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MINIREVIEW

Nuclear Hormone Receptors Inhibit Matrix 
Metalloproteinase (MMP) Gene Expression 

Through Diverse Mechanisms
D A N IEL J. SCH RO EN* AND CONSTANCE E. B R IN C K E R H O FF*t1

Departments o f  *Medicine and  t Biochemistry, D artm outh M edical School,
H B  7200, Hanover, N H  03755

Agents like retinoids, thyroid horm one, glucocorticoids, progesterone, androgens, which bind to  members 
o f  the nuclear receptor superfam ily, inhibit the synthesis o f m atrix m etalloproteinases (M M Ps) in m any 
cell types. These Zn2+- and C a2+-dependent M M Ps degrade com ponents o f the extracellular m atrix 
(ECM ), and precise regulation o f  their expression is crucial in m any norm al processes. However, inappro
priate expression o f M M Ps contributes to  a variety o f invasive and erosive diseases, and inhibition o f 
M M P synthesis provides an im portan t m echanism  for controlling such aberrant or dysregulated responses. 
N uclear receptors control M M Ps through a variety o f seemingly redundant m echanisms. F irst, nuclear 
receptors act on the prom oters o f  M M P genes to  enhance or suppress taw s-activation . Ironically, in a 
family o f  genes that exhibits substantial regulation by nuclear receptors, few consensus horm one respon
sive elements (HREs) have been deom onstrated in M M P prom oters. R ather, inhibition o f M M Ps occurs 
prim arily, bu t not exclusively, at AP-1 sites. H ere, nuclear receptors form  complexes on the DN A  through 
interactions with AP-1 proteins, sequester F o s /Ju n  an d /o r decrease the m RNAs for these transcrip tion  
factors. Second, nuclear receptors and their ligands can indirectly inhibit M M Ps. For instance, both  
retinoids and glucocorticoids induce the transcrip tion  o f T IM Ps (tissue inhibitor o f  m etalloproteinases), 
which complex with M M Ps and inhibit enzymatic activity, and progesterone stim ulates production  o f 
transform ing growth factor-/? (TGF-/?), which in tu rn  suppresses M M P-7 (m atrilysin). Finally, nuclear 
receptors bind to  coactivators, corepressors, and com ponents o f the general transcrip tional apparatus, but 
the potential role o f these interactions in M M P regulation remains to  be determ ined. W e conclude that 
nuclear receptors utilize m ultiple, apparently  redundant, mechanisms to  inhibit M M P gene expression, 
assuring precise control o f  ECM  degradation under a variety o f physiologic and pathologic conditions.

M atrix m etalloproteinase (M M P) Nuclear horm one receptors Gene expression 
M ultiple mechanisms

M A TR IX  m etalloproteinases belong to  a family 
o f at least 19 enzymes th a t include the gelatinases, 
collagenases, strom elysins, and m em brane-type 
M M Ps. These Zn2+-containing and C a2+- 
requiring enzymes degrade com ponents o f  the ex
tracellular m atrix (ECM ), including collagens, 
elastin, entactin, fibronectin, gelatin, lam inin, and 
proteoglycan core protein (10,17). M ost cells con- 
stitutively express low levels o f  at least some

M M Ps, but a variety o f cytokines, grow th factors, 
and  horm ones can stim ulate or repress transcrip
tion  o f the enzymes. The precise and highly regu
lated expression o f  M M Ps characterizes num erous 
processes, such as em bryonic developm ent, u ter
ine involution, and w ound healing, which rely 
upon extensive rem odeling o f  the ECM . However, 
a num ber o f disorders, including osteo- and rheu
m atoid arthritis, skin lesions, tum or invasion and
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m etastasis, and em physem a involve excessive 
M M P production  (10,27,28,30,88).

Recent advances in the biology o f  M M Ps and 
nuclear receptors have w arranted a specific exami
nation  o f w ork in this area over the last several 
years. The growing num ber o f diseases hall
m arked by M M P overexpression illustrates the 
negative im pact o f dysregulated M M P controls. 
W hereas ligand-induced nuclear receptors regulate 
m any genes by binding directly to  prom oter h o r
m one response elements (HREs) and acting as 
transcriptional inducers, som ewhat less attention  
has been paid to  transcrip tional inhibition by nu 
clear receptors. Several mechanisms, not necessar
ily acting in isolation, have been proposed for the 
dow nregulation o f  gene expression (34,40,52,70). 
Indeed, we find both  variety and redundancy in 
the inhibition o f M M Ps by nuclear receptors (Ta
ble 1), underscoring the extreme im portance o f 
strict M M P regulation in m atrix m etabolism . Re
dundancy in M M P inhibition occurs at several lev
els, including variations in the num bers o f distinct 
mechanisms, ligand isoform s, and receptor sub- 
types. Convergence o f  these m ultiple m echanisms 
on a single m etalloproteinase m ay allow quick and 
com plete suppression o f  enzyme activity in a given 
tissue.

R EG U LA T IO N  O F M M P G EN E EX PR ESSIO N  
BY TR A N SC R IPT IO N  FA CTO RS

A  variety o f  transcrip tion  factors bind to  proxi
m al response elements ju st upstream  o f the TA TA  
boxes o f  M M P prom oters and contribute to  ex
pression o f these genes. One key player is the acti
vator protein-1 (AP-1) site (consensus 5 '-T G A G / 
C T C A -3 '), which binds the transcrip tion  factors 
Fos and Jun  and plays a crucial role in the trans- 
activation o f  M M Ps by agents such as phorbol 
esters, interleukin 1 (IL-1), and tum or necrosis 
fac to r-a  (TN F-a) (11,51,91). M ost M M P p rom ot
ers, with the exception o f  M M P-2 (gelatinase A) 
and M M P-11 (stromelysin-3), contain  at least one 
AP-1 site in their prom oters. A  m ajority  o f these 
prom oters also contain  binding sites for Ets p ro 
teins, which can interact synergistically with AP-1 
proteins to  activate gene transcrip tion  (3,54,90). 
Still o ther, less-defined, DNA elements in the 
proxim al regions o f  M M P prom oters regulate 
gene expression. For instance, regions adjacent to  
the AP-1 site in the hum an M M P-3 (stromely- 
sin-1) prom oter bind proteins and play roles in the 
induction by IL-1 (66). Thus, whereas early s tud

ies dem onstrated the necessity o f proxim al AP-1 
site(s) for the induction o f m any M M Ps, it is now 
clear that num erous, additional cis- and trans
acting factors contribute to  expression o f these 
genes.

Indeed, distal prom oter regions upstream  of 
the proxim al AP-1 sites contribute to  transcrip
tional activation o f M M Ps. For instance, in the 
rabbit interstitial collagenase (M M P-1) prom oter, 
a region upstream  o f -2 4 0 0  bp confers IL-1 in- 
ducibility (89). In addition, ISE1 and ISE2, two 
im m ortalization-susceptible cis-acting elements lo
cated in a 100-bp stretch at —1600 bp upstream  in 
the hum an MMP-1 prom oter, contain an array 
o f putative Ets and AP-1 binding sites (38). It is 
possible tha t positive and negative regulators bind 
to  this region and differentially regulate MMP-1 
gene expression in preim m ortalized and im m ortal
ized cells. A lso, the transcrip tion  factor AP-2 
binds to  a site at -1 6 8 5  bp  in the hum an M M P-2 
prom oter and stimulates gene activation (81). In 
yet another example o f upstream  regulation, a re
sponse element, so far described only in the 
M M P-3 prom oter (SPRE; stromelysin-1 PD G F- 
responsive elem ent, centered at —1573 bp), binds 
a novel protein (SPBP). The SPRE is both  neces
sary and sufficient for induction by mitogens such 
as platelet-derived growth factor (PD G F) (47,71). 
The gelatinase B (M M P-9) prom oter also contains 
functional binding sites for the transcription fac
tors nuclear factor-xB (N F-kB) at —600 bp to  
-5 9 1  bp and SP-1 at - 5 5 8  bp to  -5 6 3  bp (72). 
These examples, selected from  the growing list o f 
defined upstream  prom oter elements, illustrate the 
variety and complexity o f factors th a t cooperate 
with each o ther and with proxim al elements 
to  intricately regulate M M P gene expression. 
Thus, the finely tuned expression o f M M Ps de
pends on the specific cellular environm ent and the 
relative availibility o f different transcrip tion  fac
tors.

R EG U LA T IO N  OF M M P GENE EX PR ESSIO N  
BY T H E  N U C LEA R  R EC EPTO R  

SU PERFA M ILY

Several agents inhibit the synthesis o f M M Ps 
(88), including TGF-/?, IL-4, and ligands specific 
for the nuclear receptor superfam ily (56,86). A l
though the negative regulation o f M M Ps by reti
noids, glucocorticoids, thyroid horm one, proges
terone, and o ther agents has been observed for 
years, the m olecular basis o f this suppression was
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TABLE 1
EXAMPLES OF MMP REGULATION BY NUCLEAR RECEPTORS

Enzyme* Agentt Effect! Proposed Mechanism(s) References

MMP-1 Ret i Sequestration of Fos/Jun 
Binding of RARs/RXRs to DNA via 

Fos/Jun
Decreased Fos/Jun mRNA 
Increased RAR mRNA 
Increased TIMPs

24,51,63,64,74,78,94

MMP-1 Glue i Sequestration of Fos/Jun 
Binding of GRs to DNA via Fos/Jun 
Ligand dependency and independency 
Increased TIMPs

24,41,48,53,77,93

MMP-1 Thyr i Sequestration of Fos/Jun 95
MMP-1 Prog i Decreased MMP-1 mRNA 

Decreased MMP-1 protein
57,73

MMP-2 Ret t Increased differentiation 
Increased MMP-2 mRNA 
Increased MMP-2 protein

82

MMP-2 Prog 1 Blocking secretion and activation of 
MMP-2

57

MMP-3 Prog i Decreased MMP-1 mRNA 
Decreased MMP-1 protein

73

MMP-3 Ret i Interference with AP-1 trans- 
activation

61

Transin Ret t Increased Fos/Jun mRNA 4
MMP-7 Prog i Stimulation of TGF-/3 16
MMP-9 Prog i Blocking secretion and activation of  

MMP-9
57

MMP-11 Ret i Decreased MMP-11 mRNA 1
MMP-11 Ret t Transcriptional activation through 

RARE
2

MMP-13 Ret T Increased Fos/Jun mRNA 4,26,33,87

Representative examples demonstrate redundancy and variety in the mechanisms by which members of the nuclear 
receptor superfamily regulate the synthesis of matrix metalloproteinases. This complexity in regulation underscores the 
importance of tight controls in MMP expression for normal physiology, and indicates that careful consideration is 
warranted in developing potential treatments for disorders hallmarked by excessive MMP production.

♦Enzyme: MMP-1 (interstitial collagenase); MMP-2 (gelatinase A); MMP-3 (stromelysin-1); transin (rat homologue of 
MMP-3); MMP-7 (matrilysin); MMP-9 (gelatinase B); MMP-11 (stromelysin-3); MMP-13 (collagenase-3). 

fAgent: Ret (retinoids); glue (glucocorticoids); thyr (thyroid hormone); prog (progesterone). 
tEffect: i  or t ,  decrease or increase, respectively, in MMP synthesis/activity.

unclear until the elucidation and characterization 
o f  the nuclear receptor superfam ily. Now it is rec
ognized th a t nuclear receptors and their ligands 
inhibit M M P gene expression through a  variety o f 
means. Nuclear receptors can up- o r downregulate 
transcrip tional activity o f  m any genes, usually by 
binding to  H R Es in the prom oters. However, it is 
im portan t to  note th a t the prom oters o f m ost 
M M Ps lack H R E s, thereby suggesting alternative 
m echanisms for transcriptional control. Indeed, 
nuclear horm one receptors can m odulate tra n 
scription through interactions with specific tra n 
scription factors (36,65,76,85), coactivators and 
corepressors (20,37,62), and the transcriptional 
m achinery (6).

Transfection studies illustrate inhibition o f

M M P gene expression by nuclear receptors. For 
instance, retinoic acid receptors (RARs), gluco
corticoid receptors (GRs), and thyro id  horm one 
receptors (TRs) each inhibit, in a  ligand- 
dependent m anner, the activity o f a reporter gene 
driven by fragm ents o f  the hum an o r rabbit 
MMP-1 prom oter (63,64,74,77,94,95). F o r GR, 
repression o f  M M P-1 transcrip tion  appears to  
take place th rough  bo th  ligand-dependent and -in
dependent m echanism s (53). L igand-independent 
repression o f  M MP-1 by glucocorticoids m ay oc
cur in cases where GRs translocate to  the nucleus 
from  nonhorm onal stim uli, such as heat shock. 
Some evidence also points to  ligand-independent 
inhibition o f  rabb it M M P-1 by RARs (74). In all 
likelihood, bo th  ligand-dependent and -indepen-
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dent mechanisms contribute to  M M P gene regula
tion  by nuclear receptors. These studies emphasize 
the fact tha t M M P gene regulation can take place, 
and may even be biologically desirable, under con
ditions where horm one is unavailable.

Regulation o f M M Ps in the jo in t provides an 
excellent opportunity  to  examine the role o f a li
gand (retinoic acid) and its receptors (RARs and 
RXRs) on the expression o f different M M Ps in a 
particular tissue and to  observe the net effect o f 
tha t regulation on a disease state, rheum atoid a r
thritis. The increased expression o f certain M M Ps 
hallm arks this autoim m une disorder and contrib
utes to  irreversible jo in t degradation. Retinoic 
acid (RA) actually induces the secretion o f several 
M M Ps in cartilage and bone cells (4,26,87). In 
contrast, synovial cells lining the jo in t express a 
somewhat different array  o f M M Ps (68) and trea t
m ent o f these cells with retinoids suppresses, 
ra ther than  stimulates, M M P expression (13,14). 
W hat then, is the overall effect o f retinoid trea t
m ent on the severity o f  rheum atoid arthritis? In 
ra t models, oral adm inistration o f  retinoids re
duced the clinical sym ptoms associated with ad ju 
vant-induced or streptococcal cell wall-induced a r
thritis and also suppressed collagenase production
(12,35). It is possible tha t com bination therapy 
and novel retinoids m ay increase clinical efficacy 
(see below).

N U C LEA R  R EC EPTO RS IN H IB IT  M M Ps 
TH R O U G H  DIVERSE M ECHANISM S

Regulation o f  A P-1  (Fos/Jun) and 
Nuclear Receptor m R NA s

Depending on the cell and tissue context, 
nuclear horm ones both  positively and negatively 
regulate the expression o f num erous p ro to 
oncogenes, including c-myc, N -myc, c-fos, c-jun, 
jun-B , and jun-D  (75). A gain, cell and tissue speci
ficity dictate the effects o f  nuclear receptor ligands 
on the expression o f these mRNAs (75). For exam 
ple, retinoic acid stimulates the production c-Jun 
and c-Fos in ra t chondrocytes (4), but drastically 
reduces IL-1- or phorbol ester-stim ulated expres
sion o f Fos in hum an rheum atoid synoviocytes 
(51). Similarly, ali-trans-RA  inhibits the phorbol- 
induced expression o f bo th  Jun  and Fos in a rabbit 
synovial fibroblast cell line (63) and concom itantly 
induces the m RNAs fo r RARs a , |3, and y  (64). 
Thus, the dual effects o f  increasing RAR tra n 
scription while inhibiting Ju n /F o s  transcription

contribute to  dysregulation o f AP-1-driven M M P 
transcription.

Sequestration o f  A P-1  Proteins

Sequestration occurs when a repressor binds di
rectly to  a trans-activating factor, preventing the 
binding o f the positive regulatory protein to  its 
binding site on the DNA. Several studies present 
evidence consistent with the hypothesis that 
RARs, GRs, and TRs can each sequester Jun  a n d / 
or Fos from  the proxim al AP-1 site on the rabbit 
and hum an MMP-1 prom oters (41,46,77,78,84, 
93-95). First, RARs, GRs, and TRs fail to  bind 
directly to  this AP-1 element. Second, all three 
nuclear receptors inhibit the binding o f purified 
AP-1 proteins to  the DNA. Third, chemical cross- 
linking dem onstrates direct pro tein-pro tein  inter
actions between the nuclear receptors and the 
AP-1 proteins.

W hile sequestration o f F o s /Ju n  by nuclear re
ceptors most likely contributes significantly to 
transcriptional inhibition o f M M P-1, caution 
m ust be exercised in concluding the exclusivity o f 
this m echanism. Variations in experimental tech
nique and approach can alter the outcom e o f gel 
shifts. For example, if GRs and F o s /Ju n  are incu
bated together prior to  AP-1 site binding, then 
GRs block the binding o f F o s /Ju n  to  the MMP-1 
prom oter. However, if F o s /Ju n  are first allowed 
to  bind to  the D NA , GRs fail to  block the AP-1 
binding (46).

Binding o f  Nuclear Horm one Receptors to D N A  
Via Fos/Jun

Detailed analyses o f M M P prom oters have re
vealed few examples o f functional HREs. W here
as the hum an stromelysin-3 (M M P-11) prom oter 
contains a consensus retinoic acid response 
element (RARE), this element confers transcrip
tional activation by retinoids, not repression (2). 
Instead, substantial evidence indicates nuclear re
ceptors can bind to  the AP-1 site in a complex o f 
proteins through interactions with Ju n  an d /o r 
Fos. Gel m obility shift assays and antibody “su
per-shifts” illustrate tha t R A R s/R X R s and c-Jun 
from  rabbit synovial fibroblasts can bind together 
in a complex th a t form s on rabbit M M P-1 p ro 
m oter fragm ents tha t contain  AP-1 sites (64,74). 
These studies also show th a t binding o f R A R s/ 
RXRs to  the complex first requires the interaction 
o f c-Jun with the AP-1 prom oter fragm ent. In 
further support o f these conclusions, DNAase I 
footprinting with recom binant proteins dem on
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strates that c-Jun, but no t R A R s/R X R s, binds di
rectly to  the AP-1 site (19,74). R A R s/R X R s do 
not dislodge the binding o f purified c-Jun, bu t 
rather slightly alter the presence o f DNAase I hy
persensitive sites, suggesting that R A R s/R X R s 
that bind indirectly to  the DNA via Jun  could alter 
the conform ation o f the DNA.

Likewise, studies suggest GRs can form  a com 
plex at the AP-1 site through interactions with Fos 
and Jun , which bind directly to  the MMP-1 p ro 
m oter. Chemical and UV cross-linking o f extracts 
from  H eLa cells treated with phorbol ester and 
a glucocorticoid dem onstrated that GR associates 
with F o s /Ju n  th a t is bound to  the AP-1 site (41). 
Also, in vivo footprinting studies with hum an skin 
fibroblasts showed that treatm ent with glucocorti
coids did not alter the AP-1 foo tprin t obtained 
with phorbol ester treatm ent alone (48). The b ind
ing o f GRs, R A R s/R X R s, or other nuclear recep
tors to  the DNA indirectly via AP-1 proteins could 
result in a novel bending o f the DNA that alters 
transcriptional activity. Indeed, the AP-1 site ex
hibits rem arkable flexibility and displays differen
tial bending angles that are dependent upon the 
types o f proteins bound there (44,45). A lterna
tively, nuclear receptors in such complexes m ight 
associate with corepressors, sterically hinder fo r
m ation o f the transcriptional initiation complex, 
or act negatively on the transcriptional m achinery 
(see below). Thus, the indirect interaction o f nu 
clear receptors on the DNA via o ther proteins p ro 
vides yet additional m eans for controlling M M P 
synthesis.

Indirect Inhibition o f  M M P s  by 
Nuclear Receptors

In addition to  inhibiting M M P transcription, 
nuclear receptors and their ligands inhibit M M P 
activity th rough indirect mechanisms. For in
stance, the tissue inhibitors o f m etalloproteinases 
(TIM Ps-1, -2, and -3) inactivate M M Ps by b ind
ing to  the enzymes in a 1:1 stoichiometric ratio  
(10,58,92). Both retinoids and glucocorticoids in 
duce T IM P expression in hum an fibroblasts (24). 
Furtherm ore, retinoic acid acts synergistically 
with epiderm al grow th factor (EGF), basic fib ro 
blast growth factor (bFGF), transform ing growth 
factor-/? (TGF-/3), or platelet-derived growth fac- 
tor-BB (PDGF-BB) to  enhance T IM P levels in hu
m an fibroblasts (8,9). However, some o f these 
agents m ay increase M M P synthesis in certain 
cells. Therefore, within a localized tissue environ
m ent, net M M P activity will reflect the T IM P: 
M M P ratio .

In  another example o f indirect regulation, p ro 
gesterone stimulates production o f TGF-/3, which 
in tu rn  may inhibit the synthesis o f some M M Ps. 
Progesterone inhibits pro-M M P-1 and pro- 
M M P-3 levels in rabbit uterine cervical fibroblasts 
(73) and inhibits M M P-1, -2, and -9 in hum an en
dom etrial explants (57). However, the suppression 
o f the epithelial-specific hum an m atrilysin 
(M M P-7) by progesterone requires a strom al- 
derived paracrine factor. In this case, progester
one stimulates the production o f TGF-/3 in strom al 
cells, which then suppresses M M P-7 expression, 
independently o f progesterone (16).

Does M M P  Inhibition by Nuclear Receptors 
Involve Interactions With Coactivators, 
Corepressors, or the Transcriptional Machinery?

Recent studies on gene regulation by the nu
clear receptor superfam ily reveal additional m ech
anisms by which the receptors inhibit M M P ex
pression. On H R Es, the general consensus is that 
nuclear receptors rem ain bound directly to  the 
D N A  in conjunction with a nuclear receptor core
pressor such as SM RT (silencing m ediator for reti
noid and thyroid horm one receptors) o r N-CoR 
(nuclear receptor corepressor). This complex in
teracts negatively with the transcriptional m achin
ery and silences gene expression (20,21,37,50). In 
the presence o f ligand, the corepressor dissociates 
from  the nuclear recep to r/H R E  complex and a 
coactivator, like SRC-1 (steroid receptor coactiva
to r-1), binds and stimulates transcrip tion  (62). 
CBP (CREB binding protein and the closely re
lated p300) interacts physically and functionally 
with SRC-1 and nuclear receptors, thereby en
hancing transcriptional activation at H REs 
(18,42,80). A t AP-1 sites, C B P/p300 also physi
cally interacts with D N A -bound F o s /Ju n  and en
hances taw s-activation . H owever, nuclear recep
tors can bind directly to  C B P /p300, preventing 
its interaction with Ju n /F o s  at the AP-1 site and 
subsequently repressing transcrip tion  through se
questration o f C B P /p300 (42).

H orm one receptors also regulate transcrip tion  
by inhibiting form ation  o f  the preinitiation com 
plex (PIC) or by interacting with com ponents o f 
the general transcrip tional m achinery. For in
stance, unliganded TR  prevents P IC  form ation 
and can bind TFIIB  and TA TA  binding protein 
(TBP) (5,31,32,83). RARs and RXRs functionally 
interact with TB P in the T F IID  complex (7,43,79), 
whereas progesterone receptor and estrogen recep
to r bind to  TFIIB  (39). It is still unclear whether
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MMP-1 Induction

MMP-1 Inhibition

E) TIMP MMP-1

MMP-1 inhibition (Other potential mechanisms)

FIG. 1. Redundancy in mechanisms by which a ligand (retinoids) and its recep
tors (RAR/RXRs) inhibit the expression of a metalloproteinase (MMP-1). The 
top panel illustrates numerous c/s-acting elements and trans-acting factors, 
which cooperatively induce MMP transcription but also provide targets for re
pression. Methods o f MMP-1 repression by retinoids and RARs/RXRs depicted 
in (A) to (E) have been described in published reports, whereas (F) and (G) have 
yet to be investigated with respect to MMP-1. For the potential consequences of 
each model on MMP-1 transcription, see the text. (A) Indirect binding of RARs/ 
RXRs to the DNA via AP-1 proteins. (B) Sequestration o f AP-1 proteins by 
RARs/RXRs. (C) Inhibition of Fos/Jun transcription. (D) Induction of RAR 
transcription. (E) Induction of TIMP transcription and subsequent inhibition of 
MMP-1 by TIMP. (F) Sequestration of CBP/p300 by RAR/RXR. (G) Interac
tion of a co-repressor with RARs/RXRs bound to DNA indirectly via AP-1 
proteins.
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associations o f nuclear receptors with the tran 
scriptional m achinery inhibit M M P gene expres
sion, or w hether nuclear receptors interact with 
coactivators or corepressors to  suppress M M P 
transcription.

Nonetheless, even with these unanswered ques
tions, it is clear tha t several mechanisms exist for 
regulating M M P gene expression by nuclear h o r
m one receptors. A t present, we do not know 
whether or how one mechanism predom inates 
over another, or why there is so m uch apparent 
redundancy. Some retinoid receptors appear to  be 
dispensible (48). Mice expressing null or m utant 
forms o f several RXRs are norm al and viable, 
provided one copy o f RXR a. is present, leading 
the authors to  conclude that there is a large degree 
o f functional redundancy am ong the RXRs (48). 
However, RAR function seems to  be less forgiving 
to  m utation  or deletion (55,59,69). The hierarchy 
and redundancy in mechanisms by which nuclear 
receptors inhibit M M P gene expression provide 
im portant and potentially fruitful avenues o f fu 
ture investigation.

SY N TH ETIC LIG ANDS AND 
C O M BIN A TIO N  TH ER A PY

Num erous synthetic ligands for horm one recep
tors exhibit novel properties and characteristics. 
For example, retinoids specific for the a , /3, or 
7  receptor subtypes have been developed. O ther 
retinoids selectively inhibit AP-1 activity but do 
not activate transcrip tion  by RAREs (22,29,60). 
Because these AP-1 specific retinoids do not in
hibit genes tha t are trans-activated by RAREs, 
deleterious side effects could be reduced. These 
ligands could be useful in the treatm ent o f p ro lif
erative or invasive diseases, such as cancers and 
arthritis, where increased AP-1 activity results in 
the overexpression o f M M Ps.

To illustrate the selective use o f retinoids and 
their potential benefit in the m anagem ent o f 
specific diseases, we return  to  the m odel o f 
the arthritic jo in t. As already m entioned, ret
inoic acid can stim ulate M M P synthesis by 
chondrocytes, thereby contributing to  cartilage 
degradation (23,25,33). However, the retinoid N -
4-OH -phenylretinam ide (4-OH-PRT) inhibits 
MMP-1 synthesis in synovial fibroblasts (15) but 
does not increase cartilage degradation (15). Thus, 
synthetic ligands may selectively affect M M P p ro 
duction in a tissue-specific m anner, and this speci

ficity may hold therapeutic advantages for the fu
ture.

Com binations o f retinoids and glucocorticoids 
represent yet another approach that m ay be thera
peutically advantageous. F or instance, prednisone 
or all-tow s-RA  each inhibits phorbol-induced 
MMP-1 production in rabbit synovial fibroblasts 
at a concentration o f 10”6 M, but no t at 10“ 10 M. 
However, the lower concentration o f both  agents, 
when added together, represses MMP-1 levels to 
50% that o f control (13). This early observation 
may be at least partially explained by later studies 
showing vitam in D3 or glucocorticoids, together 
with retinoic acid or synthetic retinoids, synergisti- 
cally repress AP-1 activity induced by phorbol es
ters (22). As another example o f com bination 
therapy, oral retinoid treatm ent, together with in
jections o f the antiestrogen tam oxifen, signifi
cantly increase life span and reduce tum or recur
rence in rats from  which prim ary m am m ary 
tum ors are removed (67). Because num erous tu 
m or cells constitutively overexpress M M Ps, such 
com bination effects may result from  decreased 
M M P expression as well as other antitum origenic 
activities.

In conclusion, nuclear receptors utilize a broad 
array  o f mechanisms to  regulate M M P gene ex
pression under a variety o f  physiologic and patho
logic conditions (Fig. 1, Table 1). Even though 
the exact m olecular pathways operating in these 
various conditions are not completely understood, 
it is apparent th a t m ultiple and redundant m echa
nisms carefully control M M P synthesis and subse
quent ECM  m etabolism .

N O TE A DD ED IN  PR O O F

W hile this m anuscript was in press, Schneikert 
et al. reported that androgen receptor interacts 
physically with D N A -bound Ets-related proteins, 
consequently inhibiting M M P-1, -3, and -7 gene 
expression (J. Biol. Chem . 271:23907-23913; 
1996).
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