
Cell-Type Specific Regulation of Human Interstitial
Collagenase-1 Gene Expression by Interleukin-1b
(IL-1b) in Human Fibroblasts and BC-8701 Breast
Cancer Cells
Joni L. Rutter,1 Ulrike Benbow,2 Charles I. Coon,2 and Constance E. Brinckerhoff2,3*
1Department of Pharmacology and Toxicology, Dartmouth Medical School,
Hanover, New Hampshire 03755
2Department of Medicine, Dartmouth Medical School, Hanover, New Hampshire 03755
3Department of Biochemistry, Dartmouth Medical School, Hanover, New Hampshire 03755

Abstract Interleukin-1b (IL-1b) is a potent cytokine that stimulates interstitial collagenase-1 (matrix metallopro-
teinase-1; MMP-1). In this study, we compared the mechanism(s) by which IL-1b induces collagenase gene expression in
two very different cells, normal human foreskin fibroblasts (HFFs) and an aggressive breast cancer cell line, BC-8701
cells. Northern analysis showed that the time course of collagenase induction was distinct in the two cells: although both
cells expressed low levels of MMP-1 constitutively, addition of IL-1b increased MMP-1 mRNA in HFFs by 1 h and levels
remained high over a 24-h period. In contrast, MMP-1 levels in IL-1b-treated BC-8701 cells did not increase until 4 h,
peaked by 12 h and then declined. To analyze the transcriptional response, we cloned and sequenced more than 4,300
bp of the humanMMP-1 promoter, and from this promoter clone, we prepared a series of 58-deletion constructs linked to
the luciferase reporter and transiently transfected these constructs into both cell types to measure both basal and IL-1b
induced transcription. When both cell types were uninduced, promoter fragments containing less than 2,900 bp gave
only a minimal transcriptional response, while larger fragments showed increased transcriptional activity. With IL-1b
treatment, significant responsiveness (P , 0.001) in HFFs was seen only with the larger fragments, while in the BC-8701
cells, all fragments were significantly induced with IL-1b. Finally, we found that IL-1b stabilized MMP-1 mRNA in
normal fibroblasts, but not in BC-8701 breast cancer cells. We conclude that both the transcriptional and post-
transcriptional regulation of MMP-1 gene expression by IL-1b is controlled by cell-type specific mechanisms, and we
suggest that IL-1 induced MMP-1 expression in tumor cells and in neighboring stromal cells may amplify the invasive
ability of tumor cells. J. Cell. Biochem. 66:322–336, 1977. r 1997 Wiley-Liss, Inc.

Key words: transcription; promoter; mRNA stability; nucleic acid sequence; matrix metalloproteinase

Collagenase-1 (matrix metalloproteinase-1;
MMP-1) belongs to a family of at least 15 en-
zymes, each of which digests various compo-
nents of the extracellular matrix [reviewed in
Borden and Heller, 1997]. The collagenases de-
grade the interstitial collagens, types I, II and
III, at neutral pH [Brinckerhoff, 1992; Arend
and Dayer, 1993] and currently four of these

enzymes have been identified. MMP-8 (collage-
nase-2) is a product of neutrophils [Harris, 1990,
1993; Brinckerhoff, 1992; Arend and Dayer,
1993] and chondrocytes [Cole et al., 1996];
MMP-13 (collagenase-3) was originally de-
scribed in a breast carcinoma [Freije et al.,
1994], but is also present in cartilage [Mitchell
et al., 1996; Rebaul et al., 1996]; MT1-MMP
contains a transmembrane segment [Sato et
al., 1994] and has been demonstrated to digest
the collagens types I, II and III [Ohuchi et al.,
1997]; and MMP-1 (collagenase-1) is a major
gene product of a variety of cell types that have
been stimulated with phorbol esters, growth
factors and cytokines [Harris, 1990; Brincker-
hoff, 1992; Mackay et al., 1992; Borden and
Heller, 1997]. Overexpression of all four collage-
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nases has been implicated in the pathophysiol-
ogy of several diseases, including arthritis [Har-
ris, 1990, 1993; Brinckerhoff, 1992; Arend and
Dayer, 1993; Vincenti et al., 1996a] and tumor
invasion/metastasis [MacDougall and Matri-
sian, 1995; Crawford and Matrisian, 1996]. In
rheumatoid arthritis, the large quantity of
MMP-1 produced by the proliferating fibro-
blasts that line the diseased joint is principally
responsible for the irreversible destruction of
collagens in cartilage, tendon and bone [Harris,
1990, 1993]. Similarly, destruction of the inter-
stitial collagen is an integral part of tumor
invasion and metastasis [MacDougall and Ma-
trisian, 1995; Crawford and Matrisian, 1996;
Barnes, 1988]. Along with the type IV collage-
nases (MMP-2 and MMP-9), which degrade
basement membrane proteins, MMP-1 pro-
duced by tumor cells may contribute to this
process by mediating degradation of collagen in
vessel walls [Barnes, 1988], and facilitating the
breakdown of connective tissue as the tumor
cells metastasize to sites such as bone, lung and
brain [MacDougall and Matrisian, 1995; Craw-
ford and Matrisian, 1996].
Although some tumor cells produce high con-

stitutive levels of MMP-1 [Templeton et al.,
1990; Mackey et al., 1992; Allesandro et al.,
1993; MacDougall and Matrisian, 1995; Craw-
ford and Matrisian, 1996], in most cells, this
production is low, and can be augmented by a
variety of cytokines and growth factors. Among
the most potent inducers are interleukin-1a
and b. These are distinct proteins (17 kDa),
synthesized mainly by monocytes and macro-
phages, that bind to a common transmembrane
receptor and affect a variety of cellular func-
tions, including proliferation, cell adhesion, im-
munomodulation, prostaglandin synthesis and
induction ofMMP-1 [Harris, 1990, 1993; Brinck-
erhoff, 1992; Arend and Dayer, 1993; Vincenti
et al., 1996a; Dinarello, 1994; Karin, 1995; De-
leuran et al., 1992]. Numerous in vivo and in
vitro studies document that IL-1 is an impor-
tant mediator in the pathogenesis of rheuma-
toid arthritis. In this disease, an autoimmune
cascade recruits monocytes and macrophages
to the inflamed joint, where these cells secrete
IL-1 and induce MMP-1 gene expression in the
synovial fibroblasts [reviewed in Arend and
Dayer, 1993; Dinarello, 1994; and Deleuran et
al., 1992; Kahle et al., 1992; Firestein et al.,
1991]. Additionally, a role for IL-1 in tumor

invasion is becoming apparent. IL-1 is found in
several tumors [Tsuyuoka et al., 1994; Duncan
et al., 1994; Reed et al., 1992; Suzuki et al.,
1991; Wasserman et al., 1991], and may en-
hance tumor invasiveness [Mannel et al., 1994;
Bani et al., 1991; Lauri et al., 1990; Giavazzi et
al., 1990], perhaps by increasing adhesion to
the vascular surface [Lauri et al., 1990; Gia-
vazzi et al., 1990], stimulating tumor cell motil-
ity [Verhasselt et al., 1992] and inducingMMP-1
production. One tumor cell line with an aggres-
sive collagenolytic phenotype is the BC-8701
breast carcinoma line. These cells were derived
from a primary ductal infiltrating carcinoma,
express MMP-1 constitutively, and respond to
IL-1 [Allesandro et al., 1993].
Recent studies suggest that MMP gene ex-

pression may be regulated in a cell-type specific
manner that may include both transcriptional
and post-transcriptionalmechanisms [reviewed
by Benbow and Brinckerhoff, 1997]. Therefore,
we compared the transcriptional and post-
transcriptional regulation of collagenase-1 gene
expression by IL-1b in normal skin fibroblasts
and in the BC-8701 breast cancer cells. For
transcriptional studies, we cloned and se-
quenced more than 4,300 bp of the human
MMP-1 (collagenase-1) promoter and con-
structed a series of 58-deletional fragments
linked to the luciferase reporter. These con-
structs were transiently transfected into mono-
layer cultures of human foreskin fibroblasts
(HFFs) and BC-8701 cells, and both basal and
IL-1b stimulated transcription was assessed.
For post-transcriptional analysis, we measured
the stability ofMMP-1mRNAin both cell types,
using a polymerase II inhibitor, 5,6-dichloroben-
zimidizole riboside (DRB). We found that 1) the
nucleic acid sequence of the human MMP-1
promoter contains a series of positive and nega-
tive cis-acting elements that may contribute to
transcriptional regulation, 2) IL-1b induces
transcription in fibroblasts and BC-8701 cells
by different mechanisms and, 3) IL-1b substan-
tially increases the half-life of collagenase
mRNA in fibroblasts, but not in the BC-8701
breast cancer cells.

MATERIALS AND METHODS
Screening, Isolation, Sequencing and

Characterization of a Genomic Clone Containing
the Human Collagenase-1 Promoter

A 500 bp fragment derived from a BamH1/
HindIII digest of a 2517-143 pCAT construct
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(a generous gift from Dr. H.J. Ramsdorf) was
used to screen a lambda phage EMBL3 human
genomic library (Clontech). This library (periph-
eral blood leukocyte/Sau3AI partial digest) was
plated at a density of approximately 1 3 105
plaques/150 mm plate and 10 plates were
screened to represent a 23 coverage of the
genome. Three positive clones were obtained
and one clone remained after secondary and
tertiary screening. Screening and preparation
of bacteriophage DNAwas performed according
to standard methodology [Ausubel et al., 1987–
1996; Sambrook et al., 1993]. The DNA isolated
from the phage clone was digested with HindIII
to take advantage of the HindIII site that had
been reported previously at 24372 [Imai et al.,
1994]. The HindIII fragment obtained was ap-
proximately 8 kb in length and was subcloned
into pBSK2 (Stratagene) and characterized by
restriction digest analysis, which confirmed the
presence and order of the restriction sites in the
collagenase promoter as shown [Imai et al.,
1994]. From the 8 kb fragment, 4.372 kb con-
tained the human collagenase-1 promoter and
was sequenced in its entirety. The top strand
was sequenced using the 35S-Sequenasey (USB)
method and the bottom strand was sequenced
using the PRISMy Ready Reaction Dyedeoxyy

Terminator Cycle Sequencing kit and theModel
373 Stretch/34 cm well system (Perkin-Elmer-
Applied Biosystems, Inc.), following the stan-
dard protocol from the manufacturer. Com-
puter analysis was done with the Transcription
Factor Database (National Center for Biotech-
nology Information) and GeneInspectory
(Textco, Inc., Lebanon, NH) to determine the
location of putative transcription factor binding
site consensus sequences within the promoter.

Plasmid Constructs and 58 Deletion Mutants

We used a human clone as a PCR template
and primers at2517 bp and163 bp to generate
a fragment containing a HindIII site at the 58

end and a BamHI site at the 38 end. This
product was sequenced and found to be identi-
cal to a previously published sequence [Angel et
al., 1987a] except that our sequence contained
a ‘‘T’’ where the published sequence contained
an ‘‘A’’ at site 2451 bp (see Fig. 2A). Since
BamHI and BglII generate compatible over-
hanging ends, we ligated the PCR clone into the
PXP2 luciferase vector using the BglII site in
the polylinker [Brasier et al., 1989]. Through
this process, the BamHI site is lost, so subse-

quent clones that were longer than 2517 bp
were cut with Kpn I at the 38 end and ligated
into this site at 2517 bp (‘‘PXP/517’’). Some
58-deletion promoter constructs were generated
by using convenient restriction sites (HindIII
at 24,372 bp; Pst1 at 23,300 bp; EcoR1 at
22,900 bp; EcoRV at21,600 bp; and BamH1 at
21,000 bp), blunting with Klenow and subclon-
ing into PXP/517. In addition to the 2512 bp
construct, other deletional constructs (2125 bp,
2315 bp, 2776 bp, 21,948 bp, 22,240 bp,
23,156 bp and 24,008 bp) were constructed by
PCR using primers that introduced a 58 Hind
III site with a 2517 bp 38 anchor, but (with the
exception of 2512 bp) are not presented be-
cause they did not provide any additional infor-
mation (data not shown). All PCR constructs
were sequenced to insure fidelity [Ausubel et
al., 1987–1996; Sambrook et al., 1993].

Cell Culture

Human foreskins were obtained from the
Birthing Pavilion at Mary Hitchcock Memorial
Hospital (Lebanon, NH). Human foreskin fibro-
blasts (HFFs) were isolated as previously de-
scribed [Delany and Brinckerhoff, 1992]. HFFs
were grown and maintained in 150 mm diam-
eter culture dishes (Sarstedt) in 10% fetal bo-
vine serum (FBS), penicillin (100 U/ml) and
streptomycin (100 µg/ml) in Dulbecco’s Modi-
fied Eagle’s Medium (DMEM; Gibco) and used
during passages 4–12 [Delany and Brincker-
hoff, 1992]. BC-8701 breast carcinoma cells were
obtained from Dr. David Woolley (University of
Manchester, UK) [Allesandro et al., 1993], and
were grown and maintained as described for
the HFFs. For experiments, the cells were
washed with Hank’s balanced salt solution
(HBSS; Gibco) and cultured in serum-free me-
dium (DMEM plus 0.2% lactalbumin hydroly-
sate; DMEM/LH) supplemented with IL-1b
(Promega) at a concentration of 10 ng/ml [Vin-
centi et al., 1994] and/or 5,6-dichlorobenzimid-
azole riboside at a concentration of 75 µM
[Delany and Brinckerhoff, 1992] (DRB; Sigma).

Assay of Steady-State mRNA

Confluent cultures were washed and placed
in 10 ml DMEM/LH and total cellular RNAwas
isolated using the TRIzol reagent (Gibco-BRL).
Total RNA was quantitated by optical density,
and 5–20 µg of RNAwas subjected to Northern
blot analysis [Ausubel et al., 1987–1996; Sam-
brook et al., 1993]. Blots were hybridized with
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an [a32P]-dCTP labeled probe (NEN; 12.5 µCi/
reaction of 3,000 Ci/mmol) for 20 h at 56°C.
Probes were labeled using the random prime
labeling kit (Boehringer Mannheim). The blots
were washed twice for 10 min at room tempera-
ture, followed by two 30-min washes at 56°C
using 0.23 saline-sodium citrate, 0.5% sodium
dodecyl sulfate. Hybridization probes usedwere
cDNA clones of MMP-1 [Delany and Brincker-
hoff, 1992] and c-jun (a gift from Dr. Inder
Verma). Probe specific mRNA was detected by
autoradiography. The signal obtained from the
Northern blots was normalized to the signal for
glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) to correct for slight differences in
RNA loading.

Western Blot Analysis of Collagenase Protein

Culture medium (1 ml) was precipitated with
0.5 ml of cold 10% trichloroacetic acid (TCA) for
30 min on ice [Vincenti et al., 1994]. Protein
was pelleted for 10 min at 13,000g at 4°C,
briefly dried and resuspended in sample buffer.
The samples were separated on 7.5% SDS-
PAGE minigels, transferred to Immobilon-P
membranes (Millipore Corp., Bedford, MA) us-
ing a Trans-Blot Cell (BioRad). Collagenase
protein was detected as previously described
[Vincenti et al., 1994]. Briefly, the membranes
were blocked with 10% FBS for 30 min, then
probed with human collagenase specific antise-
rum at a dilution of 1:10,000 overnight. The
membranes were washed and specific antibody
binding was detected using the VectastainABC
kit (Vector Labs, Burlingame, CA).

Transfection and Luciferase Assay

The reporter plasmids cloned into the PXP2
luciferase vector were prepared using the Qia-
gen maxi prep kit (Qiagen). The plasmids were
transiently transfected into HFFs or BC-8701
cells using the LipofectAMINEy reagent
(Gibco). Cells were plated at a density of 1.5 3
105/well in six-well cluster plates (Costar) in
DMEM/10%FBS. The following day, the cells
were washed, placed in serum free medium and
transfected with 5 µg DNA and 7 µl Lipofect-
AMINE reagent per well in HFFs, or 5 µg DNA
and 2.5 µl LipofectAMINE reagent per well in
the BC-8701 cells. After 5 h, 1 ml of DMEM/
20%FBS was added. The next day, the cells
were washed three times with HBSS and incu-
bated in serum-free/LHmediumalone or serum-
free/LH medium containing 10 ng/ml IL-1b.

Cell lysates were harvested 18–24 h after treat-
ment and luciferase activity was determined on
a ML 2250 Microtiter Plate Luminometer (Dy-
natech Laboratories) and reported as Relative
Light Units (RLUs). The RLUs were normal-
ized to the protein content of the lysate using a
modification of the Lowry Assay (Dc Protein
Assay, Biorad, Melville, NY). Each transfection
was carried out in triplicate unless otherwise
indicated; different preparations of DNA were
used in at least four separate transfection ex-
periments. Transfection efficiency was deter-
mined by Hirt’s analysis as described previ-
ously [Ausubel et al., 1987–1996; Sambrook et
al., 1993; Vincenti et al., 1994; White and
Brinckerhoff, 1995].

mRNA Stability

5,6-Dichlorobenzimidazole riboside (DRB,
Sigma) was dissolved in dimethyl sulfoxide
(DMSO) to a stock concentration of 7.5 mM and
diluted 1:100 for a final concentration of 75 µM
[Ausubel et al., 1987–1996; Sambrook et al.,
1993; Delany and Brinckerhoff, 1992]. Cells
were cultured to confluency in 10%FBS,washed
with HBSS and pre-treated with DMEM/LH
alone, or with 10 ng/ml IL-1b for 8 h. Following
pre-treatment, cells were washed with HBSS,
replaced with fresh serum-free medium, and
then treated with DRB. At various time points,
cells were harvested for RNA using the TRIzol
Reagent and assayed by Northern analysis as
described above. Densitometry was performed
on a Phosphorimager or Densitometer (Molecu-
lar Dynamics, PhosphorImager 445 SI) and ana-
lyzed with the IPLab Gel software (Signal Ana-
lytics Corporation).

RESULTS
Expression of the Endogenous Collagenase

Gene in HFFs and BC-8701 Cells

As a first step in analyzing the induction of
MMP-1 by these cells, we demonstrated that
treatment with IL-1b increases collagenase
mRNA and protein (Fig. 1). Cells were left
untreated or were treated with IL-1b (10 ng/
ml), and mRNA and culture medium were har-
vested at intervals. Northern blot analysis
shows that untreated HFFs and BC-8701 cells
(Fig. 1A and B, respectively) express low levels
of collagenasemRNA, confirming previous stud-
ies [Vincenti et al., 1994; Delany and Brincker-
hoff, 1992; Dalton et al., 1989; Mauviel et al.,
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1988; Conca et al., 1991]. In HFFs, treatment
with IL-1b increases collagenase mRNAwithin
1 h, and levels continue to increase substan-
tially over the next 24 h (Fig. 1A). In BC-8701
cells, IL-1b-induced collagenase mRNA in-
creases between 1 and 4 h, peaks by 12 h and
then declines by 24 h (Fig. 1B). Thus, the time
course of induction differs between the two cell
types. We usedWestern blot analysis to confirm
that levels of collagenase protein parallel levels
of mRNA [Nagase et al., 1983]. Only low levels
of collagenase protein are present in the culture

medium of untreated cells, but in the presence
of IL-1b, the levels increase (Fig. 1C and D).
Since Western analysis measures an accumula-
tion of protein in the culture medium over time,
there is some increase in collagenase protein in
the untreated cultures, as well as a more dra-
matic increase in the IL-1b treated cells.

Cloning and DNA Sequence Analysis
of the Human MMP-1 Promoter

We cloned and sequenced both strands of a
4,372 bp clone of the human MMP-1 promoter

Fig. 1. Collagenase gene expression in human foreskin fibro-
blasts (HFFs) and BC-8701 cells. Confluent cultures werewashed
with HBSS and placed in DMEM/LH medium. Cells were left
untreated or were treated with IL-1b (10 ng/ml), and mRNA and
culture medium was harvested at intervals. A and B: RNA
analysis. At the time points indicated, total RNA was isolated
and 5 µg was subjected to Northern analysis. Collagenase
mRNA was hybridized with a human MMP-1 cDNA probe and
autoradiographed for 24 h. Control for loading is shown by
using a probe specific for the housekeeping gene, GAPDH. C

and D: Protein analysis. At the time intervals indicated, 1 ml of
culture media was precipitated with 10% cold TCA, subjected
to SDS-PAGE under reducing conditions, and transferred to a
PVDF filter. Collagenase protein was visualized with amonospe-
cific antibody and by using the Vectastain ABC kit. Lowmolecu-
lar weight standards (st) are shown in the first lane. The upper
band is a glycosylated form of MMP-1 [Nagase et al., 1983]. 2,
no IL-1b added; 1, IL-1b added. The arrows point to bands of
interest.

326 Rutter et al.



(Fig. 2A). The proximal region of about 320 bp
shares extensive homology with the rabbit
MMP-1 promoter, includingAP-1 sites at ,270
and ,2186, a PEA3 element at ,290, and a
TTCAmotif at ,2110 in both promoters [Angel
et al., 1987a, 1987b; Imai et al., 1994; White
and Brinckerhoff, 1995; Auble and Brincker-
hoff, 1991; Chamberlain et al., 1993]. Each of
these sequences is involved in transcriptional
activation by phorbol myristate acetate, and
their conservation between the two promoters
confirms the experimental data, which shows
that they are functionally important [White
and Brinckerhoff, 1995; Auble and Brincker-
hoff, 1991; Chamberlain et al., 1993].
Sequencing of the more distal regions reveals

a number of AP-1 (consensus 58-TGAGTCA-38)
and PEA3 (consensus 58-AGGA-38) sites. In a
700 bp region between 21,600 bp and 22,300
bp (Fig. 2A) there are several of these sites, and
they have been implicated in basal transcrip-
tion [Imai et al., 1994]. Additionally, PEA3
elementsmay contribute toMMP-1 gene expres-
sion, sometimes by cooperating with neighbor-
ingAP-1 sites [reviewed in Benbow and Brinck-
erhoff, 1997]. Of potential importance is the
fact that our clone fails to contain the PEA3 site
at 21,607 (58-AAGA-38), adjacent to the AP-1
site at 21,602 bp [Imai et al., 1994]. This may
be due to an allelic variation, andmay influence
the transcriptional responsiveness of the pro-
moter [Imai et al., 1994] (see Discussion). We
also note the presence of the Drosophila homo-
logue of anNFkB site (dorsal; 58-ATGGAAAAA-
38) [Ghosh, 1991] at 22,886 bp. This site may
participate in IL-1 inducibility, sinceNFkB sites
are classic IL-1 response elements [Collins et
al., 1995]. There are several putative silencer
elements [Savagner et al., 1990; Cao et al.,
1989; Moffat et al., 1996] located between 2572

bp and 21,772 bp in the promoter that have the
potential to repress transcription. In addition,
there is an OCTAmotif at 24,178 bp, which can
also repress transcription [Zhen et al., 1996].
Two CREB sites at 21,540 and 23,187 bp are
apparent, and it is possible that they, too, play a
role in the down regulation of the collagenase
gene by cAMP [Boyle et al., 1996]. Thus, the
human collagenase gene may be regulated by a
series of positive and negative cis-acting ele-
ments located throughout the promoter. Fur-
thermore, these elementsmay function differen-
tially in response to various stimuli and in a
cell type-specific manner (see below).

Sequences in the Collagenase Promoter
Control IL-1b Induced Transcription

in a Cell Type-Specific Manner

We used our 4,372 bp clone of the human
collagenase promoter to prepare a series of 58-
deletions, containing fragments of promoter
DNA linked to the luciferase reporter (Fig. 2B).
These fragments were transiently transfected
into HFF and BC-8701 cells and both basal and
IL-1b-induced transcriptional activity wasmea-
sured. First, we examined basal transcription
(solid bars, Fig. 3A and B), and found that in
both cell types, fragments ranging from 512 bp
to 1,600 bp gave only a minimal transcriptional
response, while fragments greater than 21,600
bp showed increased transcriptional activity.
This suggests that the basal activity is associ-
ated with distal regions of the promoter, and is
similar in both cell types.
Next we tested the ability of each promoter

construct to respond to IL-1b (hatched bars,
Fig. 3A and B). In the HFFs, significant induc-
tion (P , 0.001) was seen only with fragments
of the promoter containing at least 3,300 bp of

Fig. 2. The human collagenase-1 (MMP-1) promoter.A:Nucleic
acid sequence analysis of 4,372 bp of the collagenase promoter.
The MMP-1 promoter was cloned and sequenced as described
in Materials and Methods. The underlined sequences from
22,265 bp through 21,549 bp and 2517 bp through 163 bp
have been previously reported [Imai et al., 1994, and Angel et
al., 1987a, respectively]. The major consensus transcription
factor elements are shown in boxes (including the TATA box).
The putative silencers (P Sil) and anti-silencers (P Antisil) are
either double underlined (forward direction) or single under-
lined (reverse direction) and the number of mismatches to
previously described elements is shown in parentheses [Savag-
ner et al., 1990; Cao et al., 1989; Moffat et al., 1996; Stover et
al., 1994]. The single asterisks denote a discrepancy between

our sequence and the previously reported sequence [Angel et
al., 1987a; Imai et al., 1994]. The double asterisk indicates that
our sequence does not contain a PEA3 element at 21,607 bp as
previously described [Imai et al., 1994], since a ‘‘G’’ is absent.
The arrow indicates the beginning of transcription. B: 58-
deletion constructs of the human MMP-1 promoter linked to the
luciferase reporter. The full length (4,372 bp) construct shown
indicates the various locations of the restriction sites which
were used to generate the clones as indicated in the Materials
and Methods. The asterisks show the two AP-1 sites that have
been previously reported [Angel et al., 1987a, 1987b] and are
included for orientation. The luciferase reporter is represented
by the gray box.
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DNA. In four separate experiments (Fig. 3A
and data not shown), this induction was 1.5- to
3-fold, and is in keeping with the effect of sev-
eral other cytokines and growth factors onMMP
transcription [MacCachren et al., 1989; Delany
and Brinckerhoff, 1992; Sudbeck et al., 1994;
Sanz et al., 1995]. Moreover, the data suggest
that, like basal transcription, the IL-1b-in-
duced response is associated with the distal
portions of the promoter. However, experiments
with the IL-1 receptor antagonist indicate that
this basal activity is not due to endogenous IL-1
production by these HFFs (data not shown).
Somewhat different results were seen when

we examined IL-1b-induced transcription in
the BC-8701 breast cancer cells (hatched bars,
Fig. 3B). In contrast to the fibroblasts, all of the
fragments tested in theBC-8701 cells responded
significantly (P , 0.001) to IL-1b, including the
smaller constructs. In all experiments, Hirt’s
assays [Vincenti et al., 1994; Ausubel et al.,
1987–1996; Sambrook et al., 1993; White and
Brinckerhoff, 1995] were performed to control

for variations in the amount of transfected DNA
taken up by the cells [Vincenti et al., 1994;
White and Brinckerhoff, 1995], and demon-
strate that the transfection efficiency of each
construct was similar (data not shown). Thus,
the results are due to the ability of the different
promoter fragments to be transcriptionally acti-
vated. Our data indicate that proximal regions
of the promoter can mediate IL-1b induction in
the BC-8701 cells, but not in the HFFs, and
suggest that the mechanisms governing IL-1b
induction are different in the two cell types (see
Discussion).

Expression of Endogenous Jun
in HFFs and BC-8701 Cells

Induction of MMP-1 by phorbol esters in-
volves an increase in c-JUN, which binds to
AP-1 sites located at about270 bp and2180 bp
in the rabbit and human MMP-1 promoter [An-
gel et al., 1987a, 1987b; Auble and Brincker-
hoff, 1991;White andBrinckerhoff, 1992; Cham-
berlain et al., 1993]. An increase in c-JUN has

Figure 2 (continued)
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also been implicated in the induction of MMP-1
by IL-1b [Conca et al., 1991; Lafyatis et al.,
1990], and the data presented in Figure 3 sug-
gest that these proximalAP-1 sites may partici-
pate in MMP-1 induction in BC-8701 cells, but
not in HFFs. Therefore, we measured levels of
c-jun mRNA in both cell types. Cells were left
untreated or treated with IL-1b, and mRNA
was harvested at various time intervals. North-
ern analysis of the HFFs (Fig. 4A) shows that
jun is not detectable constitutively, but upon
treatment with IL-1b, jun levels increase within
1 h, decrease by 6 h and return to low or
undetectable levels by 12 h. Interestingly, the
BC-8701 cells show a different pattern of jun
expression (Fig. 4B). Low, but detectable levels
of jun are seen constitutively (time ‘‘0’’), and
like the HFFs, increase by 1 h. However, unlike
the HFFs, jun stays elevated. These results
support the transcriptional data presented in
Figure 3A and B, since the higher level of jun
expression in BC-8701 cells may account for the
significant induction with IL-1b in the smaller
constructs.

IL-1b Increases the Stability of Collagenase
mRNA in HFFs but Not in BC-8701 Cells

Previous studies of IL-1 induced collagenase
gene expression in rabbit fibroblasts indicate
that, along with transcription, mRNA stability
contributes to the increase in steady-state
mRNA [Vincenti et al., 1994]. The data pre-
sented in Figure 1 suggest there might be a
post-transcriptional component to the regula-
tion of MMP-1 in human fibroblasts, but not in
the BC-8701 breast cancer cells. Treatment of
HFFs with IL-1b results in a prolonged in-
crease in collagenase mRNA and protein, while
the increase in the BC-8701 cells is more tran-
sient. Since the transcriptional responses ap-
pear similar (Fig. 3), it is possible that post-
transcriptional mechanisms account for this
difference.
Therefore, we used the transcriptional inhibi-

tor 5,6-dichlorobenzimidazole riboside (DRB) to
measure the stability of MMP-1 transcripts
[Delany and Brinckerhoff, 1992] in both cell
types (Fig. 5). Cells were cultured to confluency
and were pre-treated with serum-free medium
alone, or with 10 ng/ml IL-1b [Dinarello, 1994]
for 8 h. DRB was then added to selected cul-
tures; RNA was harvested, assayed by North-
ern analysis and quantitated by phosphorimag-

ing and densitometry. Treatment of cultures
with DRB for more than 10 h resulted in cyto-
toxic effects, thus points beyond that time were
not measured. Figure 5A and B shows the ef-
fects of IL-1b on mRNA stability in HFFs and
BC-8701 cells. Several points are apparent.
First, in untreated cultures of HFFs, there is a
relatively rapid decay of the collagenasemRNA.
Second, in HFFs pre-treated with IL-1b, this
decay is abrogated, a finding that supports pre-
vious studies, which indicate a role for mRNA
stability in regulating MMP-1 gene expression
in rabbit fibroblasts [Vincenti et al., 1994].
Third, the stability of MMP-1 mRNA is greater
in untreated cultures of BC-8701 cells than in
the untreated HFFs, but IL-1b does not further
stabilize the mRNA. Thus, our data demon-
strate that IL-1b increases mRNA stability in
human fibroblasts, but not in the BC-8701 cells,
and suggest that the primary mechanism of
MMP-1 gene regulation in the breast cancer
cells is transcriptional.

DISCUSSION

In this study, we compared the mechanisms
by which two different human cell types, nor-
mal skin fibroblasts and an aggressive breast
cancer cell line, BC-8701 cells, respond to a
potent MMP-1 inducer, IL-1b. Both cell types
express low levels of this enzyme endogenously,
and the time course of induction by IL-1b dif-
fered. To study the transcriptional response, we
cloned and sequenced 4,372 bp of the human
MMP-1 promoter, and from this clone, we pre-
pared a series of 58-deletion constructs linked to
the luciferase reporter. These constructs were
then transiently transfected into the fibro-
blasts and the breast cancer cells, so that we
could compare basal and IL-1b induced tran-
scription. In both cell types, basal transcription
depends on distal sequences of the human
MMP-1 promoter, as does IL-1b induced tran-
scription in the fibroblasts. However, in the
BC-8701 breast cancer cells, sequences in the
proximal promoter canmediate IL-1b inducibil-
ity, while only sequences distal to 23,300 bp
mediate IL-1b responsiveness in theHFFs (Fig.
3). Furthermore, our studies indicate that in
fibroblasts, but not in the breast cancer cells,
IL-1b substantially increases the stability of
the collagenase mRNA. Thus, both the tran-
scriptional and post-transcriptional mecha-
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nisms by which IL-1b regulates MMP-1 gene
expression differ in these two cell types.
In analyzing the nucleic acid sequence of the

human MMP-1 promoter, we note that the pro-
moter contains a series of positive and negative
regulatory sequences that may influence tran-
scriptional activity (Fig. 2A). We also detected
an allelic variation in our promoter clone which

is potentially meaningful. APEA3 site adjacent
to the AP-1 site at 21,602 has been reported
[Imai et al., 1994]. Our clone has the sequence
58-AAGAT-38 at this position, which fails to
constitute a PEA3 site because a G at position
21,607 is missing. The presence of this Gwould
create the sequence 58-AAGGAT-38, which con-
tains a PEA3 consensus sequence [Ghosh, 1991].
Since cooperativity between adjacent AP-1 and
PEA3 sites is well-documented in the induction
of MMPs [reviewed in Benbow and Brincker-
hoff, 1997], it is possible that this allelic differ-
ence could affect the transcriptional responsive-
ness of the promoter DNA. In addition, there is
an NFkB-like site, 58-ATGGAAAAA-38 (dorsal)
at 22,886 bp which may mediate IL-1b respon-
siveness [Collins et al., 1995]. Dorsal is a tran-
scription factor which shows about 50% iden-
tity to the c-rel protein family [Steward, 1987].
However, since IL-1b inducibility is seen with
smaller fragments of the promoter that do not
contain this sequence, this site, alone, is un-
likely to be responsible for IL-1b induction.
Instead, it is likely to cooperate with other
elements [Auble and Brinckerhoff, 1991; Cham-
berlain et al., 1993; Benbow and Brinckerhoff,
1997].
The lack of transcriptional activity seen in

the proximal regions of the promoter and the
decline in transcriptional activity in regions
upstream of 24,000 bp are intriguing, and may
reflect the negative regulatory elements scat-
tered throughout the promoter. Analysis of the
nucleic acid sequences (Fig. 2A) reveals the
presence of several putative silencer elements
located between 2572 bp and 21,772 bp. These
silencers have been described in several genes,
including the collagen II [Savagner et al., 1990],
human e-globin [Cao et al., 1989] and the gluta-
thione-S-transferase [Moffat et al., 1996] pro-
moters. There are also several silencer/anti-
silencermotifs [Stover et al., 1994] in the region
between 21,653 bp and 22,672 bp. These types
of anti-silencers require the presence of silenc-
ers in order to be effective, and have been de-
scribed as important regulators of vimentin
gene expression inMDA231 breast cancer cells.
The vimentin gene is regulated by a silencer
element which binds a 95 kDa protein and by
an over-riding anti-silencer which binds a 140
kDa protein [Stover et al., 1994]. Finally, there
is an OCTA-binding site at 24,178 bp, which
functions to repress transcription in neuronal
cells [Zhen et al., 1996] and, therefore, may also

Fig. 3. Basal and IL-1b induced transcriptional activity of the
human MMP-1 promoter and BC-8701 cells. A: Transient trans-
fection in HFFs. For each transfection, 5 µg of construct DNA
was combined with 7 µl LipofectAMINE (Gibco, BRL) and
added to each well of 1.5 3 105 cells in DMEM/LH. Basal levels
of transcription are indicated by the solid bars. Hatched bars
represent IL-1b-induced transcription. The induction of IL-1b

was either very significant (*P , 0.002) or extremely significant
(** P , 0.0009). Each transfection was carried out in quadrupli-
cate, and the error bars represent the standard error of the mean.
B: Transcriptional activity in BC-8701 cells. Each construct was
transfected in triplicate using 5 µg DNA with 2.5 µl Lipofect-
AMINE, and the cells were either left untreated (solid bars) or
treated with IL-1b (hatched bars) for 24 h. The induction by
IL-1b was either very significant (*P , 0.004) or extremely
significant (**P , 0.0005). For both A and B, the cells were
harvested between 18 and 24 h, and cell lysates were read on a
ML2250Microtiter Plate Luminometer (Dynatech Laboratories).
Luciferase readings are indicated as relative light units (RLUs).
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repress transcription in the MMP-1 promoter.
It is also possible, as has been suggested for the
vimentin gene [Stover et al., 1994], that one or
more of the silencer elements may be active in
repressing transcription of the human MMP-1
promoter. Some sequences are conserved be-
tween the rabbit and human MMP-1 promot-
ers, particularly theAP-1 and PEA3 sites in the
proximal region [Angel et al., 1987a, 1987b;
Auble and Brinckerhoff, 1991; White and
Brinckerhoff, 1995; Chamberlain et al., 1993].
However, the more distal regions are less con-
served (Fig. 2A) [Imai et al., 1994; Vincenti et
al., 1996b]. For example, the tandem array of
AP-1 and PEA3 sites found in the human pro-
moter are lacking in the rabbit gene [Vincenti
et al., 1996b]. Furthermore, basal transcription
of the rabbit gene depends primarily on the
proximal promoter [Auble and Brinckerhoff,
1991; Chamberlain et al., 1993; White and
Brinckerhoff, 1995], while the transcriptional
activity of the human promoter depends on
these upstream sequences (Fig. 3). Thus, there
are substantial differences between the two
promoters.
Previous studies have demonstrated that

post-transcriptional mechanisms contribute to
IL-1b induced gene expression. Indeed, IL-1
increases the stability of several mRNAs in
various cell types [Michel and Quertermous,
1989; Elias and Lentz, 1990; Stoeckle, 1991;
Guttridge et al., 1993; Ristimaki et al., 1994],
and our data (Fig. 5) show that this mechanism
also plays amajor role in regulating the collage-
nase mRNA in human skin fibroblasts. There
are three AUUUA motifs in the 38 end of the

collagenase mRNA [Vincenti et al., 1994], and
these help regulate mRNA stability [Shaw and
Kaman, 1986; Vincenti et al., 1994]. AU-rich
regions were first documented in the 38 end of
several mRNAs that encode inflammatory cyto-
kines with short half-lives, and it is thought
that these sequences target the mRNAs for
degradation [Shaw and Kaman, 1986]. Previ-
ously, using mutational analysis of theAUUUA
sequences in the human collagenasemRNA, we
demonstrated that their presence enhances
mRNAdegradation and that treating cells with
IL-1b antagonizes this degradation [Vincenti et
al., 1994], perhaps by inducing specific AU-
binding proteins that complex with AU-rich
regions and prevent mRNA decay [Shaw and
Kaman, 1986; Stephen et al., 1992; Bohjanen et
al., 1992; Whitelock et al., 1993]. Interestingly,
the BC-8701 cells do not behave in a similar
manner. Although the stability of the constitu-
tively expressed collagenase mRNA may be
greater in the breast cancer cells than in the
fibroblasts, treatment of the tumor cells with
IL-1b does not further stabilize the mRNA
(Fig. 5).
It has been suggested [MacDougall and Ma-

trisian, 1995] that collagenase-1 is most often
seen in the stromal components of tumors, and
that the lack of MMP-1 expression in tumor
cells results from a tissue-restriction based on
the epithelial lineage of many cancer cells.
Therefore, it is noteworthy that the BC-8701
breast cancer cells, of epithelial origin, not only
express MMP-1 constitutively, but also respond
to IL-1b. However, the mechanisms controlling
this expression are different from those seen in

Fig. 4. Northern analysis of endogenous jun expression in HFFs and BC-8701 cells. Duplicate blots of those used in
Figure 1A and B were probed with c-jun and autoradiographed for 48 h. Control for loading is shown by the GAPDH
probe. To selected cultures 10 ng/ml IL-1bwas added, as described in Figure 1.2, no IL-1b added;1, IL-1b added. A:
HFFs. B: BC-8701 cells.
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fibroblasts. Thus, distinct cell-type specific
mechanisms regulate IL-1b-induced MMP-1
gene expression. The differences in transcrip-
tional activation by IL-1bmost likely reflect the
complement of transcription factors present
within the two cell types. The pattern of jun
expression in the BC-8701 cells, for example,
may account for the significant increase in tran-
scription by IL-1b seen in the proximal regions
of the promoter.
The ability of IL-1 to induce MMP-1 in stro-

mal fibroblasts and chondrocytes has firmly

established this cytokine as an important me-
diator of connective tissue invasion in arthritic
disease [Harris, 1990, 1993; Brinckerhoff, 1992;
Arend and Dayer, 1993]. Its role in mediating
tumor invasiveness is less well documented,
and may involve several mechanisms. IL-1 en-
hances tumor adhesion to the endothelial cell
layer [Mannel et al., 1994], acts as a motility
factor for some human breast cancer cells in
vitro [Verhasselt et al., 1992], and stimulates
MMP-1 gene expression by tumor cells. All of
these processes increase the ability of tumor
cells to degrade the extracellular matrix. Fi-
nally, by inducing a parallel increase in MMP-1
in neighboring stromal cells, IL-1 may further
amplify the invasive potential of the tumor
cells.
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