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While the molecular mechanisms of glucocorticoid regulation of transcription have been studied in detail, the global
networks regulated by the glucocorticoid receptor (GR) remain unknown. To address this question, we performed an
orthogonal analysis to identify direct targets of the GR. First, we analyzed the expression profile of mouse livers in the
presence or absence of exogenous glucocorticoid, resulting in over 1,300 differentially expressed genes. We then
executed genome-wide location analysis on chromatin from the same livers, identifying more than 300 promoters that
are bound by the GR. Intersecting the two lists yielded 53 genes whose expression is functionally dependent upon the
ligand-bound GR. Further network and sequence analysis of the functional targets enabled us to suggest interactions
between the GR and other transcription factors at specific target genes. Together, our results further our

understanding of the GR and its targets, and provide the basis for more targeted glucocorticoid therapies.
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Introduction

Glucocorticoids are essential steroid hormones that are
secreted by the adrenal cortex and affect multiple organ
systems. Among these effects are the ability to depress the
immune system, repress inflammation, and help mobilize
glucose in the fasting state. Glucocorticoids and their
synthetic analogs are widely prescribed for adrenocortical
insufficiency and as an immune suppressant/anti-inflamma-
tory agent, but their systemic effects can often be debilitating.
An understanding of the genes regulated by the glucocorti-
coid signaling pathway may lead to more targeted therapies,
thereby preventing unwanted side effects.

Glucocorticoids act via a signaling pathway that involves
the glucocorticoid receptor (GR), a member of the nuclear
receptor superfamily of ligand-activated transcription factors
[1,2]. In the absence of glucocorticoids, the GR is sequestered
in the cytoplasm by a protein complex that includes heat
shock protein 70 (HSP70) and HSP90. When glucocorticoids
are present, they traverse the plasma membrane and bind to
the GR, allowing the GR to dissociate from its chaperone
proteins and translocate to the nucleus. Within the nucleus,
the ligand-bound GR can bind to DNA as a monomer or as a
dimer to palindromic glucocorticoid response elements
(GREs) and modulate transcription [3-7].

The mechanisms of action of the ligand-bound GR are
fairly complex, including the ability to both activate and
repress transcription, and to interact with other transcrip-
tional regulators such as activating protein-1 (AP-1) and
nuclear factor kappa B (NF-kB) (reviewed in McKay and
Cidlowski [5]). The net effect of glucocorticoid administra-
tion on a particular target gene is likely dependent upon the
other transcription factors present on the target gene’s
promoter or enhancer(s). Specifically, the integration of
multiple signaling pathways can occur at glucocorticoid
response units (GRUs), which consist of a combination of a
GRE and other transcription factor binding sites. Examples of
these include GRUs in the promoters of the phosphoenolpyr-
uvate carboxykinase (Pck) and carbamoylphosphate synthetase (Cps)
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genes [8-10]. Thus, understanding the complete nature of
glucocorticoid action requires knowing not only the set of
genes bound and regulated by the GR, but also the tran-
scription factors that may interact with the GR, and the loci
where these interactions occur.

To better understand glucocorticoid signaling, RNA
expression profiling after glucocorticoid administration has
been performed by several groups [11-16]. However, it is
impossible to establish which differentially expressed genes
are direct targets of the GR and which are controlled by
downstream effectors. To address this limitation, Wang and
colleagues have developed a technique termed “ChIP scan-
ning,” which involves screening the promoter region of each
putative target gene individually using chromatin immuno-
precipitation (ChIP) and quantitative real-time PCR (QPCR)
[17]. Unfortunately, this technique is not high-throughput,
but instead involves designing multiple primer sets for each
potential target gene individually. Thus, this technique is not
suitable for global network analysis.

A modification of microarray technology utilizes spotted
promoter regions instead of cDNA sequences. After ChIP
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Synopsis

Glucocorticoids are essential steroid hormones, and synthetic
glucocorticoids are widely prescribed for a variety of medical
conditions. Understanding the mechanism by which glucocorticoids
act requires knowing the direct target genes whose expression
levels are modulated by the glucocorticoid signaling pathway. In
this publication, Le and colleagues have utilized two high-
throughput techniques to determine genes directly regulated in
vivo by the glucocorticoid receptor (GR). RNA and chromatin were
extracted from the livers of mice injected with the synthetic
glucocorticoid dexamethasone and compared to control littermates.
The analysis of RNA expression levels generated a list of genes
differentially expressed after addition of dexamethasone. The
analysis of the chromatin produced a list of gene promoter
sequences where the GR was bound to DNA. By intersecting the
two lists, the researchers obtained a list of genes that are directly
controlled by the GR, including several previously known targets.
This list of direct targets was then used as the basis for complex
pathways and sequence analyses, which suggested several inter-
actions between the GR and other transcription factors. This study
provides an evaluation of a medically important signaling pathway
and serves as a model for future analyses of transcriptional
regulation.

with an antiserum raised against a particular transcription
factor, the immunoprecipitated DNA is amplified, labeled,
and hybridized against these promoter microarrays. Spots
that are brighter in the immunoprecipitated channel than the
control represent promoter sequences to which the tran-
scription factor is bound. This technique, termed “genome-
wide location analysis,” or “ChIP-on-Chip” has been utilized
to determine binding sites for several transcription factors in
yeast [18,19], and higher organisms [20-25]. However, binding
data alone do not prove that the transcription factor of
interest is important in the regulation of a particular target
gene. This is especially true in higher eukaryotes, where many
genes are regulated by dozens of partly redundant tran-
scription factors [26]. Therefore, in order to identify direct
targets of a given transcription factor that are dependent on
the regulatory protein in question, a combination of location
analysis and expression profiling is required.

Given the importance of the glucocorticoid signaling path-
way in biology and medicine, we have undertaken a study to
determine functional GR targets. We performed parallel
mRNA expression profiling and location analysis on livers of
fasted mice injected with glucocorticoids and compared the
results with those of fed controls. Individually, the expression
analysis and the location analysis each produced lists of genes
that included many known or suspected GR targets. By
combining the expression and binding data, we were able to
identify 53 direct functional GR targets, many of which are
novel. In addition, network and sequence analysis of the GR
targets independently suggested functional interactions be-
tween the GR and several other transcription factors. Through
these experiments we have extended the understanding of the
complexity of the genetic networks modulated by glucocorti-
coids.

Results

Identification of GR Targets by Expression Profiling
The experimental paradigm we chose to use for parallel
expression profiling and location analysis is outlined in Figure 1.

@ PLoS Genetics | www.plosgenetics.org

0160

Glucocorticoid Receptor Networks

Treated mice were fasted overnight and injected with
dexamethasone, a synthetic glucocorticoid. Control mice
were fed ad libitum and not injected with vehicle, as this
would generate a stress response. Treated and control mice
were sacrificed, and the left lobe of their livers was removed
for parallel expression and genome-wide location analysis.
Several alternative experimental designs were initially
considered and ultimately discarded. First, we opted to
evaluate the networks controlled by glucocorticoids in
hepatocytes in mice and not in hepatoma cell lines grown
in culture. While this approach was technically more
challenging, it was necessary because available cell lines do
not reflect the metabolic regulation of hepatic gene expres-
sion accurately [27,28]. Second, it was important to compare
mice in different feeding states due to the significant
differences in the levels of insulin, glucagon, and glucocorti-
coids that are present in each state. One alternative design
would have been to compare dexamethasone-injected fed
mice to fed controls. When we performed a preliminary
expression analysis using this design, the levels of many well-
known GR targets, such as Pck and insulin-like growth factor
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Figure 1. Experimental Paradigm for Orthogonal Analysis of Glucocorti-
coid Receptor Targets

Treatment mice were fasted overnight, then given intraperitoneal
injections with dexamethasone. Treatment and control liver lobes were
splitin half and processed for both RNA and chromatin. RNA was subjected
to microarray analysis using the PancChip 5.0 cDNA microarray, which
contains over 13,000 transcripts. Location analysis was performed by
immunoprecipitating with antiserum raised against the GR. ChIP material
was amplified, fluorescently labeled, and hybridized against sheared
genomic DNA using the Mouse PromoterChip BCBC-3.0 promoter micro-
array, which contains approximately 7,000 genomic promoter elements.

DOI: 10.1371/journal.pgen.0010016.g001
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binding protein 1 (Igfbpl), were unchanged (unpublished data).
These results are consistent with the well-described ability of
insulin signaling to inhibit glucocorticoid activation of many
targets, such as Pck, Igfbpl, glucose-6-phosphatase (G6pc), and 6-
phospho-2-fructokinase (Pfk2) (reviewed in [29]). In addition to
the presence of the inhibitory effects of insulin, an
experimental design in which both groups are fed risks a
significant loss of sensitivity due to a lack of fasting-induced
signals that act synergistically with glucocorticoids, such as
glucagon. Another alternative design would have been to
compare mice fasted and injected with dexamethasone to
fasted control mice. However, since endogenous glucocorti-
coids are released in the fasted state, the chromatin from the
control samples could not serve as negative controls for the
location analysis. Therefore, we elected to compare dexame-
thasone-injected fasted mice to fed controls.

Treated and control liver lobes were split in half. RNA was
extracted from one half, while chromatin was prepared from
the remaining half. Reverse-transcription QPCR (RT-QPCR)
was performed to measure relative expression levels of
several targets known to be induced by glucocorticoids in
fasted mice. As expected, the mRNA levels of these targets,
including Pck, tyrosine aminotransferase (Tat), and Igfbpl, were
induced between 6- and 60-fold relative to the levels in the
fed control mice (unpublished data).

The RNA was then used to perform a microarray hybrid-
ization using the PancChip 5.0 expression microarray [30]. Of
the 13,000 transcripts on the array, approximately 1,300
unique genes were differentially expressed between the two
conditions at a false discovery rate of 10% (complete dataset
available in Datasets S1 and S2). Of those, about 30% were
up-regulated in the dexamethasone-injected livers, while the
majority was repressed. Again, the list of differentially
expressed genes included many known GR targets, including
Pck, Igfopl, and metallothionein 2 (Mt2) (unpublished data).
However, it is unclear which of these differentially expressed
genes are direct targets of the GR.

Global Analysis of GR Occupancy In Vivo

Chromatin immunoprecipitation, performed using an
antiserum raised against the GR, was compared to preim-
mune rabbit IgG to assess the specificity of the antibody at
two known GR targets, M¢2 and Tat (Figure 2A). This antibody
was then utilized in immunoprecipitations with chromatin
from both the dexamethasone-treated and the fed control
samples. GR occupancy on those same two targets, as
measured by QPCR, was increased by approximately 4-fold
and 13-fold, respectively, confirming the efficiency of the
ChIP (Figure 2B). Next, we amplified the immunoprecipitated
DNA by two rounds of ligation-mediated PCR, and confirmed
that the enrichment of the known GR targets was maintained
after amplification (unpublished data). Amplified samples
were then fluorescently labeled and hybridized against
sheared genomic DNA on the Mouse PromoterChip BCBC-
3.0 promoter microarray, which contains PCR amplicons of
two promoter regions for over 3,300 genes important in liver
function. The first PCR amplicon, called tile 1, is approx-
imately 1 kilobase (kb) in length and is located immediately
upstream of the putative transcriptional start site. The
second amplicon, tile 2, is approximately 2 kb in length and
is located immediately upstream of tile 1. In total, we spotted
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Figure 2. ChIP Identifies Known GR Targets in Liver

(A) Agarose gel electrophoresis of PCR products for the known GREs in
Mt2 and Tat confirm the specificity of the anti-GR antibody (sc-1002,
Santa Cruz) compared to the control preimmune IgG. The PCR product
for the genomic locus encoding the 28S ribosomal RNA shows that equal
amounts of DNA were loaded into each reaction.

(B) QPCR was used to measure the enrichment of Mt2 and Tat in
chromatin immunoprecipitated with the anti-GR antiserum from five
dexamethasone-treated samples compared to five fed controls, as
described in Materials and Methods. The 28S PCR product was used to
normalize the samples.

DOI: 10.1371/journal.pgen.0010016.9g002

onto the microarray approximately 3 kb of genomic
promoter sequence for each of the 3,300 genes.

The location analysis identified 318 promoter regions,
representing 302 distinct genes, enriched in the immunopre-
cipitations from dexamethasone-treated samples. This list of
GR targets (Table S1) contains many genes previously shown
to be regulated by GR, including Pck, Igfbpl, tumor necrosis
factor (Tnf), and hormone-sensitive lipase. The Gene Ontology
(GO) Biological Function categories of the GR-bound genes
are shown in Figure 3. The GR targets were also assessed for
statistical enrichment of GO Biological Function categories.
The ten most enriched GO Biological Function categories are
shown in Table 1. These categories are dominated by genes
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Figure 3. Functional Categories of the Genes Generated by Location
Analysis

Location analysis was performed using antiserum against the GR. Three
treated and five control samples were amplified, fluorescently labeled, and
hybridized to the Mouse PromoterChip BCBC-3.0 promoter microarray in a
common reference design. Standard statistical methods identified 302
promoter regions significantly enriched in the treated samples compared
to the fed controls (see Materials and Methods). The GO level 4 functional
category for each gene was retrieved and the top 20 categories are shown.
Note that some genes belong to multiple GO categories.

DOI: 10.1371/journal.pgen.0010016.g003

important in metabolism, consistent with the function of
glucocorticoids in the liver. It is also important to note that
within the GO function hierarchy, some genes belong to
multiple categories.

We confirmed several of the targets identified in our
location analysis by measuring their enrichment in the
original immunoprecipitated DNA using QPCR. Two com-
putational programs, NUBIScan [31] and TESS (http://
www.cbil.upenn.edu/tess) were used to identify likely GR
binding sites within the spotted promoter regions. QPCR
was used to calculate the fold-enrichment of these genomic
loci in the unamplified, immunoprecipitated DNA of treated
samples compared to controls. The results are shown in
Figure 4. Of the 14 samples, 12 (85%) randomly chosen
promoters were enriched to the level of significance,
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Table 1. Enriched GO Biological Functional Categories

Category EASE Score

Aromatic compound metabolism 0.00682
Amine catabolism 0.01

Amino acid catabolism 0.0318
Glucan metabolism 0.0318
Glycogen metabolism 0.0318
Polysaccharide metabolism 0.0318
Energy reserve metabolism 0.0445
Steroid metabolism 0.0215
Glucan biosynthesis 0.0722
Polysaccharide biosynthesis 0.0722

The EASE analysis tool was used to determine enriched GO Biological Functional Categories within the set of 302 GR
targets. The top ten categories are shown, along with the EASE score, which represents a p-value corrected for
variations in category sizes.

DOI: 10.1371/journal.pgen.0010016.t001

confirming the validity of our location analysis. Further-
more, it is possible that the remaining promoters have true
GR binding sites, but at loci that do not match the
consensus sequence well and thus were not assessed. We
also noted that the fold-enrichment measured by QPCR was
generally greater than that measured by the promoter
microarray. This “compression effect” has been previously
described in ¢cDNA and oligonucleotide microarrays [32].

To further evaluate our list of GR-bound promoters, we
obtained a list of more than 50 previously published GR
targets [5], 12 of which contain one or more GRE consensus
sites within the sequences that are present on our promoter
array. If the location analysis had produced a random set of
302 genes (302/3300 [approximately 9%]), then of these 12
known targets, approximately one gene could be expected
to be on our list. However, of these 12, eight (67%) were
identified by our location analysis as occupied by the GR in
the liver in vivo (p < 2 X 107°), confirming the usefulness of
our approach.

Integrating Expression and Binding Data Results in
Functional GR Targets

In order to determine the subset of genes that are direct
and meaningful targets (i.e., are changed in their expression
level) of the activated GR in the liver, we identified the
overlap of the GR-bound and GR-regulated genes (Figure 5).
There are approximately 2,500 genes common to both array
platforms used. Of these, 498 were differentially expressed
and 235 were bound by the GR. Intersecting the two sets
resulted in 53 genes that were both differentially expressed
and bound by the GR. These represent direct, functional
targets of the activated GR, which we hereafter refer to as
the differentially expressed, GR bound (DEB) set. All of
these genes are listed in Table 2, and include several
published GR targets, including alcohol dehydrogenase 1 (Adhl),
Pck, and Igfbpl, as well as likely GR target genes such as
catalase (Cat) [33]. A more thorough search of the literature
and use of expression data from a previously published
experiment in a different tissue [34], indicates that 22 of the
53 genes have been shown to be differentially expressed
after the addition of glucocorticoid. Thus, 31 of our target
genes appear to be novel GR targets.
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Figure 4. Quantitative PCR Confirms GR Targets Identified by Location
Analysis

The enrichment of GR targets identified by location analysis was
measured in the original immunoprecipitated material by QPCR. The
graph shows the fold-enrichment of five dexamethasone-treated
samples compared to five fed controls. Of fourteen randomly selected
GR targets, 12 showed statistically significant enrichment. Fold-enrich-
ment and p-values were calculated as described in Materials and
Methods. *p < 0.05, **p < 0.01.

DOI: 10.1371/journal.pgen.0010016.9004

Network and Sequence Analysis Suggest Several Potential
GR-Protein Interactions and Sites

Pathway analysis can be a useful tool to help uncover
relationships among genes [35], such as the finding that
multiple members of the list may be regulated by the same
transcription factor. When seeded with the genes in the DEB
set plus the GR itself, pathway analysis produced two
networks of genes with functional relationships. These were
merged together and are shown in Figure 6. Our data suggest
a direct interaction between the GR (NR3Cl1, large red box;
Figure 6) with the DEB gene set (genes in boldface).

Closer inspection revealed that many of the genes added to
the network encode transcription factors that are known to
physically interact with the GR on the promoters of
particular genes. Two well-studied examples include RelA
and Jun, which are members of the NF-kB and AP-1
transcriptional complexes, respectively. It has been suggested
that the activated GR modulates inflammation and the
immune response by physically interacting with NF-kB and
AP-1, thereby repressing the activation of many of their
targets [5,7]. In fact, recent work has shown that the LIM
protein TRIP6 is required for this interaction [36]. Other
transcription factors identified by the pathways analysis that
are known to interact with the GR to modulate particular
genes include Stat5 [37,38], FoxA family members [39,40],
HNF6 [41], PPARYy [42], and Ets family members [43,44]. This
suggests that the other transcription factors in the network,
such as Myc and HNF40, may also interact with the GR to co-
regulate target genes. Thus, by combining a database of
genetic relationships with a set of direct GR targets, we are
able to suggest interactions between the GR and other
transcription factors.

Next, we analyzed the sequences of the promoters in the
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Figure 5. Intersection of Expression Data and Location Analysis

Of the genes common to both the cDNA microarray and the promoter
microarray, 498 were differentially expressed and 235 were bound by the
GR. Intersecting the two lists produced 53 genes in common. This list
represents direct, functional targets of the GR in hepatocytes.

DOI: 10.1371/journal.pgen.0010016.g005

DEB set, searching for enriched transcription factor binding
sites. First, we scored the set of vertebrate transcription
factor position-specific weight matrices (PWMs) in the
TRANSFAC database [45] and in JASPAR [46] against the
entire set of tiles on the promoter array. We then determined
the ability of individual PWMs (representing single tran-
scription factor binding sites) to distinguish between the DEB
set and the background set. The GR PWM was enriched in the
DEB set compared to the entire set of promoters on the
microarray (p < 0.05), as well as compared to the promoters
of the 445 genes differentially expressed but not bound by the
GR (p < 0.01). For instance, at the particular score threshold,
66% of the DEB set contained a sequence surpassing the
threshold, compared to only 48% of the 445 genes differ-
entially expressed but not bound by GR.

Interestingly, the GR weight matrices (full-site and half-site)
were not the most significantly enriched matrices. Among the
remaining matrices representing vertebrate transcription
factors, the scores of the matrices for HNF4a and the GATA
family of transcription factors were more significant than the
GR matrices. It is likely that the significance of the half-site
GR consensus sequence, AGAACA [47], is hampered by the
high frequency with which it occurs in the background set of
DNA, while the full-site matrix scores probably suffer from
the fact that true GREs can vary significantly from the
published GRE consensus. For example, the functional GREs
in the promoter region of Pck scored poorly with the
consensus full-site matrix. As for the enrichment of other
matrices, it may be that in our DEB set the presence of
HNF4o binding sites is providing tissue specificity to the
glucocorticoid response.

Because it is known that the GR can interact with other
transcription factors to modulate gene expression, we
searched for significant combinations of binding sites for
either GR monomers or dimers and other nearby tran-
scription factors. This analysis resulted in several combina-
tions that were significantly enriched in the DEB set
compared to the set of all mouse promoter sequences on
the array (Table 3). Once again, the interaction between the
GR and the AP-1 transcriptional complex presented itself.
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