Culture Collection. The
cells were maintained in DMEM (4.5 g glucose/liter)
supplemented with 10% fetal calf serum, L-glutamine and
antibiotics (Biological Industries, Beit Haemek, Israel) at 37˚C
in a 5% CO2 humidified incubator.

Zymography. Conditioned medium and cell lysates were
electrophoresed in a polyacrylamide gel containing 1 mg/ml
gelatin. The gel was then washed once at room temperature for
2 h with 2.5% Triton X-100 and subsequently at 37˚C
overnight in a buffer containing 10 mM CaCl2, 150 mM NaCl,
and 50 mM Tris-HCl, pH 7.5. The gel was stained with 0.2%
Coomassie blue and photographed on a light box. Proteolysis
was detected as a white zone in a dark blue field.

Immunoblot analysis. Growth-arrested cells were treated with
TNF-α for specified time periods at 37˚C. Cell lysates were
prepared and immunoblotting was performed as described
previously (23).

Creation of MMP-9 promoter reporter construct and transient
transfection. A 710 bp segment (pGL2-MMP-9WT) at the
5'-flanking region of the human MMP-9 gene was amplified
by PCR using specific primers from the human MMP-9 gene
(Accession No. D10051): 5'-ACATTTGCCCGAGCTCCTG
AAG (forward/SacI) and 5'-AGGGGCTGCCAGAAGCTTA
TGGT (reverse/HindIII) (23).

The plasmid was transfected into HT1376 cells using a
luciferase assay system (Promega, Madison, WI) according to
the manufacturer's instructions (23). Firefly luciferase
activities were standardized for ß-galactosidase activity.

Nuclear extracts and electrophoretic mobility shift assay
(EMSA). Nuclear extracts were prepared essentially as
described elsewhere (23). An electrophoretic mobility shift
assay was performed as described previously (23). The
sequences were as follows: NF-κB, CAGTGGAATTCCC

CAGCC; AP-1, CTGACCCCTGAGTCAGCACTT; and,
Sp-1, GCCC ATTCCTTCCGCCCCCAGATGAAGCAG.

Statistical analysis. When appropriate, data were expressed as
means ± SE. Data were analyzed by factorial ANOVA and
Fisher's least significant difference test when appropriate.
Statistical significance was set at P<0.05.

Results

Effect of TNF-α on MMP expression in HT1376 cells. HT1376
cells were treated with various concentrations of TNF-α.
Without TNF-α, the conditioned media from the HT1376 cells
showed very low MMP-9 gelatinolytic activity (Fig. 1A).
TNF-α induced a dose-dependent increase in MMP-9 activity
(Fig. 1A). The increase in MMP-9 activity was detectable
within 6 h after TNF-α treatment and remained elevated for up
to 24 h after the addition of TNF-α (Fig. 1B). Similar results
were found in cell lysates and immunoblot analysis (Fig. 1A,
B, C and D). However, under similar experimental conditions,
the expression of another matrix metalloproteinase, MMP-2,
remained essentially unchanged.

TNF-α activates the human MMP-9 gene promoter through
NF-κB, AP-1 and Sp-1. The 5'-regulatory region of the human
MMP-9 gene has been documented (19,20,32). Therefore, a
plasmid containing a luciferase reporter gene driven by a
710 bp segment from the 5'-promoter region of the MMP-9
gene was used to examine TNF-α-mediated MMP-9 promoter
activation in HT1376 cells. HT1376 cells were transiently
transfected with a plasmid pGL2-MMP-9WT and
subsequently treated with TNF-α for 24 h. The results showed
that TNF-α activated the -710 bp promoter (Fig. 2B). A
promoter fragment in the -710 and -29 bp region contained
several consensus motifs for the NF-κB, AP-1 and Sp-1
transcription factors (17,19,20,32). In order to determine if
TNF-α-induced MMP-9 expression was associated with an
increase in the quantity of NF-κB, AP-1 and Sp-1 in the
nucleus, an electrophoretic mobility shift assay (EMSA) was
performed using nuclear extracts of HT1376 cells treated
with TNF-α (100 ng/ml). An oligonucleotide derived from
the MMP-9 promoter sequence spanning this motif bound
specifically to nuclear factors derived from TNF-α-stimulated
HT1376 cells (Fig. 2C). Nuclear extracts from HT1376 cells
treated with TNF-α showed an increased binding to the NF-κB,
AP-1 and Sp-1 motifs (Fig. 2C).

Effects of TNF-α on ERK1/2, JNK and p38 MAP kinase
activation in HT1376 cells. To clarify whether TNF-α affects
MAP kinase activation, time course experiments, measuring
ERK1/2, JNK and p38 MAP kinase activation in response to
TNF-α, were performed in HT1376 cells. The results of these
experiments indicated that ERK1/2, JNK and p38 MAP kinase
were significantly activated by TNF-α (Fig. 3A). The effects of
specific kinase inhibitors on the activation of MAP kinase
were then analyzed. U0126 is known to selectively block the
activity of MAP kinase (MEK), which activates ERK1/2
kinases. SB203580 is a specific inhibitor of p38 MAP kinase
and SP600125 inhibits JNK activity. TNF-α-induced
phosphorylation of the MAP kinases (ERK1/2, p38 MAPK
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Figure 1. Gelatinolytic activity and MMP-9 expression of HT1376 cells treated with TNF-α. Conditioned media and cell lysates were analyzed
zymographically for MMP activities (A). Similarly, an immunoblot analysis (C) was performed with an antibody specific for MMP-9. Panels B and D show
the time course of TNF-α treatment on MMP-9 gelatinolytic activity and MMP-9 expression. A medium conditioned by human hepatocyte Chang cells,
expressing both MMP-2 and MMP-9, was used as a positive control.

Figure 2. MMP-9 promoter activity and DNA binding activities of NF-κB, AP-1 and Sp-1 motifs derived from the MMP-9 promoter in TNF-α-treated
HT1376 cells. (A) Schematic map of the MMP-9 promoter showing the cis-regulatory elements. (B) Cells were transiently transfected with pGL2-MMP-9WT
and were then cultured with TNF-α (100 ng/ml). Luciferase activity was determined in the cell lysates as described in ‘Materials and methods’. Results are
presented as means ± SE for three triplicate experiments. P<0.05 compared with no TNF-α treatment. (C) Nuclear extracts from the cells were analyzed by
EMSA for the activated NF-κB, AP-1 and Sp-1 using radiolabeled oligonucleotide probes.
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and JNK) was inhibited by U0126, SB203580 and SP600125
(Fig. 3B, C and D). These results suggest that TNF-α induced
the activation of ERK1/2, p38 MAP kinase and JNK in
HT1376 cells.

Effects of MAP kinase activities on MMP-9 expression. The
subsequent experiments were designed to elucidate the
signaling cascades that turn on the expression of the MMP-9
gene in HT1376 cells in response to TNF-α. Prior to
stimulation with TNF-α, the cells were incubated with U0126,
SB203580 and SP600125, respectively. U0126 and SB203580
caused a significant decrease in TNF-α-induced MMP-9
expression in the culture medium and cell lysates at 10 μM
concentrations (Fig. 4A). However, SP600125 had no effect
on TNF-α-induced MMP-9 activity (Fig. 4A). These results
suggest that ERK1/2 and p38 MAP kinase activity
contributed to the up-regulation of MMP-9 expression in
HT1376 cells in response to TNF-α. Since the ERK and p38
MAP kinase pathways play a major role in TNF-α-mediated
expression of MMP-9, the possibility that U0126 and
SB203580 inhibited TNF-α-mediated MMP-9 activity due to
decreased transcription was examined. HT1376 cells were
transiently transfected with a plasmid pGL2-MMP-9WT and
subsequently treated with TNF-α in the absence or presence
of U0126 and SB203580. U0126 and SB203580 inhibited
TNF-α-induced up-regulation of MMP-9 transcription and had
no effect on basal activity of the MMP-9 promoter (Fig. 4B).

These data suggested that ERK1/2 and p38 MAP kinase may
contribute to TNF-α-mediated up-regulation of MMP-9
promoter activity at the level of transcription.

U0126 and SB203580 decrease TNF-α-mediated DNA binding
activity of NF-κB, AP-1 and Sp-1. The results from the present
study show that TNF-α regulated MMP-9 expression through
the NF-κB, AP-1 and Sp-1 motifs in the MMP-9 promoter
(Fig. 2C). Moreover, TNF-α-mediated MMP-9 activity was
inhibited by U0126 and SB203580 (Fig. 4A and B.) Thus, it is
likely that the inhibitory effects of U0126 and SB203580 on
MMP-9 expression are mediated, at least in part, through these
motifs. In order to address this hypothesis, gel shift assays
were performed as described above (see Materials and
methods). U0126 and SB203580 effectively inhibited the
increase in NF-κB, AP-1 and Sp-1 binding activities (Fig. 4C).
These results suggested that NF-κB, AP-1 and Sp-1 were
involved in ERK1/2- and p38 MAP kinase-mediated control of
the MMP-9 gene in HT1376 cells.

Discussion

Previous studies have shown that MMPs, specifically MMP-2
and MMP-9, are associated with a high stage and grade of
bladder cancer (13,14). It has also been reported that MMP-9,
though not MMP-2, was detected in bladder washes (1) and
that the expression of MMP-9 correlated with a higher stage
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Figure 3. TNF-α induced ERK1/2, JNK and p38 MAP kinase phosphorylation. (A) Cells were harvested, lysed and the phosphorylation levels of ERK1/2,
JNK and p38 MAP kinase were detected by immunoblot analysis using antibodies phospho-specific for ERK1/2, JNK and p38 MAP kinase. (B) HT1376 cells
were pretreated for 40 min with 10 μM of U0126, SB203580 and SP600125 before cells were treated with TNF-α (100 ng/ml) after 10 min.
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and grade of the bladder tumors (14). Relative MMP-9
activity was increased 17-fold in patients with invasive
tumors compared with healthy volunteers, indicating the
probable importance of this enzyme in bladder cancer (14).
However, the molecular mechanisms involved in the
expression of MMP-9 in urinary bladder cancer cells are
poorly understood.

As outlined previously, MMP-9 may play a role in
basement membrane disruption, a process which is necessary
for further invasion and metastasis (9-12). Inflammatory
cytokines, particularly TNF-α induce MMP-9 production in
normal human fibroblasts (33), fibrosarcoma cells (34) and
vascular smooth muscle cell lines (23). In the first stage of this
investigation, TNF-α-mediated MMP-9 induction was
confirmed in HT1376 cells by zymography and determination
of protein and promoter activity levels. However, MMP-2
activity remained essentially unchanged. These data suggest
that HT1376 cells express MMP-9 upon stimulation with
TNF-α, consistent with a previous report indicating that TNF-α
express MMP-9 production in bladder cancer cells (31).

Previous studies analyzing the MMP-9 promoter identified
an essential proximal AP-1 element and upstream Sp-1 and
NF-κB sites in tumor cell lines in response to TNF-α (19,28).

Recent studies show that the transcription factors, NF-κB and
Ap-1, are involved in the regulation of TNF-α-mediated
MMP-9 expression in different cell lines (19,21,23). However,
the identification and role of cis-elements in the TNF-α-
mediated induction of MMP-9 in bladder cancer cells have not
been addressed to date. The results from the luciferase assays
in the HT1376 cells indicated that the MMP-9 promoter
region, spanning -710 to -29 bp, which contains the NF-κB,
Sp-1 and AP-1 binding sites, is required for stimulation by
TNF-α. The gel-shift assay confirmed induction of NF-κB,
AP-1 and Sp-1 DNA-binding activity by TNF-α in HT1376
cells. The present study is the first to systemically
investigate, using the promoter and gel-shift assays, the
existence of three potential TNF-α-binding sites, NF-κB, AP-1
and Sp-1, within the -710 bp 5'-flanking sequence of the
human MMP-9 gene in bladder cancer cells. It was concluded
that the NF-κB, AP-1 and Sp-1 sites are important for TNF-α-
mediated activation of MMP-9 gene transcription in HT1376
cells.

Several studies have identified signal transduction
pathways that are involved in the regulation of MMP-9
expression in tumor cell lines (26-28,35), endothelial cells (17),
keratinocytes (24) and vascular smooth muscle cells (23).
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Figure 4. Effects of U0126, SB203580 and SP600125 on MMP-9 production, promoter activity and DNA binding activities of NF-κB, AP-1 and Sp-1 motifs
derived from the MMP-9 promoter in TNF-α-treated HT1376 cells. (A) Growth-arrested cells were stimulated with TNF-α (100 ng/ml) in the presence or
absence of several inhibitors and then the culture medium, cell lysates and zymographic assays were analyzed for MMP-9 production. (B) MMP-9 promoter
activity in TNF-α-induced HT1376 cells in the presence of U0126, SB203580 and SP600125. Results are presented as means ± SE for three triplicate
experiments. P<0.05 compared with no TNF-α treatment in pGL2-MMP-9WT transfected HT1376 cells. (C) Growth-arrested cells were stimulated with TNF-α
(100 ng/ml) in the presence or absence of U0126 and SB203580. Nuclear extracts from the cells were analyzed by EMSA for activated NF-κB, AP-1 and Sp-1
using radiolabeled oligonucleotide probes.
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However, in bladder cancer cells, the issue of how the
activation of signaling pathways results in the induction of
MMP-9 is unclear. The present study identified potential cis-
acting elements of the signal pathway-mediated control of the
MMP-9 gene in HT1376 cells in response to TNF-α. The data
show that ERK1/2 and p38 MAP kinase are major factors in
the regulation of TNF-α-induced MMP-9 expression in
HT1376 cells. The inhibition of JNK phosphorylation by pre-
incubation with SP600125 had no effect on TNF-α-induced
MMP-9 expression in HT1376 cells. A notable finding in this
study was that the induction of MMP-9 by TNF-α was not
dependent on the activation of a single pathway, though rather
was dependent on at least the ERK and p38 MAP kinase
pathways. Although multiple signaling pathways were
previously shown to be involved in MMP-9 expression in
different cell types (26,35), the present study is the first to
report that TNF-α up-regulates MMP-9 via the simultaneous
activation of different pathways in bladder cancer cells. This
finding has broadened our understanding of the regulation of
this important molecule, which is involved in urinary bladder
tumor invasion and metastasis.

The transcription factors, NF-κB, AP-1 and Sp-1, were the
focus of this investigation into how ERK1/2 and p38 MAP
kinase mediate MMP-9 expression, as they are necessary for
MMP-9 secretion (Fig. 2B and C). The transcription factors
that are involved in ERK- and p38 MAP kinase-mediated
control of the MMP-9 gene in HT1376 cells in the presence of
TNF-α were identified. The results of the present study clearly
show that the ability of U0126 and SB203580 to reduce
MMP-9 expression in HT1376 cells is achieved via reductions
in NF-κB, AP-1 and Sp-1 binding (Fig. 4C), thus suggesting
that NF-κB, AP-1 and Sp-1 activities may play a role in the
ERK1/2- and p38 MAP kinase-mediated regulation of MMP-9
in HT1376 cells. It is possible that, NF-κB, AP-1 and Sp-1,
regulated by ERK1/2 and p38 MAP kinase, cooperate in
activating the MMP-9 gene.

Collectively, the results of the present study are consistent
with two main conclusions: i) TNF-α regulates MMP-9
expression through NF-κB, AP-1 and Sp-1 cis-elements of the
gene promoter; and ii) ERK1/2 and p38 MAP kinase mediate
TNF-α-induced MMP-9 expression by coordinating the
regulation of the binding activity of the transcription factors,
NF-κB, AP-1 and Sp-1, in HT1376 cells.
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