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The current study was undertaken to determine the
mechanism by which the retinoid all-frans-retinoic
acid regulates proal(I) collagen gene expression in
fetal rat skin fibroblasts. FRS fibroblasts were stably
transfected with the ColCat3.6 plasmid, which con-
tains a portion of the 5’ flanking region of the rat
proal(I) collagen gene linked to a reporter gene,
chloramphenicol acetyltransferase. The effect of
t-RA on CAT activity was determined as a function of
concentration and incubation time. Maximal inhibi-
tion of CAT activity by t-RA occurred at 10~ ® M after
48 h of treatment. Transforming growth factor-f1
did not block the inhibitory effect of t-RA on CAT
activity. Computer sequence analysis of the 3.6-kb
DNA fragment that contains the promoter for the rat
proal(l) collagen gene identified a direct repeat
RARE sequence composed of one diverse (5'-AG-
TAGA-3') and one idealized (5'-GGGTCA-3') half site
located at positions —1345 and —1335, respectively.

Two nuclear retinoid receptors that were expressed
in bacteria, retinoic acid receptor-y and retinoid X
receptor-a, were found to bind specifically to a dou-
ble-stranded oligonucleotide containing the RARE
in gel mobility shift assays. Mutation of the idealized
half-site eliminated the binding of receptor proteins
to the oligonucleotide. Gel mobility shift assays using
nuclear protein extracts prepared from t-RA-treated
FRS fibroblasts showed that binding to the oligonu-
cleotide containing the RARE was decreased from
control values. The same assays performed with the
mutated oligonucleotide resulted in only slight bind-
ing. These studies indicate that t-RA downregulates
the promoter activity of the rat proal(l) collagen
gene by decreasing the binding of nuclear protein to
the RARE sequence in the 5' flanking region of the
gene. Key words: keloids/procollagen/transforming growth
Sactor-f31. J Invest Dermatol 108:476-481, 1997

etinoic acid, a vitamin A derivative, is an important
modulator of cellular growth, differentiation, and
development in vertebrate organisms. Previous
studies have shown that all-frans-retinoic acid (t-
RA) decreases procollagen production in human
skin fibroblasts and in fibroblast cell lines derived from keloids
(Oikarinen ef al, 1985). Keloid-derived fibroblast cultures have
been shown to have an enhanced rate of collagen synthesis
(Diegelmann ef al, 1979; Ala-Kokko ef al, 1987; Abergel and Ulitto,
1989). t-RA selectively decreases procollagen synthesis and the
steady-state levels of proa2(1) collagen mRNA in keloid cell lines
(Oikarinen ef al, 1985). The steady-state levels of proal(I) collagen
mRNA in human lung fibroblast cultures are also decreased by
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t-RA, with a concomitant decrease of proal(I) gene transcription
as determined by nuclear run-off assays (Krupsky et al, 1994).
The effects of t-RA are believed to be mediated by nuclear
retinoid receptors, which function as ligand-activated transcription
factors and are members of the steroid/thyroid hormone receptor
superfamily (Evans, 1988; Wahli and Martinez, 1991). Two fami-
lies of nuclear retinoid receptors have been identified: the retinoic
acid receptors (RARs) and the retinoid X receptors (RXRs). The
RARs and the RXRs consist of three homologous subtypes, a, B,
and vy (Petkovich et al, 1987; Brand ef al, 1988; Krust et al, 1989;
Mangelsdorf et al, 1990; Leid et al, 1992a). RARs bind t-RA and
9-cis-retinoic acid, whereas RXRs bind only to 9-cis-retinoic acid
(Levin et al, 1992; Allenby et al, 1993). RARs and RXRs form
heterodimers that, when ligand is present, regulate the expression
of specific genes (Leid et al, 1992; Allenby et al, 1993). The
ligand-activated nuclear retinoid receptors modulate gene expres-
sion by binding to specific DNA sequences called retinoic acid
response elements (RAREs) (De Luca, 1991; Glass e al, 1991). The
RARE:s consist of repetitive half-sites that are organized into direct
repeats, palindromes, or inverted palindromes with varying spacing
between the half- sites. The consensus half-site sequence is 5'-(A/
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G)G(G/T)TCA-3'; however, variations in the ideal sequences have
been observed (Glass et al, 1991; Gudas, 1992; Leid ef al, 1992b).

In the current study, a RARE sequence was identified in the
proal(I) collagen promoter by computer sequence analysis. An
oligonucleotide containing the identified sequence was found to
bind bacterially expressed RARy and RXRa in gel mobility shift
assays, confirming the existence of a RARE in the proal(l)
collagen promoter. Nuclear protein extracts isolated from t-RA—
treated fetal rat skin (FRS) fibroblasts showed decreased binding to
the RARE as compared to binding of extracts prepared from
untreated cells. The decreased binding to the RARE may in part be
responsible for the t-RA-mediated downregulation of procollagen
gene expression.

MATERIALS AND METHODS

Retinoids and Transforming Growth Factor-8 (TGF-f) t-RA was
purchased from Sigma (St. Louis, MO). TGF-1 was purchased from R &
D Systems (Minneapolis, MN). Lyophilized samples of TGF-B1 were
reconstituted in 4 mM HCI containing 1 mg bovine serum albumin per ml.
t-RA was dissolved in dimethyl sulfoxide and stored in liquid nitrogen.

Cell Culture Methods FRS fibroblasts were purchased from the Amer-
ican Type Culture Collection (CRL 1213, batch F-9707), Rockville, MD.
FRS cells were grown in 90% (vol/vol) Dulbecco’s modified Eagle’s
medium (Whittaker M.A. Bioproducts, Walkersville, MD), 10% (vol/vol)
heat-inactivated fetal bovine serum (Hyclone, Logan, UT), 100 units
penicillin per ml, and 100 pg streptomycin per ml. Prior to treatment, the
cells were washed twice with AIM V (GIBCO BRL, Grand Island, NY), a
synthetic serum-free medium. The cells were treated with t-RA or TGF-£31
in AIM V medium. Control cultures were treated with the vehicle used to
dissolve the respective compounds. The concentration of dimethyl sulfox-
ide in the medium was 0.1%. Experiments in which cells were treated with
retinoids were performed under yellow lights.

Transfection of FRS Fibroblasts and Stable Selection Cells were
transfected by using the calcium phosphate co-precipitation method (Chen
and Okayma, 1987). Plasmids were purified by double CsCl banding
according to standard methods. ColCat3.6 (supplied by D. Rowe and
A. Lichtler, University of Connecticut Health Science Center, Farmington,
CT) containing the rat proa1 (I) collagen promoter was transfected into FRS
cells. The pSV2neo plasmid was co-transfected for stable cell selection
(Gorman et al, 1982; Southern and Berg, 1982; Lichtler et al, 1989;
Ritzenthaler ef al, 1991). Stable transfections were used since reproducible
results were not obtained by using transient transfections for glucocorticoid-
treated cells. Cells were selected with G418 (200 pg per ml).

Preparation of Cell Lysates and Assay of Chloramphenicol Acetyl-
transferase (CAT) Activity At the appropriate time after treatment,
cells were placed on ice and washed three times with ice-cold phosphate-
buffered saline (GIBCO BRL, Grand Island, NY). Cells were harvested in
1 ml of 40 mM Tris(hydroxymethyl)aminomethane (Tris)-HCI, pH 7.4, 150
mM NaCl, and 1 mM ethylenediamine tetraacetic acid at 4°C as described
(Gorman et al, 1982). CAT activity was determined by modification of an
established method (Neumann et al, 1987). The same amount of protein was
added to cach reaction mixture contained in 50 ul of 100 mM Tris-HCI, pH
7.8. Two hundred microliters of 1.25 mM chloramphenicol in 100 mM
Tris-HCI, pH 7.8, were added along with 0.5 nCi of‘["Hlacctyl—CnA (200
mCi/mmol, DuPont NEN, Boston, MA) and 22.5 pl of 1 mM unlabeled
acetyl-CoA (Sigma, St. Louis, MO). The entire reaction mixture was
overlaid with liquid scintillation fluid (Econofluor-2, DuPont NEN). This
assay allows multiple time point determinations by liquid scintillation
counting. The acetylated chloramphenicol product is miscible in the
aqueous-immiscible scintillation counting mixture. Time course activity of
each sample was determined and only activity in the linear range of the time
course was used. Within cach assay, data from the same time point were
reported for all samples. Protein concentrations of cell lysates were deter-
mined. (Lowry ef al, 1951).

DNA Mobility Shift Assays Confluent FRS fibroblasts were washed
twice with AIM V medium. The cells were treated with -RA (final
concentration, 10°° M) in AIM V medium. Control cells received the
vehicle dimethyl sulfoxide (0.1%) used to dissolve t-RA. Nuclear extracts
were prepared according to the method of Andrews and Faller (1991) and
the protein concentration was determined (Lowry ef al, 1951).
Single-stranded oligonucleotides containing the consensus RARE half-
site sequence (5'-GGGTCA-3") or a sequence in which the six bases were
changed (5'-TATGAC-3") were synthesized by Integrated DNA Technol-
ogies (Coralville, IA). The sequence containing the altered bases is referred
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Figure 1. Maximal inhibition of proa1(I) collagen promoter activ-
ity occurs at 107 M t-RA. Stable FRS fibroblasts transfected with
ColCat3.6 were examined for dose dependence to t-RA. Confluent cells
were exposed to 107° 1077, 107%, or 10" M t-RA for 48 h. Cell lysates
were assayed for CAT activity, which is expressed as counts per min per pg
of protein. *Significandly different from control values at p < 0.05. Eror
bars, SEM (n = 3).

to as the mutated retinoic acid response element (MRARE). The entire
sequences of the oligonucleotides are listed in the legends to Figs 4-7.
Twenty micrograms of the single-stranded oligonucleotides were annealed
with 20 pg of their complementary strands in 200 mM NaCl by heating to
95°C for 7 min and then slowly cooled to 4°C. The double-stranded
oligonucleotides were stored at —20°C. Double-stranded oligonucleotides,
RAR consensus oligonucleotide, and RXR consensus oligonucleotide
(Santa Cruz Biotechnology, Santa Cruz, CA) were also used as DNA
probes. The sequences of these probes are listed in the legends to Figs 5 and
7 (3

The oligonucleotides were labeled with **P by using the 5 DNA
Terminus Labeling System (GIBCO BRL, Gaithersburg, MD). Gel shift
binding reactions (20 ul) contained **P-end-labeled double-stranded oligo-
nucleotide with the RARE or mRARE sequence (2-3 X 10° cpm per
pmol), 10 pg of nuclear protein extract, 1.5 pg of poly[d(I-C)] (Pharmacia,
Piscataway, NJ), 90 mM KCIl, 1 mM ethylenediamine tetraacetic acid, | mM
dithiothreitol, and 5% glycerol. In some assays, 50 ng of the bacterial-
expressed receptor proteins RAR7y or RXRa (obtained from Dr. Jen-Fu
Chiu, University of Vermont, Burlington, VT) were used instead of nuclear
protein extract. In other experiments, RARy protein purified from bacterial
lysates was obtained from Santa Cruz Biotechnology. Reaction mixtures
were incubated for 30 min at room temperature and separated on 6%
polyacrylamide gels (19:1 acrylamide to bisacrylamide) in 0.25% TBE buffer
[89 mM Tris borate, 89 mM boric acid, 2 mM ethylenediamine tetraacetic
acid (pH 8.0)] for 4 h at 100 V. The gels were air-dried and autoradio-
graphed. The band intensities of the bound protein—-DNA complexes were
measured by densiometric analysis using a Shimadzu dual-wavelength
thin-layer chromatography scanner, model CS-930 (Shimadzu, Kyoto,

Japan). Competition experiments were performed by the addition of

unlabeled RARE or RAR consensus oligonucleotide to reaction mixtures.
In gel supershift assays, RARy antibody (Santa Cruz Biotechnology) was
added to reaction mixtures subsequent to a 20-min incubation of the
oligonucleotide probe RARE with RARYy protein. Incubation was contin-
ued for an additional 45 min at room temperature.

Statistical Analysis Significance of differences in means was determined

by Student’s t test.
RESULTS

t-RA Decreases Rat Proa1(I) Collagen Promoter Activity in
Stable FRS Fibroblast Cell Lines FRS fibroblasts stably trans-
fected with ColCat3.6 showed a decrease in CAT activity when
treated with t-RA for 48 h (Fig 1). At 107" M t-RA, there was a
65% decrease in CAT activity. Increasing the concentration of
retinoid to 107 M and 10~ ° M did not increase the inhibitory effect
of t-RA. At 10 ” M t-RA, the cell line did not demonstrate a
statistically significant decrease in proal(l) collagen promoter
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Figure 2. t-RA decreases and TGF-f1 increases proal(I) collagen
promoter activity in stable FRS fibroblasts. Stable FRS fibroblasts
transfected with ColCat3.6 were examined for responsiveness to t-RA,
TGF-f1, or t-RA plus TGF-B1. Confluent cells were treated with 10~ M
t-RA, 5.0 ng TGF-1 per ml, or 10~ ° M t-RA plus 5.0 ng TGF-1 per ml
for 48 h. Cell lysates were assayed for CAT activity, which is expressed as
counts per min per pg of protein. *Significantly different from control
values at p < 0.01. Error bars, SEM (n = 3 or 4).

activity. Similar results were obtained with a second stable cell line
transfected with ColCat3.6 (data not shown). When a stable cell
line transfected with ColCat3.6 was treated with 10 ° M t-RA for
24 h, there was no significant decrease in promoter activity. The
significant decrease in promoter activity observed after 48 h of
incubation with 107° M t-RA was maintained for an additional
48 h (data not shown).

In a previous study, we showed that dexamethasone down-
regulates procollagen gene expression by measuring the decrease in
CAT activity in cell lysates prepared from dexamethasone-treated
FRS fibroblasts stably transfected with ColCat3.6. We proposed
that glucocorticoids coordinately regulate procollagen gene expres-
sion through both the glucocorticoid response element and the
TGF-$ element (Meisler ef al, 1995). A glucocorticoid response
element sequence is located at positions —655 to —650 and a TGF-f3
element is located at position —1628 upstream from the start site of
transcription in the rat proal (I) collagen promoter (Lichtler ef al, 1989;
Ritzenthaler ef al, 1991, 1993). Computer sequence analysis of the
portion of the 5" flanking region of the rat proa1(I) collagen gene in
the ColCat3.6 plasmid revealed a sequence matched to the consensus
RARE halfssite, 5'-(A/G)G(G/T)TCA-3" (Leid et al, 1992b). The
6-bp sequence is 5'-GGGTCA-3" and is located at positions —1335 to
—1330 from the start site of transcription in the rat proa1(I) collagen
promoter. There is a closely related 6-bp sequence to the consensus
RARE half-site, 5'-AGTAGA-3', located at positions —1345 to
—1340. These two sequences are separated by 4 bp. The sequence
from positions —1345 to —1330 is referred to as the RARE.

TGF-f3 Does Not Block the Decrease in Proa1(I) Collagen
Promoter Activity Caused by t-RA In a previous study,
concurrent TGF-B1 treatment was able to bring the observed
dexamethasone-mediated decrease in CAT activity back to the
control value (Meisler ef al, 1995). In this study, addition of
TGEF-B1 to the culture medium did not block the inhibitory effect
of various concentrations of t-RA on CAT activity. TGF-$1 (5.0 ng
per ml) treatment alone caused a 1.8-fold increase in CAT activity.
In a previous studying using NIH 3T3 cells, TGF-$1 treatment
alone resulted in an approximately 2-fold increase in proal(I)
collagen promoter activity (Jimenez ef al, 1994). t-RA at a concen-
tration of 10~ ° M caused a decrease in CAT activity of 51%,
whereas the combination of 10~ M t-RA plus 5.0 ng TGF-f1 per
ml elicited a 44% decrease in CAT activity (Fig 2). Furthermore,
addition of 5.0 ng TGF-f1 per ml to cells treated simultaneously
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Figure 3. TGF-f£31 does not block the t-RA-mediated decrease in
proal(I) collagen promoter activity in stable FRS fibroblasts at
various concentrations of t-RA. Stable FRS fibroblasts transfected with
ColCat3.6 were examined for responsiveness to t-RA, TGF-£1, or t-RA
plus TGF-1. Confluent cells were treated with 1077 M, 2.5 X 1077 M,
7.5 X 107" M, or 107¥ M t-RA plus or minus 5.0 ng TGF-B1 per ml for
48 h. Cell lysates were assayed for CAT activity, which is expressed as
counts per min per ug of protein. [, t-RA-treated cell cultures; A, t-RA -+
TGF-B1 (5.0 ng per ml)-treated cell cultures. *Significantly different from
control values (no addition of t-RA or TGF-31) at p < 0.01. Eror bars, SEM
(n = 3 or 4).

with t-RA at concentrations between 10~ M and 10~? M did not
block the t-RA-mediated decrease in CAT activity (Fig 3). At
107% M t-RA, there was a 59% decrease in proal(I) collagen
promoter activity, and in the presence of TGF-f31, the decrease in
CAT activity was 73%. Similar decreases in promoter activity were
found, respectively, when the concentration of t-RA was 7.5 X
1072 M or 2.5 X 1077 M. At 107? M t-RA, there was no
significant decrease in CAT activity, which agrees with the data
shown in Fig 1, but the combination of 5.0 ng TGF-f1 per ml and
10~? M t-RA caused a 54% decrease in proal(I) collagen promoter
activity. Thus even at concentrations of t-RA below the physio-
logic serum concentrations of 10~ 7 M to 10 * M (Adamson ef al,
1992), addition of TGF-B1 did not abrogate the t-RA-mediated
decrease in proa1 (I) collagen promoter activity. In a previous study
using human lung fibroblasts, t-RA treatment inhibited basal and
TGF-B1-stimulated collagen synthesis. When fibroblasts were
incubated with TGF-1 and t-RA, there was a decrease in al(l)
collagen mRNA accumulation and gene transcription (Redlich er
al, 1995).

RARY and RXRa« bind to a cis-Element in the 5' Flanking
region of the Rat Proal(I) Collagen Gene Bacterially ex-
pressed receptor proteins RAR7y and RXRa were used in gel
mobility shift assays to identify a RARE in the rat a1(I) collagen
promoter. When the *?P-labeled oligonucleotide 5'-AAGTA-
GAGTGGGGGTCAGGCAGAGCACC-3" (located in the pro-
moter from positions —1346 to —1319) was used as a probe,
binding was observed with both RARy and RXRa« protein (Fig 4).
There was an absence of binding with unprogrammed bacterial
lysate. When the 6-bp sequence 5-GGGTCA-3' (consensus
RARE half-site sequence) was replaced with the sequence 5'-
TATGAC-3" (mutated RARE half-site sequence), the RARy and
RXRa proteins no longer bound to the oligonucleotide. These
results indicate that the sequence from positions —1335 to —1330
(5'-GGGTCA-3") in the proal(I) collagen promoter is a RARE
half-site. Bacterially expressed RARy and RXRa bound in a
similar pattern to a RARE identified in the 5" flanking region of the
rat a-fetoprotein gene (Liu ef al, 1994).

Addition of RARYy Antibody Causes a Supershift of the
RARY-RARE Complex RARYy-purified protein produced in
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Figure 4. Bacterially synthesized RARy and RXRa binds to a
RARE in the proal(I) collagen promoter. Gel mobility shift assays
were performed with *?P-end-labeled double-stranded oligonucleotide
containing the RARE half=site sequence (5'-GGGTCA-3") (2.3 X 10° cpm
per pmol) or the mRARE half=site sequence (5'-TATGAC-3") (2.8 X 10°
cpm per pmol) and 50 ng of bacterially expressed RARy or RXRa. The
32P-labeled probe containing the RARE sequence was also incubated with
unprogrammed bacterial lysate as control. In addition, each assay mixture
contained 0.2 pg of poly[d(I-C)] and 6 pg of bovine serum albumin in a
total volume of 20 ul. Complete sequence of the oligonucleotide containing
the RARE in the rat proal(l) collagen promoter from positions —1346 to
—1319 (5'-AAGTAGAGTGGGGGTCAGGCAGAGCACC-3"); complete
sequence of the oligonucleotide containing the mRARE (5'-AAGTA-
GAGTGGTATGACGGCAGAGCACC-3").

Escherichia coli for use as a positive control for gel shift studies
formed a complex with the RARE in the rat proal(I) collagen
promoter. Addition of an antibody to RARYy gave rise to a
supershifted band (Fig 5A4). In the presence of the antibody, an
antibody—protein-DNA complex was formed that resulted in a
further reduction in the mobility of the RARy-RARE complex. In
a competition experiment, RARYy was incubated with a 100-fold
molar excess of unlabeled oligonucleotide before the addition of
*?P-labeled RARE. The unlabeled oligonucleotide contains the
consensus binding site for the RAR protein. As shown in Fig 5B,
the unlabeled RAR consensus oligonucleotide competed effec-
tively with the **P-labeled RARE from the rat proal(I) collagen
promoter for binding to the RARy protein.

t-RA Treatment of FRS Fibroblasts Decreases Nuclear
Binding to the RARE We used the gel mobility shift assay to
study the binding of nuclear proteins isolated from control and
t-RA—treated fibroblasts to the RARE sequence (Fig 6). Fig 64
and B represent two different experiments. t-RA treatment of
non-transfected FRS fibroblasts decreased the binding of isolated
nuclear proteins to the *?P-labeled oligonucleotide (5'-AAGTA-
GAGTGGGGGTCAGGCAGAGCACC-3') containing the RARE
half-site (5'-GGGTCA-3") to 30% of the binding observed when
cells were untreated (Fig 64) and in a second experiment to 33%
of control values (Fig 6B). When the 6-bp sequence 5'-
GGGTCA-3" in the oligonucleotide was replaced with the se-
quence 5'-TATGAC-3' (mRARE), the binding of the nuclear
proteins isolated from t-RA~treated fibroblasts decreased to 5% of
control value and to 9% of the value found with the nonmutated
probe. There was a 45% decrease in binding of nuclear protein from
untreated cells to the probe containing the mutated RARE whereas
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Figure 5. Purified RARY binds to a RARE in the proal(l) collagen
promoter. (4) **P-end-labeled double-stranded oligonucleotide contain-
ing the RARE half-site sequence (5'-GGGTCA-3") (1.2 X 10°M cpm per
pmol) was incubated with 200 ng of purified RARy. In addition, cach assay
mixture contained 0.2 ug of poly[d(I-C)] and 6 pg of bovine serum albumin
in a total volume of 20 pl. After a 20-min incubation at room temperature,
2 ul of RARYy antibody (1 mg per ml) were added to the reaction mixture
and incubation was continued for an additional 45 min at room temperature.
In a competition experiment (B), 100 ng of purified RARy were incubated
with 100-fold molar excess of unlabeled RAR consensus oligonucleotide
before the addition of labeled RARE from the proal (I) collagen promoter.
Complete sequence of the oligonucleotide containing the RARE in the rat
proal(l) collagen promoter from positions —1346 to —1319 (5'-AAGTA-
GAGTGGGGGTCAGGCAGAGCACC-3"); complete sequence of the
RAR oligonucleotide that contains the binding site for the RAR (5'-
AGGGTAGGGTTCACCGAAAGTTCACTC-3").

(Fig 4) the binding of the nuclear receptors RARy and RXRa was
eliminated with the mutated RARE. Because nuclear extracts from
untreated cells are composed of many proteins, some may react
with the mutated RARE sequence. RAR7y and RXRa are pure
protein preparations and thus would not react with a oligonucleo-
tide containing a mutated RARE.

Specific Complex Formation Between Nuclear Proteins
from FRS Fibroblasts and RAR and RXR Consensus Oli-
gonucleotides Gel mobility shift assays were used to show that
nuclear extracts contain RAR and RXR proteins. We found that
nuclear proteins derived from untreated cells bound to the **P-
labeled oligonucleotide that contains the consensus binding site for
the RAR (5'-AGGGTAGGGTTCACCGAAAGTTCACTC-3')
(Fig 7A). Two bands were found and were similar to those found
when recombinant and purified recombinant RARy were reacted
with the RARE from the proal(l) collagen promoter (Figs 4 and
5, respectively). The binding of nuclear extract to the *?p_labeled
RAR consensus oligonucleotide in the presence of 100-fold molar
excess of the unlabeled RARE from the rat proal(l) collagen
promoter changed the binding pattern. A single band was found.
The nuclear extract derived from untreated cells also bound to a
*2P_labeled oligonucleotide that contains the consensus binding site
for the RXR (5'-AGCTTCAGGTCAGAGGTCAGAGAGCT-3")
(Fig 7B). A 100-fold molar excess of the unlabeled RARE from the
rat proal(l) collagen promoter reduced the binding of nuclear
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Figure 6. t-RA decreases nuclear protein binding to the RARE.
Confluent FRS fibroblasts were treated with 107° M t-RA for 48 h. (A)
*?P_end-labeled double-stranded oligonucleotide containing the RARE
halfsite sequence (5'-GGGTCA-3") (2.3 X 10° cpm per pmol) or the
mRARE half-site sequence (5'-TATGAC-3") (2.8 X 10° cpm per pmol)
was incubated with 10 pg of nuclear protein extract and 1.5 pg of
poly[d(I-C)] in buffer described in Materials and Methods. In a second
experiment (B), 10 pg of nuclear protein extract were incubated with
*?P_end-labeled double-stranded oligonucleotide (2.6 X 10° cpm per pmol)
containing the RARE half-site sequence (5'-GGGTCA-3"). The nuclear
protein—oligonucleotide complex is indicated by the —. Complete se-
quence of the oligonucleotide containing the RARE in the rat proal(l)
collagen promoter from positions —1346 to —1319 is 5'-AAGTAGAGT-
GGGGGTCAGGCAGAGCACC-3"; complete sequence of the oligonucle-
otide containing the mRARE is 5-AAGTAGAGTGGTATGACGGCA-
GAGCACC-3'".

extract to the **P-labeled RXR consensus oligonucleotide. Incom-
plete competition of the unlabeled RARE from the proal(I)
collagen promoter with a labeled oligonucleotide that contains the
RAR consensus sequence could be due to the high affinity of RAR
proteins with RAREs that are direct repeats and are separated by
five nucleotides (Mangelsdorf ef al, 1994). Likewise, incomplete
competition of the unlabeled RARE from the proal(l) collagen
promoter with a labeled oligonucleotide that contains the RXR
consensus sequence could be due to the high affinity of RXR
proteins with retinoid X response elements that are direct repeats
and are separated by one nucleotide (Mangelsdorf et al, 1994).

DISCUSSION

In the current study, we explored the molecular mechanism by
which t-RA regulates proal(I) collagen gene expression. Previous
studies have shown that t-RA decreases collagen synthesis in
normal and disease states. The mechanism by which retinoids
decrease proal(I) collagen gene expression may also apply to
hypertrophic scars and keloids, two cutaneous disorders character-
ized by excessive collagen deposition (Janssen, 1980). Retinoids
have been found to stimulate collagen synthesis when skin is
recovering from injuries such as those induced by wounding,
ultraviolet radiation, or glucocorticoid-induced skin atrophy (as
described in a review by Gendimenico and Mezick, 1993).

We have demonstrated that t-RA downregulates proal(I) col-
lagen gene transcription in a time- and concentration-dependent
manner in stably transfected FRS fibroblasts. t-R A at an equivalent
molar concentration was more effective in reducing CAT activity
than dexamethasone (data not shown). A previous study from our
laboratory (Meisler ef al, 1995) demonstrated that glucocorticoids
were able to bring the TGF-B-induced increase in CAT activity
back to control values. Unlike the glucocorticoid, dexamethasone,
t-RA used in combination with TGF-f3 lowered CAT activity
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Figure 7. Nuclear proteins bind to RAR and RXR consensus
oligonucleotides. (4) **P-end-labeled double-stranded oligonucleotide
containing the consensus binding site for the RAR (3.5 X 10° cpm per
pmol) was incubated with 10 pg of nuclear protein extract and 1.5 ug of
poly[d(I-C)] in buffer described in Materials and Methods. In a competition
experiment, 10 pg of nuclear extract were incubated with 100-fold molar
excess of unlabeled RARE from the proal(l) collagen promoter before the
addition of labeled consensus RAR oligonucleotide. The — indicates the
band corresponding to the nuclear protein—oligonucleotide complex that is
climinated in the competition experiment. (B) *?P-end-labeled double-
stranded oligonucleotide containing the consensus binding site for the RXR
(4.9 X 10° cpm per pmol) was incubated with 10 pg of nuclear protein
extract and 1.5 ug of poly[d(I-C)] in a total volume of 20 pul. In a
competition experiment, 10 g of nuclear extract were incubated with
100-fold molar excess of unlabeled RARE from the proal(l) collagen
promoter before the addition of labeled consensus RXR oligonucleotide.
Complete sequence of the RAR oligonucleotide that contains the binding
site for the RAR is 5'-AGGGTAGGGTTCACCGAAAGTTCACTC-3';
complete sequence of the RXR oligonucleotide that contains the binding
site for RXR is 5'-AGCTTCAGGTCAGAGGTCAGAGAGCT-3"; com-
plete sequence of the oligonucleotide containing the RARE in the rat
proal(l) collagen promoter from positions -1346 to -1319 is 5'-AAGTA-
GAGTGGGGGTCAGGCAGAGCACC-3'.

below the control value at all concentrations tested. This latter
finding suggests that t-RA may have some utility as an agent to
reduce fibrosis induced by TGF-B. Whether or not t-RA can
reduce excessive collagen production in vivo will need to be verified
with models of keloids, fibrosis, or scarring.

This study indicates by gel mobility shift assay that t-RA
decreases receptor bound to the RARE. The RARE was shown to
bind to both recombinant RAR7y and RXRa« in gel mobility shift
assays. Mutation of the consensus RARE half site (5'-GGGTCA-
3') eliminated receptor binding (Fig 4). It is not surprising that both
RARYy and RXRa bind to the RARE, as RARs and RXRs form
heterodimeric complexes in the absence or presence of ligand (Leid
et al, 1992a; Allenby et al, 1993; Mangelsdorf et al, 1994). The fact
that nuclear proteins isolated from untreated cells bind to the
RARE (Fig 6) and to RAR and RXR consensus oligonucleotides
(Fig 7) implies that there is an endogenous level of retinoid
receptor present in FRS fibroblasts. Pan and Brinckerhoff (1994), in
studying t-RA inhibition of collagenase gene expression in synovial
fibroblasts, showed that RXRa mRNA is constitutively expressed
and that the mRNAs for RAR«, B and, vy are inducible by the
addition of t-RA. They suggest that RARs and RXRs repress
transcription of the collagenase gene by interfering with the binding
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of the transcription factor AP-1 (c-jun/c-fos) to the 5’ regulatory
region of the collagenase gene. The interference by retinoid
receptors with other positive-acting transcription factors is thought
to be the mechanism by which genes are negatively regulated by
t-RA (Gudas et al, 1994; Mangelsdorf ef al, 1994). Our studies
indicate, however, that the downregulation of proal(l) gene
expression is associated with a decrease in binding of nuclear
proteins isolated from t-RA—treated fibroblasts to the RARE
sequence in the 5’ flanking region of the gene.

We have previously demonstrated, using gel mobility shift
assays, that glucocorticoid treatment of FRS fibroblasts decreased
glucocorticoid receptor binding to the glucocorticoid response
element and TGF-f8 activator protein to the TGF- element
contained in the 5" flanking region of the proal(l) collagen gene
(Meisler et al, 1995). Since retinoid receptors are members of the
steroid/thyroid hormone receptor superfamily, one would expect
that genes that are negatively regulated by t-RA would also show
decreased binding of receptors to the RARE. Additional support of
our hypothesis comes from studies on the human K5 keratin gene
(Ohtsuki et al, 1992). The promoter sequence for the human K5
keratin gene has several individual consensus half-sites recognized
by RARs. HeLa cells were co-transfected with plasmid constructs
containing the half=sites and vectors expressing RARs. Treatment
with t-RA decreased promoter activity of the CAT constructs.
Thus regulation of the K5 keratin gene by retinoids is effected by
interaction of nuclear receptors for t-RA with RARE sequences
within the promoter.
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