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The proximal region of the MMP-1 promoter contains
Nuclear receptors inhibit synthesis of collagenase-1 several key elements that regulate transcriptional acti-

(matrix metalloproeinase-1; MMP-1), an enzyme that vation (1, 11). For instance, members of the Fos and
degrades interstitial collagens and contributes to joint Jun family enhance MMP-1 gene expression by binding
pathology in rheumatoid arthritis. SMRT (Silencing to the activator protein-1 (AP-1) site at 073 and 077Mediator for Retinoid and Thyroid hormone recep-

in the human and rabbit promoters, respectively (12,tors) mediates the repressive effect of nuclear recep-
13). Proteins that contain an Ets domain bind to ators at hormone responsive elements (HREs), prompt-
nearby PEA-3 site at 0104 (human) and 0109 (rabbit)ing us to investigate whether this co-repressor could
and cooperate physically and functionally with AP-1also regulate transcription of MMP-1, which lacks any
(11, 14). The human proximal MMP-1 promoter alsoknown HREs. We find that primary synovial fibro-
contains a functional signal transducer and activatorblasts express SMRT. When over-expressed by tran-
of transcription (STAT) binding element at 053 (15).sient transfection, SMRT inhibits MMP-1 promoter ac-

In addition to DNA-protein interactions, higher or-tivity induced by interleukin-1 (IL-1), phorbol phorbol
myristate acetate (PMA) or v-Src. SMRT apparently der protein-protein complexes also appear to regulate
inhibits MMP-1 gene expression by interfering with MMP-1 induction. For example, the co-activator JAB1
one or more transcriptional elements clustered in a specifically interacts with c-Jun or JunD to activate
region between 0321 and /63. We conclude that SMRT transcription (16). The co-activator p300/CBP binds
negatively regulates MMP-1 synthesis through a novel, STAT1a (17) and Fos/Jun family members (18) to stim-
HRE-independent mechanism that involves proximal ulate gene expression, potentially through intrinsic
regions of the MMP-1 promoter. q 1997 Academic Press histone acetyltransferase (HAT) activity in p300/CBP

(19, 20) and HAT activity in the p300/CBP-associated
factor (P/CAF) (21). Indeed, histone modifications,
through lysine hyperacetylation or ATP-driven mecha-The matrix metalloproteinase (MMP) gene family
nisms, have been associated with remodeled chromatinconsists of at least nineteen enzymes that degrade com-
and transcriptionally active DNA (22-25).ponents of the extracellular matrix (ECM) and ensure

The same transcriptional factors and DNA elementsproper tissue remodelling in normal physiology (1-3).
that induce MMP-1 transcription can also serve as tar-Although MMP over-expression contributes to the pa-
gets for repression of this gene. Ironically, for a genethology of numerous disorders, its role in rheumatoid
highly regulated by nuclear receptors, the MMP-1 pro-arthritis is particularly well-documented (3, 4). In this
moter lacks any known hormone responsive elementsdisease, proinflammatory cytokines such as interleu-

kin-1 (IL-1) induce synovial fibroblasts lining the joint (HREs). Instead, nuclear receptors utilize alternative,
to produce excessive amounts of MMP-1 (matrix metal- diverse mechanisms to inhibit expression of this gene
loproteinase-1; interstitial collagenase), which irre- (26). For instance, through their ability to bind p300/
versibly cleaves the interstitial collagens types I, II and CBP, retinoic acid receptors (RARs) may compete for
III and contributes to joint erosion (5-10). limiting amounts of this co-activator (27). In addition,

RARs, glucocorticoid receptor (GR), and thyroid hor-
mone receptor (T3R) can sequester AP-1 proteins away1 To whom all correspondence should be addressed. Fax: 603-650-

1128; E-mail: constance.e.brinckerhoff@dartmouth.edu. from their binding sites on the DNA (28-32). RARs and
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with 0.2% lactalbumin hydrolysate and antibiotics; DMEM-LH) orGRs also form complexes with AP-1 proteins that are
DMEM-LH containing 1006M all-trans- retinoic acid (Sigma, St.bound to the DNA, perhaps interfering with the ability
Louis, MO). Cells were scraped, pelleted, and lysed in 1 ml of TRIzolof AP-1 to transactivate (26, 33-37). Androgen recep- total RNA isolation reagent (Gibco), followed by chloroform extrac-

tors, on the other hand, bind directly to the Ets protein tion and precipitation in isopropyl alchohol. RNA (20mg) was sepa-
rated on a 1% agarose gel containing formaldehyde, transferred toERM and interfere with MMP-1 activation (38). Thus,
GeneScreen (DuPont-NEN, Boston, MA) and cross-linked using acomplex protein-DNA interactions cooperate to strictly
UV Stratalinker 1800 (Stratagene, LaJolla, CA). A full-length probeand precisely regulate MMP-1.
for human SMRT (250ng) was labelled using a Randon Primer Fluo-

Within the last few years, accessory proteins have rescein Labelling Kit (NEL603, DuPont), hybridized to the mem-
been shown to bind with nuclear receptors and to act as brane-bound RNA, and probed with an antifluorescein-alkaline phos-

phatase conjugate as per instructions of the manufacturer. Aftertranscriptional co-repressors (39). For instance, SMRT
addition of a nucleic acid chemiluminescence reagent (DuPont),(Silencing Mediator for Retinoid and Thyroid hormone
chemiluminescence was detected by exposing the blot to autoradiog-receptors) and N-CoR (Nuclear receptor Co-Repressor) raphy film (NEF-496, DuPont) for 10min.

act in conjunction with RAR/RXR and T3R/RXR hetero-
Plasmids. For the pSG5-SMRT vector, full-length SMRT insertdimers in the absence of ligand to silence transcription

was removed from pCMX-SMRT (40) by cutting 5* with EcoRV andof HRE-containing genes (40-42). Recently, several lab- 3 * with EcoRI. After adding an EcoRI linker to the 5* end, SMRT
oratories have reported that SMRT and N-CoR form was inserted into the EcoR1 site of pSG5 (Stratagene). To create

pSG5-C-SMRT, C-SMRT was cut from pCMX-SMRT (40) 5* withmulti-subunit complexes with histone deacetylases,
EcoRV and 3 * with BamH1. An EcoRI linker was added to the 5*which may alter chromatin structure and repress gene
end and the insert was directionally cloned into the correspondingtranscription (25, 43-45). While SMRT and other nu-
restriction sites in pSG5. To make pRSV-DDTRa and pRSV-DDTRa-

clear receptor co-factors exhibit ubiquitous tissue ex- R160, thyroid hormone receptor ligand binding domain (DDTRa)
pression, their physiological role in different cell and and its aa160 Pro-Arg mutant (DDTRaR160) were cut from pCMX

5*-3 * with HindIII and SmaI and cloned into pBK-RSV (Stratagene).promoter contexts remains obscure (39, 46).
RSV-Luc contains the RSV promoter and enhancer regions in PXP-The ability of nuclear receptors to inhibit MMP-1
1 (47). 04614/PXP, 0321/PXP and pRSV-Src have been describedgene expression led us to explore the possible involve- previously (10, 48). Restriction digestion analysis and/or sequencing

ment of the nuclear receptor co-repressor SMRT in this validated proper orientation of each clone.
process. We demonstrate that primary rabbit synovial

Transient transfections and reporter assays. Briefly, cells werefibroblasts express a homologue of human SMRT. Over- seeded in 6 well cluster plates at 21105 cells/well and transfected
expression of full length SMRT, but not C-SMRT lack- with DNA the next day using calcium phosphate co-precipitation and

glycerol shock (37). In all cases, the total amount DNA transfecteding the transcriptional repression domain, inhibits
into each well was held constant with empty control vectors. Cellsboth basal and induced MMP-1 promoter activities.
recovered overnight in DMEM-FBS and the following morning wereThe induced MMP-1 activity is more sensitive to the
washed 3 times with HBSS followed by addition of unsupplemented

repressive effect of SMRT than is basal transcription. DMEM-LH or DMEM-LH supplemented with 1008M phorbol 12-my-
Overexpression of the thyroid hormone receptor (TRa) ristate 13-acetate (PMA; Sigma), 1006M all-trans - retinoic acid

(Sigma), or 10ng/ml interleukin-1 (Genzyme). Twenty four hoursligand-binding domain, which interacts directly with
later, luciferase reporter activity was determined using a modelSMRT, reverses SMRT’s repressive capacity, while a
ML2250 microtitier plate luminometer (Dynatech, Chantilly, VA). InTRa mutant that does not bind SMRT fails to do so,
some experiments the Hirt’s assay was used to monitor transfection

further supporting the idea that SMRT is directly in- efficiency (49), demonstrating consistency in DNA uptake from well
volved in suppression of MMP-1 expression. Together, to well. Each experiment was performed in triplicate and repeated

at least twice. The data are presented as the mean //0 standardthese results suggest that SMRT may contribute to
deviation from a representative experiment.maintaining MMP-1 gene expression in a repressive

state, which may have important implications for sup-
pressing development of rheumatoid arthritis. RESULTS

MATERIALS AND METHODS Synovial Fibroblasts Express SMRT

Cells. Synovial tissue cells were enzymatically dispersed from To examine role of MMPs in the progression of rheu-
the knees of healthy, 4-6 week-old New Zealand White rabbits and matoid arthritis, we and others have utilized rabbit
cultured in Dulbeco’s Modified Eagle’s Medium (Gibco, Grand Island, models and cultures of synovial fibroblasts obtainedNY) supplemented with 10% fetal bovine serum (HyClone, Logan,

from these animals (50-52). Several approaches can beUT) and antibiotics (50mg/ml penicillin, 50mg/ml streptomycin, and
employed to induce rabbit disease, which in many as-100mg/ml neomycin; Gibco). Upon achieving confluency, cells were

passed 1:3 and were used between passages 3-6. Macrophage-like pects parallels the pathology observed in human rheu-
cells die during passage and the remaining cells consist of a relatively matoid arthritis (52). The rabbit cells express a number
homogeneous population of fibroblast-like cells (7). Human foreskin of MMPs that have close sequence identity to theirfibroblasts (HFFs) were obtained from ATCC (Rockville, MD).

partners in human cells (53) and several members of
RNA extraction and Northern analysis. Cells were grown to con- the nuclear receptor superfamily inhibit the synthesisfluency in 150mm tissue culture plates, washed three times with

of both rabbit and human MMPs (26). The co-repres-Hank’s Balanced Salt Solution (Gibco) to remove traces of serum,
then cultured 24 hours in serum-free medium (DMEM supplemented sors SMRT and N-CoR inhibit HRE-driven gene tran-
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IL-1 (6, 7), and physiologically relevant concentrations
of this cytokine induce MMP-1 transcription in syno-
vial fibroblasts in vitro (8-10). Since retinoids and their
receptors (RARs and RXRs) inhibit rabbit and human
MMP-1 expression induced by IL-1 (8), we investigated
whether a nuclear receptor corepressor such as SMRT
could influence the transcriptional activity of the MMP-
1 gene.

We first co-transfected rabbit synovial fibroblasts
with increasing amounts of a human SMRT expression
vector (pSG5-SMRT) along with a luciferase reporter
plasmid driven by 4614 bp of rabbit MMP-1 promoter
(04614/PXP). As little as 20ng/well of the SMRT ex-
pression vector markedly inhibits IL-1-induced tran-
scription (Figure 2A). At 100ng/well of the co-repressor,
IL-1-mediated transcription falls to levels similar to
those of the untreated cells. However, even 100 ng/
well of pSG5-SMRT does not significantly reduce basal
transcription, indicating that IL-1-induced promoter
activity is much more sensitive to the repressive effects

FIG. 1. Rabbit synovial fibroblasts express SMRT. Total RNA of SMRT than is constitutive MMP-1 transcription.
(20mg) from primary abbit synovial fibroblasts (RFs) or human fore- Only at the highest level of repressor, 500ng/well, is
skin fibroblasts (HFFs) was run out in duplicate, transferred and basal transcription markedly repressed by over-expres-probed with full-length human SMRT as in the materials and meth-

sion of SMRT. Similar to SMRT repression of MMP-1,ods. RNA markers are shown at left.
other co-repressors have been reported to more effec-
tively inhibit induced, rather than basal transcription
(54), suggesting the possibility of a common theme forscription through direct interactions with nuclear re- these inhibitors in the regulation of some genes.ceptors, quite possibly through higher-order complexes We carried out several control experiments to evalu-of the co-repressors with histone deacetylases (25). ate the specificity of SMRT’s repressive effects onSince nuclear receptors inhibit MMP synthesis (26), MMP-1 (Figures 2B, 2C, 4). Earlier work identifiedand since co-repressors have been implicated in nuclear sites in the SMRT protein that are necessary for repres-receptor-mediated repression (39), we sought to estab- sion (40, 46). Deletion of these regions obliterates thelish or exclude a role for SMRT in the suppression of ability of SMRT to inhibit gene transcription, whileinterstitial collagenase (MMP-1). retaining the capacity of SMRT to bind to nuclearAs a first step in exploring a function for SMRT receptors. We used a truncation mutant of SMRT (C-in MMP-1 regulation, we measured expression of the SMRT) lacking the repression domain (40, 46) to mea-endogenous SMRT gene in primary rabbit synovial sure its effects on transcription. Importantly, this con-fibroblasts. As with human skin fibroblasts, the rabbit struct fails to inhibit basal or IL-1 induced MMP-1 pro-synovial fibroblasts express a major 9Kb transcript, moter activity (Figure 2B), even when the truncatedindicating constitutive expression of a rabbit homo- protein is expressed at high levels (0.5mg/well). In an-logue of human SMRT (Figure 1). These data correlate other possibility, over-expressed SMRT might interferewith previous findings, which demonstrated ubiqui- with a component of the transcriptional machinerytous expression of the 9Kb SMRT transcript in fetal common to all promoters. However, in opposition tohuman and adult mouse tissues (46). However, it re- this hypothesis, SMRT does not reduce activity of amains unclear whether SMRT plays a regulatory role constitutively-expressed RSV-luciferase reporter (Fig-in all of these tissues or whether SMRT represses gene ure 2C), indicating SMRT may target a specific pro-transcription exclusively through interactions with tein(s) or element(s) in the MMP-1 promoter that is notnuclear receptor superfamily members on HREs. present in the promoter of all genes. Together, theseNonetheless, endogenous SMRT transcript is ex- data indicate that SMRT, acting through its N-termi-pressed in synovial fibroblasts, where it may poten- nal repression domain, specifically inhibits MMP-1 pro-tially regulate gene expression. moter activity.

SMRT Differentially Inhibits Basal and IL-1-Induced SMRT Interferes with Proximal MMP-1 Promoter
MMP-1 Promoter Activity Activity in an HRE-Independent Manner

Several elements within 321 bp of the proximal rabbitJoint tissues from patients with rheumatoid arthritis
display elevated levels of the inflammatory cytokine MMP-1 promoter play key roles in both induction and
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human MMP-1 promoter (15). We thus investigated
whether SMRT could suppress transcriptional activity
of a 0321/PXP promoter construct. Figures 3A and 3B
show that over-expression of v-Src or treatment with
phorbol ester, both of which signal to activate MMP-1
gene expression through proximal regions (9, 10, 12, 13,
55) induce the activity of this shorter promoter fragment
(Figure 3A, B). Furthermore, SMRT inhibits both v-Src-
and phorbol ester-stimulated reporter activity driven by
321bp of promoter (Figure 3A, B). Nuclear receptors tar-
get both AP-1 and Ets proteins to repress MMP-1 tran-
scription, raising the possibility that a co-receptor such
as SMRT may target one or more of these elements in
the proximal MMP-1 promoter.

To further document SMRT-specific repression of
MMP-1 transcription on this shorter promoter frag-
ment, we over-expressed of the ligand-binding domain

FIG. 2. SMRT inhibits IL-1-induced MMP-1 transcription. A. Rab-
bit synovial fibroblasts were transfected with 2.0mg/well of 04614/PXP
alone or04614/PXP plus increasing concentrations of pSG5-SMRT and
were left untreated or were treated 24 hr with 10ng/ml IL-1. B. Cells
were transfected with 2.0mg/well of 04614/PXP and co-transfected with
0.5mg/well of empty pSG5, pSG5-C-SMRT, or pSG5-SMRT and treated
with or without IL-1. C. Cells were transfected with 2.0mg/well emptly
PXP-1 luciferase reporter plasmid (PXP-1) or 2.0mg/well of RSV-luc FIG. 3. SMRT inhibits proximal MMP-1 promoter activity in-
with or without different amounts of pSG5-SMRT. duced by v-Src or PMA. A. Rabbit synovial fibroblasts were trans-

fected with wt 0321/PXP (2.0mg/well) and stimulated by cotransfec-
tion with pRSV-Src (0.5mg/well) in the absence or presence of pSG5-repression (11, 26). This region contains two AP-1 sites SMRT (0.5mg/well). B. Cells were transfected with wt 0321/PXP in

(0186 and 077) and a PEA-3 (Ets) site at 0109. A func- the absence or presence of pSG5-SMRT and stimulated by treatment
with 1008M PMA.tional STAT-binding element is also found at 053 the
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demonstrates that TRa-LBD can limit the amount of
SMRT that is available to exert negative effects on
MMP-1 transcription.

The lack of any functional HREs in the proximal re-
gion of the MMP-1 promoter (37) suggests that SMRT
represses this gene through a novel mechanism. SMRT
inhibits a proximal region (321bp) of DNA that contains
binding sites for several established or putative tran-
scription factors, including Ets and AP-1. It is possible
that SMRT represses MMP-1 transcription by interfer-
ing with one or more of these sites. For instance, muta-
tion of the proximal AP-1 site at 077 in the MMP-1
promtoter produces the identical effect as strong SMRT
over-expression, namely marked reduction of both basal
and IL-1- or Src-induced promoter activity (our unpub-FIG. 4. Thyroid hormone receptor LBD reverses SMRT-mediated

MMP-1 repression. Cells were transfected with 0321/PXP and co- lished observations). While circumstantial, these data
transfected with pSG5 containing no insert (none) or pSG5 con- suggest that high concentrations of SMRT could func-
taining SMRT, DDTRa, or DDTRaR160. Cells were left untreated tionally obliterate signalling at this AP-1 site. Pre-(Control) or were treated with 1008M PMA.

viously, we provided evidence that RARs/RXRs, through
interactions with c-Jun, can bind indirectly to the proxi-
mal AP-1 site of the MMP-1 promoter (35, 37). These

for the thyroid hormone receptor (pRSV-DDTRa), findings raised the possibility that retinoid receptors in
which binds to SMRT (40). This protein fragment re- such a complex could inhibit MMP-1 gene transcription,
verses SMRT-mediated repression of phorbol ester-in- perhaps by interactions with nuclear receptor co-repres-
duced 0321/PXP activity, presumably by limiting the sors (1, 26, 39, 56). As opposed to HRE-driven genes,
availability of the co-repressor (Figure 4). However, a where ligand activates transcription by causing SMRT
point mutation that disrupts binding of the thyroid hor- to dissociate from nuclear receptors that are bound con-
omone receptor to SMRT (pRSV-DDTRa-R160) (40) stitutively to the DNA, retinoic acid does not reverse or
fails to reverse the SMRT-mediated inhibition, indicat- enhance SMRT-mediated repression of MMP-1 (data not
ing that SMRT specifically inhibits the 0321/PXP con- shown). Also, the human MMP-1 promoter contains a
struct, and that limiting available SMRT restores tran- functional STAT-binding element at 053 (15), and sta-
scriptional activity. ble transformation by v-Src is known to activite the

JAK/STAT pathway (57). It remains to be determined
DISCUSSION whether the STAT-binding region is functionally con-

served in the rabbit promoter or whether it may also
serve as a repressive target for SMRT.In this report we demonstrate that synovial fibro-

blasts express the nuclear receptor co-repressor SMRT, With relevance to our current findings, Tagami et al.
have recently studied the transcriptional regulation ofand when over-expressed, it inhibits transcriptional ac-

tivity of the proximal MMP-1 promoter. Several experi- pituitary thyroid-stimulating hormone a-subunit (TSHa)
and TSHb, as well as hypothalamic thyrotropin-releas-ments demonstrate the specifity of this repression and

argue against universal repression of the general tran- ing hormone (TRH) (58). Thyroid hormone negatively
regulates transcriptional activity in the proximal re-scriptional machinery by SMRT. First of all, at lower

amounts of SMRT, the co-repressor drastically reduces gion of these genes, each of which lacks a consensus
TRE (thyroid hormone responsive element) but con-IL-1-induced MMP-1 promotor activity without sig-

nificantly affecting basal transcription (Figure 2A). tains binding sites for AP-1 and CREB. Somewhat sur-
prisingly, unliganded thryroid hormone receptor,Only when expressed at the highest levels does SMRT

repress basal activity. Secondly, the truncation mutant SMRT and N-CoR actually enhance, rather than re-
press, basal transcription of these genes. Nonetheless,C-SMRT fails to inhibit MMP-1 transcription (Figure

2B), demonstrating that the amino-terminal repression we agree with the authors’ conclusion that nuclear re-
ceptors and co-repressors can regulate transcription ofdomain of SMRT is required for the inhibitory effects.

As a third point, even at the highest concentrations, genes lacking consensus HREs, and furthermore that
complex protein-protein-DNA interactions may be re-SMRT fails to repress transcription of the constitu-

tively-expressed RSV luciferase reporter (Figure 2C). sponsible for such regulation.
In the case of MMP-1, endogenous, constitutively-ex-Fourth, the thyroid hormone receptor ligand-binding

domain (TRa-LBD), which binds to SMRT (40), re- pressed SMRT might contribute to maintaining low,
basal gene expression. Furthermore, it is also possibleverses the ability of SMRT to inhibit PMA-driven

MMP-1 expression (Figure 4). This latter experiment that the recently described interaction of SMRT with
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S., Kurkinen, M., and Stehelin, D. (1996) Oncogene 13, 2297–histone deacetylases (25) may play a role in quieting
2306.interstitial collagenase gene expression. Signal trans-

15. Korzus, E., Nagase, H., Rydell, R., and Travis, J. (1997) J. Biol.duction events initiated by treatment with cytokines,
Chem. 272, 1188–1196.phorbol esters or oncogene over-expression may then

16. Claret, F. X., Hibi, M., Dhut, S., Toda, T., and Karin, M. (1996)result in the activation of proximal transcription factors,
Nature 383, 453–457.

which overwhelm the repressive effects of SMRT or
17. Horvai, A. E., Xu, L., Korzus, E., Brard, G., Kalafus, D., Mullen,cause release of the co-repressor. In line with such a T. M., Rose, D. W., Rosenfeld, M. G., and Glass, C. K. (1997) Proc.

hypothesis, we have observed that a c-Jun expression Natl. Acad. Sci. USA 94, 1074–1079.
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643.have been proposed, and it is unlikely that a single,
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