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ence ofcytokines or growth factors (2, 10â€”12).In contrast, the A2058
melanoma cells constitutively express high levels of MMP-1 (13),
Matrix metalloproteinases (MMPs) facilitate cellular invasion by de
making them an attractive model for studies on the transcriptional
grading the extracellular matrix, and their regulation is partially depend
regulation of this gene and for comparative studies with normal cells.
ent on transcription. BindIng sites for members of the Eta family of
Previously, we isolated and sequenced over 4 kb of the MMP-1
transcription
factors are present within MMP promoters and are potent
promoter
DNA from a leukocyte genomic library (10). DNA sequence
positive regulators. We report a single nucleotide polymorphism at â€”1607
analysis
revealed
that this clone contained only 1 G at position â€”1607
bp in the MMP.1 promoter, where an additional guanine (G) creates an
bp, resulting in the sequence 5'-AAGAT-3' (10). This sequence
Eta binding site, 5'-GCA-3'. This polymorphism displays signiflcantty
differs from that reported by others (11, 14), who described 2 Gs at
higher transcription in normal fibroblasts and in melanoma cells than the
1 Gpolymorphism,
andit bindssubstantially
morenuclear
extractand that location, with the sequence 5'AAGCIAT-3'. The presence of 2 Os
recombinant ETS-1. Analysis of control DNAS from the Center d'Etude
at this site creates the sequence 5'-GGA-3', which is a consensus
du Polymorphisme Humain pedigrees reveals that this polymorphism is sequence (15) for a functional PEA3IEBS. Thus, this site constitutes
not a mutation, with a frequency of the 2 G polymorphism at 30%. In
an SNP in the human MMP-1 promoter, and we investigated the effect
contrast, In eight tumor cell lines, this frequency increased to 62.5% (P <
of this SNP on the transcriptional activity, protein/DNA binding
0.0001). Thus, this MMP-1 polymorphism contributes to increased trait
activity, and frequency of this SNP in normal fibroblasts and in
scription, and cells expressing the 2 G polymorphism may provide a
melanoma tumor cells.
mechanism for more aggressive matrix degradation, thereby facilitating
cancer progression.
Materials and Methods

AbstraCt

Introduction
MMPs3 are a family of at least 15 enzymes that degrade the ECM

(1).Theyhaveessentialrolesinmodelingandremodeling
theECM

Cells and PIaSmids. Primary HFFs were prepared, as described previously
(10), and used during passages 4â€”8.HFFs and A2058 cells were cultured in
DMEM (Life Technologies,

Inc.) with 10% fetal bovine serum (Sigma Chem

ical Co.), penicillin (100 units/ml), and streptomycin (100 @Wml).

in normal physiology and disease pathology. Several of these enzymes

A 4.3-kb MMP-1 promoter DNA fragment containing only 1 0 at â€”1607 bp

have the unique ability to degrade the interstitial collagens (types I, H,

has

and ifi), the body's most abundant proteins. MMP-l is the most

promoter from the A2058 cells (â€”4008bp to â€”3988bp sense primer: 5'GTGGAAGCTTACACCTATAATCCCAACACTC-3'
and -51 1 bp to -543

ubiquitously expressed interstitial collagenase, thereby assigning it a

prominent role in collagen degradation. Overexpression of MMP-l is
associated with several pathological conditions, including the irrevers

ibledegradation
of cartilage,tendon,andbonein arthritis(2) andthe
degradation of collagens I and ifi in tumor invasion and metastasis (3,

4).Indeed,patientswithtumorsthatexpressMMP-lhaveanoverall
poorer prognosis than patients with tumors that do not (4, 5). This
overexpression of MMP-1 may be due to the juxtaposition of tran
scription factor binding sites within the promoter of this gene and to
the cooperativity among the factors that bind these sites (6â€”9).
Most normal cells express modest, but detectable, levels of MMP-l
constitutively, and this expression increases substantially in the pres
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3 The abbreviations

used

are: MMP,

matrix

metalloproteinase;

ECM,

bp

described

antisense

(10).

primer:

Primers

were

made

to amplify

the endogenous

5'-CTGCCTGGTACCCFATFGCGATAGCAC

CATGGC-3'). Two A2058 PCR amplified clones were subcloned into the
pBL5CAT(Promega)vectorandsequenced(10) to ensurethe absenceof PCR
artifacts. We next constructed

reporter clones in which the only difference

between the two pGL3-MMP-l vectors was the SNP at position â€”
1607 bp.
First, the MMP-1 promoter insert from the pXP2 vector (10) was subcloned

into the pGL3 Basic vector (Promega). Unique sequences flanking the 0
variation were restricted by AatII (5') and EcoRV (3'), thereby isolating a

450/45l-bp fragment from the leukocyte clone in pGL3 Basic (1 0) and A2058
melanomaDNA in pBL5CAT (2 Os), respectively,and excluding any other
sequence variations found in the A2058 promoter. Finally, the 451-bp insert
containing the 2 Os was â€œswappedâ€•
and ligated into the pGL3-MMP-l con
struct containing AatHIEcoRV ends, thereby generating the two SNP con
structs.
Northern Analysis. Confluent cultures in 150-mm diameter tissue culture
dishes were washed and placed in 10 ml of serum-free DMEM plus 0.2%
lactalbumin hydrolysate. Immediately (time 0) and at 24 h, total RNA was
isolated using the TRizol reagent (Life Technologies, Inc.), and 20 @gwere
subjected to Northern analysis and hybridized with cDNA-specific probes for

MMP-l or glyceraldehyde-3-phosphate dehydrogenase. Probes were random
prime labeled with a (32)P-dCTP
hybridized for 20 h at 56Â°C.

extracellular

matrix;BBS. Eta bindingsite; SNP, single nucleotidepolymorphism;HFF, human
foreskinfibroblast;AP-l, activatorprotein-l;EMSA;electromobility
shiftassay;CEPH,
Centred'Etudedu Polymorphisme
Humain;G, guanine;RLU,relativelightunit;oligo,
oligonucleotide.

been

Transfection

and

Luciferase

(12.5 @&Ci/reactionof 3,000 Cilmmol) and
Assay.

Transient

transfections

formed in triplicate as described (10) with the LipofectAMlNE

were

per

PLUS reagent

(Life Technologies, Inc.) using 2 @sg
of the chimeric MMP-1 promoter/reporter
plasmids, 5 @dof the PLUS reagent, and 5 pA of LipofectAMlNE.

Luciferase
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activity is reported as RLUs. Hirt's analyses were performed and normalized
to RLUs

to control

Statistics

for any variations

were performed

in transfection

using the InStat Program

efficiency

(OraphPad

(16,

Software)

A

17).

__

-4372 bp

using

I IMMP-1-LUCI

//

the Welch's alternate t test, a modification of the unpaired t test.
Nuclear Extract Preparation
and EMSAs. Extracts of nuclear proteins
were prepared, and EMSAs

were performed

I X l0@ cpm of y@2P-ATP end-labeled
I.Lg)and/or recombinant

ETS-l

as described

oligo incubated

protein (2

previously
with nuclear

@M;
a generous

(18) with
extract

5'-GUAAATAAT TAGAAA
TA TGACTTATCT CAAATCAATC-3'
-1622bp
@iQA
-1583bp

(5

gift from Dr. Barbara

Graves, University of Utah School of Medicine, Huntsman Cancer Institute,
Salt Lake City, Utah) and c-JUN protein (I @g;
Promega), as indicated in the

B@

figure legends. The samples were subjected to 5% PAGE at 150 V, dried, and
autoradiographed.

@

Oligos

used for EMSAs

were:

TAGAAAGATATGAmATCTCAAATCAA-3';

10 sense,

1500

5'-AAATAAT

F@1@-nI

2 0 sense, 5'-AAATAAT

used for PCR amplification

(sense primer,

5'-GTFATOCCACTI'AGAT

A typical

reaction consisted of â€”20ng of DNA template; 0.2 mM dGTP, dATP, and
dTTP, 2.5

@.LM
dCTP; 10 X buffer and Taq DNA polymerase

(Sigma);

and a

(32)P-dCTP (Dupont/NEN). Reactions were PCR amplified (Mi Research
PTCIOOTM Thermocycler) in 25 cycles (4 rain at 94Â°C;45 s at 94Â°C,45 s at
58Â°C, and 45 5 at 72Â°C; followed

Following amplification,
buffer and denatured

by a brief extension

(10 mm) at 72Â°C).

the reactions (2.5 pi) were mixed with 10 X loading

for 2 mm at 80Â°C. Samples

were loaded

were calculated

using the Instat program (GraphPad Software) and were based on the percent
age of the total number tested.

Results
Levels of MMP-l Expression Differ in Normal Fibroblasts and
A2058 Melanoma Cells. We measured constitutive mRNA expres
sion of the endogenous MMP-1 gene in normal foreskin fibroblasts
(HFFs) and in the A2058 melanoma cells over a 24-h period. In
keeping with previous studies, we found that HFFs express low levels
of MMP- 1 mRNA, as detected by the 2. 1-kb transcript (10, 12), and
that the A2058 cells express higher levels (Ref. 13; Fig. 1). To
determine whether the A2058 cells contained a difference in the
endogenous MMP-1 promoter, we used PCR to amplify the promoter
from these cells, and compared this sequence with the previously
isolated leukocyte clone (10) and with promoters from other sources
(1 1, 14). Several substitutions were observed, but were considered

Time (h):

0

0

24

24

@

2.1 kb

k

10

2G

1G

2G

Fig. 2. Transcriptional effects of the MMP-1 SNP at â€”
1607 bp in HFF or A2058 cells.
A,

a segment

of

the

MMP-1

promoter

containing

the

SNP

is

shown.

The

EBS-SNP

and

the

AP-l sites are underlined. B and C, basal transcription of the human MMP-1 promoter
with either 1 or 2 Os located at position â€”1607 bp in HFF cells (B). The inset represents
the fold induction of the 2 0 construct over the I 0 construct for each transfection
@,
HFF- I ; â€¢, HFF-2,

0.

HFF-3;

0 , HFF-4.

C, A2058

melanoma

cells. The fold induction

of the 2 0 construct over the I 0 construct, along with the P is shown in the figure. These
results are representative of at least five separate experiments and at least four different
primary HFF sources. The Ps for each sample were significant. (HFF-l, P < 0.0065;

HFF-2, P < 0.0093; HFF-3, P < 0.0384; and HFF-4, P < 0.0007). The nucleotide
sequence for the MMP-l promoterclone has been deposited in the GenBankdatabase
under GenBank Accession Number AF023338 (10).

insignificant because they did not create or delete any known binding
sites for transcription factors within the promoter. However, one
major difference was detected: the A2058 promoter DNA contained
an additional G at position â€”1607 bp, which was flanked by a
guanidine (5') and an adenine (3'), thus creating an EBS (15). The
presence/absence of this 0 at â€”
1607 bp has been reported previously
(10, 11, 14), suggesting that this variation may constitute a true SNP.
MMP-1 Transcription
Is Influenced by the SM' That Creates
an EBS. To specifically test the role of the 1 0/2 0 variation in
regulating transcription, we generated two luciferase reporter con
structs driven by a large (4.3 kb) fragment of the MMP-1 promoter
with the only difference being 1 G or 2 Os at â€”1607 bp (Fig. 2A).
Note that this SNP is adjacent to an AP-1 site at â€”1602 bp (10, 14),
which may also influence transcription (Refs. 6 and 7; see below). We
transiently transfected these clones into HFFs and measured the effect
on basal transcription. With at least four separate donors of HFFs, we
consistently observed a significant increase (ranging from 2â€”10-fold)
in transcription with the 2 0 promoter construct compared with the 1
G promoter construct (Fig. 2B and data not shown). Hirt's analysis
(17) of transfected DNA demonstrates that these differences were not
attributable to transfection efficiency (data not shown). When these
two constructs were transfected into the A2058 melanoma cells, we

_______ observed
a 29-foldincrease
intranscription
ofthe2 0 construct
over

--@

MMP-1

1500

onto an 8%

denaturing PAGE and electrophoresed for 3 h. Gels were dried and autoradio
graphed for â€”15 mm. Control samples generated from the plasmid clones were
loaded on each gel for accurate scoring of the alleles. Statistics

2000

500

sites at

â€”88/â€”73,
respectively.
Radiolabeled PCR Assay. Primers that flank the SNP in MMP-1 were
GAGG-3'; antisense primer 5'-TFCCTCCCCUATGGAUCC-3').

29 X. P43.0047

1000

TAGAAAGGATATGACTFATCTCAAATCAA; -88/-73, sense, 5'-TFCA
1TGUAATCAAGAGGATGUATAAAGCATGAGTCACACCCTCAGC
TT-3'. The â€”88/â€”73
oligo spans the region â€”
110 to â€”61
bp and includes the
locations within the oligo that correspond to the proximal PEA3/AP-l

[â€”@

2500

@.

â€¢@___

_____ _____
the1Gconstruct
(Fig.2C).Other
experiments
showed
similar
in
:

â€˜v-1!w@r-

GAPDH

1.2kb
@

A2058

cells

HFF cells

Fig. I. MMP-I gene expression in A2058 melanoma cells and HFFs. Total RNA was
isolated immediately (time zero) and 24 h after cells were transferred to DMEMI
lactalbumin hydrolysate, and 20 @g
were loaded onto a formaldehyde gel for Northern
analysis. The blots were probed for MMP-l expression using an a (32)P-dCTP-labeled
fragment of the human MMP-l cDNA and autoradiographed for 24 h, detecting a 2.1-kb
band. Glyceraldehyde-3-phosphate dehydrogenase (1.2 kb) is shown to correct for loading

differences.

creases ranging from 16â€”37-fold (data not shown). We then tested
these constructs in other tumor cell lines (MDA23 1 breast cancer
cells, and two primary melanoma lines) to assess their transcriptional
response. In these cells, the 2 0 promoter construct augmented tran
scription at least 4-fold over the 1 0 construct (data not shown). Thus,
the increase in transcription is dependent on the presence of 2 Os at
1607 bp, and it is seen in both normal and malignant cells.
Recombinant Eta-i Binds to the 2 G-SNP. We analyzed the
ability of an oligo probe containing either 1 0 or 2 Os at â€”
1607 bp
to bind to nuclear extracts from the A2058 cells (Fig. 3A). A striking
difference in binding intensity is seen, with the 2 0 oligo binding
more nuclear proteins compared with the 1 0 oligo (compare Lanes 2
and 7). Nonetheless, both oligos bind a similar profile of proteins, as
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Fig. 3. Nuclear extracts from A2058 melanoma cells show different DNA-binding activity with probes containing I G or 2 Gs at â€”1607 bp and ETS-l binding is dependent on

2 Os. Nuclear extracts were prepared from confluent cultures of A2058 cells. Nuclear extract (five @g)
was incubated with 100,000 cpm of radiolabeled oligos corresponding to the
â€”1619

bp

and

â€”1585

bp

regions

of

the

MMP-1

promoter.

Complexes

were

separated

on

a 5%

nondenaturing

PAGE,

dried,

and

autoradiographed.

A,

Competition

analysis.

Extracts

were incubated with radiolabeled oligo in the presence of 200 X molar excess of unlabeled â€œself'
oligo (Lanes 3 or 8), unlabeled â€œnon-self'
competitor (Lanes 4 or 9), or the proximal
EBS/AP-I site (l..anes 5 and 10) at â€”881â€”73,
respectively. The center lines represent bands in common between the two oligos. Bands specific for the 2 G oligo (arrow) and bands

thatareenhancedby thepresenceof the EBS(*) areshownon theright.B, EtaandJun proteinsarenecessaryfor maximalDNA-proteinbinding.ComplexeswereassignedRoman
numbers I-VU for reference, and dashes indicate whether the complexes are the same with both oligos or arc oligo-specific. *, complexes that are enhanced by the addition of
recombinant proteins.

indicated by the shared bands (center lines), suggesting that the 1 0
oligo may be a weak binding site and that the presence of the 2 Os
augments this binding. Cross competition experiments were used to
determine the specificity of binding to each labeled oligo (Lanes 3â€”5
and 8â€”10).Binding to the 1 0 oligo (leftpanel) was readily competed,
suggesting that these DNA/protein interactions are weak (compare
Lanes 3â€”5
with Lane 2). Competition studies with the 2 0 oligo (right
panel) revealed that the â€œself'oligo (Lane 8) only mildly competed
the binding of the shared bands (middle lines), although it did compete

two bands (denoted by asterisks), demonstrating that these proteins
bind preferentially (upper asterisk) and/or specifically (arrow) to the
2 G oligo. Furthermore, the 1 0 oligo did not compete well (Lane 9),
but was effective in competing the shared bands (center lines). Fi
nally, the proximal EBS/AP-l competitor shows a pattern similar to
that seen with the 1 0 oligo (compare Lanes 9 and 10). Taken
together, these observations suggest that the 2 0 â€œselfâ€•
oligo competes
for the proteins able to bind specifically to the 2 0 sequence, and that
the other bands may represent proteins or protein complexes that are
not 2 0-dependent (e.g., the AP-l proteins). Importantly, these data
also suggest that the presence of the EBS in this region of MMP-i
creates an environment where DNA/protein interactions can strongly
occur.
Because the SNP at â€”
1607 bp is located adjacent to an AP-l site

at â€”1602 bp (Refs. 10 and 14; Fig. 2A), we investigated binding to the

1 0 and2 0 oligosby recombinant
ETS-l andc-JUN(Fig.3B),
proteins that are likely candidates for binding to these sites (6, 7, 19).

The recombinant proteins, by themselves, were not able to bind to
either oligo (Lanes 2 and 3, Lanes 10 and 11). The combination of
both proteins, however, bound to the 2 0 oligo (Lane 12, complex II),

patterns for each probe (compare Lanes 5 and 13, and Fig. 3A).
Complexes I, II, VI, and VII were present in both panels, whereas
complexes III, IV, and V were specific for the 2 0 oligo. When ETS-1
and c-JUN were added together with nuclear extract, binding to the 2

0 oligo was more pronounced compared with the 1 0 oligo (complex
II, Lanes 8 and 16).
In the presence of recombinant c-JUN. complex I became more
apparent with both oligos, suggesting that complex I may represent
AP-l proteins binding to the DNA (compare Lane 7 with 5 and Lane
15 with 12). Complex VII also became more intense when c-JUN was
added (Lanes 7, 8, 15, and 16) suggesting that it, too, contains AP-l
related proteins. When both recombinant proteins were added, the
binding pattern in the 1 0 panel did not differ from the reactions with
c-JUN alone (compare Lanes 8 and 7), supporting the importance of
2 Os in creating

the EBS.

When

nuclear

extracts

and recombinant

ETS-l were added to the 2 0 oligo, a new complex was formed
(complex IV). Furthermore, when both proteins and nuclear extract
were added to the 2 G probe, several complexes (I, Ill, IV, V, and VI)
were diminished and seemed to combine into a much stronger com
plex II (Lane 16), again demonstrating the influence of the 2 Os in
creating the EBS. We used antibodies to several members of the Ets
family of transcription factors (Ets-l/2, Erg-l/2, Elk-l, and ERM) in
â€œsupershiftâ€•reactions to identify the proteins binding to this site.
However, binding of these antibodies was not detected due to limita
tions of the antibodies, or because the complexes did not allow for the
antibody to have access to the epitope, and/or because these proteins
did not bind (data not shown). These data suggest that the oligo
containing 2 Os represents a bona fide EBS that binds an Eta family
member(s) in a complex with AP-l protein members. However, it is

but only faintly to the 1 0 oligo (Lane 4), suggesting that additional

important to emphasize that although the data show that recombinant

proteins were required for optimal DNA binding. Indeed, incubation

ETS-1 binds, it is likely that this is not the only Ets family member
that can bind to this site (19).

with nuclear extract from A2058 cells resulted in distinctive binding
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A
@
@

Tumor cell lInes

@1

@I
.
1

2

1@2G2G

.
3

4

5

2G

20

10

6

7

1Gf2G2G

8

9

10

11

2G1&2G2G10

B
n

(per tested)100
sample)Sample

within the cell. Thus, the combination of cis-acting sequences in the
MMP-1 promoter and specific trans-acting factors can dramatically
increase transcription, and this increase may provide one molecular
@@-149
bp(2t@ mechanism for enhanced ECM degradation.
@148bp(1t@ The abundance of SNPs in the genome make these genomic
variations powerful tools for identifying disease genes, particularly
in loss of heterozygosity
studies in tumors. A large effort is
Genotyp.
presently underway for identifying these SNPs, but most research
is focused on the coding regions of genes (23). Instead, we have
isolated a SNP located in the promoter of the interstitial collagen
degrading enzyme, MMP-l . Because this variation is not located in

@ontrol@

GroupGenotype

(% oftotal number

a coding region, it does not alter the structure of the enzyme.
However, the location of this SNP in the promoter region of

I1G/2G31
â€˜2G12G
@

1 30
Tumor cell linesiG/1G â€˜I
8CEPHControls
2.5 J 62.5

@
.:p<

MMP-1 has profound effects on the production/regulation

of the

enzyme. Perhaps the increase in the 2 0 frequency in the tumor cell

1

lines indicates an increase in invasive behavior due to high levels

25

of MMP-l expression. MMP-l is implicated in tumor cell invasion

o.oooi

Fig. 4. SNP frequency detection by radiolabeled PCR. A, primers that flank the SNP
(see â€œMaterials
and Methodsâ€•)
and a mixtureof unlabeleddNTPs, with radiolabeleda
(32)P-dCTP, were used in the PCR reaction. Controls consisted of the plasmids used for
transfections containing either I G (l48-bp product), 2 Os (149-bp product), or a 1:1
mixture of both to represent a heterozygote (Lanes 9 and 10). The lowest band in all lanes
represents a â€œshadowâ€•
band, an artifact of the radiolabeled PCR reaction, which does not
influence the interpretation of the results. Tumor cell lines are shown (Lanes 1â€”8)with
their respective genotype shown below. a, the A2058 cell line. The MMP-I SNP genotype
for each cell line is given below each lane. Lane 1, MCF-7 breast cancer cells; Lane 2,

A2058 melanoma cells; Lane 3, BC8701 breast cancer cells; Lane 4, MDA231 breast
cancer cells; Lane 5, VMM5 melanoma cells; Lane 6, VMM12 melanoma cells; Lane 7,
VMM39 melanoma cells; and lime 8, 1M3 melanoma cells. B, a summary of the data are

shown along with the frequency in the CEPH controls. *, P based on the percentage of the
total number of samples tested.

and metastasis due to its ability to cleave the interstitial collagens
types I and III at neutral pH (3, 4). Therefore, a structural variation
with the potential to influence the level of expression is important

to understanding how this enzyme modulates ECM metabolism and
tumor cell invasion and metastasis.
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