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Abstract Glucocorticoids have previously been shown to decrease Type | collagen synthesis in vivo and in
fibroblast cell culture. Several studies have demonstrated that glucocorticoids decrease Type | procollagen gene
expression. These latter studies have included uridine incorporation into proal(l) and proa2(l) mRNAs and nuclear
run-off experiments. Using the ColCat 3.6 plasmid, which contains part of the 5’ flanking region of the proa1(l) collagen
gene and the reporter gene, chloramphenicol acetyltransferase, the present studies demonstrate by stable transfection
of fetal rat skin fibroblasts that dexamethasone down regulates the promoter activity of the proa1(l) collagen gene. The
glucocorticoid-mediated down-regulation of procollagen gene expression was demonstrated using the ColCat 3.6, 2.4,
1.7, or 0.9 plasmid. In addition, competitive oligonucleotide transfection experiments and site specific mutation of the
glucocorticoid response element (GRE) in the whole ColCat 3.6 plasmid did not eliminate the effect. The possibility
existed that another cis-element in the 5’ flanking region of the proa1(l) collagen gene was also required for the
glucocorticoid-mediated down-regulation of procollagen gene expression, since TGF-B has been shown to stimulate
collagen proa1{l) and proa2(1) gene activities. Dexamethasone treatment of non-transfected skin fibroblasts did result
in a decrease of transforming growth factor-g (TGF-B} secretion into the media. In addition, CAT activity was decreased
by dexamethasone and increased by TGF-B. The decrease of CAT activity by dexamethasone was brought back to
control value by the addition of exogenous TGF-B to the culture media. Gel mobility studies demonstrated that
glucocorticoid treatment of rat skin fibroblasts decreased glucocorticoid receptor binding to the GRE and TGF-$
activator protein to the TGF-B element which were brought back to control values by coordinate exogenous TGF-f3
treatment. Thus the interaction of these TGF-B molecules with cellular membrane receptors and subsequent transduc-
tion is dramatically decreased resulting in less signals to regulate collagen gene expression. These data indicate that
glucocorticoids coordinately regulate procoilagen gene expression through both the GRE and TGF-8 elements.
Depression of procollagen gene expression by glucocorticoids through the TGF-B element is mediated by decreased
TGF-B secretion, possibly involving a secondary effect on regulatory protein(s) encoded by noncollagenous protein
gene(s). The present studies provide the basis for a novel mechanism of glucocorticoid-mediated regulation of
eukaryotic genes containing the TGF-B element.  © 1995 Wiley-Liss, Inc.
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Glucocorticoids have an anti-anabolic effect
on skin collagen synthesis. In rat skin, collagen
synthesis is decreased to a greater extent than
total noncollagen protein synthesis [Newman
and Cutroneo, 1979], yet fibronectin synthesis
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ing growth factor beta; TBE, 89 mM Tris borate, 89 mM
boric acid, 2 mM EDTA (pH 8.0).
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is increased [Cutroneo et al., 1986]. Initial stud-
ies determined that glucocorticoids decrease the
amounts of functioning procollagen mRNAs [Ro-
kowski et al., 1981; Oikarinen et al., 1983].
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Later studies demonstrated that procollagen
mRNAs were decreased by corticosteroids [Ster-
ling et al., 1983a,b; Hamalainen et al., 1985;
Raghow et al., 1986; Walsh et al., 1987; Weiner
et al., 1987].

There is accumulating evidence indicating that
glucocorticoids down-regulate procollagen gene
expression. Nuclear type I procollagen mRNA
synthesis was selectively decreased in glucocorti-
coid-treated chick skin fibroblasts which were
pulse labeled with radioactive uridine [Cock-
ayne et al., 1986]. In an in vitro run-off system,
nuclei isolated from glucocorticoid-treated skin
fibroblasts synthesized significantly less type I
procollagen mRNAs as compared to control nu-
clei [Cockayne and Cutroneo, 1988). These stud-
ies indicate that glucocorticoid-mediated down-
regulation of procollagen synthesis is at the level
of gene transcription. This mechanism of regula-
tion is also invoked by nuclear run-off data from
rat small intestine [Walsh et al., 1987] and in rat
hepatocytes [Weiner et al., 1987].

DNA binding protein interactions within the
5" flanking region of the type I collagen genes
have been observed by de Crombrugghe and
colleagues, where mutations in the upstream
elements inhibit the activity of the mouse colla-
gen promoter [de Crombrugghe et al., 1991].
Studies with transgenic mice have identified a
region upstream of the al(I) promoter which
regulates expression of the proal(I) collagen
gene in a tissue specific manner [Slack et al.,
1991]. Positive and negative regulation through
cis and trans acting elements have been demon-
strated in osteoblastic cells [Pavlin et al., 1992],
and in type I collagen producing mouse fibro-
blasts [Ravazzolo et al., 1991; Karsenty and de
Crombrugghe, 1990, 1991; Boast et al., 1990].

The studies in this paper indicate the depen-
dence of the glucocorticoid-mediated decrease in
proal(I) collagen gene expression on the interac-
tion of the glucocorticoid receptor with the con-
sensus GRE and the interaction of the trans-
forming growth factor B activator protein with
the TGF-B element. Using oligodeoxyribonucleo-
tide competitive transfection experiments and
the mutated GRE in the whole plasmid we exam-
ined responsiveness of the promoter activity of
the proal(I) collagen gene to dexamethasone.
We determined the binding of nuclear proteins
isolated from dexamethasone-treated, TGF-B-
treated, and TGF-B- and dexamethasone-treated

cell cultures to both the GRE and TGF-8 ele-
ments using the gel mobility shift assay.

MATERIALS AND METHODS
Cell Culture Methods

Fetal rat skin fibroblasts (FRS) were pur-
chased from the American Type Culture Collec-
tion (CRL 1213, batch F-9707), Rockville, MD.
FRS cells were grown in Dulbecco’s modified
Eagle’s medium, 90% (v/v) (Whittaker M.A. Bio-
products, Walkersville, MD); heat inactivated
fetal bovine serum, 10% (v/v) (Hyclone Labora-
tories, Inc., Logan, UT); 10 U/ml penicillin; and
10 pg/ml streptomycin. Prior to exposure of
cells to dexamethasone the medium was changed.
Dexamethasone treatments were performed in
medium made 10% (v/v) with fetal bovine se-
rum which had been charcoal-stripped. When
cell cultures were treated with TGF-g1 (R & D
Systems, Minneapolis, MN), the cells were
washed twice with AIM V (GibcoBRL, Grand
Island, NY), a synthetic medium. The cells were
treated in the presence and absence of TGF-B1
in AIMV medium.

Dexamethasone Treatment

Dexamethasone (Steraloids, Inc., Wilton, NH)
was added to cultures as a suspension in char-
coal-stripped serum containing medium. Dexa-
methasone was homogenized in medium and
incubated at 37°C for 30 min. The suspension
was filter-sterilized and diluted to the appropri-
ate concentrations prior to addition to the cell
cultures. When cell cultures were treated with
TGF-B and dexamethasone, dexamethasone was
prepared as above except AIM V medium was
substituted for charcoal-stripped serum contain-
ing medium.

Transfection of FRS Fibroblasts
and Stable Selection

Cells were transfected using the calcium phos-
phate coprecipitation method [Chen and
Okayama, 1987]. Plasmids were purified by
double CsCl banding according to standard meth-
ods. ColCat 3.6 (kindly supplied by D. Rowe and
A. Lichtler, Depts. of Pediatrics and Medicine,
Univ. Conn. Health Science Center, Farming-
ton, CT) or constructs containing deletions or
mutations of the proal(I) collagen promoter,
and pSV2neo were cotransfected into FRS cells
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for stable cell selection [Lichtler et al., 1989;
Ritzenthaler et al., 1991]. Stable transfections
[Southern and Berg, 1982; Gorman et al., 1982]
were used since reproducible results were not
obtained using transient transfections. Cells
were selected using G418 (200 pg/ml).

We observed a discrepancy from the published
ColCat 3.6 sequence. It was necessary to se-
quence the nonmutagenized ColCat 3.6 plasmid
for purposes of comparison to the mutagenized
plasmid. This resulted in a sequence different by
two bases from that previously published in the
GenBank database. The bases 5'-AG-3" at —1616
and —1615 are actually erroneous in the previ-
ous publication [Lichtler et al., 1989] and the
restriction enzyme site recognized by Sty I in
this region does not exist.

Preparation of Cell Lysates and Assay
of CAT Activity

At the appropriate time following dexametha-
sone treatment, cells were placed on ice and
washed 3x with cold phosphate buffered saline
(GibcoBRL, Grand Island, NY). Cells were har-
vested in 1 ml of 40 mM Tris-HCI, pH 7.4, 150
mM NaCl, and 1 mM EDTA at 4°C as previously
described [Gorman et al., 1982]. CAT activity
was determined [Neumann et al., 1987]. The
same amount of protein was added to each reac-
tion mixture containing 100 mM Tris-HCl, pH
7.8, in a volume of 50 pl. Two hundred microli-
ters of 1.25 mM chloramphenicol, 100 mM Tris-
HCI, pH 7.8, was then added to each sample.
Finally, 0.5 nCi [*H]Jacetyl-CoA (200 mCi/mmol,
DuPont NEN, Boston, MA) and 22.5 pl of 1 mM
cold acetyl-CoA were added and the entire reac-
tion mixture overlaid with liquid scintillation
fluid (Econofluor-2, DuPont NEN, Boston, MA).
This assay method allows multiple time points
to be determined on the same assay tube by
liquid scintillation counting at various times.
The acetylated chloramphenicol product is mis-
cible in the aqueous-immiscible scintillation
cocktail and the data are collected continuously.
Time course activity of each sample was deter-
mined and only activity in the linear range of the
time course was used. Within each assay, data
from the same time point are reported for all
samples.

Protein Assay

Protein concentrations of cell lysates were
determined as described [Lowry et al., 1951].

Competitive Oligonucleotide
(d,GRE)Transfections Assays

Synthetic oligomers corresponding to the ca-
nonical hexamer sequence, TGTTCT, were an-
nealed with the complementary hexamers. The
double-stranded hexamers were transiently
transfected into stable FRS cells containing the
proal(I) collagen promoter construct (FRS/
ColCat 3.6) using the calcium-phosphate copre-
cipitation method [Gorman et al., 1982]. Cells
were glycerol shocked in 15% (v/v) serumless
medium 4 h after transfection. Twenty-four
hours after, the transfected cells were treated
with dexamethasone as described.

Site-Specific Mutagenesis of the GRE in the Rat
Proal(l) Collagen Promoter

PCR mutagenesis of ColCat 3.6 was per-
formed as previously described [Nelson and
Long, 1989]. Figure 1 shows the appropriate
plasmid and the restriction map. The position of
the GRE is indicated in Figure 1A. Figure 1B
indicates the position of the TGF-B element
(a-TAE).

DNA Sequencing of Mutagenized (GRE)
ColCat 3.6

Sequence-grade DNA was prepared from a 3
ml overnight culture of cells picked from posi-
tive colonies and purified using Qiagen Tip-20
columns (Qiagen Inc., Chatsworth, CA) accord-
ing to the procedure provided by the manufac-
turer. Sequencing was performed on an auto-
mated ABI Model 373A DNA Sequencer (Foster
City, CA) using primers E and F (TableI) for the
region encompassing the GRE. For each sequenc-
ing reaction 1 pg of dsDNA template, 3.2 pmol
forward sequence primer (each primer), 9.5 pl
reaction primer (5 X TACS buffer, ANTP mix,
DyeDeoxy® A, T, G, and C terminator and Am-
pliTag DNA polymerase) were used in the ABI
cycle sequencing protocol supplied with the cycle
sequencing kit (ABI). Final reaction volumes
were 20 pl. Cycle conditions consisted of placing
the tubes in a thermal cycler preheated to 96°C
and 25 cycles were then performed at 96°C for
30 min, 50°C for 15 min, and 60°C for 4 min.

TGF-B Assay

TGF-B protein was assayed in acid-activated
media as described [Kelley et al., 1993]. All
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Fig. 1. Plasmid containing the GRE and o-TAE elements in the 5'-flanking region of the proa1(l) collagen
gene. A: The structure of ColCat 3.6 plasmid. The wild-type GRE region is indicated by the striped bars
{from —672 to —629) containing the GRE consensus sequence. B: The wild-type TGF-B activating element
(a-TAE) region is indicated by the striped bars (from —1643 to —1600). [Lichtler et al., 1989].

TABLE I. Oligonucleotide Primers Used for PCR Mutagenesis of GRE in Rat Alpha I(1) Collagen
Promoter and DNA Sequencing

Sequence
Primers Sense? correspondence® Sequence®
* * % 3k
A Forward —-672——633 5'-GGAGCCACATTCATGGCGGGCCC
GATAGCCACCCCACTGC-3’
B Inverse —-397-332 5'-GGTGTACTAGTAACCTAGGCCTTC
TGGGACCTCAAATCAGAAGGA-3’
C Forward -2,377--2,358 5'-GAGCTGGGTACCCGCCAATC-3’
D Inverse None 5'-GGTGTACTAGTAACCTAGG-3’
E Forward -958--934 5'-GGCTGTAGCCACAGCTGACACAAGA-3’
F Forward —675-—657 5-CATGGAGCCACATTCATGG-3’

aPrimer sense corresponds to the rat alpha I(1) collagen promoter coding strand.
"Numbering convention according to the sequence of the ColCat 3.6 plasmid [Lichtler et al., 1989].
¢Asterisk indicates the positions of the directed mutations and underlined bases that compose the Apal recognition sequence.

values were corrected for possible dexametha-

sone inhibition of the bioassay used to measure
TGF-B.

DNA Mobility Shift Assays

Fetal rat skin fibroblasts (FRS) were grown to
late log phase. The cells were washed twice with
AIM V medium. The cells were then treated
with either dexamethasone (final concentration
10-¢ M), TGF-B1 (5.0 ng/ml of media), or a
mixture of 10-¢ M dexamethasone and 5.0 ng/ml

TGF-B1 in AIM V medium. Control cells and
cells treated with dexamethasone alone received
the vehicle (4 mM HCI with 1 mg/ml bovine
serum albumin) used to dissolve TGF-B. Nuclear
protein extracts were prepared by the method of
Andrews and Faller [1991] and the protein con-
centration was determined [Lowry et al., 1951].

Single-stranded oligonucleotides containing ei-
ther the GRE sequence (5'-AGAACA) or the
TGF-B element sequence (5'-TGC CCACG GC-
CAG) were synthesized (Integrated DNA



380 Meisler et al.

Technologies, Inc., Coralville, IA). In further
purification, 20 ug of the single-stranded oligo-
nucleotides were combined with an equal vol-
ume of 100% formamide, heated to 90°C for 3
min, and run on a 20% polyacrylamide/8M urea
gelin 1 x TBE buffer for 2 h at 500 V. The DNA
was visualized by UV shadowing. The gel strips
containing the DNA were cut from the gel and
placed in oligo elution buffer (50 mM Tris-HCI,
pH 7.6, 200 mM NaCl, 2 mM EDTA). After
overnight incubation, the gel particles were re-
moved by centrifugation and the supernatants
containing the oligonucleotides were purified on
Sep-Pak C28 Cartridges (Millipore Corp., Mil-
ford, MA). Complementary oligonucleotides in
200 mM NaCl were annealed by heating to 95°C for
7 min and then slowly cooled to 4°C. The double-
stranded oligonucleotides were stored at —20°C.
The oligonucleotides were labeled with 32P
using the 5 DNA Terminus Labeling System
(GibcoBRL, Grand Island, NY). Gel shift bind-
ing reactions (20 pl) contained 3?P-end labeled
double-stranded oligonucleotide having either
the GRE or TGF-B element sequences (approxi-
mately 8 x 105-1 x 10% cpm/pm); 10 pg of
nuclear protein extract; 1.5 pg of poly d(I-C)
(Pharmacia, Piscataway, NdJ); 90 mM KCI; 1
mM EDTA; 1 mM DTT and 5% glycerol. Reac-
tion mixtures were incubated for 30 min at
room temperature and separated on a 6% poly-
crylamide gel (19:1 acrylamide to bisacrylamide)
in 0.25 x TBE buffer for 4 h at 100 V. The gels
were air-dried and autoradiographed. The band
intensities of the bound protein-DNA complexes
were measured by densiometric analysis using a
Shimadzu dual-wavelength TLC scanner, Model
CS-930 (Shimadzu Corp., Kyoto, Japan). Using
the Model GS-250 Molecular Imager System
(BIO-RAD, Hercules, CA), the total radioactiv-
ity in each lane (free probe plus bound protein-
DNA complex) was also measured to insure that
there was equal loading of each sample onto the
gel. The total radioactivity in each lane of each gel
did not vary significantly: +6.8% and +7.0% for the
TGF-B element and for the GRE, respectively.

RESULTS

Effect of Dexamethasone on Stable FRS
Fibroblast Cell Lines

Four stable cell lines transfected with the
chimeric construct ColCat 3.6 were established.
Exposure to 10-5 M dexamethasone for 48 h
caused a significant decrease in pro al(I) colla-
gen promoter activity in all four cell lines (Fig.

2). Although the cell lines displayed a variety of
activities, with Neo A demonstrating 7.4x the
activity observed in Neo B, all of the stable cell
lines responded to dexamethasone by decreasing
pro o1(I) collagen promoter activity. The degree
of decrease induced by dexamethasone in pro-
moter activity varied with each cell line, as seen
in Figure 2. Neo A demonstrated a 39% decrease
with dexamethasone, Neo B was decreased 56%,
Neo C was decreased 51%, and Neo D was de-
creased 63% at 10-5 M dexamethasone.

The effect of dexamethasone is selective for
procollagen gene expression. A previous study
from our laboratory demonstrated that although
dexamethasone decreased the steady-state level
and synthesis of proal(I) collagen mRNA, this
synthetic glucocorticoid did not effect B-actin
mRNA.

Time Course of Response to Dexamethasone

Two stable cell lines, Neo B and Neo D, were
examined for pro al(I) collagen promoter activ-
ity responsiveness to 1075 M dexamethasone
with time. Neither cell line responded signifi-
cantly within 24 h (Fig. 3). After 48 h both cell
lines demonstrated a substantial decrease in pro
al(I) collagen promoter activity. Neo D was
decreased by 44% and Neo B was decreased by
66%. The decrease in promoter activity after a
single dose of dexamethasone was maintained
over the entire time course studied. Neo D was
maximally decreased by 57% after 5 days of
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Fig. 2. Dexamethasone decreases proal(l) collagen promoter
activity in stable FRS fibroblast cell lines. Four different stable
lines (Neo A, B, C, D) of FRS fibroblasts transfected with ColCat
3.6 were evaluated for responsiveness to dexamethasone. Cells
were grown to late log phase and then exposed to 1075 M
dexamethasone for 48 h. Cell lysates were assayed for CAT
activity which is expressed as cpm per ug protein. (I = control
cell cultures; iy = dexamethasone exposed cell cultures. *Sig-
nificantly different from control values at P < 0.05. Values
represent the mean of 4 separate dishes = $.D.
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exposure to dexamethasone. Neo B demon-
strated a dramatic decrease of 87% in pro «1 (I)
collagen promoter activity after 5 days of dexa-
methasone.

Effect of Varying Concentrations
of Dexamethasone

At 1076 M, dexamethasone there was a 73%
decrease in CAT activity (Fig. 4). A typical dose
response curve was observed, with activity in-
creasing as the dexamethasone concentration
decreased. At 10~ M dexamethasone CAT activ-
ity was decreased 52%. Finally, at 10~ M dexa-
methasone, the cell line did not demonstrate a
statistically significant decrease in pro a1(I) col-
lagen promoter activity.

The Effect of Dexamethasone on Internal
Deletions of the Pro «1(1) Collagen
3.6 ColCat Promoter

Comparison of reporter gene activity amongst
different gene constructs was always made to
the reporter activity of the control plasmid. In-
ternal deletion constructs stably transfected into
FRS fibroblasts were examined for responsive-
ness to 1075 M dexamethasone after 48 h expo-
sure. Deletions resulting in promoter lengths of
2.4 and 1.7 Kb demonstrated decreases similar
to that observed with the intact 3.6 Kb rat pro
al(I) collagen promoter (Fig. 5). Two separate
cell stable lines were examined for each deletion
construct. The 3.6 Kb promoter length re-
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Fig. 3. Time course response of proal(l) collagen promoter
activity in stable FRS fibroblasts to dexamethasone. Two stable
lines of FRS fibroblasts transfected with ColCat 3.6 were exam-
ined for dexamethasone responsiveness after varying exposure
times. Cells were grown to mid-late log phase and then exposed
to 10~ M dexamethasone. Control cells and dexamethasone
treated cells were collected after 24, 48, 72, 96, and 120 h. Cell
lysates were assayed for CAT activity. Values expressed as
percent of control values are all the mean of at least 3 separate
dishes. O, Neo B; @, Neo D.

sponded to 108 M dexamethasone by a 52-50%
decrease in promoter activity. The 2.4 Kb pro-
moter length demonstrated a 52-55% decrease
in activity in the presence of dexamethasone and
the 1.7 Kb promoter length decreased activity to
52-59% of control values (Fig. 5). Contrasted
with the longer deletion constructs, the 0.9 Kb
length promoter construct demonstrated a dra-
matic 84-90% decrease in activity in the pres-
ence of 10-¢ M dexamethasone. In the 0.9 Kb
construct the GRE may be either more effi-
ciently accessible to transacting factors result-
ing in the almost complete abolishment of pro-
moter activity in the presence of dexamethasone,
or the greater inhibition may be due to the low
level of basal CAT activity of the 0.9 Kb con-
struct. Examination of the sequence of the rat
pro al(I) collagen promoter reveals a consensus
GRE from —655 to —650 (Figure 1A), which
would react with the glucocorticoid receptor.
The presence of the GRE between —655 and
—650 has previously been determined [Lichtler
et al.,, 1989]. We did not assay chimeric pro-
moter deletion constructs shorter than —900 bp
since their basal activity was too low, which
made glucocorticoid-mediated depression of col-
lagen gene expression difficult to measure.

Competition of Synthetic dsGRE for the Pro a1(l)
Collagen Promoter

The dexamethasone-induced decrease in pro
al(I) collagen promoter activity of the whole
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Fig. 4. Dose-response relationship of pro a1(l) collagen pro-
moter activity to dexamethasone concentration in stable FRS
fibroblasts. Stable FRS fibroblasts transfected with ColCat 3.6
were examined for dose dependence to dexamethasone. Cells
were grown to mid-late log phase then exposed to 107¢, 1077,
1078, 1079, and 1079 M dexamethasone for 48 h. Cell lysates
were assayed for CAT activity which is expressed as cpm per pg
protein. *Significantly different from control values at P < 0.05.
Values represent the mean of 3—4 separate dishes = S.D.
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Fig. 5. Effect of dexamethasone on pro al1(l) collagen pro-
moter activity and deletion mutants in stable FRS fibroblasts.
Stable FRS fibroblast lines were established for cells transfected
with CAT constructs containing varying lengths of the pro a1(l)
collagen promoter. Cells were grown to mid-late log phase and
then exposed to 10~® M dexamethasone for 48 h. Cell lysates
were assayed for CAT activity. Values represent the average of
2-4 separate dishes. B and £ represent different stable cell
lines transfected with the same construct.

plasmid was challenged with competitive oligo-
nucleotides comprising the canonical GRE se-
quence (AGAACA) (Fig. 6). These experiments
were performed at two different concentrations
of oligonucleotide, 10 pg/dish and 25 pg/dish,
and at two different concentrations of dexa-
methasone, 1076 and 10-7 M, for 48 h of expo-
sure. Similar results were observed for both sets
of conditions. When 10 pg/dish dsGRE were
used to compete with ColCat 3.6 for the 10-¢ M
dexamethasone effect, the decrease in pro al(I)
collagen promoter activity was observed to be
80% compared to the control (no dexametha-
sone but containing competing dsGRE) (Fig.
6A). Similarly, in Figure 6B, when 25 pg/dish of
dsGRE was used to compete in cells exposed to
1077 M dexamethasone, a decrease in pro a1(I)
collagen promoter activity of 64% was observed
compared to the dsGRE competed controls.
These results indicate that competition for the
GRE may not be sufficient to interfere with the
dexamethasone-induced decrease in pro ol(I)
collagen promoter activity of the whole ColCat
3.6 plasmid.

Effect of Dexamethasone on Pro a1(1) Collagen
Promoter Containing a Mutated GRE

Since the competitive oligonucleotide may not
have gotten to the correct nuclear location and
these experiments gave negative results, we next
performed a more direct experiment and mu-

tated the GRE in the whole ColCat 3.6 plasmid.
Site-specific mutagenesis of the pro al(I) colia-
gen promoter was affected by replacement of the
sequence AGAACA (—655 to —650) with the
hexamer GGGCCC. The mutagenized construct
was then co-transfected with pSV2neo into FRS
cells and selected as described in Materials and
Methods. Two cell lines harboring the mutant
plasmid were selected (Fig. 7). Both of the cell
lines, mutants-Neo A and -Neo B, were exam-
ined for the effect of exposure to dexametha-
sone. At 10~ M dexamethasone for 48 h, in both
cell lines the proal(I) collagen promoter re-
sponded similarly, demonstrating decreased pro-
moter activity compared to control values of
61% for Neo A and 68% for Neo B (Fig. 7), which
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Fig. 6. Competitive dsGRE (hexamer) does not alter the dexa-
methasone-induced decrease in pro a1(l) collagen promoter
activity. Stable FRS fibroblasts were transfected with dsGRE
oligomers (plus oligo, on the right side of the figure). in A, cells
were transfected with 10 pg/dish dsGRE and exposed to 10-°
M dexamethasone for 48 h. In B, cells were transfected with 25
ug/dish and exposed to 1077 M dexamethasone for 48 h. Cell
lysates were assayed for CAT activity, which is normalized as
cpm per pg protein. no oligo = no added dsGRE; plus oligo =
added dsGRE, O = control cell cultures, 3 = dexamethasone
exposed cell cultures. *Significantly different from respective
control values at P < 0.01. Values represent the mean of 3-5
separate dishes + S.D.
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Fig. 7. Site-specific mutation in the GRE alone does not alter
the dexamethasone-induced decrease in pro al(l) collagen
promoter activity. Stable FRS fibroblast lines were established
for cells harboring CAT constructs containing specific muta-
tions in the GRE sequence (from AGAACA to GGGCCC) of the
pro «1(l) collagen promoter. After stable selection, two sepa-
rate cell lines, Neo A and Neo B, were grown to late log phase
and then exposed to 10~% M dexamethasone for 48 h. The cell
lysates were assayed for CAT activity which was normalized as
cpm per pg protein. (J = control cell cultures; N = dexametha-
sone exposed cell cultures. *Significantly different from control
values at P < 0.07. Values represent the mean of 4 separate
dishes = S.D.

confirms the results of the competitive GRE
oligonucleotide experiments.

The Effect of Dexamethasone on TGF-g

The negative results obtained in the competi-
tive oligonucleotide transfection experiments in
Figure 6 and the GRE mutagenesis studies in
Figure 7 may be explained by a glucocorticoid
mediated down regulated element preceding the
GRE at —650 to —655. Since Ritzenthaler et al.
[1991] demonstrated that TGF-B treatment of
fibroblasts transiently transfected with the 3.6
ColCat plasmid resulted in an increase of CAT
activity, we focused our attention on the TGF-B
element (a-TAE) located at —1,628 bp upstream
from the start site of transcription. The TGF-B
element is required for CAT activity of FRS
fibroblasts when transfected with the 3.6 ColCat
plasmid. When cells were transfected with the
3.6 ColCat plasmid containing the mutated
TGF-B element, basal CAT activity was de-
creased in the mutated plasmid by tenfold (data
not shown). When both the GRE and TGF-B
elements were mutated in the same plasmid,
basal CAT activity was also tenfold lower. How-
ever, dexamethasone treatment significantly low-
ered CAT activity in the mutated plasmids (data
not shown). These results may have been ob-

tained since we are looking at a down regulation
of gene expression.

Dexamethasone treatment of nontransfected
skin fibroblasts resulted in a decrease of TGF-B
secreted into the media (Fig. 8), although the
dose curve of reduction of TGF- secretion does
not correlate with the inhibition of CAT activity.
This may be because a saturating effect may
have been obtained, since the glucocorticoid dose
response study was done on stably transfected
FRS fibroblasts, whereas the glucocorticoid dose
response on TGF-B secretion was done on non-
transfected FRS fibroblasts to more closely
mimic what would occur in vivo. The amount of
TGF-B in the media is relatively low. This is
because the FRS fibroblasts were grown up in
serum containing media, washed twice with
DMEM and dosed with glucocorticoid in 0.1%
BSA/DMEM.

The effect of dexamethasone, TGF-B, and
dexamethasone plus TGF-B on CAT activity of
rat skin fibroblasts was determined (Fig. 9).
TGF-8 treatment alone caused a 1.8-fold in-
crease in CAT activity. In a previous study using
fibroblasts, TGF-B treatment alone resulted in
about a twofold increase in CAT activity [Jime-
nez et al., 1994]. In addition, TGF-R blocked the
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Fig. 8. FRS fibroblasts were tested for the effect of dexametha-
sone on the TGF-B protein secreted into the media of cell
cultures. Cells were grown to mid-late log phase in 100 x 20
mm dishes. The cells were washed twice with Dulbecco’s
modified Eagle’s medium (DMEM). 0.1% BSA/DMEM contain-
ing dexamethasone at the final concentrations of 1 X 1077 M,
1 X 1078M, or 1 x 1072 M was added to the cells for 48 h. The
media was removed from the dishes, filter sterilized, and stored
at —20°C. TGF-B protein was assayed in acid-activated media
by measuring the inhibition of growth of Mv1Lu mink lung
epithelial cells [Kelley et al., 1993]. *Significantly different from
contro! values at P < 0.01. Values represent the mean of 4
separate dishes + S.D.
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Fig. 9. Effect of dexamethasone, TGF-B and dexamethasone
plus TGF-B on the pro a1(l) collagen promoter activity in stable
FRS fibroblasts. Stable FRS fibroblasts transfected with ColCat
3.6 were examined for responsiveness to dexamethasone,
TGF-B, and dexamethasone plus TGF-B. Cells were grown to
mid-late log phase and washed twice with AIM-V medium. The
cells were then treated with either 107% M dexamethasone, 2.5
ng/ml TGF-B1, or 107 M dexamethasone plus 2.5 ng/ml
TGF-81 in AIM-V medium for 48 h. Control cells and cells
treated with dexamethasone received the vehicle (4 mM HCl
with 1 mg/ml bovine serum albumin) used to dissolve TGF-B.
Cell lysates were assayed for CAT activity which is expressed as
cpm per ug protein. *Significantly different form control values
at P < 0.01. Values represent the mean 3—4 separate dishes +
S.D.

dexamethasone-mediated decrease of CAT activ-
ity.

To test our hypothesis concerning glucocorti-
coid-mediated decreased signal transduction, we
used the gel mobility shift assay to study the
binding of nuclear proteins, isolated from dexa-
methasone, TGF-B, and dexamethasone plus
TGF-B treated rat skin fibroblasts, to the GRE
and TGF-B elements (Figs. 10 and 11). The A
and B panels represent two different experi-
ments. As can be seen, dexamethasone de-
creased the glucocorticoid receptor binding to
the GRE at 48 h (Fig. 10) and decreased the
amount of TGF-B activator protein binding to
the TGF-B element (Fig. 11). The amount of
TGF-B activator protein bound to the TGF-B
element was increased in TGF-f treated cul-
tures and brought back to control value by con-
comitant dexamethasone treatment. We pro-
pose that there is less TGF-B secreted by the
dexamethasone-treated cells into the media
[Shull et al., 1995] to react with cell membrane
receptors resulting in decreased signal transduc-
tion and decreased DNA binding proteins to
react with TGF-B elements in the 5’ flanking
region of the proal(I) collagen gene. Dexametha-

sone treatment decreased the amount of gluco-
corticoid receptor bound to the GRE, while the
amount bound was increased in TGF-B treated
cultures and brought back to control value in
cell cultures treated with dexamethasone plus
TGF-B (Fig. 10). Thus, glucocorticoids decrease
proal(I) collagen gene expression through both
the GRE and TGF-B element.

DISCUSSION

Since the 1960s glucocorticoids have been
shown to decrease collagen synthesis [Cutroneo
et al., 1986]. A site of regulation of Type I
collagen synthesis by these steroid hormones is
the modulation of procollagen gene expression.
We previously demonstrated using several sta-
bly transfected mouse skin fibroblasts that glu-
cocorticoids decrease proo2(I) procollagen pro-
moter activity [Perez et al., 1992]. Presently we
focused on glucocorticoid regulation of pro-
moter activity of the proal(I) collagen gene and
the cis-elements in a segment of the 5’ flanking
region required for the glucocorticoid-mediated
down regulation of collagen synthesis.

The dependence of constitutive transcription
of type I procollagen genes on continued protein
synthesis suggests the existence of nuclear regu-
latory sequence-specific protein factor(s) [Cock-
ayne and Cutroneo, 1988]. Accordingly, the pre-
sent studies were initiated to identify DNA
sequences of regulatory function involved in the
dexamethasone receptor-mediated down regula-
tion of proal(I) collagen gene expression. The
classically accepted sequence of events in steroid
hormone regulation of gene expression involves
association of glucocorticoid with the glucocorti-
coid receptor. This complex is then activated,
localized in the nucleus, and associated with a
glucocorticoid response element to elicit an up
regulation or a down regulation of gene expres-
sion. Using an agonist and antagonists our labo-
ratory has previously demonstrated that the
glucocorticoid-mediated down regulation of pro-
collagen synthesis is at least in part a receptor
mediated process [Cockayne et al., 1986].

One attractive model of down regulation sug-
gests that the binding of the glucocorticoid recep-
tor to a specific binding DNA sequence (GRE)
adjacent to hormone responsive regulators is
required [Diamond et al., 1990]. This model also
involves protein-protein interaction between the
glucocorticoid receptor complex and the het-
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Fig. 10. Effect of dexamethasone, TGF-B, and dexamethasone
plus TGF-B on GR bound to the GRE. FRS fibroblasts were
treated with either 10~ M dexamethasone, 5.0 ng/ml TGF-B1,
or 107 M dexamethasone plus 5.0 ng/m} TGF-B1 for 48 h.
32p.end labeled double-stranded oligonucleotide (8 x 10°-
1 x 10% cpm/pm) containing the GRE sequence (5'-AGAACA)
was incubated with 10 pug of nuclear protein extract and 1.5 pg
of poly d(I-C) in buffer described in Materials and Methods in a

erodimer c-Fos and C-Jun. Binding of the het-
erodimer c-Fos and/or c-Jun to the AP-1 site
adjacent to an active GRE serves as a selector
for the positive or negative transcriptional modu-
lation imparted by the binding of the hormone
receptor complex. Thus this model of glucocorti-
coid regulation requires both receptor DNA bind-
ing by the glucocorticoid receptor and nonrecep-
tor protein factors. However, in the computer
sequence analysis of the 3.6 Kb from the start
site of transcription in the proal(I) collagen
gene, no AP-1 nor modified AP-1 sites were
identified in this 5’ flanking region adjacent to
the GRE.

The ability of dexamethasone to decrease the
binding of glucocorticoid receptor to the GRE in
FRS fibroblasts at 48 h after dexamethasone
treatment is compatible with findings in the
literature which indicate a down regulation of
the glucocorticoid receptor in corticosteroid
treated cells and tissues. Oikarinen et al. [1987]

total volume of 20 pl. Reaction mixtures were incubated for 30
min at room temperature and separated on 6% polyacrylamide
gels (19:1 acrylamide to bisacrylamide) in 0.25 x TBE buffer for
4hat 100 V. Gels were air-dried and exposed to X-ray film. The
X-ray film was scanned and the areas under the peaks were
quantitated using a Shimadzu dual-wavelength FLC scanner,
model CS-930 (Shimadzu Corp., Kyoto, Japan). A and B repre-
sent data from two different experiments.

demonstrated a down regulation of radiolabeled
corticosteroid binding to glucocorticoid recep-
tors in dexamethasone-treated human skin fibro-
blasts. Glucocortoids have also been shown to
decrease collagen synthesis [Russell et al., 1978;
Ponecet al., 1979] and type I procollagen mRNAs
[Oikarinen et al., 1983; Russell et al., 1989] in
human skin fibroblasts. Glucocorticoid treat-
ment has been reported to cause a decrease in
glucocorticoid receptor concentration in many
tissues and cell lines while adrenalectomy causes
an up regulation of glucocorticoid receptor con-
centration [Okret et al., 1991; Burnstein and
Cidlowski, 1992].

In our present studies we have identified a
non-GRE containing DNA element, the TGF-8
element as functional in the dexamethasone-
mediated down regulation of proal(l) collagen
gene expression. We propose that the glucocorti-
coid-mediated regulation of the proal(I) colla-
gen gene is directed by DNA binding proteins
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Fig. 11. Effect of dexamethasone, TGF-B, and dexamethasone
plus TGF-B on nuclear protein bound to the TGF-§ activating
element. FRS fibroblasts were treated with either 1076 M dexa-
methasone, 5.0 ng/ml TGF-B1, or 10 M dexamethasone plus
5.0 ng/ml TGF-B1 for 48 h. 32P-end labeled double-stranded
oligonucleotide (8 X 10°-1 x 10° cpm/pm) containing the
TGF-B element sequence (5’-TGC CCACG GCCAG) was incu-
bated with 10 pg of nuclear protein extract and 1.5 ug of poly
d(-C) in buffer described in Materials and Methods in a total

acting through both the GRE and TGF-8 regula-
tory elements. Ritzenthaler et al. {1993] demon-
strated that TGF-B treatment of lung fibro-
blasts transfected with the ColCat 3.6 plasmid
increased CAT activity with a coordinated in-
crease of TGF-B activator protein bound to the
TGF-B element. The possibility exists that this
regulation involves a secondary effect on the
synthesis, degradation, and/or modification of
these DNA binding proteins. This remains as an
unknown in the molecular mechanism of the
glucocorticoid-mediated down regulation of
proal(I) collagen gene expression. We postulate
that the involvement of the TGF-B response
element as well as the GRE in the regulation of
the proal(I) collagen gene elucidates a novel
mechanism of glucocorticoid regulation of eu-
karyotic genes. This finding requires computer
sequence analysis for TGF-B elements in these
genes. In addition, one should determine the
ability of glucocorticoids to decrease the secre-

55% 300%

112%

volume of 20 ul. Reaction mixtures were incubated for 30 min
at room temperature and separated on 6% polyacrylamide gels
(19:1 acrylamide to bisacrylamide) in 0.25 x TBE buffer for 4 h
at 100 V. Gels were air-dried and exposed to X-ray film. The
X-ray film was scanned and the areas under the peaks were
quantitated using a Shimadzu dual-wavelength FLC scanner,
model CS-930 (Shimadzu Corp., Kyoto, Japan). A and B repre-
sent two different experiments.

tion of TGF-B in the glucocorticoid responsive
cells.
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