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The molecular basis underlying the physiologically well-defined orexigenic function of glucocorticoid (Gc) is unclear. Brain-
specific homeobox factor (Bsx) is a positive regulator of the orexigenic neuropeptide, agouti-related peptide (AgRP), in AgRP
neurons of the hypothalamic arcuate nucleus. Here, we show that in response to fasting-elevated Gc levels, Gc receptor (GR) and
Bsx synergize to direct activation of AgRP transcription. This synergy is dictated by unique sequence features in a novel Gc re-
sponse element in AgRP (AgRP-GRE). In contrast to AgRP-GRE, Bsx suppresses transactivation directed by many conventional
GREs, functioning as a gene context-dependent modulator of GR actions or a target selector for GR. Consistent with this finding,
AgRP-GRE drives fasting-dependent activation of a target gene specifically in GR� Bsx� AgRP neurons. These results define
AgRP as a common orexigenic target gene of GR and Bsx and provide an opportunity to identify their additional common tar-
gets, facilitating our understanding of the molecular basis underlying the orexigenic activity of Gc and Bsx.

Energy balance is directed by the relationship between the
amount of consumed food and energy expenditure, and both

processes are regulated by the central nervous system (CNS). The
hypothalamus is the main CNS structure responsible for appetite
control and energy expenditure (1, 2). The peripheral hunger or
satiety signals arriving at the CNS are first perceived by two pop-
ulations of neurons, agouti-related peptide (AgRP) neurons and
pro-opiomelanocortin (POMC) neurons, in the hypothalamic ar-
cuate nucleus (ARC) (1, 2). Sensing the peripheral signals, AgRP
neurons produce the orexigenic peptides AgRP and neuropeptide
Y (NPY), and POMC neurons yield the anorexigenic peptide
�-melanocyte-stimulating hormone (�MSH). AgRP and NPY in-
crease food intake and decrease energy expenditure, while �MSH
does the opposite, contributing to maintaining energy homeosta-
sis centrally (1, 2).

Glucocorticoid (Gc) is a well-known peripheral orexigenic sig-
nal (1, 2). Fasting increases plasma levels of Gc and activates ex-
pression of NPY and AgRP in AgRP neurons (1–4). Gc replace-
ment studies in adrenalectomized mice have also revealed that Gc
triggers fasting-dependent induction of NPY/AgRP expression
(4–7). These studies indicate that Gc-mediated upregulation of
NPY/AgRP in the hypothalamus contributes to the orexigenic ac-
tivity of Gc. However, both the molecular mechanism by which Gc
controls expression of NPY/AgRP and the direct target genes of Gc
in AgRP neurons remain poorly understood.

Gc primarily functions through the transcription-dependent
action of Gc receptor (GR), a member of the nuclear hormone
receptor superfamily (8). GR is a cytoplasmic protein that trans-
locates to the nucleus upon binding Gc and interacts with the Gc
response element (GRE) of GR target genes to regulate their ex-
pression (8). In addition to the genes with classical GREs, Gc also
regulates expression of genes that contain response elements for
GR-interacting transcription factors. For instance, via protein-
protein interactions with the proinflammatory transcription fac-
tors AP1 and NF-�B, GR is tethered to the binding sites for AP1
and NF-�B and represses their transactivation (8, 9).

Brain-specific homeobox factor (Bsx) is a transcription factor

expressed in selective regions of the CNS, including the ARC, the
dorsomedial nuclei (DMH), and the lateral hypothalamic area
(LHA) of the hypothalamus (10–12). Within the ARC, Bsx ap-
pears to be expressed exclusively in AgRP neurons and functions
as an orexigenic transcription factor (12). Consistent with this
finding, Bsx levels are increased by fasting as well as ghrelin, an
orexigenic signal, and decreased by leptin, an anorexigenic signal
(13). Bsx has also been suggested to link spontaneous locomotor
activity and food intake, given that Bsx-null mice show impaired
expression of NPY/AgRP and food-seeking locomotor behavior
(12). Bsx cooperates with FoxO1 to directly activate expression of
AgRP through Bsx and FoxO1 response elements in AgRP (12).
However, the detailed molecular basis of Bsx action in regulating
the expression of NPY/AgRP remains poorly understood.

In this report, we set out to address two specific questions. (i)
Does Gc directly regulate transcription of NPY and AgRP genes in
the AgRP neurons via GR? (ii) Is there any mechanism that func-
tionally couples the peripheral orexigenic signal Gc with the orexi-
genic transcription factor Bsx in controlling expression of NPY/
AgRP? Our results demonstrate that in AgRP neurons, the
peripheral Gc signal triggers a synergistic activation of AgRP ex-
pression by GR and Bsx via a novel Gc response element in AgRP,
named AgRP-GRE, identifying AgRP as the first direct and com-
mon orexigenic target gene of GR and Bsx. Interestingly, this syn-
ergy is dictated by unique sequence features in AgRP-GRE. Fur-
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thermore, we show that this sequence information can be used to
identify additional common targets of GR and Bsx. Surprisingly,
Bsx also represses the action of GR on many conventional GREs,
suggesting that Bsx acts as a dual-function target selector for
GR. Together, our results provide critical insights into the mo-
lecular mechanisms for the central orexigenic action of Gc/GR
and Bsx as well as for how GR targets distinct sets of genes in
different tissues (8).

MATERIALS AND METHODS
Animals. Seven- to 10-week-old wild-type C57BL/6 mice were main-
tained on a normal 12-h light, 12-h dark cycle with ad libitum access to
normal chow and water, unless otherwise indicated. Mice were intraperi-
toneally or intracerebroventricularly injected with Dex (10 mg/kg) or
RU486 (50 mg/kg). All studies were approved by the Institutional Animal
Care & Use Committee.

Generation of transgenic mice. The transgenes were microinjected
into single-cell-stage embryos of C57BL/6 mice by the transgenic mouse
core at Baylor College of Medicine. Founder lines for each enhanced green
fluorescent protein (EGFP) reporter were generated and bred into wild-
type C57BL/6 mice.

ChIP. Mouse hypothalamus was dissected and homogenized before
being cross-linked with 1% formaldehyde for 15 to 20 min. The cell lysates
were sonicated; immunoprecipitated with anti-GR antibody (SC-8992;
Santa Cruz), anti-Bsx antibody that we have generated, or control IgG
(Santa Cruz); and incubated with protein A and G agarose overnight.
DNAs were eluted and reverse cross-linked at 65°C overnight. DNAs were
purified with the phenol-chloroform extraction method. We also carried
out chromatin immunoprecipitations (ChIPs) with P19 cells expressing
either Flag-GR alone or Flag-GR and Bsx using anti-H3K4me3 (for tri-
methylated histone H3 lysine 4) and anti-H3Ac (for acetylated H3) anti-
bodies (AbCam). The primers used for the subsequent PCRs are shown in
Fig. S3A in the supplemental material.

Immunostaining. Anesthetized mice were perfused transcardially
with 4% paraformaldehyde in phosphate-buffered saline (PBS). Brains
were removed and placed in 4% paraformaldehyde overnight, followed by
incubation with 30% sucrose. Brain sections were prepared with a cryo-
stat, incubated with antibodies against GR (SC-1004; Santa Cruz), POMC
(H-029-30; Phoenix Pharmaceutical), GFP (GFP-1020; Aves), and Bsx at
4°C overnight, and monitored by 1 to 2 h of incubation with fluorescence-
conjugated secondary antibodies.

In situ hybridization. Digoxigenin-labeled antisense RNA probes
were hybridized to the brain sections at 68°C. Hybridized sections were
washed, incubated with anti-digoxigenin-alkaline phosphatase (AP) an-
tibody (11093274910; Roche), and then subjected to color reaction.

Luciferase reporter assays. HEK293 or P19 cells were maintained in
Dulbecco’s modified essential medium (DMEM) supplemented with 10%
fetal bovine serum (FBS). Cells were seeded into 48-well or 10-cm plates,
and transient transfections were performed using SuperFect (Qiagen) ac-
cording to the manufacturer’s instructions. Actin-�-galactosidase plas-
mid was cotransfected for normalization of the luciferase assay. Ten nano-
molar Dex was used for all reporter assays.

Generation of hypothalamic cell line stably expressing si-Bsx. We
adopted pSilencer 4.1-CMV puro vector (AM5775M; Ambion) to stably
express either control short interfering RNA (siRNA) or siRNA against
Bsx (si-Bsx) in the hypothalamic cell line. The mouse Bsx target sequence
was AAT CTC AAC TTC ACT TCC CCT. We transfected N42 immortal-
ized hypothalamic neurons (Cellutions Biosystems) with control siRNA-
and si-Bsx-expressing vectors and selected transformants against puro-
mycin. The selected N42 cells with si-Bsx were subsequently tested for
specific downregulation of Bsx relative to the selected N42 cells with con-
trol siRNA using both reverse transcription-PCR (RT-PCR) and immu-
noblotting with anti-Bsx antibody (data not shown).

RESULTS
Specific expression of GR in AgRP neurons. To test whether Gc-
bound GR directly controls the transcription of NPY/AgRP in
AgRP neurons, we examined the expression pattern of GR in the
hypothalamus using immunohistochemical analysis. As reported
previously (14), prominent GR-immunostaining signal was de-
tected in the paraventricular nucleus (PVN) (see Fig. S8C in the
supplemental material). GR was also enriched in the ARC
(Fig. 1A; also see Fig. S1A in the supplemental material). Double-
immunostaining analyses with Bsx, a marker for AgRP neurons
(12, 13), revealed that GR is strongly coexpressed with Bsx in
AgRP neurons (Fig. 1A; also see Fig. S1A). Using transgenic mice
expressing GFP in POMC neurons (15), we also found that GFP�

POMC neurons displayed little to no GR expression (see Fig. S1B).
Our results show a relatively specific and strong expression of GR
in AgRP neurons, supporting the possible transcriptional regula-
tion of NPY/AgRP genes by GR.

GR is required for upregulation of AgRP by fasting. To test
whether the function of GR is necessary for inducing NPY/AgRP
expression upon fasting, we employed RU486, an antagonist of

FIG 1 In vivo evidence for the involvement of GR in regulating expression of
AgRP. (A) The coronal sections of the ARC region of mice fasted for 24 h were
immunostained with antibodies against GR and Bsx. DAPI staining is included
as a control for all of the nuclei in the section. The yellow scale bar indicates 100
�m. (B) In situ hybridizations for AgRP and NPY were carried out with serial
coronal 12-�m sections of the ARC region of mice (n � 3 in each group)
intraperitoneally injected with either vehicle or 50 mg/kg of RU486. Represen-
tative images are shown. (C) For all the images shown in panel B, the in situ
signal intensity of AgRP was quantified using ImageJ and plotted against the
intensity of samples injected with vehicle alone. (D) The in situ signal intensity
of AgRP and NPY of serial coronal 12-�m sections of the ARC region of
control (n � 3) and GRf/f:AgRP-Cre (GR-KO) mice (n � 5) was quantified
using ImageJ and plotted against the intensity of fed control samples. P values
of less than 0.001 and 0.0001 are denoted ** and ***, respectively (C and D).
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GR and progesterone receptor (PR) (16). Intraperitoneal or intra-
cerebroventricular injection of RU486 markedly suppressed fast-
ing-mediated induction of AgRP levels compared to the injection
of vehicle alone (Fig. 1B and C; also see Fig. S2 in the supplemental
material). However, RU486 had no effect on NPY expression
(Fig. 1B; also see Fig. S2). These results indicate that the effect of
GR/PR antagonism is relatively specific with the AgRP gene, and
that, based on intact NPY expression, AgRP neurons are expected
to remain unmarred after acute treatment of RU486. Notably,
progesterone has been shown to have no effect on expression of
AgRP in hypothalamic explants (17). We also found that proges-
terone has no effect on the promoter activity of AgRP (see Fig. S3A
in the supplemental material). These results suggest that RU486
interfered with the action of GR, not PR, in inducing AgRP ex-
pression. To further test the involvement of GR in AgRP expres-
sion, we generated mice in which GR is removed specifically from
AgRP neurons by mating GRflox/flox (GRf/f) mice (18) to a knock-in
line expressing Cre recombinase in AgRP neurons (19). The AgRP
neuron-specific removal of GR greatly blunted the fasting-depen-
dent induction of AgRP expression in the hypothalamus (Fig. 1D).
In contrast, NPY was still robustly induced upon fasting in the GR
mutant mice (Fig. 1D). These results suggest that AgRP, but not
NPY, is a direct target gene of GR.

Identification of AgRP-GRE. The AgRP promoter has the
binding sites of transcription factors that respond to peripheral
signals, such as leptin and insulin (Fig. 2A). FoxO1, whose activity
is blocked by the insulin-phosphatidylinositol 3-kinase (PI3K)-
Akt pathway, binds to the AgRP promoter and upregulates AgRP
levels, whereas Stat3, an effector of leptin signaling, blunts AgRP
expression by inhibiting the action of FoxO1 (20–22). In addition,
the 1-kb AgRP promoter has the binding sites for Bsx, a positive
regulator of AgRP (12). To examine the Gc responsiveness of the
AgRP promoter, we tested whether a synthetic Gc, dexamethasone
(Dex), is capable of activating the AgRP promoter using luciferase
reporter assays. Dex strongly activated a luciferase reporter driven
by the 1-kb AgRP promoter fragment containing two Bsx, two
FoxO1, and two Stat3 response elements (Fig. 2A and B). It is
possible that GR indirectly controls the activity of the 1-kb AgRP
promoter by associating with Bsx, FoxO1, and/or Stat3. Alterna-
tively, GR could directly regulate the AgRP promoter by binding
to GRE. To distinguish between these possibilities, we first mu-
tated each binding site for Bsx, FoxO1, and Stat3 in the AgRP-
luciferase reporter and monitored the reporter activation by Dex.
This analysis revealed that the binding sites for Bsx, FoxO1, and
Stat3 are dispensable for the Dex response of the AgRP promoter
(see Fig. S3A in the supplemental material). To test whether rec-
ognition of GRE by GR is important for Dex-dependent activation
of the AgRP promoter, we used a human GR mutant with a point
mutation in the DNA binding domain (C438A) and found that
this mutant GR failed to direct Dex-dependent activation of
AgRP-1kb:LUC (see Fig. S3A). These results suggest that GR is
recruited to the AgRP promoter via GRE rather than the binding
sites for other transcription factors. Subsequent deletion analyses
indeed mapped an evolutionarily conserved GRE-like motif,
named AgRP-GRE, which exhibits a few nucleotide sequence vari-
ations from the consensus GRE (Fig. 2A; also see Fig. S3A). Dele-
tion of AgRP-GRE or mutation of either half site of AgRP-GRE
completely abolished the Dex response (Fig. 2C; also see Fig. S3A).
Moreover, two copies of 27-mer sequence containing AgRP-GRE
alone were sufficient to fully reproduce the Dex response of the

luciferase reporters driven by longer promoters of AgRP (Fig. 2D).
AgRP-GRE also showed specific binding to GR in gel mobility
shift assays (see Fig. S4A in the supplemental material). These
results demonstrate that AgRP-GRE serves as a direct binding site
for GR, and it is necessary and sufficient in mediating Dex-depen-
dent activation of the AgRP promoter.

We next tested whether Dex also regulates the promoter of
NPY, encoding NPY, another orexigenic neuropeptide produced
in AgRP neurons. The NPY promoter has been shown to have
binding sites for Bsx, FoxO1, and Stat3 (12, 20–22), as well as a
GRE-like motif (23) (see Fig. S3B in the supplemental material).
Dex exhibited no effect on a luciferase reporter driven by the 1-kb
promoter region of NPY, which includes the putative GRE-like
motif (23) (see Fig. S3B). These results, along with the minimal

FIG 2 Identification of AgRP-GRE. (A) Schematic representation of the AgRP
promoter. AgRP-GRE is highly conserved in mammals, as indicated. The
MMTV-GRE and the consensus GRE sequences are shown for comparison. (B
and C) Luciferase reporter assays with AgRP-1kb:LUC reporter (B) and its
derivative with a mutation in the first half site of the AgRP-GRE (m3) (C) in
HEK293 cells. (D) Luciferase reporter assays with the (AgRP-GRE)2:LUC re-
porter in HEK293 cells. The 27-mer sequences, as well as a schematic repre-
sentation of the reporter, are shown. (E and F) ChIP for GR binding in the
hypothalamus lysates of mice intraperitoneally injected with either vehicle or
10 mg/kg of Dex (E) or in the hypothalamus lysates of mice either fed or fasted
for 24 h (F).
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effect of RU486 or AgRP neuron-specific GR deletion on fasting-
mediated NPY induction (Fig. 1B and D), suggest that NPY is not
a direct target of GR.

Recruitment of GR to AgRP-GRE in the hypothalamus. To
further test whether peripheral Gc signal controls AgRP expres-
sion via triggering GR binding to AgRP-GRE in vivo, we per-
formed chromatin immunoprecipitation (ChIP) assays in the hy-
pothalamus of adult mice and monitored the recruitment of GR to
the AgRP promoter. The 235-bp PCR products from our primer
set encompass not only the AgRP-GRE but also the neighboring
Bsx/FoxO1/Stat3 sites (see Fig. S3A in the supplemental material).
Interestingly, intraperitoneal injection of Dex, but not vehicle,
induced a strong GR binding to the AgRP promoter in the hypo-
thalamus (Fig. 2E). Likewise, fasting, which increases plasma lev-
els of Gc and activates expression of NPY/AgRP in AgRP neurons
(1–4), greatly enhanced GR binding to the AgRP promoter in the
hypothalamus, as shown by ChIP analyses of the hypothalamic
lysates of mice fasted for 24 h or fed chow diet (Fig. 2F). These
results indicate that higher levels of circulating Gc (achieved by
Dex injection or fasting) triggers direct recruitment of GR to
AgRP-GRE in AgRP neurons, likely contributing to a marked up-
regulation of AgRP upon fasting.

Gc permits Bsx to synergize with GR in activating AgRP ex-
pression. The proximal location of the AgRP-GRE to the up-
stream Bsx binding site in AgRP and a common orexigenic func-
tion of Gc and Bsx (12) led us to investigate possible cross talk
between Bsx and GR in upregulating AgRP expression in response
to peripheral Gc signal. Although Bsx readily bound to Bsx sites in
the AgRP promoter, as shown by gel mobility shift assays (see Fig.
S4C in the supplemental material), it had minimal effect on acti-
vating the 1-kb AgRP promoter containing Bsx sites (Fig. 3A).
Intriguingly, however, Bsx strongly synergized with GR in a Dex-
dependent manner to activate the AgRP promoter (Fig. 3A). These
results suggest that binding of Bsx to Bsx sites alone is insufficient
to activate expression of AgRP, and that Gc plays a permissive role
for Bsx to activate expression of AgRP in synergy with GR.

To test whether the synergy between Bsx and Dex requires Bsx
binding sites in the AgRP promoter, we utilized the (AgRP-GRE)2:
LUC reporter, which has AgRP-GRE but no Bsx binding sites. The
stimulatory effect of Bsx on GR transactivation was significantly
weakened in this reporter, although the Dex-dependent synergy
between GR and Bsx was still observed; i.e., �7-fold enhancement
over GR alone with AgRP-1kb:LUC versus �2-fold enhancement
with (AgRP-GRE)2:LUC (Fig. 3A and B). Consistent with this
finding, a DNA binding-defective mutant Bsx, which failed to
bind to Bsx sites in the AgRP promoter region (see Fig. S4C in the
supplemental material), was much less potent in synergizing with
GR than wild-type Bsx (Fig. 3C). These results suggest that AgRP-
GRE alone is capable of launching a synergistic activation of AgRP
promoter by GR and Bsx and that the Dex-dependent synergy
between GR and Bsx becomes much more robust when both GR
and Bsx bound to GRE and Bsx binding sites, respectively, in the
AgRP promoter. Our results also establish that the AgRP promoter
functions as a central sensor for the fasting-elevated peripheral Gc
levels in inducing AgRP expression.

Gc-activated GR facilitates Bsx recruitment to the AgRP pro-
moter in the ARC. To understand the molecular basis underlying
Dex-dependent transcriptional synergy between GR and Bsx on
the AgRP promoter, we considered the possibility that Dex pro-
motes the association between GR and Bsx and controls the

recruitment of the GR/Bsx complex to the AgRP promoter. Inter-
estingly, Bsx was coimmunoprecipitated with GR in a Dex-stim-
ulated manner in HEK293T cells transfected with Flag-tagged GR
and HA-tagged Bsx (Fig. 3D), indicating that Gc signal facilitates
the association between GR and Bsx in cells. Importantly, we also
observed coimmunoprecipitation of endogenous GR and Bsx in
the mouse hypothalamus, which is further enhanced upon fasting
(Fig. 3E).

To investigate whether Bsx recruitment to the AgRP promoter
is enhanced by peripheral signals that activate GR in the AgRP
neurons, such as fasting or Dex injection, in vivo, we performed
ChIP experiments with the mouse hypothalamic lysates and the
primer set used for the GR recruitment study described above
(Fig. 2E and F). Fasting substantially enhanced the recruitment of
Bsx to the AgRP promoter in the hypothalamus (Fig. 3F, upper).
Given that fasting increases Bsx levels in the ARC (12, 13), the
enhanced binding of Bsx upon fasting could be due simply to the
increased protein levels of Bsx. Notably, while we observed an
increase in Bsx levels in the hypothalamic ARC region upon fast-
ing in our immunostaining results (see Fig. S5 in the supplemental
material), we failed to see a significant difference in our immuno-
blotting results with the whole hypothalamic lysates (Fig. 3E).
This is likely due to the fact that fasting affects Bsx levels only in the
ARC (i.e., AgRP neurons) but not in other hypothalamic neurons
expressing Bsx (13). Importantly, Bsx binding to the AgRP pro-

FIG 3 Synergy of GR and Bsx in activating expression of AgRP. (A to C)
Luciferase reporter assays with AgRP-1kb:LUC reporter (A and C) and (AgRP-
GRE)2:LUC reporter (B) in HEK293 cells transfected with expression vectors
as indicated. Bsx-N160A is a DNA binding-defective mutant form of Bsx (C).
(D) Anti-HA antibody-coimmunoprecipitated HA-tagged Bsx and Flag-
tagged GR from HEK293 cells transfected with expression vectors for HA-Bsx
and Flag-GR. Immunoprecipitation with IgG was carried out as a negative
control. IP, immunoprecipitation; WB, Western blotting. (E) Coimmunopre-
cipitation of endogenous GR and Bsx in the hypothalamus lysates of mice
either fed or fasted for 24 h. Association of GR and Bsx observed in fed mice
was further enhanced in fasted mice by approximately 1.7-fold. (F) ChIP for
Bsx binding in the hypothalamus lysates of mice either fed or fasted for 24 h
(top) or of mice intraperitoneally injected with either vehicle or 10 mg/kg of
Dex (lower).

Bsx as a Specificity Factor for GR

July 2013 Volume 33 Number 14 mcb.asm.org 2653

http://mcb.asm.org


moter was also enhanced only 2 h after intraperitoneal injection of
Dex (Fig. 3F, lower). We also found that Bsx levels in mice with
AgRP neuron-specific deletion of GR were similar to those in con-
trol mice (data not shown), suggesting that Dex injection, unlike
fasting (13), would not induce the expression of Bsx in AgRP
neurons. Overall, these results suggest that the peripheral Gc sig-
nal facilitates Bsx recruitment to the AgRP promoter.

Together, our results suggest that the gain of protein-protein
interactions between Bsx- and Gc-bound GR contribute to the
fasting-enhanced binding of Bsx to the AgRP promoter. Further-
more, our results support a model in which the peripheral Gc
signal triggers an assembly of a transcriptionally active complex
composed of Bsx and GR on the AgRP promoter, which leads to a
robust induction of AgRP.

Opposite action of Bsx on AgRP-GRE and conventional
GREs. To test whether Gc-dependent synergy between Bsx and
GR is a universal feature of all GR target genes, we monitored the
effect of Bsx on multiple GRE-dependent reporters. Surprisingly,
Bsx blunted Dex transactivation of a reporter driven by the well-
characterized classical GREs defined in mouse mammary tumor
virus (MMTV:LUC) (8) (Fig. 4A) as well as in other known GR
target genes (see Fig. S6 in the supplemental material). These re-
sults point to the intriguing possibility that Bsx functions as a
binding site-dependent dual regulator of Gc/GR target genes
within the AgRP neurons; i.e., as an activator of the AgRP-GRE-
like motif and, at the same time, an inhibitor of other GREs. This
would allow Bsx to effectively limit the spectrum of activated GR

target genes in AgRP neurons upon arrival of peripheral Gc signal
by strongly activating a group of orexigenic genes with AgRP-
GRE-like motifs while inhibiting unwanted GR target genes with
conventional GREs.

In our effort to understand the molecular mechanisms by
which Bsx evokes the opposite effects on Dex-dependent GR
transactivation in AgRP-GRE and conventional GREs, we em-
ployed a dimerization-defective mutant GR (GR-A458T; named
GRdim) (24). As expected, GRdim was inefficient in transactivating
conventional GREs, such as MMTV-GRE (Fig. 4A). Surprisingly,
it fully supported GR transactivation of AgRP-GRE; furthermore,
it synergized with Bsx (Fig. 4B). These results prompted us to ask
whether the dual function of Bsx is dictated by the sequences in
GREs and their flanking regions. A unique sequence feature in
AgRP-GRE that is not shared by conventional GREs may be re-
sponsible for the unexpected responsiveness of AgRP-GRE to
GRdim as well as for the synergistic activation of AgRP-GRE by Bsx
and GR. To identify the critical sequences in AgRP-GRE, we gen-
erated a series of five hybrid constructs in which some sequences
of AgRP-GRE were swapped for those of MMTV-GRE (see Fig.
S3C in the supplemental material), and we tested their responsive-
ness to GRdim and Bsx. AgRP-GRE-m6, in which the well-con-
served GGA residues in the first half site of AgRP-GRE were
replaced by the sequences in the comparable positions in MMTV-
GRE, was not activated by GRdim, like MMTV-GRE, while this
mutant behaved like AgRP-GRE against wild-type GR (Fig. 4C).
In AgRP-GRE-m9, in which the sequences downstream of the

FIG 4 AgRP-GRE as a prototypic tool to find additional targets of GR and Bsx. (A to E and G) Luciferase reporter assays with MMTV:LUC (A), (AgRP-GRE)3:
LUC (B), (AgRP-GRE-m6)3:LUC (C), (AgRP-GRE-m9)3:LUC (D), and (AgRP-GRE-m10)4:LUC (E) in HEK293 cells and Per1:LUC and Asb4:LUC (G)
reporters in P19 cells transfected with the indicated expression vectors. Sequences of each hybrid GRE are shown (C to E). (F) Sequences of AgRP-GRE,
Per1-GRE, and Asb4-GRE as well as of MMTV-GRE and other known GREs that are negatively regulated by Bsx are shown. The unique sequences in AgRP-GRE
and AgRP-GRE-like motifs are indicated with an asterisk.
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second half site were changed to those in MMTV-GRE, Bsx did
not synergize with GR; moreover, it suppressed transactivation by
GRdim (Fig. 4D). To further test the roles of GGA and GTTTC in
AgRP-GRE, we created a new mutant (m10) in which both motifs
were replaced by the sequences in the comparable positions in
MMTV-GRE (Fig. 4E). This mutant showed the properties of
both m6 and m9 mutants; i.e., m10 was similar to m6 for the
diminished ability to respond to GRdim, while m10 was not able to
support the synergy of GR and Bsx, like m9 (Fig. 4E). Moreover,
like MMTV-GRE, transactivation of m10 by wild-type GR was
suppressed by Bsx (Fig. 4E). Overall, m10 behaved like MMTV-
GRE. Together, our mutational analyses revealed that the se-
quences in the first half site and the region flanking the second half
site in AgRP-GRE play critical roles for the two unique properties
of AgRP-GRE (i.e., the synergy with Bsx and the full responsive-
ness to GRdim).

Identification of AgRP-GRE-like GREs. To identify addi-
tional common target genes of GR and Bsx in AgRP neurons, we
searched for genomic GREs containing sequences similar to the
first half site (GGA) and the flanking region of the second half site
(GTTTC) of AgRP-GRE. Our initial bioinformatics analysis iden-
tified approximately 20 AgRP-GRE-like sequences that are con-
served in both human and mouse and located within 10 kb of
gene-coding regions, including the previously reported GRE in
Per1 (25, 26) and a new AgRP-GRE-like motif that we identified in
Asb4 (Fig. 4F). Notably, Per1 has been demonstrated to be ex-
pressed in the ARC in a manner commensurate with Gc levels
(27–30), and Asb4 has been found to be induced in AgRP neurons
by fasting (31).

To test whether Per1 and Asb4 are common targets of GR and
Bsx that are regulated via AgRP-GRE-like motifs, we made lucif-
erase reporters driven by genomic regions encompassing their
GRE motifs. Both reporters were synergistically activated by Dex
and Bsx (Fig. 4G). These results suggest that AgRP-GRE-like mo-
tifs direct upregulation of Per1 and Asb4 in the ARC and also
support the validity of our approach to use AgRP-GRE as a pro-
totypic GRE to further identify common targets of GR and Bsx in
AgRP neurons.

Bsx as an in vivo target selector of GR and Gc-triggered as-
sembly of active chromatin on the AgRP promoter. To test
whether Bsx acts as a target selector for GR-regulated genes in vivo,
we established N42 immortalized hypothalamic neurons (Cellu-
tions Biosystems) that stably express either control siRNA or
siRNA against Bsx (si-Bsx). In N42 cells expressing control siRNA,
AgRP expression was induced in a Dex-dependent manner, but
Dex failed to induce AgRP expression in N42 cells expressing si-
Bsx (Fig. 5A). In contrast, Dex-induced expression of Sgk1, whose
expression is directed by a conventional GRE (thus, it is negatively
regulated by Bsx), was significantly improved in N42 cells express-
ing si-Bsx relative to N42 cells with control siRNA. These results
confirm our luciferase reporter assays and demonstrate that Bsx is
indeed an in vivo target selector of GR.

P19 cells expressed a low level of GR but no Bsx (data not
shown). P19 cells weakly supported Dex-induced expression of
AgRP even after transient expression of additional GR (Fig. 5B).
However, Dex-dependent AgRP expression was significantly en-
hanced in P19 cells upon transient expression of both GR and Bsx
(Fig. 5B). Based on these results, we examined our model for an
assembly of a transcriptionally active complex composed of Bsx
and GR on the AgRP promoter. Consistent with this idea, Dex was

able to establish higher levels of two open chromatin marks, tri-
methylated histone H3 lysine 4 (H3K4me3) and acetylated H3
(H3Ac), in P19 cells expressing both GR and Bsx relative to P19
cells expressing GR alone (Fig. 5C). These results, together with
our results shown in Fig. 2 and 3, demonstrate that the peripheral
Gc signal recruits Bsx and GR and triggers formation of a tran-
scriptionally active enhanceosome on the AgRP promoter.

AgRP-GRE directs fasting-induced gene expression to AgRP
neurons. Our data strongly suggest that AgRP-GRE can function
as a central sensor for the fasting-elevated peripheral Gc levels in
triggering transactivation of AgRP in animals. To further test this
idea in vivo, we made two enhanced GFP (EGFP) (32) reporters,
which are driven by the CMV minimal promoter linked to either
the AgRP 1-kb promoter fragment or seven copies of the 27-mer
sequence containing AgRP-GRE alone (Fig. 6A; also see Fig. S7A
in the supplemental material). The reporter cassettes were flanked
by insulators (33). Both reporters were activated weakly by Dex,
and this activation was further facilitated by Bsx in a Dex-depen-
dent manner in HEK293 cells (see Fig. S7B). To investigate the in
vivo response of the AgRP 1-kb promoter and AgRP-GRE to fast-
ing, we made transgenic mouse lines for both GFP reporters and
analyzed the pattern of GFP expression in adult mice with or with-
out 24 h of fasting. The AgRP 1-kb promoter directed GFP expres-
sion weakly yet specifically in the ARC but not in other brain areas
(Fig. 6B to D; also see Fig. S8 in the supplemental material). In-
triguingly, fasting led to a significant upregulation of GFP specif-
ically in the ARC (Fig. 6B). Closer examination of GFP� cells

FIG 5 Bsx as an in vivo target selector of GR- and Gc-triggered assembly of
active chromatin on the AgRP promoter. (A) Dex-dependent expression of
AgRP and Sgk1, which are positively and negatively regulated by Bsx, respec-
tively, were compared between N42 cells expressing either control siRNA or
si-Bsx using RT-PCR. (B and C) Dex-dependent expression of AgRP (B) and
formation of active chromatin on the AgRP promoter (C) were compared
between P19 cells expressing either GR alone or both GR and Bsx using
RT-PCR and ChIP, respectively. H3K4me3 and H3Ac indicate two open
chromatin marks, trimethylated histone H3 lysine 4 and acetylated H3,
respectively (C).
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revealed that GFP is expressed in AgRP neurons expressing Bsx
and GR (Fig. 6C and D) but not in POMC neurons (see Fig. S8A).
In addition, GFP was expressed neither in the DMH, which ex-
presses Bsx but not GR, nor in the PVN, which expresses GR but
not Bsx (see Fig. S8B and C). Remarkably, the transgenic mouse
line with the (AgRP-GRE)7:EGFP reporter also exhibited fasting-
directed GFP induction in the Bsx� AgRP neurons, although the
overall GFP expression level was lower than that in the transgenic
mice with the AgRP 1-kb promoter (see Fig. S7C and D), indicat-
ing that AgRP-GRE is capable of mediating fasting-triggered up-
regulation of the AgRP gene. Our results suggest that (i) AgRP-
GRE alone is sufficient to recapitulate the endogenous fasting
responsiveness of AgRP expression in AgRP neurons and that (ii)
for a robust fasting-dependent induction of AgRP, binding sites
for both GR and Bsx, as well as a peripheral Gc signal, are required.

DISCUSSION

Gc is a physiologically well-defined peripheral orexigenic cue (1,
2). However, the underlying molecular mechanism for the appe-
tite-stimulating action of Gc has been unclear. In this study, we
showed that the gene encoding the orexigenic neuropeptide AgRP
is a direct target of GR in AgRP neurons. Furthermore, we found
that specific sequences in AgRP-GRE mediate the synergistic in-
duction of the AgRP gene by Bsx and GR in response to Gc signal,
which sets AgRP-GRE apart from conventional GREs. The unique
feature of AgRP-GRE allowed us to identify other putative com-
mon target genes of GR and Bsx in AgRP neurons (Fig. 7A), as
exemplified by our discovery of functional AgRP-GRE-like motifs
in two genes, Per1 and Asb4, that are expressed in ARC neurons
(Fig. 4F and G). Future genome-wide searches for AgRP-GRE-like
motifs (e.g., beyond the 10-kb limit that we initially used in this
study), coupled with further dissection of critical nucleotides in
AgRP-GRE, are expected to uncover additional, key target genes
of GR/Bsx in AgRP neurons that play important roles in central Gc
actions. Studies of these genes would facilitate our understanding
of the orexigenic function of the Gc signal and Bsx in AgRP neu-
rons. For instance, Per1, as a putative target of Gc and Bsx, might

link circadian rhythm, which is tightly coupled to food intake
(34), to the control of energy balance by AgRP neurons. Asb4,
another putative target of Gc and Bsx, could play a role in the cross
talk between insulin and Gc signals in the CNS, considering that it
mediates degradation of insulin receptor substrate 4 in the hypo-
thalamic AgRP/POMC neurons (35).

GR is known to target distinct sets of genes in different tissues
(8). Our results suggest that Bsx determines the scope of GR target
genes in AgRP neurons through its GRE sequence-dependent dual
function that activates some GREs (e.g., AgRP-GRE, Per1-GRE,
and Asb4-GRE) while simultaneously suppressing other GREs
(Fig. 7A). For instance, Bsx inhibits the GRE in tyrosine hydroxylase

FIG 6 AgRP neuronal expression of GFP directed by 1-kb AgRP promoter in transgenic mice. (A) Schematic representation of an EGFP reporter flanked by two
insulators and driven by a minimal CMV promoter fused to the 1-kb AgRP promoter. (B to D) The coronal sections of the ARC region of transgenic mice with
the 1-kb AgRP promoter linked to EGFP, either fed (B) or fasted for 24 h (B to D), were immunostained with antibodies against GFP, Bsx, and GR. Yellow scale
bars, 100 �m.

FIG 7 Roles of Bsx in AgRP neurons. (A) Dual function of Bsx segregates
GREs into two groups, positive targets, such as AgRP-GRE, and negative tar-
gets. The positive targets can be associated with critical orexigenic genes in
AgRP neurons. (B) The working model for the synergistic transactivation of
the AgRP gene by GR and Bsx. Fasting increases nuclear GR due to increased
Gc levels. Both GR and Bsx likely are required to form a transcriptionally active
enhanceosome at the AgRP promoter. Protein-protein interactions between
GR and Bsx, as well as binding sites for both GR and Bsx, likely play critical
roles in the synergy.
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(TH) (Fig. 4F; also see Fig. S6 in the supplemental material), which
was recently shown to be downregulated in the ARC (36). Active
silencing of TH, a marker of dopaminergic neurons, by Bsx may be
important for the function of AgRP neurons, in which synaptic
release of GABA is required for normal regulation of energy bal-
ance (19). Overall, the dual function of Bsx would pose a distinct
advantage in surviving food restriction, which increases levels of
both Gc (i.e., increased levels of activated, nuclear GR) and Bsx, by
allowing GR to upregulate a specific set of targets while keeping
unnecessary GRE-containing genes silent in AgRP neurons
(Fig. 7A). In other tissues or cell types, factors similar to Bsx may
also act as target selectors by activating only a subset of GR target
genes while actively suppressing other targets of GR.

Our results revealed that AgRP-GRE serves as a focal regula-
tory point that responds to fasting or peripheral Gc signal by dic-
tating a synergy of Gc-bound GR and Bsx (Fig. 7B). First, both Bsx
and GR are required for activating expression of AgRP in vivo, as
evidenced by our finding that the 1-kb AgRP promoter drives the
target gene expression to AgRP neurons, which express both GR
and Bsx, but not to other cell types expressing either GR or Bsx
alone (Fig. 6; also see Fig. S8 in the supplemental material). Sec-
ond, Gc-activated GR is a permissive factor for Bsx in upregulat-
ing AgRP expression, given that Bsx alone failed to activate the
1-kb AgRP promoter construct containing the Bsx sites in the
absence of Dex (Fig. 3A). It is notable that while AgRP-GRE was
sufficient to direct the synergy of GR and Bsx in reporter assays,
the synergy between GR and Bsx was more robust in the 1-kb
AgRP reporter containing AgRP-GRE and Bsx binding sites than
in AgRP-GRE alone (Fig. 3A and B). Consistent with this, the
DNA binding-defective mutant Bsx was not as efficient as wild-
type Bsx in enhancing GR activity in the 1-kb AgRP reporter
(Fig. 3C). These results suggest that Bsx binding to its cognitive
sites also contributes to a strong activation of AgRP. It is possible
that, under physiological fasting conditions, levels of Gc and Bsx
are not high enough to enable the synergy through AgRP-GRE
alone; thus, both AgRP-GRE and Bsx sites are required for maxi-
mal synergy. Third, our results suggest that Gc-activated GR bind-
ing to AgRP-GRE is a prerequisite for efficient or stable Bsx bind-
ing to AgRP-GRE or an assembly of enhanceosomes consisting of
GR and Bsx on AgRP-GRE/Bsx binding sites (Fig. 7B). Although
we observed a strong Dex-dependent enhancement in recruit-
ment of both GR and Bsx to the AgRP promoter region with 10
mg/kg of Dex (Fig. 2E and 3F), we observed only a weak increase in
GR recruitment and no increase in Bsx recruitment with 2.5
mg/kg of Dex (data not shown). These results suggest that GR
binding to AgRP-GRE with sufficient affinity is required for en-
hanced binding of Bsx. These results, coupled with the inability of
Bsx alone to activate the 1-kb AgRP promoter construct contain-
ing the Bsx sites (Fig. 3A), provide compelling evidence support-
ing that AgRP-GRE, together with the Bsx binding sites, senses the
rise in Gc levels and Bsx levels upon fasting by triggering forma-
tion of an enhanceosome consisting of GR and Bsx, thereby lead-
ing to the upregulation of AgRP (Fig. 7B).

Given that Gc induces expression of both NPY and AgRP (4–
7), our results that GR directly regulates expression of AgRP, but
probably not NPY, were unexpected. Neither RU486 injection nor
AgRP neuron-specific deletion of GR blocked fasting-dependent
induction of NPY (Fig. 1B to D; also see Fig. S2 in the supplemen-
tal material). Dex failed to activate the NPY promoter (see Fig.
S3B). It is possible that Gc regulates expression of NPY using a

different mechanism that does not involve GR. Alternatively, in-
hibition of Gc/GR action alone may not be sufficient to shut down
fasting-mediated induction of NPY expression due to a redundant
pathway that is also activated by fasting. Further investigation is
warranted to clarify this issue.

In summary, we found that GR and Bsx synergistically activate
expression of AgRP via AgRP-GRE. Moreover, our dissection of
AgRP-GRE defined a new class of GREs that dictates a positive
action of Bsx. Future identification and characterization of more
genes with AgRP-GRE-like motifs would provide critical insights
into the molecular understanding of the central orexigenic action
of Gc/GR and Bsx in the AgRP neurons.
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