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Abstract
A 5T/6T polymorphism in the human MMP-3 promoter affects gene expression and impacts the risk
and/or severity of various pathological conditions. Chromatin immunoprecipitation (ChIP) in human
fibroblasts homozygous for the 6T site demonstrate that it is bound by NF-κB and ZBP-89
transcription factors in its native chromatin. ChIP in COS-1 cells transfected with plasmids containing
the 5T and 6T sites in the context of 2 kb of the MMP-3 promoter showed that NF-κB p50 binds
preferentially to the 6T site, while more ZBP-89 binding is detected to the 5T site. Over-expressed
ZBP-89 increased transcription from the 5T promoter but not from the 6T, while NF-κB decreased
transcription from both promoters, even in the presence of excess ZBP-89. A model is suggested in
which the physiological impact of the polymorphism is dependent on the relative levels and activities
of these competing factors in various cell types and conditions.
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INTRODUCTION
Matrix metalloproteinases (MMPs) are involved in physiological tissue remodeling as well as
a number of pathological processes, including periodontitis, rheumatoid arthritis,
atherosclerosis, cancer, angiogenesis, emphysema and osteoporosis [1]. MMP-3
(stromelysin-1) has broad substrate specificity, degrading laminin, fibronectin, and non-
fibrillar collagens [2] and can also activate proMMP-1, -8, -9 and –13 [3;4;5], inactive
plasminogen activator inhibitor I [6] and cleave FasL [7] and E-cadherin [8]. Its role in tissue
destruction associated with chronic inflammation is well established.

In a previous study of the MMP-3 promoter, the SIRE site (stromelysin IL-1 responsive
element; −1614G(T)TTTTTCCCCCCATCAAAG−1595) was identified as a repressor element
and a site of IL-1 induced DNA binding [9]. In normal human fibroblasts, a 5T reporter
construct was twice as transcriptionally active as a 6T construct, but both were more active
than a mutant construct lacking the site entirely [10]. Several studies have shown that tissue
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levels of MMP-3 protein are determined by the polymorphism such that more protein is
expressed in 5T homozygotes as compared to heterozygotes or 6T homozygotes [11;12;13;
14]. In addition, there are now many studies that find an association of either the 5T or 6T
polymorphism with susceptibility to or severity of various diseases and conditions [15;16;17;
18;19;20;21]. For example, homozygosity for the 6T allele is associated with increased
progression of atherosclerosis, while individuals homozygous for the 5T allele have increased
risk of aneurysms and myocardial infarction [15;17;22]. These studies illustrate the functional
significance of the polymorphism in vivo, and suggest that both low and high levels of MMP-3
can have pathological consequences.

Zinc binding protein 89 (ZBP-89) was cloned from a yeast one-hybrid system through its ability
to bind to this site [23]. However, over-expressed ZBP-89 was a weak activator of MMP-3
expression, and its binding was dependent on Cs in the site rather than the Ts as expected for
the repressor. NF-κB p50 and p65/RelA also bind to the SIRE site and recombinant p50 binds
preferentially to the 6T site [24]. However, although ZBP-89, p50 and p65/RelA have all been
shown to bind to the site in gelshift assays, their roles in transcriptional regulation of MMP-3
have not been well established.

In the experiments reported here, we show that both NF-κB and ZBP-89 bind to the site in
vivo and provide evidence of competitive binding. Over-expressed ZBP-89 activates the 5T
promoter, while NF-κB represses both the 5T and the 6T, even in the presence of excess
ZBP-89. The results of these studies suggest that the variable impact of this polymorphism is
likely related to cell-, tissue- and context-specific differences in the availability and/or activity
of these transcription factors.

MATERIALS AND METHODS
Plasmid constructs

The 5TStro construct consists of 2050 bp 5′ flanking region of the human MMP-3 gene in the
pGL3Basic luciferase reporter vector [9]. 6TStro was generated by site-directed mutagenesis
of 5TStro (Ana-Gen Technologies, Inc., Atlanta, GA). dStro is a deletion mutant lacking the
SIRE site. NFκB p50 and p65 expression vectors under control of the RSV promoter were
obtained from the NIH AIDS Research Reagents Program. ZBP-89 cDNA was obtained from
Dr. Juanita Merchant (University of Michigan) and sub-cloned into the pREP4 mammalian
expression vector (Invitrogen). Oligodeoxynucleotides containing single copies of the 5T and
6T SIRE site (5′ G(T)TTTTTCCCCCCATCAAAG 3′) were sub-cloned into the
pGL3Enhancer vector (Promega).

Cell culture and transient transfection
COS-1 and human foreskin fibroblast (HFF) cells (ATCC) were maintained in Eagle’s minimal
essential medium supplemented with 10% fetal bovine serum and antibiotic/antimicotic (Life
Technologies, Inc.). Sequencing of HFF chromosomal DNA revealed the cell line to be
homozygous for the 6T version of the MMP-3 promoter. Transient transfection of COS-1 cells
was performed in triplicate using Lipofectamine Plus (GibcoBRL), with SV-βgal as a control
for transfection efficiency. In co-transfection experiments, pBluescript was used as necessary
to equalize amounts of DNA. Cells were harvested 48 hours after transfection and luciferase
and β-galactosidase activity were measured using reagents and protocols from Promega and
Clontech, respectively.

Chromatin Immunoprecipitation
ChIP assays were performed using the modifications suggested by Nowak et al [25] to improve
detection of NFκB binding. Briefly, endogenous proteins were cross-linked to DNA in a two-

Borghaei et al. Page 2

Biochem Biophys Res Commun. Author manuscript; available in PMC 2010 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



step process including protein-protein cross-linking with N-hydroxysuccinimade (NHS) ester
prior to conventional DNA-protein cross-linking by addition of formaldehyde to the cultured
cells. The DNA was then isolated and sheared by sonication. The proteins of interest were
immunoprecipitated along with the DNA to which it was bound using antibodies specific for
IgG, ZBP-89/ZNF148, p50 and p65 (Santa Cruz), and then the cross-links were reversed. In
HFF cells a 1 kb fragment of the endogenous MMP-3 promoter was amplified and quantitated
by quantitative real-time PCR using the human MMP-3 (−) 02kb primer set and reagents and
protocols from SuperArray Bioscience, with RNA polymerase II binding to the human GAPDH
proximal promoter as a positive control. COS-1 cells were transfected with the 5T and 6TStro
plasmids 24 hours before performance of ChIP assays. A 340 bp region of the MMP-3 promoter
containing the SIRE site was amplified by PCR and analyzed by agarose gel electrophoresis
followed by quantitiation using ImageJ software.

RESULTS
Binding of ZBP-89 and NF-κB to 5T and 6T promoters

Previous studies of the binding of these factors in vitro had suggested that recombinant p50
binds preferentially to the 6T site, while ZBP-89 binds to the C rich region and recognizes both
5T and 6T sites [23;24]. Chromatin immunoprecipitation (ChIP) studies were conducted to
determine whether these proteins bind the site in a native chromatin context, and whether these
binding preferences exist in the context of the MMP-3 promoter. Sequencing of an HFF cell
line revealed it be homozygous for the 6T SIRE site. As shown in Figure 1A, ChIP assays on
the native promoter showed binding of all three endogenous proteins. In order to better study
the binding preferences of each of the proteins, COS-1 cells were transiently transfected with
5T and 6TStro constructs containing the SIRE site in the context of 2 kb of the human MMP-3
promoter. Figure 1B shows that binding of p50, p65 and ZBP-89 was detected to both versions
of the promoter. However, more ZBP-89 binding was detected on the 5T promoter, while more
p50 binding was detected on the 6T promoter. Lower levels of p65/RelA binding were detected
on both.

The SIRE site functions as an enhancer element in transiently transfected COS-1 cells
In order to further study the role of the SIRE site in transcriptional regulation, we began by
subcloning single copies of 5T and 6T versions of the SIRE site into the pGLEnhancer vector
(Promega). These plasmids were transfected into COS-1 cells. Although the 5T site did result
in significantly more transcription than the 6T as expected from previous studies, both the 5T
and the 6T site were more transcriptionally active than the vector alone (Figure 2A). When the
5T and 6T were compared in the context of 2 kb of MMP-3 promoter, similar results were
observed – the 5T promoter was more transcriptionally active than the 6T promoter, but both
were more active than a deletion mutant lacking the SIRE site (Figure 1B).

Effects of ZBP-89 and NF-κB on transcription from 5T and 6T promoters
In order to study the effects of the individual transcription factors on transcription from the 5T
and 6T promoters, ZBP-89, p50 and p65 were over-expressed separately and together and in
different ratios. Results (Figures 3 and 4) showed that ZBP-89 was able to modestly activate
transcription from the 5T promoter, but had no significant effect on the 6T promoter or the
deletion mutant. NF-κB p50 and p65, both separately and together, were able to inhibit
transcription from both promoters, and abrogated the effects of over-expressed ZBP-89 on the
5T promoter. Importantly, none of the three had any effect on transcription from the MMP-3
promoter lacking the SIRE site.
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DISCUSSION
The SIRE site polymorphism in the MMP-3 promoter was previously identified as a repressor
element in fibroblasts and endothelial cells [9;10], with the 6T version functioning as a more
effective repressor [10]. ZBP-89 showed no preference for either the 5T or the 6T site in gelshift
studies, and activated the MMP-3 promoter when over-expressed [23]. Recombinant NF-κB
p50, on the other hand, was shown to bind preferentially to the 6T site [24].

There is a growing body of literature regarding the significance of the polymorphism in
determining in vivo levels of MMP-3 protein. In aortic wall [11;14], dermal [14] and liver
[13] tissue samples, as well as fibroblasts isolated from breast tumors [12], protein levels have
been shown to correlate with the polymorphism, with 5T homozygotes expressing significantly
higher levels than heterozygotes or 6T homozygotes. However, when levels of MMP-3 protein
are examined in serum, the results have been more variable. Several studies have found that
patients homozygous for the 6T allele have higher serum levels [26;27;28], while one has found
higher levels in 5T/5T [29] and two have found no difference [30;31]. A particularly interesting
study by Zhu, et al [32], showed that the polymorphism has no significant effect on expression
of MMP-3 in THP-1 monocytes unless the cells are stimulated to differentiate, and then the
5T is more active.

Here we show that in transiently transfected COS-1 cells, over-expressed ZBP-89 activates
transcription from the 5T promoter only, while NF-κB represses both promoters, even in the
presence of excess ZBP-89. It is important to note that while over-expression of both p50 and
p65 reduced transcription of both the 5T and 6T promoters, neither had any effect on the mutant
promoter (Figure 3). The finding that NF- κB represses MMP-3 transcription is somewhat
surprising in light of previous studies that suggest that it is an activator of MMP-3 expression
[33;34]. However, there is no canonical NF-κB site in the human MMP-3 promoter (at least
not in the 2 kb used in these studies), and no previous study has demonstrated a direct effect
of NF-κB on transcription. While it is possible that there may be an NF-κB site further upstream
that could activate transcription in vivo, the results described here strongly suggest that NF-
κB acts as a repressor via the SIRE site, and thereby plays an important role in determining
the in vivo significance of the polymorphism.

ZBP-89 can either activate or repress transcription, depending on cellular context and
competition with other transcription factors [35]. It is ubiquitously expressed, but increased
levels have been found in certain tumors [35]. It has been shown to interact with p53 and
stabilize it, thus contributing to apoptosis [36]. Its expression is induced by butyrate [37],
retinoic acid [38] and TGF-β [35], and we have seen a decrease in mRNA expression in
fibroblasts in response to inflammatory cytokines (data not shown). Recent evidence suggests
post-translational regulation occurs as well [39].

The ChIP experiments, both in HFF and COS-1 cells, are consistent with the hypothesis that
p50 homodimers bind preferentially to the 6T site, while ZBP-89 binds preferentially to the
5T site, and p65 (presumably as part of a p50/p65 heterodimer) binds both to a lesser extent.
The fact that both p50 and p65 could inhibit transcription of both the 5T and 6T promoters,
even in the presence of excess ZBP-89, suggests that the factors are competing for binding to
both sites, and that ZBP-89 binding to the 6T site is limited by the higher affinity of NF-κB to
this site.

Since neither the 5T nor the 6T site was able to compete very effectively for NF-κB binding
to a consensus site in gelshift studies [24], it is likely that the SIRE site functions as a repressor
element most effectively when cellular levels of NF-κB are high, and as an enhancer element
when levels of ZBP-89 are high enough to compete effectively. Since ZBP-89 expression has
been linked to cellular proliferation [35], it is likely that endogenous levels are higher in COS-1
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cells relative to normal fibroblasts, which might help to explain the difference in SIRE site
function between this and previous studies. While it is clear that the physiological impact of
the polymorphism depends on the relative concentrations and activities of each of these
transcription factors under different conditions, further studies are needed to determine the
potential roles of auxiliary factors and/or chromatin structure in the function of this site.
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Figure 1. Chromatin immunoprecipitation
A. An HFF cell line was shown be homozygous 6T/6T. Shown are results from 4 independent
ChIP assays, using antibodies against p50, p65 and ZBP-89/ZNF148. Results were quantitated
by real-time PCR, and normalized to results obtained for RNA polymerase II binding to the
GAPDH proximal promoter. The graph shows % input +/− SEM. B. COS-1 cells were
transfected with 5T or 6TStro plasmids containing 2 kb of the human MMP-3 promoter and
ChIP assays were performed. Immunoprecipitated fragments, or input fractions, were
amplified by PCR and run on agarose gels. Quantitation of ethidium bromide stained gels was
performed by ImageJ software. The graph shows results from three independent experiments,
as % input with results from IgG non-specific immunoprecipitation subtracted, +/− SEM.
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Figure 2. The SIRE site functions as an enhancer element in COS-1 cells
A. COS-1 cells were transfected with a pGL3Enhancer vector alone or containing a single copy
of the 5T or 6T SIRE site, and B. Cells were transfected with luciferase reporter constructs
containing the 5T or 6T site in the context of 2 kb of the human MMP-3 promoter. SV-βgal
was co-transfected in each case as a control for transfection efficiency. The graphs show
normalized luciferase activity expressed relative to the vector or deletion mutant controls for
5 experiments done in triplicate, +/− SEM. Statistical significance was determined using
Student’s t-test.
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Figure 3. Effects of ZBP-89 and NF-κB on transcription from the MMP-3 promoter
COS-1 cells were co-transfected with the 5TStro, 6TStro or dStro reporter vectors, along with
the expression plasmid(s) for ZBP-89 and/or NF-κB p50 and p65 as indicated, along with SV-
βgal as a control for transfection efficiency. pBluescript was added as necessary to equalize
amounts of DNA transfected. The graph shows normalized luciferase activity for 5 experiments
performed in triplicate, mean +/− SEM. Statistical significance was determined using the
Student’s t-test to compare with basal levels for each reporter.
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Figure 4. Competition between ZBP-89 and NF-κB
COS-1 cells were co-transfected with the 5T or 6TStro reporter constructs along with various
amounts of transcription factor expression plasmids as indicated, and SV-βgal as a control for
transfection efficiency. A. Levels of p50 and p65 are constant, while ZBP-89 amounts increase.
B. ZBP-89 is constant, while p50 and p65 increase. pBluescript was added as necessary to
equalize amounts of DNA transfected. The graphs show normalized luciferase activity for 4
or 5 experiments performed in triplicate, mean +/− SEM. Statistical significance was
determined using the Student’s t-test to compare with basal levels for each reporter.
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