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Glucocorticoids are potent anti-inflammatory agents widely used in the treatment of human disease. We have
previously shown that the inflammatory cytokine monocyte chemoattractant protein 1 (MCP-1) is regulated
posttranscriptionally by glucocorticoids in arterial smooth muscle cells (SMC). To elucidate the mechanism
mediating this effect, in vitro-transcribed radiolabeled MCP-1 mRNA was incubated with cytoplasmic extracts
from SMC and analyzed by gel electrophoresis. Extracts from SMC treated with platelet-derived growth factor
(PDGF) did not degrade the transcripts for up to 3 h. In contrast, extracts from cells treated with 1 mM
dexamethasone (Dex) alone or in combination with PDGF degraded the probe with a half-life of '15 min. Dex
had maximal effect at concentrations above 0.01 mM and was effective on both rat and human MCP-1
transcripts. By deletion analysis, the Dex-sensitive region of the MCP-1 mRNA was localized to the initial 224
nucleotides (nt) at the 5* end and did not involve an AU-rich sequence in the 3* untranslated end. The 224-nt
region conferred Dex sensitivity to heterologous mRNA. These studies provide new insights into the molecular
mechanisms underlying the effect of glucocorticoids on gene expression.

Glucocorticoids are potent anti-inflammatory agents used to
treat a wide variety of diseases. While considerable informa-
tion is available on the cellular events mediating glucocorticoid
activity (reviewed in references 4 and 8), the mechanisms in-
volved in their anti-inflammatory effects remain to be fully
elucidated. One component of the inflammatory response of
particular importance in the arterial wall is the recruitment and
adhesion of monocytes/macrophages to sites of inflammation
and injury. Macrophages are the primary source of cholesterol-
rich foam cells seen throughout the atherosclerotic plaque (20,
24, 28). Macrophages also produce a variety of cytokines and
growth factors (15), which may stimulate a proliferative and
migratory response at sites of injury. Macrophages are phago-
cytic and produce metalloproteinases, which degrade extracel-
lular matrix proteins; these may play a role in destabilizing the
atherosclerotic plaque or facilitating cellular migration (23, 30,
42). Finally, macrophages are an important source of tissue
factor (32, 51, 63), the initiator of coagulation, and thus may
play an important role in mediating plaque thrombosis.

Long-term glucocorticoid treatment has been reported to
decrease macrophage accumulation and plaque size during the
development of atherosclerosis (38). We have recently shown
that dexamethasone (Dex) markedly inhibited the accumula-
tion of macrophages and the development of intimal hyperpla-
sia in the femoral arteries of cholesterol-fed, balloon-injured
rabbits (47a). In addition, treatment of rat aortic smooth mus-
cle cells (SMC) with Dex completely blocked the growth fac-
tor-mediated accumulation of monocyte chemotactic activity
in the culture medium (48).

Monocyte chemoattractant protein 1 (MCP-1) is a low-mo-
lecular-weight cytokine secreted by endothelial cells (53), vas-
cular SMC (65), monocytes/macrophages (70), and fibroblasts
(59). MCP-1 is active as a chemoattractant at subnanomolar
concentrations (22, 69). MCP-1 and its rodent analog, JE (16,

52), are not normally present in the arterial media or intima
but have been found in human, primate and rabbit atheroscle-
rotic plaques (16, 40, 60, 68, 71). In addition, MCP-1 mRNA is
induced in the media within hours of experimental rodent
balloon arterial injury (62). Recent data have demonstrated
that despite the large number of agents capable of attracting
monocytes, MCP-1 may be the only monocyte chemoattractant
induced in cultured SMC by platelet-derived growth factor
(PDGF) and minimally modified low-density lipoprotein (17,
48). MCP-1 may thus play a key role in attracting monocytes/
macrophages to the developing atherosclerotic plaque and to
sites of acute arterial injury. MCP-1 may also play a role in
attracting monocytes/macrophages to other sites of inflamma-
tion, such as alveolar epithelial cells, inflammatory synovium,
and meningioma (25, 45, 56).

Glucocorticoids have been shown to be inhibitors of MCP-1
synthesis in a variety of cell types (26, 27, 34, 37, 45, 48, 49). We
previously showed that MCP-1 mRNA, protein, and activity
were rapidly induced in cultured rat aortic SMC by PDGF and
serum and in rat and rabbit aortas in response to balloon
arterial injury (48, 62). The effect of PDGF and serum on
MCP-1 mRNA levels was due to increases in both transcrip-
tion and mRNA stability (7, 62). Dex, at doses as low as 0.01
mM, completely blocked the serum- or PDGF-induced accu-
mulation of MCP-1 mRNA (49) and the secretion of monocyte
chemotactic activity (48) by rat aortic SMC. This effect was
seen with other glucocorticoids but not with mineralicorticoids,
estrogen, progesterone, or testosterone. Reports from other
laboratories have also demonstrated a profound effect of glu-
cocorticoids on MCP-1 expression in human fibrosarcoma cells
(37), 3T3 cells (27), alveolar epithelial cells (45), and human
eosinophils (34). In addition, methyl prednisolone blocked the
induction of MCP-1 expression in a rat model of renal isch-
emia (49).

The effect of Dex on MCP-1 mRNA accumulation in rat
aortic SMC was due predominantly to a decrease in mRNA
stability and not to changes in MCP-1 transcription (49). Thus,
Dex reduced the half-life (t1/2) of MCP-1 mRNA in the pres-
ence of PDGF or serum from '3 h to '30 min (49). We have
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now used in vitro RNA decay assays and SMC transfections to
elucidate further the mechanism underlying the effect of Dex
on MCP-1 mRNA stability. We report the identification of a
novel Dex-sensitive region on the 59 end of the rat MCP-1
mRNA. This region also confers Dex sensitivity to heterolo-
gous mRNA. These studies provide new insights into the mo-
lecular mechanisms underlying the effect of glucocorticoids on
gene expression.

MATERIALS AND METHODS

Cell culture. Rat aortic SMC were isolated from the thoracic aortas of 200- to
300-g male Sprague-Dawley rats by enzymatic dissociation as previously de-
scribed (49). Passages 5 to 17 were used for all experiments. Human pulmonary
fibroblasts (catalog no. FHS 738) were obtained from the American Type Cul-
ture Collection (Baltimore, Md.). Cells were cultured at 37°C in 5% CO2 in
Dulbecco modified Eagle medium (DMEM; Gibco Laboratories, Gaithersburg,
Md.) supplemented with 10% heat-inactivated bovine serum. All experiments
were performed at confluence ('2 3 106 cells per 100-mm-diameter dish), 36 h
after addition of fresh medium.

In vitro transcription. MCP-1 constructs were generated by PCR using the
full-length rat MCP-1 cDNA (GenBank accession no. AF058786) as the tem-
plate. All constructs were verified by sequencing. The full-length human MCP-1
cDNA (29) cloned into the polylinker sites (HindIII and XbaI) of the pBluescript
vector (Stratagene, La Jolla, Calif.) was the generous gift of Joan Berman
(Albert Einstein School of Medicine, New York, N.Y.). Linearized templates
were transcribed in vitro with T3 RNA polymerase (Boehringer Mannheim,
Indianapolis, Ind.) in the presence of [a-32P]UTP (800 Ci/mmol; New England
Nuclear, Boston, Mass.). Capped transcripts were generated by using a 4:1 ratio
of m7G59pppG (Boehringer Mannheim) to GTP. To generate polyadenylated
MCP-1 RNA, synthetic poly(A-T) 30-mers were inserted at the 39 end of the
full-length MCP-1 cDNA. In vitro-transcribed tissue factor mRNA was gener-
ated from the full-length 1.6-kb rat cDNA (GenBank accession no. U07619). A
290-nucleotide (nt) fragment of pBluescript mRNA was in vitro transcribed from
the T3 promoter (base 791) to the PvuI site (base 502) of linearized pBluescript
KS (1/2) (Stratagene). Probes were purified on 4% polyacrylamide gels.

Preparation of cytosolic (S-100) extracts. All procedures were performed at
4°C. Five 70% confluent plates of SMC were washed once with 5 ml of ice-cold
phosphate-buffered saline (PBS) and scraped with a rubber policeman into 1.5
ml of PBS. The cells were spun at 500 3 g for 10 min. The pellet was resuspended
(5 3 107 cells per ml) in 10 mM Tris-Cl (pH 7.4)–10 mM KCl–1.5 mM MgCl2–0.5
mM dithiothreitol (DTT) and lysed with 20 strokes in a Dounce homogenizer
(pestle B). The homogenate was adjusted to 100 mM KCl–1.5 mM MgCl2–10
mM Tris HCl (pH 7.4)–0.5 mM phenylmethylsulfonyl fluoride–0.5 mM DTT.
The nuclei were separated by centrifugation at 14,000 3 g for 2 min. The
remaining cytoplasmic lysates (S-100 extracts) were centrifuged at 100,000 3 g
for 1 h at 4°C, and the supernatant stored at 280°C. Nuclear lysates were
obtained by lysing the nuclei with 20 strokes in a Dounce homogenizer (pestle
A). Protein concentrations of cytoplasmic or nuclear extracts were determined by
the Bradford protein assay (Bio-Rad) (66). In general, cytoplasmic extracts had
a final concentration of 250 to 500 ng/ml.

In vitro RNA decay assays. Immediately before use, extracts were thawed and
diluted to a final concentration of 0.2 mg/ml in 100 mM KCl–1.5 mM MgCl2–10
mM Tris HCl (pH 7.4)–0.5 mM phenylmethylsulfonyl fluoride–0.5 mM DTT.
Duplicate 10-ml aliquots were incubated at 24°C with 1 ml of radiolabeled MCP-1
and pBluescript probes ('5,000 cpm/ml). At the times indicated in the figures (30
min for most experiments), 0.5 ml of heparin (4 mg/ml, final concentration) and
1 ml of loading buffer (0.4% bromophenol blue, 0.4% xylene cyanol, and 50%
glycerol in water) were added. The samples were loaded onto 4% native poly-
acrylamide gels and subjected to polyacrylamide gel electrophoresis (PAGE) for
2.5 h at 30 mA in 200 mM morpholinepropanesulfonic acid–100 mM Na acetate
(pH 7.2). In some experiments, at the end of the incubation, samples were
extracted with phenol, ethanol precipitated, and run on 4% denaturing gels
containing 7 M urea. Gels were then exposed to X-Omat film. To quantify levels
of RNA expression, autoradiograms were scanned in two dimensions with an
Epson scanner. Densitometry, using 256 gray scales, was performed on a Macin-
tosh 8500 computer using Image 2.0 software (developed by Wayne Rasband,
National Institutes of Health). Densities are expressed as percentages of the
density measured in the lane containing untreated probe (i.e., probe not exposed
to extracts).

SMC transfections. An ecdysone-inducible expression system (Invitrogen Cor-
poration, San Diego, Calif.) was used to generate SMC-expressing wild-type and
truncated MCP-1. This system has previously been shown to be insensitive to Dex
(43). SMC were initially transfected with the pVgRXR vector, which encodes the
receptor subunit for pronesterone. Stable lines were selected with Zeocin. Con-
structs were ligated into the pIND vector, which contains five modified ecdysone
response elements upstream of a minimal heat shock promoter. A stable line of
retinoid X receptor-expressing SMC was transfected with these constructs (2 mg)
by using an Effectene transfection kit (Qiagen Inc., Valencia, Calif.). To nor-
malize for transfection efficiency, cells were cotransfected with the pXP2 lucif-

erase reporter construct (150 ng) driven by the Dex-insensitive cytomegalovirus
promoter (44). Four hours after transfection, cells were washed and incubated
for 24 h in fresh DMEM containing 10% serum and 10 mM pronesterone and
then incubated overnight in serum-free DMEM and fresh pronesterone. Cells
were subsequently treated with 1 mM Dex in DMEM and pronesterone for 3 h
or left in DMEM and pronesterone without Dex. As controls for the efficacy of
pronesterone treatment, some SMC were transfected for 4 h, incubated for 24 h
in DMEM–10% serum without pronesterone, incubated overnight in DMEM
alone, and then harvested. Expression of transcripts was analyzed by reverse
transcriptase (RT) PCR (RT-PCR).

RT-PCR. Total RNA was isolated from SMC grown on 100-mm-diameter
plates, using an RNeasy Mini Kit (Qiagen). All RNA was treated for 15 min at
37°C with 200 U of RNase-free DNase I (Boehringer Mannheim) per ml. The
integrity of the RNA was verified by electrophoresis on denaturing agarose gels.
Prior to RT-PCR, all samples were tested for DNA contamination by performing
PCR, in the absence of RT, with the primers indicated below. Only samples that
were negative by PCR were used for the RT-PCR experiments. RT-PCR was
performed by using the Superscript One-Step RT-PCR system (Life Technolo-
gies, Inc, Rockville, Md.) according to the manufacturer’s protocol. The 50-ml
reaction mixture contained 0.5 mg of total RNA, 0.2 mM antisense primer,
corresponding to a T7 site in the vector (59 GTAATACGACTCACTCACTAT
AGGGC 39), and 0.2 mM sense primer (59 CCCAAGCTTGCAGAGACACAG
ACAGAGG 39), containing a HindIII site and nt 1 to 19 of the rat JE mRNA
(Genbank accession no. AF058786). These primer pairs amplified all MCP-1
constructs but did not amplify native MCP-1 mRNA. As an additional control for
transfection efficiency, RT-PCR mixtures contained a second set of primers
spanning a 501-bp segment of the neomycin resistance gene, corresponding to nt
1801 to 2302 of the pIND vector (sense, 59 AATCGGCTGCTCTGATGCC;
antisense, 59 ATTCGGCAAGCAGGCATCG). The neomycin resistance gene is
driven by the pronesterone-insensitive simian virus 40 promoter. The mixture
was heated to 53°C for 30 min and denatured at 94°C for 2 min. This was
followed by 35 cycles consisting of 30 s at 94°C, 1 min at 60°C, and 1 min at 72°C
and 1 cycle of final extension at 72°C. RT-PCR products were examined on 2%
agarose gels.

Luciferase assay. SMC were washed twice at 25°C with PBS, lysed in luciferase
cell culture lysis reagent (Promega, Madison, Wis.), and assayed for luciferase
activity in a BioOrbit 1251 luminometer (Wallac, Gaithersburg, Md.), using
luciferase assay reagent (Promega). For each construct tested, luciferase activity
in pronesterone-stimulated cells (Dex treated or untreated) was normalized to
the activity in unstimulated cells. Experiments were performed on duplicate
plates and were repeated twice.

RESULTS

Cytoplasmic extracts from Dex-treated SMC reduce the t1/2
of MCP-1 mRNA. We have previously shown that Dex mark-
edly decreases the t1/2 of MCP-1 mRNA in cultured rat SMC.
To elucidate further the mechanism responsible for the effect
of Dex on MCP-1 mRNA stability, in vitro-transcribed 32P-
labeled mRNA was incubated with cytoplasmic extracts from
SMC and analyzed on native 4% polyacrylamide gels. Extracts
from SMC treated with PDGF BB (20 ng/ml) had no effect on
the intensity of the radiolabeled band after 30 min of incuba-
tion (Fig. 1a). In contrast, no radiolabeled band was detected
when the probe was incubated for 30 min with extracts from
cells treated with 1 mM Dex alone or in combination with
PDGF. Nuclear extracts had no effect on in vitro-transcribed
MCP-1 mRNA when incubated with the probe for up to 3 h
(data not shown). The effect of Dex treatment was maximal at
1028 M and was absent at 10211 M (Fig. 1b).

To better establish the rate of decay of the mRNA probe,
assays were performed at time points ranging from 5 to 30 min.
As shown in Fig. 2a (top panel), extracts from untreated SMC
and SMC treated with Dex caused a shift in the mobility of the
probe. Extracts from Dex-treated cells caused a greater shift
than those from untreated SMC, suggesting that different pro-
teins or different states of the same protein were bound under
the two conditions. Neither extract caused a shift or decay
when duplicate aliquots were incubated with in vitro-tran-
scribed pBluescript mRNA (Fig. 2a, bottom panel). Figure 2b
is a graphic representation of the t1/2 of the shifted complex
derived from triplicate experiments. In the presence of extracts
from quiescent SMC, the shifted complex had a t1/2 of '45
min. In contrast, the intensity of the shifted complex remained
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unchanged for 2 h in the presence of extracts from SMC
treated with 20 ng of PDGF per ml. Most significantly, extracts
from cells treated with 1 mM Dex alone or in combination with
PDGF (not shown) reduced the t1/2 of the complex to '15 min.

To verify that the loss of the radiolabeled band detected on
gel shifts was due to differences in the decay of the in vitro-
transcribed mRNA and not to Dex-mediated changes in pro-
tein binding, samples were also run on denaturing gels in the
presence of 7 M urea. As shown in Fig. 3, Dex-treated extracts
induced the rapid decay of radiolabeled MCP-1 mRNA. In
contrast, MCP-1 mRNA decayed at a much lower rate when
incubated with control extracts. The t1/2 of the Dex-mediated
decay derived from duplicate experiments was '8 min. At 20
min, differences in the intensities of the principal band gener-
ated with control and Dex-treated extracts were similar on
denaturing and nondenaturing gels.

Specificity of the Dex effect. To examine the specificity of the
RNA-destabilizing effect, extracts from Dex-treated SMC were
incubated with in vitro-transcribed tissue factor mRNA. Like
MCP-1, tissue factor acts as an immediate-early gene in rat
aortic SMC (61). In contrast to their effect on MCP-1 mRNA,
Dex-treated SMC extracts did not degrade tissue factor mRNA
and may have stabilized the mRNA relative to extracts from
untreated SMC (Fig. 4a). Cytoplasmic extracts from SMC
treated with 10 mM estrogen, progesterone, or fludrocortisone
had no effect on MCP-1 mRNA decay (Fig. 4b). This result
supports previous findings in SMC culture demonstrating that
the inhibition of MCP-1 mRNA accumulation was glucocorti-
coid specific (49). Cytoplasmic extracts from Dex-treated nor-
mal human pulmonary fibroblasts rapidly degraded transcribed
human MCP-1 mRNA, suggesting that the Dex effect is not
species specific and not limited to SMC (Fig. 4c). Extracts from
Dex-treated human fibroblasts also efficiently degraded rat
MCP-1 mRNA (Fig. 4c); in addition, those from rat SMC
degraded human MCP-1 mRNA (Fig. 4d). This finding sug-

gests that the degrading activity is not species specific and is
conserved in evolution.

The effect of Dex on MCP-1 mRNA decay does not require
de novo protein and RNA synthesis. To determine whether the
decrease in MCP-1 mRNA stability involved a direct effect of
Dex on mRNA, decay assays were performed in which Dex (1
mM) was added directly to a reaction mixture containing in
vitro-transcribed MCP-1 mRNA and extracts from PDGF-
treated cells (Fig. 5a). The addition of Dex did not alter
MCP-1 mRNA t1/2, suggesting that the destabilizing effect was
secondary to the actions of Dex on SMC and likely due to the
activation and/or synthesis of a trans-acting cytoplasmic factor.
Dex also had no effect when added to in vitro-transcribed
MCP-1 mRNA in the reaction buffer in the absence of cellular
extracts (not shown), demonstrating that the preparation did
not contain contaminating nucleases. Addition of proteinase K
(2 mg/ml) to extracts from Dex-treated cells abolished the
effect on MCP-1 mRNA stability, as did heating the extracts at
95°C for 10 min (Fig. 5b). These results suggest further that the

FIG. 1. Dex mediated decay of MCP-1 mRNA in rat aortic SMC. (a) Cyto-
plasmic (S-100) extracts were isolated from SMC treated for 3 h with 1 mM Dex
(Dex), 20 ng of PDGF BB (BB) per ml, or both (Dex/BB). 32P-labeled, in
vitro-transcribed, full-length MCP-1 mRNA (Probe) was incubated with extracts
for the times indicated and then analyzed by PAGE. (b) Cytoplasmic extracts
were isolated from SMC treated for 3 h with various concentrations (from 10213

to 1026 M) of Dex. 32P-labeled, in vitro-transcribed, full-length MCP-1 mRNA
(Probe) was incubated with extracts for 30 min and then analyzed by PAGE.

FIG. 2. Rate of in vitro MCP-1 mRNA decay in nondenaturing gels. (a) SMC
were incubated for 36 h with DMEM–10% serum and then treated for 3 h with
1 mM Dex (D) or left untreated (C). Cytoplasmic extracts were incubated with
the radiolabeled MCP-1 probe or with a radiolabeled p-Bluescript (p-Bs) mRNA
fragment for the times indicated. (b) MCP-1 mRNA decay curves generated with
cytoplasmic extracts from untreated SMC (Con), SMC treated with Dex (Dex),
and SMC treated with PDGF BB (BB). PAGE was performed as shown in panel
a. Gels were analyzed by densitometry. Curves represent the average 6 standard
error of the mean of triplicate experiments.
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effect of Dex on MCP-1 mRNA stability is mediated through a
cytosolic trans-acting protein.

To examine the effects of de novo protein and RNA synthe-
sis on the destabilizing activity in SMC extracts, cells were
incubated with actinomycin D (10 mM) or cycloheximide (10
mM) for 30 min prior to incubation with Dex (Fig. 5c). Neither
inhibitor had a significant effect on the mRNA-destabilizing
activity of Dex-treated SMC extracts, suggesting that the trans-
acting factor is constitutively expressed and stable.

Localization of the Dex-sensitive region to the 5* end of the
MCP-1 mRNA. The 59 cap and poly(A) tail have been found to
play an important role in regulating the stability of some
mRNAs (54). No significant differences in Dex-mediated
MCP-1 RNA decay were noted in the presence or absence of
a 59 cap or a 30-base poly(A) tail (Fig. 6). Only mRNAs
containing the initial 224 nt from the 59 end of the MCP-1
mRNA (Fig. 6, rows 1 to 4) retained sensitivity to Dex. mRNAs
comprising 190 nt (row 5) or 80 nt (not shown) from the 59 end
failed to retain Dex sensitivity. In addition, deletion of 80 nt
from the 59 end of a Dex-sensitive 320-nt fragment (row 9)
abolished its sensitivity to Dex-mediated RNA decay, as did
deletion of 64 nt (bases 81 to 145) from the middle of the
224-nt fragment (row 10). These results suggest that the entire
224-nt fragment may be necessary for Dex-mediated decay.
This may be due to the location of distinct binding and enzy-
matic sites at different ends of the 224-nt fragment. In addition,
a minimum number of bases may be required for the initiation
of RNase activity. All transcripts lacking the 59 end of the
MCP-1 mRNA (rows 6 to 8), including those containing puta-
tive AU-rich mRNA-destabilizing sequences in the 39 untrans-
lated region (UTR) (rows 6 and 8), were not responsive to
Dex. This finding suggests that the AU-rich sequences are not
involved in Dex-mediated decay of MCP-1 in vitro.

The Dex-sensitive region of the MCP-1 mRNA destabilizes
heterologous mRNA. To investigate further the properties of
the Dex-sensitive region of the MCP-1 mRNA, transcripts
were made from chimeric constructs containing MCP-1 cDNA
ligated to a 290-nt fragment of pBluescript DNA (Fig. 7).
Extracts from Dex-treated SMC had no effect on the t1/2 of the
290-nt pBluescript mRNA. However, chimeras of the 224-nt 59
Dex-sensitive MCP-1 fragment and the pBluescript RNA rap-
idly degraded in the presence of extracts from Dex-treated
SMC. The t1/2 of the chimeric mRNAs incubated with extracts
from Dex-treated SMC was similar to that observed for the

FIG. 3. In vitro MCP-1 mRNA decay in denaturing gels. Cytoplasmic ex-
tracts were isolated from untreated (Con) SMC (36 h after feeding with DMEM–
10% serum) or from SMC treated for 3 h with Dex (Dex) and incubated with the
radiolabeled MCP-1 probe for the times indicated (in minutes) and run on 4%
denaturing polyacrylamide gels containing 6 M urea. The entire length of the gel
is shown and is representative of three experiments.

FIG. 4. Specificity of Dex-mediated effects on mRNA stability. (a) In vitro-
transcribed, radiolabeled tissue factor (TF) and MCP-1 mRNAs (Probe) were
incubated together for 30 min with cytoplasmic extracts from untreated SMC
(Con) and SMC treated for 3 h with 1 mM Dex and analyzed by nondenaturing
PAGE as described for Fig. 3. (b) Radiolabeled MCP-1 mRNA was incubated
for 30 min with extracts from SMC treated for 3 h with 1 mM Dex, estrogen,
progesterone, or fludrocortisone. (c) Cytoplasmic extracts were isolated from
untreated normal human pulmonary fibroblasts (Con) or fibroblasts treated for
3 h with 1 mM Dex (Dex). 32P-labeled, in vitro-transcribed, full-length human
MCP-1 (hMCP-1) and rat JE (rJE) mRNAs were incubated with extracts for 30
min and then analyzed by nondenaturing PAGE. (d) Cytoplasmic extracts were
isolated from untreated rat SMC (Con) or SMC treated for 3 h with 1 mM Dex
(Dex). 32P-labeled, in vitro-transcribed human MCP-1 mRNA was incubated
with extracts for 30 min and then analyzed by PAGE. All gels are representative
of duplicate experiments.

FIG. 5. Dex-mediated effects on MCP-1 mRNA stability in SMC: cellular
mechanisms. (a) Radiolabeled MCP-1 mRNA (Probe) was incubated with 1 mM
Dex and cytoplasmic extract from PDGF-treated SMC. After 30 min, samples
were analyzed by nondenaturing PAGE. (b) Radiolabeled MCP-1 mRNA was
incubated for 3 h with cytoplasmic extracts from Dex-treated SMC (Dex). Ali-
quots of the same extract were treated for 30 min with 1 mg/ml proteinase K
(Dex 1 Prot K) or heated at 95°C for 10 min (Dex 1 Heat) prior to incubation
with the probe. (c) Radiolabeled MCP-1 or pBluescript (pBs) mRNA (Probe)
was incubated with extracts from SMC treated for 3 h with Dex alone (Dex) or
from SMC pretreated for 30 min with 10 mM actinomycin D (Act) or 10 mM
cycloheximide (Cyclo) and then subsequently treated for 3 h with Dex in the
presence of the same inhibitor. After 30 min, samples were analyzed by PAGE.
All gels are representative of duplicate experiments.

6474 POON ET AL. MOL. CELL. BIOL.



native MCP-1 mRNA. A chimeric transcript containing the 39
UTR of the MCP-1 mRNA failed to respond to Dex. These
data not only demonstrate the ability of the 224-nt 59 region of
the MCP-1 mRNA to convey Dex sensitivity to a heterologous
mRNA but provide further evidence that the AU-rich region
in the 39 untranslated end does not mediate the in vitro Dex
effect.

Analysis of Dex-sensitive mRNAs in transfected SMC. To
ascertain whether the Dex-sensitive region of the MCP-1
mRNA would retain its sensitivity in vivo, wild-type and trun-
cated MCP-1 constructs were transfected into SMC by using an
ecdysone-inducible expression system. This system responds to
ecdysone analogs, such as pronesterone, but is insensitive to
Dex (43). Two methods were used to control for transfection
efficiency. RT-PCR was performed with a second set of prim-
ers, corresponding to 501 bases of the neomycin resistance
gene located in the pIND vector. The neomycin gene is driven
by the pronesterone- and Dex-insensitive simian virus 40 pro-
moter. In addition, cells were cotransfected with the pXP2

luciferase reporter construct, also driven by a pronesterone-
and Dex-insensitive promoter. The relative luciferase activity
(normalized to the lane not treated with pronesterone) for
each construct used in the experiment is shown at the bottom
of Fig. 8.

Pronesterone induced accumulation of exogenous MCP-1
mRNAs (Fig. 8, lanes 2, 5, and 8). Dex (1 mM) treatment of
SMC transfected with the full-length MCP-1 construct resulted
in the elimination of exogenous mRNA (lane 9). Similarly, Dex
abolished the accumulation of mRNA in cells transfected with
a construct containing the 224-nt 59 Dex-sensitive region (lane

FIG. 6. In vitro decay analysis of truncated MCP-1 transcripts. MCP-1 mRNA was 32P-labeled by in vitro transcription from full-length or truncated rat MCP-1
cDNA constructs generated by PCR. In row 1, transcripts were also 59 capped (m7GpppN), and polyadenylated (AAAAAA). Cytoplasmic extracts from untreated SMC
(C) or SMC treated with Dex (D) for 3 h were incubated with the labeled transcripts for 30 min and then examined by nondenaturing PAGE. The location of the 39
AUUUA sequences, the AUG initiation codon, and the UAG stop codon are noted. The broken line in construct 10 indicates a deletion between nt 80 and 145. Gels
are representative of experiments performed in triplicate. The numbering of nucleotides is based on the full-length rat cDNA (accession no. AF058786); nt 1
corresponds to nt 1040 of the rat JE genomic DNA (accession no. X71053).

FIG. 7. In vitro decay analysis of chimeric MCP-1 transcripts. Chimeric con-
structs were generated by ligating either full-length MCP-1 cDNA or MCP-1
cDNA fragments to a 290-bp fragment of the Dex-insensitive pBluescript DNA
(pBS). In vitro-transcribed 32P-labeled chimeric transcripts were incubated for 30
min with cytoplasmic extracts from untreated SMC (C) or SMC treated for 3 h
with Dex (D) and examined by nondenaturing PAGE. Gels are representative of
triplicate experiments.

FIG. 8. Analysis of MCP-1 transcripts in transfected SMC. DNA constructs
containing nt 1 to 224 (lanes 1 to 3), nt 1 to 130 (lanes 4 to 6), or full-length rat
MCP-1 (lanes 7 to 9) were ligated into the pIND vector and cotransfected with
the pXP2 luciferase reporter plasmid into a retinoid X receptor-expressing SMC
line. Cells were then incubated, as described in Materials and Methods, without
pronesterone (lanes 1, 4, and 7), with pronesterone (lanes 2, 5, and 8), or with
pronesterone plus 1 mM Dex for 3 h (lanes 3, 6, and 9). RNA was harvested and
analyzed by RT-PCR using primers specific for each MCP-1 construct as well as
primers corresponding to a 501-nt fragment of the neomycin resistance gene as
an internal standard for transfection efficiency. For each construct, luciferase
activity in pronesterone-treated cells (lanes 2, 3, 5, 6, 8, and 9) was normalized to
that of cells not treated with pronesterone (lanes 1, 4, and 7). The gel is repre-
sentative of duplicate experiments.
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3). SMC transfected with a construct containing a 130-nt Dex-
insensitive fragment derived from the 59 end accumulated high
levels of mRNA in the presence of Dex (lane 6).

DISCUSSION

This report describes the destabilization of MCP-1 mRNA
by glucocorticoids. Glucocorticoids have been shown to repress
the expression of a variety of genes, including those encoding
prolactin (55), proliferin (35), pro-opiomelanocortin (12),
members of the collagenase family (21), insulin (47), and col-
lagen types I and IV (67). In many cases, this repression is
transcriptional and involves binding of the ligand-glucocorti-
coid receptor complex to specific DNA sequences on the in-
hibited genes. The rat MCP-1 gene does not possess consensus
sequences for either the classical glucocorticoid response ele-
ment or a putative glucocorticoid inhibitory element (5, 19).
Glucocorticoids have been shown to repress the expression of
some genes, including those encoding interleukins 1, 2, 6, and
8, granulocyte-macrophage colony-stimulating factor, insulin,
and collagen, in whole or in part, by posttranscriptional mech-
anisms, including changes in mRNA stability (reviewed in ref-
erence 1 and 54). Although some of these studies have shown
an effect of glucocorticoids on mRNA t1/2, the RNA sequences
involved have not been identified.

The Dex-sensitive region was localized to the 59 end of the
MCP-1 mRNA. Destabilizing elements on a variety of mRNAs
have been found in the 39 UTR and have been shown to
involve AU-rich sequences (9–11, 13). One such AUUUA
element (bases 563 to 567) is present in the MCP-1 39 UTR.
However, our in vitro data suggest that the region involved in
the Dex-mediated decay of MCP-1 mRNA resides outside the
39 UTR and does not involve the AUUUA element. Although
additional in vivo data will be necessary to determine whether
the 39 AUUUA element plays any role in regulating MCP-1
mRNA stability, to our knowledge this is the first report iden-
tifying a glucocorticoid-sensitive region in the 59 end of any
eukaryotic mRNA. Despite the preponderance of data impli-
cating 39 UTR elements in regulating mRNA stability, mRNA-
destabilizing sequences have been found in a 182-nt sequence
in the c-myc coding region (6), in an amino-terminal 12-nt
tetrapeptide sequence spanning the initiation codon of b-tu-
bulin (3), and in a 56-nt purine-rich sequence in the coding
region of c-fos (14). As determined with the MACAW program
(57), the 224-nt Dex-sensitive region shares no significant ho-
mology with any of these regions.

Stem-loop structures have been shown to be important in
regulating mRNA stability (54). Secondary structure analysis
using the MFOLD program (72) revealed three potential stem-
loop structures in the 224-nt region (bases 126 to 140, 151 to
186, and 187 to 212) with free energy levels of $24 kcal/mol at
37°C; the sequences of these three stem-loops differ from those
previously described as being involved in mRNA stability. De-
letions involving the stem-loops at bases 126 to 140 (Fig. 6, row
5) and 187 to 212 (Fig. 6, row 10) abolished the response to
Dex, raising the possibility that these structures are involved in
mediating mRNA stability. One caveat, however, is that dele-
tion of other regions, involving bases 1 to 40 (not shown) or 1
to 80 (Fig. 6, row 9), also eliminated Dex sensitivity. Unlike
cis-acting transcriptional elements, which usually are com-
prised of short sequences, the cis-acting regions involved in
mRNA stability may be considerably longer and encompass
protein binding and catalytic sites. Therefore, multiple areas
involving most of the 224-nt region may be required for Dex
sensitivity. In addition, there may be a minimum size of mRNA
required for catalytic activity.

The Dex-mediated decrease in MCP-1 mRNA stability ap-
pears to be secondary to its effect on the cell rather than a
primary effect of Dex on the mRNA, in that Dex failed to alter
mRNA stability when added directly to cytoplasmic extracts
from control cells prior to performing the in vitro decay assays.
The effect is at least in part mediated through a heat-labile
protein(s), probably an RNase, because the activity was elim-
inated by proteinase K or heating. Of note, neither cyclohex-
imide nor actinomycin D inhibited the Dex effect, suggesting
that the protein(s) involved is constitutively expressed and that
Dex mediates its activity via a posttranslational mechanism.
This may include activation of a latent or relatively inactive
RNase, via phosphorylation, glycosylation, or interference with
a regulatory binding protein. Alternatively, binding of a Dex-
responsive protein to the MCP-1 mRNA might alter its con-
figuration, enhancing the binding or activity of the RNase. It
should also be noted that although PDGF markedly increases
the t1/2 of MCP-1 mRNA, the effect of Dex supersedes that of
PDGF both in vitro and in vivo (49), reducing the t1/2 to similar
levels. This suggests that the mechanism(s) underlying the sta-
bilizing effects of PDGF may be different from those mediating
the destabilizing effects of Dex and may involve different pro-
teins and/or binding sites.

These results differ from those reported for other glucocor-
ticoid-sensitive mRNAs, such as interleukins 1, 6, and 8, gran-
ulocyte-macrophage colony-stimulating factor, and c-myc, in
which the effects of glucocorticoids are inhibited by cyclohex-
imide (2, 64) or actinomycin D (33). The lack of response to
cycloheximide or actinomycin D is similar to that reported for
a polyribosome-associated histone mRNA exonuclease (46)
and the estradiol-sensitive Xenopus albumin mRNA endonu-
clease (18, 36). Cytoplasmic extracts from SMC treated with
estrogen had no effect on MCP-1 mRNA decay, suggesting
that the properties of the Dex-sensitive protein is likely to be
different from those of the estradiol-sensitive Xenopus endo-
nuclease.

The effect of glucocorticoids on MCP-1 mRNA was not cell
or species specific. Of particular note, extracts from rat SMC
were effective on in vitro-transcribed MCP-1 mRNA from hu-
man and rat SMC. Likewise, extracts from human fibroblasts
were effective on both species’ transcripts. This is in contrast to
MCP-1 transcription, which is regulated differently in rat and
human (reviewed by Bogdanov et al. [7]). These data suggest
that the proteins mediating the Dex effect are conserved and
that information obtained from the rat system may be appli-
cable to human SMC and MCP-1. In addition, the efficacy of
extracts from Dex-treated human pulmonary fibroblasts sug-
gests that the effect is not limited to vascular SMC and may be
relevant to nonvascular inflammatory processes.

The in vitro decay assay is a common approach to determin-
ing rates of mRNA decay (54). In general, mRNA degradation
occurs more rapidly in intact cells than in in vitro assays (54).
In this study, the rate of in vitro MCP-1 mRNA decay (t1/2 of
'15 min on nondenaturing gels and '8 min on denaturing
gels) was similar to, if not higher than, the rate previously
determined (49) in cultured SMC (t1/2 '30 min). This finding
suggests that the cytoplasmic extracts are capable of recapitu-
lating the in vivo effect of Dex on MCP-1 mRNA stability.
These extracts should therefore be useful for identification of
the protein factor(s) responsible.

It is hard to assess the significance of the apparent higher
decay rate in the in vitro system, given the inherent differences
in the two assays. It is possible that it is the result of inactiva-
tion or loss of an inhibitor of the Dex-sensitive RNase. It
should also be noted that virtually all of the experiments in this
study were performed with uncapped, nonpolyadenylated tran-
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scripts. Although we did not see differences in the decay of
uncapped, nonpolyadenylated and capped, polyadenylated
transcripts after 30 min of incubation with cell extracts (Fig. 6),
it is possible that the use of capped, polyadenylated transcripts
would have generated a different t1/2. The higher decay rate
calculated from denaturing gels, as opposed to nondenaturing
gels, may be due in part to the ability of partially degraded
radiolabeled MCP-1 mRNA fragments to remain attached to a
protein complex for several minutes and thus appear as part of
an intact complex on nondenaturing gels. These fragments may
be represented by the lower-molecular-weight species seen at
later time points on denaturing gels.

Glucocorticoids possess a wide variety of anti-inflammatory
and antiproliferative properties. In SMC culture, Dex has been
shown to inhibit cell cycle progression, mitogen-induced pro-
liferation, protein synthesis, and PDGF A-chain expression
(31, 39, 41, 50). Although the predominant concentration used
for most studies has been 100 nM, maximum effects have been
seen with as little as 10 nM (31). Inhibition of SMC growth has
most often employed a 24-h pretreatment; however, recent
studies have suggested that 6 to 8 h may be necessary to
effectively inhibit vascular SMC growth (50) and as little as 1 h
may suffice to inhibit airway SMC proliferation (58). In the
present study, as well as in our previous study of cultured SMC
(49), the maximum effect on MCP-1 mRNA was also seen with
concentrations as low as 10 nM. As little as 1 h of exposure to
Dex was necessary to obtain maximal inhibition of endogenous
MCP-1 expression (49).

The complications of glucocorticoid treatment are protean
and limit their long-term use to the most serious disease enti-
ties. The present study suggests that in contrast to many effects
of glucocorticoids, which are based on stimulation or inhibition
of transcription, there may be a smaller set of molecules, which
are regulated by changes in mRNA stability. Identification of
the Dex-sensitive protein(s) responsible for destabilizing
MCP-1 mRNA may therefore provide novel approaches to
emulating the anti-inflammatory properties of glucocorticoids
without some of the deleterious side effects.
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