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Abstract The observation that glucocorticoids increase the 
abundance of apolipoprotein A-I led us to a search for poten- 
tial underlying mechanism(s). In this report, we show that the 
synthetic glucocorticoid, dexamethasone, injected into rats 
increases serum levels of apoA-I protein, hepatic mRNA and 
‘run-on’ transcription of the gene by 3-, 5-, and 2-fold, respec- 
tively. Results of transient transfection studies of the rat 
apoA-I promoter reveal that effects of dexamethasone are 
mediated by a cis-acting site B (-170 to -145). Dexamethasone 
treatment of hepatoma cells enhances the DNA binding activ- 
ity of nuclear factors that bind this site. Unexpectedly, site B 
does not contain a consensus glucocorticoid receptor recog- 
nition motif nor binds to bacterially expressed glucocorticoid 
receptor. These results indicate that the actions of glucocor- 
ticoids on site B involve indirect mechanisms. Site B is com- 
prised of a direct repeat of a nonanucleotide and mutation of 
either one abolishes the effect of glucocorticoid. Additionally, 
the transcriptional activity of site B in response to dexametha- 
sone is amplified by a 5’ sequence called site S (-186 to -171). 
Dexamethasone has no effect on site S in the absence of 
site B. I In summary, our data show that dexamethasone 
increases rat apoA-I gene expression by an indirect mecha- 
nism.-Taylor, A. H., J. Raymond, J. M. Dianne, J. Romney, 
J. Chan, D. E. Lawless, I. E. Wanke, and N. C. W. Wong. 
Glucocorticoid increases rat apolipoprotein A-I promoter ac- 
tivity.J Lipid Res. 1996. 37: 2232-2243. 
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Apolipoprotein A-I (apoA-I) is the major protein com- 
ponent of serum high density lipoprotein particles 
(HDL). Epidemiological studies have established an in- 
verse correlation between serum levels of HDL and the 
incidence of coronary arterial disease (1). HDL particles 
promote the efflux of cholesterol from peripheral tis- 
sues and ‘shuttle’ it to the liver for further oxidation into 
bile acids (2), a physiologic process often referred to as 
reverse cholesterol transport. Enhanced reverse choles- 
terol transport lowers total body cholesterol and is thus 
of clinical interest. As the abundance of HDL particles 
is dictated by the levels of apoA-I, knowing the factors 

that regulate apoA-I gene expression should be useful 
for designing new therapeutic regimens against hyper- 
cholesterolemia. 

The expression of apoA-I is regulated by tissue-spe- 
cific and hormonal factors (3-5). The glucocorticoids 
are one class of hormones that increase apoA-I gene 
expression (5 ,  6). Patients treated with glucocorticoids 
have levels of HDL and apoA-I that are significantly 
higher than age- and sex-matched controls (7). Although 
the increased HDL levels may have a beneficial effect on 
coronary arterial disease, the benefit is limited to pa- 
tients on short-term glucocorticoid therapy. Patients on 
prolonged glucocorticoid therapy also have increased 
HDL, but unfortunately, low density lipoprotein (LDL) 
and very low density lipoprotein (VLDL) levels are also 
increased (S), which counteracts the beneficial HDL 
effect. Similarly, patients with Cushing’s syndrome have 
increased HDL and LDL levels (9), however, they also 
have other complications, such as hypertension and 
insulin intolerance that may lead to an accelerated de- 
velopment of atherosclerosis (10, l l). In agreement with 
the clinical observations, a small number of animal 
studies have shown that glucocorticoids enhance he- 
patic expression of numerous apolipoprotein genes in- 
cluding apoA-I (5,12-15). Glucocorticoids also increase 
the expression of apoA-I mRNA and synthesis of the 
protein in hepatoma cell lines, supporting the in vivo 
data (16). 

Abbreviations: HDL, high density lipoprotein particles; LDL, low 
density lipoprotein particles; VLDL, very low density lipoprotein 
particles; HUH-7, human hepatoma cells; apoA-I, apolipoprotein A-I; 
GFE, glucocorticoid response element; GR-DBD, glucocorticoid 
receptor DNA binding protein; al-AGP, a-1 acid glycoprotein: EMSA, 
electrophoretic mobility shift assay; Dex, dexamethasone. 
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Thus, glucocorticoid clearly increases the synthesis 
and secretion of hepatic apoA-I, although the exact 
mechanism is unclear. As glucocorticoids have a major 
effect within the hepatocyte nucleus, we wondered 
whether the activity of the rat apoA-I promoter could be 
modulated by dexamethasone. The results presented 
here show that the rat apoA-I gene is modulated by 
glucocorticoid at the transcriptional level and identify 
the region of the rat apoA-I promoter responsible for 
this effect. 

MATERIALS AND METHODS 

Materials 
The unstained and pre-stained molecular weight 

markers, electrophoresis grade acrylamide, N,N’- 
methylene-bis-acrylamide and sodium dodecyl sulfate 
(SDS) were all from Bio-Rad Laboratories (Mississauga, 
Ontario). The rat apoA-I cDNA has been described 
previously (17). Alpha-1 acid glycoprotein (al-AGP) 
cDNA (18) was from Dr. J. M. Taylor (Pennsylvania State 
University, Hershey, PA) and human ribosomal RNA 
(19) was a kind gift from Dr. C. K. Krekoski, University 
of Calgary. The pAI.CAT and pRSV-8-gal plasmids used 
in transient transfection assays have been described 
previously (3). Mutated B-site DNA was synthesized at 
the University of Calgary and used as primers in the 
polymerase chain reaction (3) using pAI.BCD.CAT as a 
template to produce the two B site mutant constructs 
pAI.Bml.CAT and pAI.Bm2.CAT. The upper and lower 
strands of DNA from the apoA-I promoter that we have 
called site S (gatccGCAGCCCCCGCAGClTCCTGTTg; 
the sequence in uppercase is the fragment from -188 to 
-166) were synthesized with 5’ EcoM sites by Gibco BRL 
(Burlington, Ontario) and cloned into the SmaZ site of 
pGEM-CAT.5’ (17) as either monomer, dimer, or trimer 
(p5’S.CAT, p5’S2.CAT, p5’S3.CAT, respectively). All 
other reagents were of analytical grade and purchased 
from either Sigma or BDH. The rabbit anti-rat apoA-I 
antibody was generated in house (see below). 

Animals 
Male Sprague-Dawley rats, weighing between 150 and 

200 g were purchased from the Charles River Breeding 
Company, St. Constance, Quebec. Glucocorticoid (dex- 
amethasone, Dex, Sabex, Quebec) was administered by 
daily i.p. injection (0.5 muday)  for 1 week. Blood was 
collected from anesthetized animals (1 7) and serum was 
produced by centrifugation at 800 g for 10 min at 4°C. 

RNA isolation and analysis 
Total RNA was prepared from fresh or frozen rat 

livers (circa 140 mg) by the guanadinium isothiocyanate- 

CsTFA centrifugation method (Pharmacia LKB, Piscat- 
away, NJ) and the RNA (10 pg) was analyzed by northern 
blot analysis (20). The relative quantities of apoA-I 
mRNA were determined using video-assisted densi- 
tometry and corrected for the densities of the 18s band 
determined by video-assisted densitometry of a photo- 
graphic negative. 

Nuclei preparation and nuclear run-on transcription 
assay 

Six male Sprague-Dawley rats were treated with Dex 
(0.5 muday i.p.) for 1 week. Six untreated control rats 
received sterile saline (0.9%). Freshly isolated livers of 
two rats were pooled and hepatic nuclei were prepared 
as described (21), with 100 pM phenylmethylsul- 
fonylfluoride (PMSF) added to buffers I, 11, and 111. The 
nuclei were stored at -80°C in buffer 111. Transcription 
assays were performed as described by Skettering, Gjer- 
nes, and Prydz (22) with minor modifications. Briefly, 
3.7 x 107 nuclei were incubated in the presence of 25 
mM Tris (pH 8.0), 2.5 mM MgC12, 150 mM KC1, 0.5 mM 
ATP, 0.5 mM GTP, 0.5 mM CTP, 10 mM creatinine 
phosphate, 100 pg creatinine phosphokinase, 1 unit/pl 
RNasin, 1 mM dithiothreitol, 0.5 mM PMSF, 10% glyc- 
erol, and 100 pCi 32P-UTP at 30°C for 30 min. The 
reaction was stopped with the addition of DNAse I at 
37°C for 10 min. The labeled RNA was purified using 
proteinase K, phenol-chloroform extraction in the pres- 
ence of yeast tRNA, and ammonium acetate-iso- 
propanol precipitation. The RNA-labeled product was 
hybridized to nylon membranes containing immobi- 
lized cDNAs for apoA-I and al-AGP, with human rRNA 
(19) as control. Hybridizations were performed with 5 
to 15 x lo6 cpm of labeled RNA, at 65°C in 375 mM 
phosphate-1.5 mM EDTA buffer containing 7.5% SDS, 
1% BSA, 5% dextran sulfate, and 20 pg/pl yeast tRNA, 
for 48 h. Membranes were subjected to high-stringency 
washing and exposed to X-ray film for 2-4 days at -80°C 
in the presence of intensifjmg screens. The intensity of 
the signal was assessed by video-assisted densitometry. 
These values were expressed relative to the rRNA stand- 
ards, and normalized for the amount of labeled RNA 
added. 

Cell culture and CAT assay 

Male human fetal hepatoma cells (HuH-7 cells) were 
cultured in RPMI1640-ISE medium, as previously de- 
scribed (23). These cells are known to express endo- 
genous glucocorticoid receptor (24). For transient trans- 
fection, cells were sub-cultured to 25 cm2 flasks for 72 
h. After transfection (3) with test plasmids cells were 
exposed to Dex (3.3 x lo’ to 3.3 X le5 M) for a further 
24 h. Cells were harvested, protein was produced, and 
assays for 8-galactosidase and chloramphenicol acetyl 
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transferase (CAT) activities were performed as de- 
scribed (23). All assays were adjusted so that results were 
in the linear range for each assay. CAT enzyme activities 
were corrected for protein concentration, pgalactosi- 
dase activity, and assay duration (17). 

Preparation of purified rat apoA-I 
The purification of rat apoA-I was performed so that 

suitable anti-apoA-I antibodies could be generated for 
western blot analysis. First, HDL was purified from rat 
serum using an adaptation of the shallow KBr gradient 
ultracentrifugation method of Jansen, Schoonderwo- 
erd, and Dallinga-Thie (25) with the following minor 
modifications. All KBr solution densities were as de- 
scribed but each volume was 2.3 ml instead of 2.4 ml. 
The final overlay 1.05 g/ml solution was 2.2 ml. Cen- 
trifugation and collection of apoA-I was as described 
except the pump was operated at 1 ml per min. Fraction 
numbers 9 to 16 were pooled and dialyzed against NaCl 
(150 mM) overnight. ApoA-I was precipitated with 10 
volumes of acetone at -20°C for 30 min (26) and col- 
lected at 17,400 g for 15 min. An aliquot was analyzed 
by SDS-PAGE analysis (27) and the gel was stained with 
Coomassie Brilliant Blue R250. The protein appeared 
as a single band with an apparent molecular mass of 
28,200 Daltons (Fig. 1A). This is very close to the pre- 
dicted molecular mass (28,016 Daltons). Amino acid 
analysis of the purified protein, excised directly from the 
gel, showed 93% homology with the predicted amino 
acid composition (data not shown). This protein was 
then used to produce anti-apoA-I antibody. 

Generation of rabbit anti-apoA-I antibody 
Two New Zealand White rabbits were inoculated with 

0.5 mg of purified rat apoA-I protein solubilized in 1 ml 

A B 
ApoAl - + BSA + - 

1 2  Serum - + 
66.2 - ApoAl - 

45 -w 1 2  

31 -+A/ 
21.5 -&,, 

14.4 -+ ’ j Dot-blot 

of Freund’s adjuvant. After 6 weeks the animals were 
bled and the serum was produced by differential cen- 
trifugation. The rabbits were rechallenged 6 weeks later 
and rebled. Finally, 1 year later the rabbits were rechal- 
lenged with antigen and the serum was collected again. 
The antibodies from the second and third collections 
were used in dot-blot and western blot studies (28). 

Dot-blot analysis of purified apoA-I and rat serum 
Purified apoA-I, partially purified bovine serum albu- 

min, and rat serum were dot-blotted to polyvinylidene 
difluoride (PVDF) membrane (Millipore Corporation, 
Nepean, Ontario). Rabbit anti-rat apoA-I antibody 
(1/100 dilution; second bleed) interacted only with the 
purified rat apoA-I and rat serum (Fig. 1B). 

Western blot analysis of purified apoA-I protein and 
rat serum 

One-microgram samples of total serum proteins from 
control and Dex-treated rats were separated by SDS 
PAGE (12% gel) as described (29). Proteins were trans- 
ferred to PVDF membranes and blocked in blocking 
buffer (5% [w/v] skim milk powder in TBS [lo mM 
Tris-HC1, pH 7.5, 150 mM NaCl]) for 1 hour or over- 
night. The membrane was washed copiously with TBS 
and exposed to rabbit anti-apoA-I antibody in blocking 
buffer (dot-blot: 1/100 dilution; second bleeding in 5% 
blocking buffer: western blot 1/5000 dilution; third 
bleeding in 0.5% blocking buffer) for 1 h at room 
temperature. After further washing and exposure to 
donkey anti-rabbit I g C  conjugated to horseradish per- 
oxidase (Amersham, Oakville, Ontario) for 1 h, im- 
munoreactive proteins were detected by chemilumines- 
cent detection according to the manufacturer’s 
instructions (ECL, Amersham). Visualization of rat 

C 
ApoAl(ng) 0 5 10 20 40 - - Serum(5nl) - - - - - + 

+ 1 2 3 4 5 6  
3 50.6 - 

29.1 - 
20.9 - 

Western-Blot 
Coomassie 

Stain 
Fig. 1. Purification and characterization of rat apoA-I protein. (A) Coomassie Brilliant Blue-stained SDSPAGE 
gel of molecular weight markers (lane 1) and KBr column-purified rat apoA-I protein (lane 2). (B) Dot blot 
analysis of partially purified bovine serum albumin (10 pg; lane 1)  or rat serum (10 pg; lane 2) or purified apoA-I 
protein (100 ng; lane 3). Rabbit anti-rat apoA-I antibody was used at 1/100 dilution (second bleed). (C) Western 
blot analysis of increasing quantities of purified rat apoA-I (lanes 2-5) or rat serum diluted to be equivalent to 
5 nl (lane 6). Pre-stained molecular weight markers (lane 1) were used both to identify rat apoA-I signal and to 
act as a negative control. The positions of the molecular weight markers are shown to the left of panels A and 
C. All experiments were performed at least twice. 
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apoA-I protein was performed within 10 min (dot-blot) 
or 1 min (western blot). The relative concentration of 
apoA-I was assessed by video-assisted densitometry. The 
lower and upper limits of the assay were approximately 
5 ng of purified protein (Fig. 1C) and 150 ng of rat 
serum, respectively. The inter- and intra-assay coeffi- 
cients of variation were 12.8% and 6.5%, respectively. 

Electrophoretic mobility shift assays (EMSA) 

The glucocorticoid response element (GRE; TC-TC) 
containing plasmid (30) and the glucocorticoid receptor 
DNA-binding domain (GR-DBD) protein were gifts 
from Dr. R. Hache, University of Ottawa, Canada. The 
BamHI-PuuN fragment of TC-TC plasmid (30) was la- 
beled with 32P-aCTP in the presence of the Klenow 
fragment of DNA polymerase I and purified by size-ex- 
clusion chromatography (31). Synthetic strands for site 
S and for site B were annealed and labeled with either 
32P-aCTP or 32Pcc4TP and purified in the same manner. 
Glucocorticoid receptor (GR pT7x556) in the expres- 
sion vector pAR3040 (32) was expressed in E. coli strain 
BL21 (DE3) and protein extracts were produced using 
an alkaline lysis method (33). Nuclear proteins from 
untreated and Dex-treated (3.3 x lo5 M; 24 h) HuH-7 
cells (-109 cells) were prepared using a low-salt, high-salt 
dialysis method (34). The binding reactions, loading of 
sample, and electrophoresis were essentially as de- 
scribed (35), with the exception that oligomer counts, 
protein concentrations, poly dI.dC concentrations, and 
time of electrophoresis were optimized for each probe. 
Radioactivity for the GRE and site B probes was visual- 
ized by exposure to Kodak Ektascan EMC-1 X-ray film 
and highly sensitive X-ray film (Kodak BIOMAX MR) 
was used for site S probe, all at -80°C in the presence of 
intensifying screens. 

RESULTS 

Dexamethasone increases abundance of apoA-I 
protein and mRNA 

Western blot analysis of rat serum probed with antis- 
erum to rat apoA-I identified a single protein band with 
an apparent molecular mass of 28,000 Daltons (Fig. lC, 
lane 6). Rats treated with Dex showed a significant 3- to 
4-fold higher serum apoA-I protein level than control 
rats (Fig. 2A and 2B). The abundance of hepatic apoA-I 
mRNA in the same rats correlated with the protein levels 
and were 5- to &€old higher in the glucocorticoid-treated 
animals (Fig. 2C and 2D). 

Dexamethasone enhances rat apoA-I promoter 
activity 

Dex increased the relative run-on transcription rate 
of apoA-I mRNA by 2- to %fold (Fig. SB), when com- 
pared to untreated controls. Furthermore, a positive 
control (36), al-AGP (Fig. 3A) was also significantly 
increased by Dex (1.2 f 0.08-fold n = 3). 

The promoter activity of the construct, pAI.474.CAT 
(Fig. 4) transfected into HUH-7 cells showed a dose-de- 
pendent increase in activity with a maximal 3.1-fold 
response at 3.3 x lo6 M Dex (Fig. 5). Deletional con- 
structs pAI.235.CAT and pAI.186.CAT that contain the 
cis-acting sites S and B (Fig. 4) showed similar dosede- 
pendent increases in activity with maximal responses at 
3.3 x 10-6 M Dex of 3.3- and 3.1-fold, respectively. The 
deletional constructs that lack site B, pAI.144.CAT and 
pAI.46.CAT, were not responsive to Dex (Fig. 5). The 
two constructs that contain site B, pAI.170.CAT and 
p5’B.CAT, showed reduced responses to graded doses 
of Dex in comparison to the wild-type construct 
pAI.474.CAT (Fig. 5). The promoter activities of these 
two constructs were significantly different from 
pAI.144.CAT and pA1.46.CAT at 3.3 x 10“ M and 3.3 x 

M Dex (Fig. 5).  

Glucocorticoid responsive element in rat apoA-I 
DNA 

Transient transfection assays of apoA-I deletional 
CAT constructs into HuH-7 cells subsequently treated 
with 3.3 x M Dex showed the glucocorticoid respon- 
sive element to be located to site B (Fig. 6). The con- 
structs pAI.474.CAT, pAI.235.CAT, and pAI.186.CAT 
all showed increased promoter activities ofjust above 3 
times their untreated controls (Fig. 6). The activity of 
pAI.17O.CAT (Fig. 4), a construct that lacks site S but 
retains a single site B, was significantly induced by Dex 
to 30 +_ 17% (mean k SD; n = 4) over its untreated control. 
Similarly, Dex increased the promoter activity of 
p5’B.CAT, an artificial dual site B construct, by 59 k 10% 
(n = 3). In contrast, the site B-deficient deletional con- 
structs pAI.144.CAT and pAI.46.CAT and the artificial 
constructs pYA.CAT, p5’S.CAT, p5’S2.CAT and 
p5’S3.CAT showed no increases in promoter activities 
in response to 3.3 x 10“ M Dex (Fig. 6). 

Functional importance of site B 

Transient transfection studies using the deletional 
construct pAI.BCD.CAT (containing cis-acting sites B, 
C, and D, Fig. 7A) in untreated HuH-7 cells indicated 
0.037% CAT conversion/pg protein per h. This value 
was arbitrarily set to 1.0 (Fig. 7). Similar cultures treated 
with 3.3 X 10-5 M Dex showed a 2.4-fold increase in 
promoter activity to 0.09% CAT conversion/pg protein 
per h. The magnitude of the Dex response is comparable 
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Fig. 2. Effect of dexamethasone on rat apoA-I protein and hepatic mRNA production. (A) Western blot analysis 
of 1 pg of total serum proteins from control (n = 9) and Dex-treated (n = 8) rats. (B) Quantitation of 
immunoreactive chemiluminescent signal from the data shown in 2A. Data are means f SD analyzed twice. (C) 
Northern blot analysis of total hepatic RNA (10 pg) from control and Dex-treated animals (upper panel) and 
28s and 18s visualization with ethidium bromide stainingof the gel (lower panel). (D) Quantitation of hybridized 
s2P-labeled apoA-I cDNA signal from the data shown in 3C. Data are means k SD from 9 control and 7 Dex-treated 
animals analyzed twice. *P < 0.05; Student's unpaired t-test. 

to that of the B, C, D site-containing construct, 
pAI. 170.CAT, of 0.082% CAT conversion/pg protein 
per h. The 5' B-site mutant construct pAI.Bml.CAT and 
the 3' mutant construct pAI.Bm2.CAT (Fig. 7A) showed 
significantly reduced relative CAT activities of 15% and 
14%, respectively. Similarly, the relative CAT activity of 
the deletional construct pAI.158.CAT (Fig. 7A) was also 
significantly reduced to 5% of pAI.BCD.CAT. Further- 
more, the CAT activities of these templates were no 
longer inducible by Dex (Fig. 7B). 

Dexamethasone induces site B binding activity that 
is not glucocorticoid receptor 

In EMSA studies, bacterially expressed GR-DBD 
bound to the consensus GRE sequence (Fig. 8A), 
but not to either site B or site S oligomer sequences 
(Fig. 8A). However, lysate from bacteria with or without 
GR contained DNA binding activities that were not 

GR and bound to site B and site S (Fig. 8A). Nuclear 
extracts from HUH-7 cells contained DNA binding 
activities that formed a doublet with site B, and the 
intensity of this pattern was induced with 3.3 x lo5 
M Dex (Fig. 8B). Competition studies with unlabeled 
site B, site S, and TRE,,] oligomers (35) indicated 
that this binding was specific because only excess 
unlabeled site B oligomer inhibited the formation 
of the retarded complexes (data not shown). HUH-7 
cells also produced a doublet of DNA binding activities 
that bound weakly to site S DNA (Fig. 8B). The 
upper slower migrating protein-DNA complex was in- 
ducible by Dex, but was not easily discernible (Fig. 
8B). Only the upper complex appears to be caused 
by a specific protein-DNA interaction because com- 
petition studies with excess unlabeled site S DNA 
inhibited the formation of the upper and not the 
lower complex (data not shown). 

2236 Journal of Lipid Research Volume 37,1996 
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i 

" 
Control Dex 

Fig. 3. Dexamethasone increases the in vivo transcription of rat apoA-I. (A) Nuclei from two male rat livers 
treated with saline (upper panel) or Dex (lower panel) were allowed to chain-elongate nascent RNA in the 
presence of s2P-UTP. The RNA was hybridized to cDNAs from rRNA (1-32 ng), rat apoA-I (1 pg) and a l h G P  
(1 pg). Hybridized RNA detected by autoradiography are representative of experiments performed 3 times. (B) 
The relative rates of transcription for apoA-I and al-ACP were determined by videeassisted densitometry and 
normalized for rRNA signals. The data were further corrected for total RNA counts and are means f SD for 3 
data points per group. *P < 0.05 Student's paired t-test. 

DISCUSSION 

In this report we have examined the glucocorticoid 
induction of rat apoA-I gene in vivo and in vitro. Given 
the importance of apoA-I protein in regulating serum 
levels of HDL and the inverse correlation between these 
particles and coronary arterial disease, increased knowl- 
edge of factors that upregulate apoA-I gene expression 
may help in developing new treatments for the conse- 
quences of hypercholesterolemia. 

Our animal studies showed that treatment with Dex 
increased serum apoA-I concentrations by 3 to 4 times 
that of control and that this protein increase was 

matched by a 5- to &fold increase of the hepatic mRNA 
abundance. These findings are in keeping with the 
studies of Elshourbagy et al. (6) and Staels et al. (15) who 
found that the glucocorticoids Dex, hydrocortisone, and 
triamcinolone increased rat serum and hepatic mRNA 
levels by 2- to 3-fold. Other studies, however, have shown 
less or no effect of Dex in rats (14-16). In humans, Dex 
causes a 25% increase in both serum apoA-I and HDL 
concentrations (37) suggesting that similar mechanisms 
operate in humans and rats to augment apoA-I gene 
expression. 

These in vivo data show the rat apoA-I gene is respon- 
sive to Dex. This prompted us to ask whether the effect 

S B  C D TATA +- Rsil  CAT I pA1.474.CAT . .  A 

-7 4 1 4  
-200 -193 CAT I pA1.235.CAT 

-106 -171 
CAT 1 pAl.186.CAT 

I-( CAT I pAI.170.CAT 
-170 -145 

CAT 1 pA1.144.CAT 
-130 -116 60 -62 

CAT I pA1.48.CAT 
-32 -25 

Fig. 4. Rat apolipoprotein A-I promoter-CAT constructs. The &-acting elements of the rat apoA-I promoter 
are represented by the boxes. The numbering is relative to the transcription start site, according to the rat 
apoA-1 numbering system of Widom et al. (40). The oval indicates the position of the steroid amplification site 
designated site S. 
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Fig. 5. Site B contains the glucocorticoid-responsive sequence. HuH- 
7 cells were transfected with the indicated deletional-CAT constructs 
(e.g., 474 = pAI.474.CAT) and treated with the indicated concentra- 
tions of Dex for 24 h. Cellular proteins were assayed as described (23), 
corrected for DNA uptake by pgalactosidase expression, and the data 
are expressed as CAT activity relative to untreated cells containing the 
same deletional construct. Values are shown as means f SD for at least 
two experiments performed in triplicate. Error bars are not shown 
where they are encompassed by the symbol. Statistical indicators have 
been omitted for reasons of clarity. 

of Dex is at the transcriptional level, as glucocorticoids 
are known to interact with nuclear receptors to modu- 
late the expression of other hepatic genes (38). 

To address this question two approaches were taken. 
First, nuclear transcription run-on assays (Fig. 3) showed 
that Dex increased apoA-I transcription by 2 to 3 times 
that of control animals. These data indicate clearly that 
Dex acts at the transcriptional level. In agreement with 
this observation, Dex increased apoA-I transcription 
rates in HepG2 cells (22). Second, the activity of a rat 
apoA-I promoterGAT reporter construct, pAI.474.CAT, 

* * 
3.5 1 

* n 3 
* 

A 
Ll I 

was measured using human HUH-7 cells exposed to Dex 
(Fig. 5). Our results showed a dose-dependent increase 
in reporter activity with a 3.1-fold maximal stimulation 
at 3.3 x M Dex. Together these observations indicate 
that Dex increases apoA-I transcription. 

The region of the promoter mediating the effects of 
Dex was delineated using deletional constructs devoid 
of sequences from 474 to -187 tested in the transient 
transfection assay system. The data indicated that each 
construct retained the ability to respond to hormone 
(Fig. 5). The use of further deletional constructs showed 
that deletion of the site S-containing -186 to -171 frag- 
ment reduced promoter responsiveness to Dex and 
deletion of the site B-containing -170 to -145 fragment 
abolished it. These findings show that Dex induction of 
rat apoA-I promoter activity is mediated by the actions 
of a DNA fragment referred to as site B and that this 
activity is amplified by the actions of the adjacent site S. 

To demonstrate that site B mediates the effect of Dex, 
the activity of an artificial construct, pS'B.CAT, was 
tested and compared to a similar construct p5'A.CAT, 
that contains an L-triiodothyronine-responsive element 
(1 7). These constructs have two B-motifs or two A-motifs 
linked to the SV40 promoter, respectively. A deletional 
construct, pAI. 17O.CAT, that contains only one B-motif 
was also compared. As expected, 3.3 x lo6 M Dex had 
no effect on p5'A.CAT (Fig. 6), but caused a 59% 
increase in p5'B.CAT activity (Fig. 6) and a 30% increase 
in pAI. 17O.CAT activity. These observations indicate 
that Dex acts through site B and that the effect of the 
hormone is additive (a 30% increase in promoter activity 
with one B site and a 59% increase with two). 

The B-motif is comprised of two nonanucleotide re- 
peats arranged in a head to tail orientation separated by 
four bp (Fig. 7). Both of these repeats appear to be 
critical for the glucocorticoid response mediated by the 

Fig. 6. Site S amplifies the glucocorticoid effect on 
site B. HUH-7 cells were transfected with the indi- 
cated deletional-CAT constructs and treated with 3.3 
x lo6 M Dex for 24 h. Cellular proteins were assayed 
and data are expressed as CAT-activity relative to 
untreated cells containing the same deletional con- 
struct (represented by the dotted line). Values are 
shown as means f SD for at least 2 experiments -r - performed in triplicate. (*P< 0.05 ANOVxwith least 
significant difference test). 

474 235 186 170 144 40 5'8 5'A 5's 5'SZ 5'53 
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B C D TATA 
I CAT I 

/ \  
2. CTTCCC~GGGTACCAC~"G~TGCCTAGCCT pAI.Bml.CAT 

3. CTTCCTGTTTGCCCACTC-CTAGCCT pAI.Bd.CAT 

4. 

B 

r 
> 
0 a 
I- < 
0 

C .- .- 
C 

Q > .- 
C a - 
Q a 

TCTGTTTGCCTAGCCT pAI. 158.CAT 

0 -Dex 
+Dex 

2.0 - 

1.0 - 

0.0 * 

B-motif, because disruption of either nonanucleotide 
repeat inhibited the activity of the entire -174 to -143 
fragment (Fig. 7). These results indicate that Dex can 
induce rat apoA-I expression only in the presence of an 
intact site B. 

Although site B mediates the glucocorticoid induc- 
tion of rat apoA-I promoter activity, this &acting ele- 
ment does not contain a consensus GRE (GGTA- 
CAnnnTGnCT; ref 39). This unexpected finding 
suggests that GR is unlikely to bind to site B, but 
hepatonuclear proteins do bind to site B (40). The 
EMSA studies in the present report (Fig. 8) indicate that 
GR does not bind to site B nor to the adjacent site S. 
However, Dex clearly induces DNA binding activities to 
site B and possibly also to site S (Fig. 8B). Therefore, we 
can conclude that glucocorticoid activates apoA-I ex- 
pression through the induction of other nuclear factors. 
Additional evidence that Dex is working indirectly, via 

Fig. 7. Mutation or deletion of HNF-3 sites in site 
B abolishes glucocorticoid responsiveness. HUH-7 
cells were transfected with either wild-type 
(pAI.BCD.CAT), mutated (pAI.Bml.CAT, 
pAI.Bm2.CAT), or deleted (pAI.158.CAT) pAI-CAT 
constructs and treated with 3.8 x 1W M Dex for 24 
h. Cellular proteins were assayed and data are ex- 
pressed as CAT activity relative to pAI.BWT.CAT. 
Values are shown as means f SD from two experi- 
ments performed in duplicate. (*P < 0.01; ANOVA 
with least significant difference test). 

a so-called type I1 mechanism (41), comes from our 
previous data showing that rat apoA-I mRNA induction 
by Dex is blocked by the protein synthesis inhibitor, 
cycloheximide (5). Glucocorticoids and other steroid 
hormones also have an indirect effect on the expression 
of many genes (42-48). For example, ovalbumin gene 
transcription is induced by estrogen, but its promoter 
does not contain a consensus sequence for estrogen 
receptor binding (46). 

A search of the sequence data bases and alignment 
of the site B sequence showed that this site has the 
potential to bind two copies of the hepatic nuclear 
factor-3 (HNF-3). Indeed, recent studies by Harnish et 
al. (49,50) have shown that nuclear factor-3P (HNF-3P) 
binds to these sites in the human apoA-I promoter and 
increases apoA-I transcription. Whether HNF-3P can 
interact with the rat apoA-I B-motif is unknown, but 
sequence similarities with the human site B sequence 

Taylor et al. Glucocorticoid increases rat apoA-I promoter activity 2239 
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A Lysatealone - + - - + -  
LysatewithGR - - + - - +  

1 2 3  4 5 6  

- + -  
- - +  
7 8 9  

4 i 

B Control DexTreated - - - - + + + - -  
GRE Site B 

- + + + - - -  - +  

1 2 3 4 5 6 7  1 2  

Site S 
+ . +  - - -  

+ + +  I -  

3 4  5 6 7  

Site B Site S 
Fig. 8. Site B and site S bind nuclear proteins that are not CR (A) Bacterially expressed GR-DBD protein 
fragment (lanes 3, 6, and 9) and control bacterial lysate (lanes 2, 5, and 8) were incubated with radiolabeled 
GRE (750 cpm), site B (4000 cpm), or site S (2000 cpm) oligomers for 30 min. Optimum conditions were 2 pg 
protein and 2 pg poly dl.dC for GRE, 4 pg protein and 4 pg poly dl.dC for site B 6 pg protein and 4 pg poly 
dI.dC for site S in a final 20 pI reaction; 9 pl loaded. Autoradiograms are representative of experiments 
performed at least twice. (B) Nuclear extracts (8 pg protein) from control (lanes 2-4 of each panel) and 
Dex-treated (lanes 5-7) HUH-7 cells were incubated with site B (4000 cpm) and site S (2000 cpm) oligomers for 
30 min in the presence of4 pg poly dI.dC. Each lane represents a separate culture and nuclear protein extraction. 
Each EMSA was performed at least twice. 

and the HNF-30 binding site in the tyrosine aminotrans- 
ferase gene (TAT; ref 51) suggest that it should. As 
Dex induces site B binding activities and HNF-3P is 
known to bind to this site in the human apoA-I gene, then 
Dex may increase the abundance or activity of HNF-3P. 

Many glucocorticoid-inducible hepatic genes, such as 
human a-1 antitrypsin (52) and human transferrin (53), 
have potential HNF-3P sites, but unlike the rat apoA-I 
promoter these have recognizable GREs in their pro- 
moter/enhancer regions. Another hepatic gene, TAT, 
shows a, more complex response to glucocorticoids. Not 
only does the TAT promoter/enhancer bind GR to a 
consensus GRE, it also recruits HNF-3P to a glucocorti- 
coid response unit (GRU) under the influence of the 
steroid (54). The TAT gene appears to have an added 
level of control, having both GREs and CRUS allowing 
direct and indirect glucocorticoid action. Therefore, the 
apoA-I gene may differ from these glucocorticoid-induc- 

ible hepatic genes because of the absence of any recog- 
nizable GRE. 

Although it is clear that Dex exerts its effect through 
apoA-I site B, the magnitude of the effect was amplified 
by an adjacent site that we have named site S (-186 to 
-171; Fig. 4). The activities of the constructs, 
pAI.474.CAT, pAI.235.CAT and pAI.186.CAT, that 
contain both site S and B were %fold higher than the 
pAI.170.CAT template that lacks site S but has site B 
(Fig. 6). The glucocorticoid effect was not mediated 
through site S because data from p5’S.CAT, p5’S2.CAT 
and p5’S3.CAT showed no effect of Dex (Fig. 6). The 
S-motif is found in the apoA-I promoter regions of all 
animal sequences stored in the sequence databases, 
suggesting that it may be an important control point for 
apoA-I gene expression. 

The question that arises from these studies is what 
tramacting factor interacts with site S? Although DNase 

2240 Journal of Lipid Research Volume 37,1996 
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I footprinting (40) with hepatonuclear proteins showed 
that site S was not protected, Kilbourne et al. (55) have 
recently shown this site binds the developmental tran- 
scription factor, Egr-1. Many hepatic genes contain Egr- 
1 sites and are regulated during development (56), but 
what, if any, effect Egr-1 has on rat apoA-I gene expres- 
sion is currently unknown. Additionally, site S has the 
potential to bind the trans-activating factor PEA-3 (57). 
However, it would appear that activation of the apoA-I 
gene through this site by Dex is unlikely, as other hepatic 
genes (58-60) that contain PEA-3 sites are not regulated 
by glucocorticoid. Only one PEA-Scontaining gene, 
haptoglobin, has clearly been shown to be indirectly 
regulated by glucocorticoid (58). Interestingly, the pro- 
moter region of the haptoglobin gene is similar to the 
rat apoA-I gene, in that it also lacks a GRE (58). 

The indirect model put forward here may be too 
simple and gene regulation by glucocorticoid may be 
even more complex. For example, the smooth muscle 
gene, glutathione S-transferase (44) is up-regulated by 
glucocorticoid but has neither HNF-SP, Egr-1, nor PEA-3 
binding sites. The authors also attribute the glucocorti- 
coid effect to an indirect mechanism (44) but do not 
identify any potential trans-activators. The mechanism 
of glucocorticoid-induction of hepatic genes lacking a 
recognizable GRE is clearly complex, but seems to in- 
volve an indirect type I1 mechanism (41). 

Although, the data presented here show that the 
major effect of Dex on apoA-I is at the transcriptional 
level, post-transcriptional effects of this steroid are pos- 
sible. If transcription-translation had reached an equi- 
librium and Dex affected transcription alone, then the 
fold induction at each end-point should be equal. As 
apoA-I transcription is raised 2- to %fold, mRNA levels 
5- to 6-fold and secreted protein 3- to 4-fold, Dex may 
have additional post-transcriptional effects. Other hor- 
mones affect the apoA-I gene post-transcriptionally, for 
example, thyroid hormone has a major effect on tran- 
scription (5, 17, 35), and also affects translation of 
apoA-I mRNA (61). 

The present studies have shown that the synthetic 
glucocorticoid, Dex, stimulates transcription of the 
apoA-I gene by an indirect mechanism. Dex increases 
site B DNA binding activity that is not GR and most likely 
to include HNF-SP. Transactivation of the promoter 
through site B is augmented by an adjacent 5' sequence 
we have called site S.M 
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