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with Reduced Tumor Cell Invasion

David L. Crowe and Tamara N. Brown

Center for Craniofacial Molecular Biology, University of Southern California, 2250 Alcazar Street, Los Angeles, CA

90033

Abstract

Tumor cell invasion of basement membranes is one of
the hallmarks of malignant transformation. Tumor cells
secrete proteolytic enzymes known as matrix metallo-
proteinases (MMPs) which degrade extracellular matrix
molecules. Increased expression of MMP-9 has been
associated with acquisition of invasive phenotype in
many tumors. However, multiple mechanisms for reg-
ulation of MMP-9 gene expression by tumor cell lines
have been proposed. A number of transcription factor
binding sites have been characterized in the upstream
regulatory region of the MMP-9 gene, including those for
AP-1. To determine how a specific AP-1 family member,
c-fos, regulates MMP-9 promoter activity through these
sites, we used an expression vector containing the c-fos
coding region fused to the estrogen receptor (ER) ligand
binding domain. This construct is activated upon
binding estradiol. Stable expression of this construct
in ER negative squamous cell carcinoma (SCC) lines
produced an estradiol dependent decrease in the
number of cells that migrated through a reconstituted
basement membrane. This decreased invasiveness was
accompanied by estradiol dependent downregulation of
MMP-9 activity as determined by gelatin zymography.
Estradiol also produced transcriptional downregulation
of an MMP-9 promoter construct in cells transiently
transfected with the c-fosER expression vector. This
downregulation was mediated by the AP-1 site at —79 bp
in the MMP-9 promoter. We concluded that the proximal
AP-1 site mediated the transcriptional downregulation
of the MMP-9 promoter by a conditionally activated c-fos
fusion protein.
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Introduction

The ability of tumor cells to invade surrounding tissue is one
of the most important features of the malignant phenotype
[1]. Degradation of the basement membrane and invasion of
underlying connective tissue have long been the histologic

criteria for diagnosis of carcinoma [2]. Invading tumor cells
must secrete proteolytic enzymes to degrade basement
membranes [3]. Matrix metalloproteinases (MMPs) are a
family of proteolytic enzymes that degrade specific basement
membrane components. One member of this family, MMP-9,
is upregulated in invasive cancers [4,5]. Previous studies
demonstrated that highly invasive squamous cell carcinoma
(SCC) lines expressed more than twice the MMP-9 activity of
less invasive cells [6]. These studies illustrate the important
role of MMPs in regulating tumor cell invasion.

The mechanisms by which tumor cells regulate MMP
activity is the key to understanding the process of invasion.
Regulation of MMP-9 activity has proven to be complex and
controversial. Multiple signaling pathways upstream of the
MMP-9 gene are involved in regulating its transcriptional
activity. MMP-9 expression is activated in highly metastatic
H-ras and v-myc transformed cells [7]. Epidermal growth
factor induced MMP-9 gene transcription was also mediated
by the ras protooncogene [8]. MMP-9 expression is also
regulated by the jun amino terminal kinase and the
extracellular signal regulated kinase cascades [9]. Addition-
ally, inhibition of the p38 mitogen activated protein kinase
pathway blocked induction of MMP-9 activity in SCC lines
[10]. These studies demonstrate an important role for protein
kinase signaling in regulation of MMP-9 gene expression.

At the transcriptional level, MMP-9 gene expression is
regulated by binding of multiple cis acting factors to their
cognate promoter elements [11]. These include two recogni-
tion sites for AP-1 which bind fos/jun family members and
multiple PEA3 elements which are activated by ETS
transcription factors [12]. Other sites include those for Sp-1
and NF-xB. Mutation analysis has revealed that the AP-1 site
at —79 bp is not sufficient for stimulation by phorbol esters.

Abbreviations: MMP, matrix metalloproteinase; ER, estrogen receptor; AP-1, activator
protein 1; SCC, squamous cell carcinoma; CAT, chloramphenicol acetyl transferase; PVDF,
polyvinylidene difluoride.
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This induction required cooperation with the upstream NF-xB
or Sp-1 sites [13]. Activation of the MMP-9 promoter by
tumor necrosis factor « required participation of AP-1, PEA3,
NF-xB, and Sp-1 [14]. These studies point to the coopera-
tivity of different response elements in MMP-9 transcriptional
regulation.

Despite these studies, the role of specific transcription
factors in controling MMP-9 gene expression remains
unclear. Although previous studies have shown that the
AP-1 sites of the MMP-9 promoter are important transcrip-
tional elements, the role of fos/jun family members in
regulating expression of this gene has not been determined.
To determine the effect of c-fos on regulation of the MMP-9
promoter through its AP-1 sites, we used a c-fos estrogen
receptor fusion construct [15]. The complete coding se-
quence of c-fos was fused to the hormone binding domain of
the human estrogen receptor. Previous studies have
demonstrated that the transactivating function of c-fos was
tightly regulated by estradiol using this construct [15]. Stable
transfection of this construct into human SCC lines resulted
in a marked decrease in MMP-9 activity upon estradiol
stimulation. Decreased MMP-9 activity correlated with
diminished ability of tumor cells to invade reconstituted
basement membranes. Site directed mutagenesis studies of
the MMP-9 promoter revealed that the decrease in activity
was mediated at the transcriptional level through the AP-1
site at —79 bp. We concluded that conditional activation of c-
fos repressed MMP-9 activity through the proximal AP-1 site
of the promoter.

Materials and Methods

Cell Culture and Transfection

The human SCC lines used in this study have been
described previously [6]. SCC9, SCC25, and SCC71 cells
were grown in Dulbecco’s modified Eagle medium (DMEM),
10% fetal bovine serum, and 40 ug/ml gentamicin at 37°C in
a humidified atmosphere of 5% CO,. Cultures were
transfected with 5 ug of the c-fosER expression vector or a
neomycin resistance plasmid alone using LipofectAMINE
according to manufacturer's recommendations (Life Tech-
nologies). Cells were selected with 500 pg/ml G418 for 2
weeks. Following selection, resistant clones were picked for
expansion and characterization. Subsequent experiments
except where indicated were conducted in phenol red free
DMEM containing 1% charcoal-resin stripped fetal bovine
serum to minimize activation of the fusion protein and
endogenous c-fos respectively.

Western Blot

One hundred micrograms total cellular protein was
separated by SDS-PAGE on 12% resolving gels under
denaturing and reducing conditions. Separated proteins
were electroblotted to PVDF membranes according to
manufacturer's recommendations (Boehringer Mannheim).
Blots were incubated with sheep anti-human c-fos antibody
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(Serotec) for 16 hours at 4°C. After washing in Tris buffered
saline containing 0.1% Tween 20 (TBST, pH 7.4), blots were
incubated for 30 minutes at room temperature with donkey
anti-sheep IgG secondary antibody conjugated to horse-
radish peroxidase (Serotec). Following extensive washing in
TBST, bands were visualized by the enhanced chemilumi-
nescence method (Boehringer Mannheim).

Gelatin Zymography

Neomycin resistant SCC9 cells or c-fosER expressing
clones were plated in triplicate onto six-well tissue culture
plates in serum free medium (KBM, Clonetics). Cells were
treated with vehicle, 1 ©M estradiol, or the estrogen receptor
antagonist 4-hydroxytamoxifen. After 24 hours, conditioned
medium was collected and subjected to gelatin zymography
as previously described [5]. Unconditioned medium was
used as a negative control. Protein concentrations were
determined by Bradford assay according to manufacturer’s
recommendations (Bio-Rad). Conditioned media samples
were separated on 10% SDS-PAGE gels containing 1 mg/ml
gelatin under native conditions. Gels were washed in 2.5%
Triton X-100 for 30 minutes at room temperature followed by
incubation in 50 mM Tris—HCI (pH 7.5), 5 mM CaCl, for 16
hours at 37°C. To visualize gelatinolytic bands, gels were
stained with Coomassie blue for 1 hour at room temperature
followed by extensive washing in 20% methanol, 5% acetic
acid. ldentification of the 92 kDa gelatinase activity as MMP-
9 in these cells has been reported previously [6].

Invasion Assays

Neomycin resistant SCC9 clones (2x10°) or c-fosER
expressing cells were plated in triplicate into Matrigel
invasion chambers according to manufacturer’'s recommen-
dations (Becton Dickinson). Cells were treated with vehicle,
1 uM estradiol, or the estrogen receptor antagonist 4-
hydroxytamoxifen. After one day, cells which had migrated
through the reconstituted basement membrane were fixed in
methanol, stained with hematoxylin, and counted.

vector control

c-fosER-1
c-fosER-2
c-fosER-3

anti-c-fos - -80 kD

Figure 1. Expression of the c-fosER fusion protein in SCC9 stable
transfectants. SCC9 cells were transfected with the c-fosER expression
plasmid or the G418 resistance vector alone (control) as described in
Materials and Methods. Resistant clones were subjected to western blot
analysis using an anti-c-fos antibody. Expression of the 80 kD fusion protein
was detected in three c-fosER stable clones but not in control cells. A
representative blot is shown.
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Figure 2. Estradiol-dependent downregulation of MMP-9 activity by the c-
fosER fusion protein correlates with inhibition of tumor cell invasion. (a) Serum
free conditioned medium from G418 resistant SCC9 cells (vector control) or
three c-fosER expressing clones treated with vehicle, estradiol (E2), or
tamoxifen (OHT) was subjected to gelatin zymography as described in
Materials and Methods section. Representative gels are shown. This
experiment was performed three times with similar results. (b) G418 resistant
SCC9 clones (neo) or c-fosER expressing cells were plated into matrigel
invasion chambers and treated with vehicle or 1 M estradiol (E2) or tamoxifen
(OHT) as described in Materials and Methods section. The number of cells
that migrated through the reconstituted basement membrane were counted
after 24 hours. Error bars represent SEM. This experiment was performed
three times with similar results.

Transient Transfection and CAT Assay

SCC9 cells were plated in triplicate onto six-well tissue
culture plates. Cells were transiently transfected with 5 ug of
the MMP-9 promoter construct pMMP-9-CAT [12] using
LipofectAMINE (Life Technologies). Identical cultures were
transiently transfected with the promoter construct contain-
ing a 5-TGAGTtg-3’ mutation at the —79 or —533 AP-1 sites.
Two micrograms (3-galactosidase expression plasmid (Vical)
was used to normalize for transfection efficiency. Cells were
treated with vehicle, 1 uM estradiol, or the estrogen receptor

antagonist 4-hydroxytamoxifen. After 48 hours, CAT activity
was assayed using a commercially available kit (Promega).
Levels of CAT activity were normalized to levels of (-
galactosidase in each sample.

Results

To determine the effects of c-fos expression on MMP-9
promoter activity, we first created stable clones from three
cell lines which expressed the c-fosER fusion protein.
Expression of the 80 kD fusion protein in three SCC9 clones
compared to the vector control is shown in Figure 1. To
determine the effects of c-fos expression on MMP-9 activity,
conditioned medium was collected from G418 resistant
clones and c-fosER cells treated with vehicle, estradiol, or
4-hydroxytamoxifen. All c-fosER expressing clones exhibited
estradiol dependent reduction (~70%) in MMP-9 activity as
determined by gelatin zymography (Figure 2A). This effect
was not observed with the ER antagonist 4-hydroxytamox-
ifen. No effect of estradiol or tamoxifen was observed in the
vector transfected control cells. Similar results were obtained
with two other SCC lines. These results indicate that
estradiol dependent activation of a c-fosER fusion protein
downregulates MMP-9 activity in human SCC lines.

To determine if estradiol dependent downregulation of
MMP-9 activity by the c-fosER fusion protein correlated with
decreased tumor cell invasion, we plated SCC9 vector
transfected control cells and c-fosER expressing clones into
Matrigel (Becton Dickinson) invasion chambers. Estradiol
treatment produced a 50% reduction in the number of cells
which penetrated the reconstituted basement membrane
(Figure 2B). This effect was not observed with the ER
antagonist 4-hydroxytamoxifen. No effect of estradiol or
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Figure 3. Transcriptional downregulation of the MMP-9 promoter by c-fosER
is mediated by the proximal AP-1 site. Triplicate cultures of SCC9 cells were
transiently transfected with either the MMP-9-CAT reporter vector or the same
plasmid containing mutations of the AP-1 sites at —79 bp or —533 bp. Cells
were cotransfected with either c-fosER expression plasmid or blank vector.
Expression of a CMV-3-galactosidase plasmid was used to correct for
transfection efficiency. After 16 hours, cultures were treated with vehicle, 1 uM
estradiol (E2), or 1 uM tamoxifen (OHT) for 24 hours prior to determination of
CAT activity. Error bars represent SEM. This experiment was performed three
times with similar results.
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tamoxifen was observed in the vector transfected control
cells. Similar results were obtained with two other SCC lines.
These results indicate that estradiol dependent reduction of
MMP-9 activity in human SCC lines by the c-fosER fusion
protein correlated with reduced tumor cell invasion.

The activity of the MMP-9 promoter is regulated by AP-
1 sequences at —79 bp and —533 bp relative to the
transcriptional start site [12]. To determine which AP-1 site
was involved in regulation of MMP-9 promoter activity by c-
fosER, we transiently transfected SCC9 cells with intact
pMMP-9-CAT or the reporter construct containing mutations
at either of these two sites. Empty vector or the c-fosER
expression construct was cotransfected with the reporter and
the cells were treated with vehicle, estradiol, or tamoxifen. As
shown in Figure 3, estradiol treatment produced a 50%
reduction in MMP-9 promoter activity in cells transfected with
the c-fosER expression vector. However, mutation of the AP-
1 site at —79 bp blocked estradiol dependent reduction of
MMP-9 promoter activity in c-fosER cells. Mutation of the
AP-1 site at —533 bp failed to abrogate the estradiol
dependent reduction of MMP-9 promoter activity in c-fosER
cells. These effects were not observed when cells were
treated with tamoxifen. Cotransfection with empty vector
instead of the c-fosER expression plasmid produced no
estradiol dependent effects on MMP-9 promoter activity.
These results indicate the AP-1 site at —79 bp in the MMP-9
promoter is required for estradiol dependent downregulation
by the c-fosER fusion protein.

Discussion

The role of specific transcription factors in regulation of MMP
expression has only recently been investigated. Although the
potential contributions of putative transcription factor binding
sites to MMP promoter activity have been examined, few
have correlated activation of a specific factor with changes in
enzyme activity and tumor cell phenotype. In the current
study, we demonstrated that activation of c-fos in the form of
an estrogen receptor fusion protein can reduce MMP-9
activity which correlated with decreased tumor cell invasion
in vitro. The effect of c-fosER on MMP-9 activity was
mediated at the transcriptional level by the proximal AP-1 site
of the promoter. The correlation between MMP-9 activity and
tumor cell invasion and metastasis has been the focus of
other studies [16]. Ras and myc transformed cell lines which
were highly metastatic overexpressed MMP-9 mRNA and
protein [17]. Ribozyme mediated degradation of MMP-9
mRNA eliminated the metastatic capability of these cells.
These data point to the importance of MMP-9 regulation in
the invasive phenotype of tumor cells.

The MMP-9 promoter has several transcription factor
binding motifs, including those for AP-1, ETS family
members, Sp-1, and NF-xB [18,19]. Coordinate activation
of these sites was required for regulation of promoter activity
by tumor necrosis factor or phorbol esters [12,13]. Both ETS
and AP-1 sites were required for ras-induced upregulation of
MMP-9 promoter activity [8]. However, these factors activate
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a variety of signaling pathways upstream of the MMP-9
promoter, making it difficult to determine the precise role of a
particular binding site in regulating expression of this gene. In
the present study, we took advantage of the conditional
activation of the c-fosER fusion protein by estradiol to
examine the effects of this particular transcription factor on
MMP-9 activity and tumor cell invasion. Our results indicated
that the effects of the c-fosER fusion protein on down-
regulation of MMP-9 activity were mediated by the AP-1 site
at —79 bp in the promoter of this gene (Figure 3). This
construct should be useful in examining the effects of c-fos
activation on other cellular processes and for elucidating the
contribution of potential AP-1 sites in promoter regulation.

Differential regulation of c-fosER and c-mycER by
estradiol and tamoxifen has also been reported. Both
estradiol and tamoxifen activated c-fosER in mouse mam-
mary epithelial cells [15]; however, in a colon carcinoma line
only estradiol was able to activate the construct [20].
Conversely, in human epidermal stem cells only tamoxifen
was able to activate a c-mycER construct [21]. We reported
here that estradiol was able to activate c-fosER in human
carcinoma lines; however, no activation was seen with ER
antagonist tamoxifen. The ability of the c-fosER construct to
activate the MMP-9 promoter is in part limited by transfection
techniques. Depending on the culture model used, AP-1 site
deletions have variable effects on MMP-9 promoter activity
[12,14]. These data suggest that the effects of estradiol and
tamoxifen on ER fusion proteins are cell-type dependent,
perhaps requiring additional factors present in certain cells
for activation by specific ligands.

In summary, c-fosER activation produced MMP-9 down-
regulation and concomitant reduction in tumor cell invasion.
The reduction in MMP-9 activity was mediated at the
transcriptional level by the proximal AP-1 site of the
promoter. Future experiments will use similar approaches
to examine the role of other transcription factors in regulation
of the MMP-9 promoter and the invasive phenotype.
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