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The activities of intracellular receptors are regulated by their cognate ligands. Here we show that a series of
related arylpyrazole compounds, which specifically bind the glucocorticoid receptor (GR), selectively
modulated GR-regulated biological functions in preadipocyte, preosteoblast, and lung epithelial cell lines.
Indeed, when we monitored 17 endogenous GR target genes in one of these cell types, we found that distinct
arylpyrazole compounds induced different expression patterns. We showed by chromatin immunoprecipitation
that the arylpyrazole compounds regulated, in a gene-specific manner, either GR occupancy of the genomic
glucocorticoid response element (GRE) or events after GR association, such as histone modification. Overall,
our results establish that subtle differences in ligand chemistry can profoundly influence the transcriptional
regulatory activity of GR, and that endogenous genes bearing natural GREs are especially sensitive detectors
of these differences.
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Glucocorticoids are steroid hormones that exert their
biological functions through the intracellular glucocor-
ticoid receptor (GR). GR is a transcriptional regulator
that, upon binding to cognate ligands, occupies specific
genomic glucocorticoid response elements (GREs) and
modulates the transcription of nearby genes (Yamamoto
1985, 1995).

Based on conventional views, physiological ligands
such as cortisol and corticosterone, and synthetic com-
pounds such as dexamethasone and prednisolone, are
agonists that promote the biological functions of GR,
whereas ligands such as RU486 are antagonists that bind
to GR but inhibit its functions. It is now apparent, how-
ever, that ligand activities are strongly context depen-
dent. For example, selective estrogen receptor modula-
tors (SERMs), such as tamoxifen and raloxifene, are ago-
nist-like or antagonist-like in different tissues, and
modulate distinct subsets of ER target genes in a given
cell type (Shang and Brown 2002; Jordan 2004; Kian Tee

et al. 2004); selective ligands for FXR have also been
reported (Downes et al. 2003). Accordingly, the defini-
tions of agonist and antagonist are relative to particular
phenotypes or specific subsets of target genes, and there-
fore it is likely that any ligand could act as either agonist
or antagonist depending on the context.

Glucocorticoids are among the most effective agents
for treating asthma, arthritis, and autoimmune diseases
because of their potent anti-inflammatory and immuno-
suppressive effects. However, chronic systemic gluco-
corticoid therapy also produces deleterious side effects,
including diabetes mellitus, onset of hypertension,
weight gain, muscle atrophy, and osteoporosis (Schacke
et al. 2002). Therefore, one of the main challenges in
glucocorticoid pharmacology is to develop agents that
can dissociate anti-inflammatory and immunosuppres-
sive effects from these side effects. One approach was
suggested by the notion that GR confers anti-inflamma-
tory effects by transcriptional repression, whereas the
side effects reflect transcriptional activation by GR
(Rosen and Miner 2005). However, it has been shown
that some glucocorticoid-activated genes, such as an-
nexin I, are important in the anti-inflammatory effect
(Perretti et al. 2002; Roviezzo et al. 2002), whereas some
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glucocorticoid-repressed genes, such as endothelial ni-
tric oxide synthase (eNOS) (Wallerath et al. 1999, 2004;
Schafer et al. 2005), are associated with deleterious side
effects. Therefore, the ideal compounds would display a
more complex profile: They would selectively regulate
anti-inflammatory genes, leaving the “side-effect” genes
unaffected. Unfortunately, the genes that are responsible
for the unwanted side effects have not been identified.
Moreover, the selectivity by which GR ligands modulate
the transcriptional activities of genomic target genes has
not been investigated.

Shah and Scanlan (2004) described methods to syn-
thesize novel arylpyrazole compounds that are ligands
for GR. They studied 15 of these compounds, each
carrying a different adduct at only a single position
on the arylpyrazole backbone. The binding affinities
of these compounds are similar to those of dexametha-
sone, prednisolone, and the physiological glucocorticoid,
cortisol. All but one of the compounds was able to
activate the expression of transfected reporter genes
bearing synthetic simple GREs (Shah and Scanlan 2004).
In this report, we used these structurally related com-
pounds as tools to examine ligand selectivity in reg-
ulating the transcription of primary GR target genes
in their normal chromosomal settings. Our strategy
was to first investigate whether these compounds selec-
tively modulate GR-regulated biological phenotypes in
different cell types. We then determined whether these
compounds induced differential gene expression pro-
grams in a given cell type, and tested by chromatin im-
munoprecipitation (ChIP) whether the selective ligand
effects correlated with GR occupancy at the target gene
GREs.

Results

Arylpyrazole compounds differentially affect
GR-regulated proliferation and differentiation

Table 1 shows the chemical structures of the arylpyra-
zole compounds used in this study. Notably, the com-
pounds differ only in the substituents attached at “C-11”
of the arylpyrazole nucleus, a position thought to be
equivalent to C-11 in the C-ring of the steroid nucleus
(see dexamethasone structure in Table 1 inset for com-
parison). In every case, the compounds were bound by
the closely related androgen receptor (AR) and progester-
one receptor (PR) with affinities at least 100-fold lower
than GR (Table 1). Similarly, the compounds failed to
trigger transcriptional activation by the mineralocorti-
coid receptor (MR), cotransfected into CV-1 cells with a
reporter gene bearing multiple mineralocorticoid re-
sponse elements, whereas GR was strongly activated in
parallel assays (data not shown). Thus, this series of
arylpyrazoles is highly selective for GR.

We then tested the biological effects of these com-
pounds in three glucocorticoid-responsive cell types.
First, we examined the effects of a saturating concentra-
tion (1 µM) of the compounds in A549, a human lung
epithelial cell line that responds strongly to proinflam-

matory signals, and, as with many cells involved in in-
flammatory responses, is growth inhibited by dexa-
methasone and prednisolone (Fig. 1A). To monitor cell
viability and proliferation, we measured relative ATP
levels in cells treated with the various compounds; ATP
can be measured sensitively, rapidly, and precisely, and
correlates closely with [3H]-thymidine incorporation as-
says (Crouch et al. 1993). We found that ligand 2 was
comparable to dexamethasone and prednisolone in sup-
pressing cell proliferation, whereas ligands 1, 3, 4, 6–12,
and 14 had weaker effects; notably, this assay is highly
sensitive, such that even the weak effects reflect signifi-
cant activity. In contrast, ligands 5, 13, and 15 had no
effect (Fig. 1A).

Next, we tested the compounds in mouse 3T3-L1 prea-

Table 1. GR ligands
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dipocytes, where dexamethasone, insulin, and IBMX
act together to drive adipocyte differentiation. We as-
sessed the ability of the arylpyrazole compounds to re-
place dexamethasone in the differentiation cocktail. As
shown in Figure 1B, most compounds (at 1 µM) were able
to substitute for dexamethasone to induce differentia-
tion. The effects of ligands 2–4 and 6–10 were similar to
those of dexamethasone, whereas ligands 1, 5, 11, and 14
had weaker effects. Three compounds—ligands 12, 13,
and 15—did not induce 3T3-L1 differentiation (Fig. 1B).
Notably, this pattern of ligand effects differed substan-
tially from the pattern of effects of observed in A549
cells.

Finally, we determined the actions of the compounds
in mouse MC3T3-E1 preosteoblasts, where dexametha-
sone and prednisolone inhibit differentiation to osteo-
blasts (Fig. 1C; Luppen et al. 2003; Leclerc et al. 2004).
Strikingly, none of the compounds inhibited MC3T3-E1
preosteoblast differentiation as measured by alizarin red
staining (Fig. 1C). When we monitored the levels of cal-
cium and phosphate, two indicators of osteoblast differ-
entiation, ligands 2 and 9, had modest effects (data not
shown). Again, this pattern of ligand effects differed
markedly from the patterns observed in A549 or 3T3-L1
cells. Thus, the various arylpyrazole compounds clearly
function differentially in different cell types (Table 2).

For example, ligand 2 induced 3T3-L1 differentiation and
inhibited A549 cell proliferation but did not efficiently
suppress MC3T3-E1 differentiation.

Distinct arylpyrazole compounds induced differential
gene expression patterns in a single cell type

The selective functions of distinct ligands in different
cell types suggested that each arylpyrazole compound
may regulate a specific gene expression program. In order
to test this model, we compared the gene expression pro-
files regulated by arylpyrazole compounds in a single cell
type. A549 cells were chosen because dexamethasone-
responsive genes had already been defined by microarray
analysis, and >10 of these had been shown to be primary
regulatory targets, as defined by demonstration of GR
occupancy in vivo at the GREs of each gene (Wang et al.
2004); in contrast, few primary GR target genes have
been identified in 3T3-L1 and MC3T3-E1. A549 cells ex-
press functional GR and display characteristics of type II
alveolar epithelial cells, which are glucocorticoid target
cells in vivo; regulation of various primary GR target
genes, such as those involved in sodium transport and
lung homeostasis (ENaC�), cell proliferation (Kip2), and
the inflammatory response (IL-8 and GM-CSF), has been
studied in these cells (Chow et al. 1999; Ito et al. 2000;

Figure 1. Arylpyrazole compounds differentially affect
cell growth and differentiation. (A) Effects of arylpyra-
zole compounds on A549 cell proliferation. A549 cells
were treated with either DMSO, dexamethasone (0.1
µM), or arylpyrazole compounds (1 µM) for 5 d, and the
relative ATP levels were measured. The data represent
the mean (standard error of the mean, SEM) of the per-
cent of ATP levels (dexamethasone or arylpyrazole com-
pound-treated divided by the DMSO-treated) from four
experiments. (B) Effects of arylpyrazole compounds on
3T3-L1 adipocyte differentiation. Confluent cultures of
3T3-L1 cells were placed in differentiation medium that
contained IBMX, insulin with either DMSO, dexametha-
sone (1 µM), prednisolone (1 µM), or various arylpyrazole
compounds (1 µM) as indicated. Oil Red staining was
used to measure the extent of adipocyte differentiation.
The data represent the mean (SEM) of Oil Red concen-
tration from three experiments. (C) The effects of aryl-
pyrazole compounds on MC3T3-E1 osteoblast differen-
tiation. MC3T3-E1 cells were grown to confluence and
then placed in differentiation medium that contained ei-
ther DMSO, dexamethasone (1 µM), prednisolone (1 µM),
or various arylpyrazole compounds (1 µM) as indicated.
Alizarin Red staining was used to measure the extent of
osteoblast differentiation. Data are averaged (with SEM)
from four independent experiments.
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Nissen and Yamamoto 2000; Wang et al. 2000; Alheim et
al. 2003; Luecke and Yamamoto 2005).

We chose 17 representative A549 GR target genes
and used quantitative real-time PCR (qPCR) to compare
gene expression patterns induced by arylpyrazole com-
pounds, dexamethasone, and prednisolone. These 17
genes were selected because they are highly regulated by
glucocorticoids and/or their GREs were previously iden-
tified. As shown in Figure 2, A–C, the different arylpyra-
zole compounds induced distinct patterns of gene
expression. For example, ligands 2, 4, 8–12, and 14
activated all of the genes that were activated by dexa-
methasone; ligand 2 showed the strongest activities
among these compounds (Fig. 2A). In contrast, ligands 1,
3, and 5–7 induced only a subset of the dexamethasone-
induced genes, and ligand 15 did not activate any target
gene (Fig. 2A).

Glucocorticoids act as potent anti-inflammatory
agents by suppressing the expression of various cytokine
and chemokine genes. We tested the effects of our aryl-
pyrazole compounds on six cytokines whose expression
is induced by TNF-� (Fig. 2B). We found that ligands 1, 2,
and 4 inhibited the expression of most of the TNF-�-
induced genes, whereas ligands 12–15 had little effect
(Fig. 2A). Ligands 3 and 6–10 inhibited only a subset (two
or three) of the genes (Fig. 2B); in contrast, ligand 5,
which induced only a single target gene of our test set,
repressed three of the cytokine genes, although the effect
was relatively modest (Fig. 2B). Furthermore, the six
TNF-�-regulated genes could be divided into two groups
with respect to their responses to ligands 6–10: MCP-1,
GM-CSF, and IL-6 were somewhat inhibited, whereas
IL-8, RANTES, and GRO1 were largely unaffected (Fig.
2B).

The final group of target genes in our test set was glu-
cocorticoid-repressed but not TNF�-induced. Ligands 1,
2, 4, and 6 generally mimicked the effects of dexametha-
sone and prednisolone on these four genes; ligands 3 and

7 repressed two target genes; ligands 5 and 8–11 inhibited
only one; and ligands 12–15 failed to repress (Fig. 2C).
Interestingly, most of the compounds repressed NAV3
gene expression, but only ligands 1–3 repressed GEM,
and then only weakly (Fig. 2C).

In summary, our results showed that modest changes
in ligand chemistry can cause dramatic effects on gene
expression profiles. Strikingly, when these same 15 com-
pounds were tested for regulation of a transfected re-
porter gene containing synthetic GREs in A549 cells, all
but ligand 13 activated transcription, although ligands 5
and 15 were weaker than the others (Fig. 2D). Thus,
the differential effects of modest changes in ligand
chemistry are greatly amplified in the context of natural
response elements in their normal chromosomal set-
tings.

Ligand 15 is a competitive inhibitor of prednisolone
and dexamethasone effects

As ligands 13 and 15 bound GR with high affinities in
vitro (Table 1), yet failed to regulate any glucocorti-
coid-responsive genes or influence A549 cell growth,
we tested whether they potentiate GR activities prior
to changes in gene expression, such as nuclear localiza-
tion. Cells that stably express rat GR fused to enhanced
GFP (eGFP–rGR) were treated with DMSO, dexa-
methasone, and ligand 13 or ligand 15 for 4 h, and the
localization of eGFP–rGR was monitored. As shown in
Figure 3A, eGFP–rGR was cytoplasmic in the control
(DMSO-treated) cells and nuclear in the dexametha-
sone-, ligand 13-, or ligand 15-treated cultures (Fig. 3B–
D). Thus, these experiments demonstrate that ligands 13
and 15 differ from dexamethasome in their effects on GR
function at some step after ligand binding and nuclear
localization.

We then tested whether these two compounds are
competitive inhibitors of dexamethasone and predniso-

Table 2. Comparison of biological effects of arylpyrazole compounds in three cell types

Inhibition of A549
cell proliferation

Induction of 3T3-L1
preadipocyte differentiation

Repression of MC3T3-E1
preosteoblast differentiation

Dexamethasone ++ ++ ++
L1 + + −−
L2 ++ ++ −−
L3 + ++ −−
L4 + ++ −−
L5 −− + −−
L6 + ++ −−
L7 + ++ −−
L8 + ++ −−
L9 + ++ −−
L10 + ++ −−
L11 + + −−
L12 + −− −−
L13 −− −− −−
L14 + + −−
L15 −− −− −−
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lone. For these experiments, we cotreated A549 cells
with 1 µM ligand 13 or 15 and 1 or 0.1 µM prednisolone,
and monitored the effects on GR-responsive genes. As
shown in Figure 4A, ligand 15 but not 13 significantly
antagonized the 0.1 µM prednisolone-induced expression
of Kip2, GILZ, and MCJ genes, whereas ligand 13 had no
effect. Ligand 15 also modestly inhibited the induction
of these three genes by prednisolone (Fig. 4A). We further
showed that 1 µM ligand 15 but not 13 significantly de-
creased the antiproliferative effect of 0.1 µM predniso-
lone (Fig. 4B), whereas neither ligand competed with 1
µM prednisolone (Fig. 4B). Taken together, our findings

establish that ligand 15 is a competitive inhibitor of
prednisolone in A549 cells.

GR:GRE binding in vivo is differentially regulated
by ligands

The failure of ligands 13 and 15 to affect GR target gene
transcription could reflect either a loss of GRE occu-
pancy by GR bound to either of these two compounds, or
GR:GRE binding by GR that is inactive for transcrip-
tional regulation. To test this model, we performed ChIP
assays to detect the in vivo GR occupancy at three

Figure 2. Arylpyrazole compounds differentially affect the expression of GR target genes in A549 cells. (A) Effects of arylpyrazole
compounds on dexamethasone-induced genes. A549 cells were treated with dexamethasone or various arylpyrazole compounds for 4–5
h. Total RNA was prepared and subjected to cDNA synthesis. The cDNA was then analyzed by qPCR to measure the relative mRNA
levels of distinct target genes using gene-specific primers. Red bars represent induction greater than threefold. Orange represents
induction between two- and threefold. Yellow represents induction between 1.5-fold and twofold. (B) Effects of arylpyrazole com-
pounds on TNF�-induced dexamethasone-suppressed genes. A549 cells were treated with TNF� and either dexamethasone or aryl-
pyrazole compounds for 4 h. Total RNA was prepared and subjected to cDNA synthesis. The cDNA was then analyzed by qPCR to
measure the relative mRNA levels of distinct target genes using gene-specific primers. Green represents percent inhibition >50%.
Medium green represents percent inhibition between 25% and 50%. Light green represents percent inhibition between 0% and 25%.
(C) Effects of arylpyrazole compounds on dexamethasone-suppressed genes. A549 cells were treated with TNF� and dexamethasone
or various arylpyrazole compounds for 4 h. Total RNA was isolated and subjected to cDNA synthesis. The cDNA was then analyzed
by qPCR to measure the mRNA levels of distinct target genes. The representative colors are as described above. The data in A–C
represent the mean of the fold induction (DEX-treated responses divided by the DMSO-treated responses) from at least three experi-
ments. The SEM is shown in the Supplemental Material. (D) The effects of arylpyrazole compounds on reporter genes containing
simple GRE. Seventy-five nanograms of TAT3 reporter plasmids were transfected with 100 ng of RSV-�Gal into A549 cells in a 24-well
plate. After 24 h, cells were washed with PBS and treated with 0.1 µM DEX for an additional 16–20 h. Cells were then lysed and
subjected to assays for luciferase and �-Gal activities. One representative data set from three independent transfection experiments is
shown.
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GREs: ENaC�, GILZ, and SLC19A2 (Wang et al. 2004).
We found that ligand 13-bound GR (denoted as GR:13)
did not occupy any of these three GREs (Fig. 5A–C).
GR:15 was recruited to the GILZ and the SLC19A2
GREs, but the occupancy was lower than that of
GR:prednisolone (Fig. 5B,C). Interestingly, the occu-
pancy of GR:15 and GR:prednisolone at ENaC� GRE was
comparable (Fig. 5A), despite the failure of ligand 15 to
activate ENaC� gene transcription.

We also tested the occupancy of ligands GR:2, GR:3,
and GR:5 at these three GREs. At the ENaC� GRE, the
recruitment of GR was comparable when A549 cells
were treated with prednisolone or ligands 2, 3, or 5 (Fig.
5A); in parallel, the ENaC� gene was induced by pred-
nisolone and these three compounds (Figs. 2A, 5A).
While the occupancy of GR:2 was comparable to that of
GR:prednisolone at the GILZ and the SLC19A2 GREs,
the occupancy of GR:5 was much weaker (Fig. 5B,C), and
ligand 5 failed to induce transcription of either gene (Fig.
2A). The weaker occupancy of GR:3 relative to GR:pred-
nisolone at the GILZ GRE appeared to correlate with a
lower magnitude of induction of GILZ gene expression
by ligand 3 (Fig. 5B). In contrast, whereas GR:3 signifi-
cantly occupied SLC19A2 GRE, it did not activate
SLC19A2 gene transcription (Figs. 2A, 4C).

Taken together, our results indicated that GR:GRE oc-
cupancy commonly correlated with receptor-mediated
induction. Importantly, however, we defined two dis-
tinct mechanisms by which ligands selectively regulate
GR target gene transcription. First, GR:13 complexes
failed to occupy three GREs at genes that are strongly
induced by GR:prednisolone. Second, GR:3 and GR:15
occupied successfully the GREs at the SLC19A2 and
ENaC� genes, respectively, but they were inactive in
transcriptional regulation, implying a functional differ-
ence in the regulatory complexes at these genes at a step
downstream of GRE occupancy.

Prednisolone, not ligand 15, induces histone
acetylation of the ENaC� gene

Among the first events following GR:GRE occupancy are
modifications of chromatin structure, such as histone
acetylation. We surveyed the effects of prednisolone and
ligand 15 on histone acetylation of the ENaC� gene by
monitoring eight genomic regions spanning 1.5 kb on

Figure 4. Ligand 15 inhibits prednisolone-regulated cell proliferation and gene expression in A549 cells. (A) A549 cells were treated
as indicated for 4–5 h. Total RNA was isolated and subjected to cDNA synthesis. The cDNA was then analyzed by qPCR to measure
mRNA levels of distinct GR target genes: GILZ (solid bar), Kip2 (open bar), and MCJ (hatched bar). The data represent the mean (SEM)
of the fold induction (relative to DMSO-treated responses) from four experiments. (B) A549 cells were treated with distinct ligands as
indicated for 5 d. The relative ATP levels of cells were then measured. The data represent the mean (SEM) of the fold induction (relative
to DMSO-treated responses) from three experiments.

Figure 3. Ligands 13 and 15 induce GR nuclear localization.
Subconfluent eGFP–rGR cells were treated with DMSO (vehicle
control) (A), 100 nM dexamethasone (B), 1 µM ligand 13 (C), and
1 µM ligand 15 (D) for 4 h. Localization of eGFP–rGR protein
was then monitored. Representative data from two experiments
are shown.
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either side of the transcription start site (Fig. 5A). Time-
course experiments with prednisolone revealed that
maximal increases of acetylated histone H3 and H4 lev-
els were observed upon 30 min of treatment in many of
these regions (data not shown). For histone H3, predniso-
lone increased acetylation levels in three genomic re-
gions (Fig. 6B, regions 1, 5, 7, and 8); in contrast, ligand
15 did not increase AcH3 levels in these regions (Fig. 6B).
Furthermore, prednisolone increased the levels of acety-
lated histone H4 (AcH4) in all genomic regions tested
except region 3, which includes the GRE (Fig. 6C). Li-
gand 15, however, failed to induce significant AcH4 lev-
els in these seven regions (Fig. 6C). Overall, these results
demonstrated that although GR:15 is recruited to the
ENaC� GRE, it is unable to stimulate efficient histone
acetylation.

Discussion

Previous studies have shown that ligands for various in-
tracellular receptors can dictate the actions of their cog-

nate receptors. Most notably, ER ligands such as estra-
diol, tamoxifen, and raloxifene display distinct functions
in different cell types, and induce dramatically different
gene expression profiles in a single cell type (Shang and
Brown 2002; Jordan 2004; Kian Tee et al. 2004). Although
these results are striking, the chemical structures of
these ER ligands are significantly different, thus compli-
cating inferences of potential relationships between
chemical structure and biological response. In this study,
we applied a series of structurally related compounds
(Table 1), that differ at only a single position on an aryl-
pyrazole scaffold, to systematically analyze their effects
on GR actions.

Our closely related arylpyrazole compounds displayed
remarkable differences in their effects on GR target
genes (Table 2; Fig. 2B). For example, ligands 14 and 15
differ only in the position of a single hydroxyl group
(Table 1); however, they evoked markedly distinct GR-
regulatory activities, both in A549 and in 3T3-L1 cells.
In A549 cells, ligand 14 effectively induced the expres-
sion of several prednisolone-activated genes, whereas li-

Figure 5. Arylpyrazole compounds differentially affect GR occupancy at distinct GREs. A549 cells were treated with prednisolone or
various arylpyrazole compounds for 1 h, and ChIP experiments were performed to assess occupancy by GR. The results for the
following genes are shown: ENaC� (A), GILZ (B), and SLC19A2 (C). The fold enrichment values for the experimental regions are
determined by normalizing to the control hsp70 value. The data represent the mean (SEM) of the fold enrichment (relative to
DMSO-treated responses) from at least three experiments.

Figure 6. Prednisolone but not ligand 15
increases histone acetylation at the ENaC�

gene. (A) Schematic diagram of the ENaC�

gene; closed boxes indicate exons, and the
transcription start site is indicated as +1.
Amplified genomic regions are underlined
and numbered. (B) A549 cells were treated
with prednisolone (1 µM) or ligand 15 (1
µM) for 30 min, and actylated histone H3
was measured in each numbered region by
ChIP. (C) A549 cells were treated with pred-
nisolone (1 µM) or ligand 15 (1 µM) for 30
min, and actylated histone H4 was mea-
sured in each numbered region by ChIP.
Fold enrichment values in B and C were de-
termined by normalizing to a control gene,
hsp70. The data represent the mean (SEM)
of the fold enrichment (relative to DMSO-
treated responses) from at least three experi-
ments.
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gand 15 failed to activate any. Similarly, ligands 4 and 9
differ only by a single oxygen atom, yet ligand 4 represses
the Rantes gene nearly as effectively as dexamethasone,
whereas ligand 9 is inactive. Thus, our studies demon-
strate that slight differences in ligand structure can dras-
tically affect the activities of intracellular receptors;
moreover, ligand activities clearly depend on response
element and cellular context. By comparing chemically
similar ligands in well-defined response element and cel-
lular (or cell-free) environments, it should eventually be
possible to discern structure–function relationships for
ligands and, in turn, to define how changes in the topol-
ogy of the ligand-binding pocket determine specific re-
ceptor actions.

Our ChIP experiments showed that the different aryl-
pyrazole compounds produced strikingly distinct enrich-
ments of GR-binding fragments from different genes. We
have assumed here that the differential enrichments are
proportional to GR occupancy in vivo; an alternative ex-
planation is that differential ChIP signals reflect varia-
tions in epitope accessibility or affinity resulting from
distinct GR conformations or regulatory complex com-
positions. It may prove possible in future work to distin-
guish these possibilities, for example, by testing whether
the arylpyrazole compounds affect intrinsic GR:GRE-
binding affinities. Whatever the case may be, our present
findings establish that differences in ligand chemistry
give rise to a host of functionally distinct GR-containing
regulatory complexes. Indeed, these results using syn-
thetic ligands suggest that the conventional idea that GR
uses only a single ligand in vivo perhaps should be re-
evaluated; particular precursors or metabolites of corti-
sol, for example, may be functional GR ligands in spe-
cific cell or gene contexts.

Although our ChIP results generally indicate a rough
correspondence between GR:GRE occupancy and the
magnitude of regulation, this correspondence is clearly
violated at certain GREs. This might be explained in
some settings by ligand-selective effects on the actions
of GREs as allosteric regulators of GR activity (Lefstin
and Yamamoto 1998). In addition, GR-binding sequences
associated with normal chromosomal genes are com-
monly embedded within clusters of factor-binding sites
that collectively comprise “composite” GREs. These el-
ements include binding sites for non-GR regulators that
participate in a GRE-specific manner in the hormone
response. At some composite GREs, such as that for the
rat phosphoenolpyruvate carboxykinase (PEPCK) gene,
the nonreceptor regulators are required for GR recruit-
ment to its DNA-binding sites (Stafford et al. 2001); at
others, such as that for the proliferin gene, GR binds to
the GRE independently but depends on nonreceptor
regulators to define its activity (Diamond et al. 1990;
Miner and Yamamoto 1991). Furthermore, GR also can
act from “tethering” GREs, at which the receptor fails to
bind DNA, and instead associates through protein–pro-
tein interaction with a DNA-bound nonreceptor regula-
tor (Yamamoto 1995; Luecke and Yamamoto 2005). Re-
markably, even a 1-base-pair difference in a regulator-
binding site can result in the recruitment of distinct

cofactors to regulatory complexes (Leung et al. 2004; Lu-
ecke and Yamamoto 2005). In the limit, this implies that
each GR target gene might nucleate the assembly of a
GRE-specific regulatory complex to mediate its gluco-
corticoid response; Rogatsky et al. (2003) have, in fact,
detected GRE-specific patterns of GR functional do-
mains, each conferring glucocorticoid activation of a dif-
ferent gene.

Thus, GR integrates signaling information from both
ligands and GREs to determine its conformation and
regulatory function. Notably, because ligand binding
precedes the potential GRE interaction, the GR confor-
mation induced by a particular arylpyrazole compound
may promote binding to only a subset of GREs, and regu-
latory activity at only a subset of the occupied sites. In
our study, we used dexamethasone to identify an initial
set of GR target genes; it seems likely that the arylpyra-
zole compounds may regulate additional genes not con-
trolled by dexamethasone or prednisolone. Moreover,
our initial assays measured the effects of the arylpyra-
zole ligands on the expression of a reporter gene bearing
a simple synthetic GRE. Because each reporter repre-
sents only a certain GRE context, reporter analyses
greatly oversimplify the ligand effects on endogenous
gene regulation. Notably, ligand 15, which was inactive
on several endogenous target genes induced by predniso-
lone, was able to activate reporter gene expression. Thus,
ligand 15 may in fact regulate a subset of endogenous
genes whose GRE sequences and architecture yield func-
tional ligand 15-induced regulatory complexes in appro-
priate cell contexts in vivo.

Our results indicate that multiple mechanisms under-
lie ligand-regulated gene transcription. Thus, ligands can
differentially affect the capacity of GR to bind to particu-
lar GREs. In addition, ligands can selectively affect
events downstream of GR:GRE association, such as his-
tone acetylation. In the simplest model, these down-
stream events may reflect ligand-directed differences in
the subunit composition of the regulatory complexes.
Alternatively, the complexes may be compositionally
identical, but conformationally distinct in ways that af-
fect their specific functions. Interestingly, for the ENaC�
genes we found that p300, a universal coactivator, was
recruited to the GRE upon either prednisolone or ligand
15 treatment (data not shown). In future studies, it will
be interesting to determine whether the differential ef-
fect of these two ligands on GR regulation of EnaC�
resides in differences in subunit occupancy or conforma-
tion.

In conclusion, we suggest that subtle differences in
ligand structure induce or stabilize particular “surfaces”
of intracellular receptors that alter their interactions
with chromosomal response elements and effect differ-
ential gene regulation. Specifically, our series of aryl-
pyrazole compounds are valuable tools for dissection of
cellular and molecular functions of GR. For example,
detailed analyses of ligand-specific regulatory complexes
at distinct GREs will advance our understanding of the
context-dependence that contributes to the remarkable
range of physiological actions of GR and other intracel-
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lular receptors. Moreover, these compounds may provide
a potential resource for therapeutic development.

Materials and methods

qPCR

Total RNA was isolated from cells by using QIAshredder and
RNeasy kits (Qiagen). To synthesize random-primed cDNA, 0.5
µg of total RNA (10 µL), 4 µL of 2.5 mM dNTP, and 2 µL of
random primers (New England Biolabs) were mixed and incu-
bated at 70°C for 10 min. A 4-µL cocktail containing 25 U of
Moloney Murine Leukemia Virus (M-MuLV) Reverse Transcrip-
tase (New England Biolabs), 10 U of RNasin (Promega), and 2 µL
of 10× reaction buffer (New England Biolabs) was then added,
and incubated at 42°C for 1 h. The reaction was then incubated
at 95°C for 5 min.

The resultant cDNA was diluted to 200 µL, and 4–5 µL was
used per 35-µL reaction containing 1.25 U of TaqDNA polymer-
ase (Promega), 1× reaction buffer, 1.5 mM MgCl2, 0.5 mM dNTP
(Invitrogen), 0.2× SYBR green I dye (Molecular Probes), and 357
nM each primer. qPCR was performed in an Opticon-2 DNA
Engine (MJ Research) and analyzed by using the Ct method
(Applied Biosystems Prism 7700 Users Bulletin No. 2) and
Rpl19 as an internal control for data normalization.

For ChIP experiments, samples from 1 × 108 to 2 × 108 A549
cells were used for 40 qPCR reactions. Primers that correspond
to the promoter region of the hsp70 gene were used for data
normalization.

All primers used in this report are available upon request.

ChIP

A549 cells (1 × 108 to 2 × 108 cells) were cross-linked by adding
10% (v/v) of a formaldehyde stock solution (50 mM HEPES-
KOH at pH 8; 1 mM EDTA; 0.5 mM EGTA; 100 mM NaCl;
4.1% formaldehyde) at room temperature for 10 min. After 5
min, 0.125 M glycine (final concentration) was added to stop the
cross-linking, cells were rinsed with phosphate-buffered saline
(PBS), harvested by scraping, and collected by centrifugation (5
min at 600g). Pellets were resuspended in Lysis Buffer (50 mM
HEPES-KOH at pH 8; 1 mM EDTA; 0.5 mM EGTA; 140 mM
NaCl; 10% glycerol; 0.5% NP-40; 0.25% Triton X-100; 1 mM
PMSF; 5 µg/mL each of leupeptin, pepstatin A, and aprotinin)
and nutated for 10 min at 4°C. The crude nuclei were collected
by centrifugation (600g for 5 min at 4°C) and resuspended in
Wash Buffer (10 mM Tris-HCl at pH 8; 1 mM EDTA; 0.5 mM
EGTA; 200 mM NaCl; 1 mM PMSF; 5 µg/mL each of leupeptin,
pepstatin A, and aprotinin) and nutated again. Washed nuclei
were centrifuged as above and resuspended in 1× RIPA Buffer (10
mM Tris-HCl at pH 8; 1 mM EDTA; 0.5 mM EGTA; 140 mM
NaCl; 1% Triton X-100; 0.1% Na-deoxycholate; 0.1% SDS; 1
mM PMSF; 5 µg/mL each of leupeptin, pepstatin A, and aproti-
nin).

Samples were sonicated (power setting 5–6) with a Branson
Sonifier 250 with a microtip in 20-sec bursts followed by 1 min
of cooling on ice for a total sonication time of 120–150 sec per
sample. This procedure produced DNA fragment sizes of 0.3–
0.8 kb. Samples were then centrifuged in a microfuge at maxi-
mal speed for 10 min at 4°C. N499 antibody raised against GR
(Nissen and Yamamoto 2000) or AcH3 or AcH4 antibody (Up-
state) was added to this cleared chromatin extract and incubated
overnight with rotation at 4°C. Samples were then centrifuged
again, and supernatants were transferred to fresh tubes contain-
ing 20 µL of precleared 50% slurry Protein A/G agarose beads

(for GR, Santa Cruz) or Protein A agarose beads (for AcH3 and
AcH4, Upstate) in 1× RIPA containing 100 µg/mL sonicated
salmon sperm DNA. After 3 h with beads, samples were cen-
trifuged and the pellets were washed once with 1× RIPA buffer,
three times with 1× RIPA containing 100 µg/mL salmon sperm
DNA for 5 min with rotation, twice with 1× RIPA containing
500 mM NaCl final plus 100 µg/mL salmon sperm DNA for 5
min with rotation, and once with 1× RIPA buffer. Then 100 µL
of digestion buffer was added (50 mM Tris at pH 8; 1 mm EDTA;
100 mM NaCl; 0.5% SDS; 100 µg/mL proteinase K) and placed
at 55°C for 3 h, followed by overnight at 65°C to reverse cross-
links. DNA was phenol-CHCl3 extracted once, CHCl3 extracted
once, and ethanol precipitated in the presence of 20 µg of gly-
cogen. Pellets were resuspended in TE and used to perform
qPCR.

Cell lines

A549 human lung adenocarcinoma cells (ATCC and UCSF cell
cultural facility) were cultured in DMEM with 10% fetal bovine
serum (FBS; GIBCO). When cells were treated with dexametha-
sone, prednisolone, or arylpyrazole compounds, DMEM with
10% charcoal stripped FBS (Omega) was used.

3T3-L1 preadipocytes (ATCC) were cultured in DMEM with
10% calf serum (GIBCO). Confluent cultures were induced to
differentiate by changing the medium to DMEM with 10% FBS,
1 µg/mL insulin, 0.5 mM isobutyl-1-methylzanthin, and 1 µM
dexamethasone, prednisolone, or distinct arypyrazole com-
pounds. After 2 d, this medium was replaced with DMEM
supplemented with 10% FBS plus 1 µg/mL insulin, and cells
were maintained in this medium until processing for analysis.

MC3T3-E1 cells (a gift of Dr. Tamara Alliston, University of
California at San Francisco, San Francisco, CA) were grown in
�-MEM with 10% FBS. For osteoblast differentiation, these cells
were switched to differentiation medium upon reaching conflu-
ence. This medium consisted of �-MEM, 10% FBS, 100 mg/mL
ascorbic acid, and 5 mM �-glycerophosphate.

Cell viability assay

Cell viability was monitored using the CellTiter-GloTM lumi-
nescence assay (Promega) according to the manufacturer’s rec-
ommended protocols. This assay uses luciferase to measure
ATP, an indicator of viable cells. The luminescent signal pro-
duced is proportional to the number of viable cells present in
culture.

Oil Red O staining

3T3-L1 cells were washed three times with PBS and fixed in
10% formalin in PBS for 1 h. After washing the cells twice with
PBS, cells were stained with Oil Red staining solution (0.5% Oil
Red [Sigma] in isopropanol, diluted 3:2 in water and filtered
with a 0.22-µm filter). After staining, cells were washed three
times with water. Isopropanol was then added into culture wells
for 15 min. The extracting dye was monitored at the optical
density 500 nm (Janderova et al. 2003).

Alizarin red staining

Confluent cultures of MC3T3-E1 cells in 12-well plates were
rinsed in Ca2+/Mg2+-free phosphate-buffered saline and fixed for
5 min in 10% formalin/saline. The cells were then incubated
with alizarin red (0.1% in saline) solution for 3–7 min followed
by several washes with water. For quantitation, the stained cells
were destained for 3–4 h with ethylpyridinium chloride (Sigma),
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and the extracted stain was measured by absorbance at 562 nm
(Stanton et al. 2004).

GR-GFP cell line and imaging analysis

The eGFP–rGR cell line expressing enhanced GFP-rat GR under
control of the Tet-Off synthetic promoter was obtained as a
stably transfected derivative of the Tet-Off murine mammary
adenocarcinoma cell line 5858 (Rayasam et al. 2005). The eGFP–
rGR construct was cloned into pTRE-tight (Clontech), and the
resulting construct was transfected along with a puromycin-
resistance plasmid into Tet-Off cell line 5858. Colonies were
selected in media supplemented with 1.5 µg/mL puromycin and
isolated by single-cell cloning of strongly GFP-positive cells.
Cells were maintained in DMEM (GIBCO) supplemented with
10% FBS, 0.1 mM nonessential amino acids, 2 mM L-glutamine,
1 mM sodium pyruvate, 1 mg of G418/mL, 1.5 µg/mL puromy-
cin, and 10 µg/mL tetracycline at 37°C in 5% CO2 in a humidi-
fied incubator. To induce eGFP–rGR expression for imaging,
cells were transferred to Lab-Tek II chambers (Nalge Nunc In-
ternational) 3 d prior to imaging and grown in media without
tetracycline. One day prior to imaging, cells were switched to
phenol red-free DMEM supplemented with 0.1 mM nonessen-
tial amino acids, 2 mM L-glutamine, 1 mM sodium pyruvate, 1
mg of G418/mL, 1.5 µg/mL puromycin, and 10 µg/mL tetracy-
cline, and with 10% charcoal-stripped FBS (Omega). Cells were
treated with ligand (1 µM) for 4 h before imaging using a Zeiss
Axiovert 200M microscope with a Zeiss Apochromat 63×/1.4-
numerical-aperture oil immersion objective.

Transfection

Transfection of A549 lung adenocarcinoma cells used lipofect-
amine 2000 (Invitrogen) according to the technical manual; cells
were harvested 24 h post-transfection. Assays for �-galactosi-
dase and luciferase activity have been described previously (In-
iguez-Lluhi et al. 1997). The TAT3 reporter plasmid was previ-
ously described (Iniguez-Lluhi et al. 1997).

Ligand-binding assays

Ligand binding was determined by fluorescence polarization us-
ing GR, AR, and PR Competitor Assay Kits (Invitrogen) accord-
ing to the manufacturer’s recommended protocol (Shah and
Scanlan 2004).
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