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Glucocorticoids are important regulators of lipid homeostasis,
and chronically elevated glucocorticoid levels induce hypertriglyc-
eridemia, hepatic steatosis, and visceral obesity. The occupied glu-
cocorticoid receptor (GR) is a transcription factor. However, those
genes regulating lipid metabolism under GR control are not fully
known. Angiopoietin-like 4 (ANGPTL4, fasting-induced adipose
factor), a protein inhibitor of lipoprotein lipase, is synthesized and
secreted during fasting, when circulating glucocorticoid levels are
physiologically increased. We therefore tested whether the
ANGPTL4 gene (Angptl4) is transcriptionally controlled by GR.
We show that treatment with the synthetic glucocorticoid dexa-
methasone increasedAngptl4mRNAlevels inprimaryhepatocytes
andadipocytes (2–3-fold) and in the livers andwhite adipose tissue
of mice (�4-fold). We tested the mechanism of this increase in
H4IIE hepatoma cells and found that dexamethasone treatment
increased the transcriptional rate ofAngptl4. Usingbioinformatics
and chromatin immunoprecipitation, we identified a GR binding
sitewithintheratAngptl4sequence.Areporterplasmidcontaining
this site wasmarkedly activated by dexamethasone, indicative of a
functional glucocorticoid response element. Dexamethasone
treatmentalso increasedhistoneH4acetylationandDNaseIacces-
sibility in genomic regions near this site, further supporting that it
is a glucocorticoid response element.Glucocorticoids promote the
flux of triglycerides from white adipose tissue to liver. We found
thatmice lackingANGPTL4 (Angptl4�/�) had reductions in dexa-
methasone-induced hypertriglyceridemia and hepatic steatosis,
suggesting that ANGPTL4 is required for this flux. Overall, we
establish that ANGPTL4 is a direct GR target that participates in
glucocorticoid-regulated triglyceridemetabolism.

Glucocorticoids are steroid hormones that act as key tran-
scriptional regulators of human metabolism during the fasted
state, when their levels are physiologically increased. In partic-
ular, glucocorticoids facilitate the mobilization of triglycerides
(TG)2 from the white adipose tissue (WAT) for use by the liver
in processes such as gluconeogenesis, TG synthesis, and very
low density lipoporotein synthesis and secretion (1, 2). How-
ever, the full set of genes that mediate this effect via transcrip-
tional control by glucocorticoids is not known.
Fasting also increases circulating levels of angiopoietin-like 4

(ANGPTL4, a fasting-induced adipose factor). ANGPTL4 is a
protein secreted by the liver andWAT that can inhibit lipopro-
tein lipase (LPL) activity and stimulate WAT lipolysis (3–5).
LPL hydrolyzes lipoprotein TG, promoting fatty acid storage in
the WAT. This activity is counterbalanced by that of lipases,
which hydrolyze stored TG, promoting fatty acid release by
adipocytes. Therefore, one could predict that reducing
ANGPTL4 activity would promote WAT TG storage, whereas
increasing it would favor lipolysis. This prediction is consistent
with the results of genetic and physiological studies. First, mice
lacking ANGPTL4 (Angptl4�/�) have decreased plasma TG
levels and an increased capacity for weight gain (6). By contrast,
mice overexpressing Angptl4 in the WAT have a dramatically
limited capacity for TG storage and increased levels of plasma
TG, fatty acids, and glycerol (7). Plasma TG and fatty acid levels
are similarly increased in mice by adenoviral overexpression of
Angptl4 in the liver (8) and by systemic injection of recombi-
nant ANGPTL4 (9, 10). Finally, a recent large population-based
study uncovered sequence variations in Angptl4 that are asso-
ciated with loss of function and reduced plasma TG levels in
humans (11). In summary, these data suggest that transcrip-
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tional modulation of Angptl4 expression could serve as an
important regulatory mechanism in TG homeostasis.
We previously showed that Angptl4 mRNA levels are

increased by glucocorticoids in A549 lung epithelial cells, sug-
gesting that glucocorticoids may exert transcriptional control
over Angptl4 expression (12). Several lines of evidence support
this hypothesis in metabolic tissues. First, excess glucocorti-
coids promote hypertriglyceridemia, as also seen in models
whereANGPTL4 levels are increased (1, 13, 14). Second, reduc-
ing the ratio of active to inactive glucocorticoids by pharmaco-
logically inhibiting 11�-hydroxysteroid dehydrogenase type I
increased plasma TG clearance and decreased liver TG synthe-
sis, two components of the phenotype seen inAngptl4�/� mice
(6, 15). Therefore, it is possible that both physiologic and patho-
physiologic responses to glucocorticoids may involve the regu-
lation of Angptl4 expression in metabolic tissues. However,
whetherAngptl4 expression is indeed directly regulated by glu-
cocorticoids in the liver and WAT remains unexplored.
Given the prominent role of ANGPTL4 in systemic TG

metabolism,we explored the regulation ofAngptl4by glucocor-
ticoids. We first examined whether glucocorticoids regulate
Angptl4 expression in primary hepatocytes and adipocytes,
mouse livers and WAT, and established cell lines. We then
dissected the mechanism of glucocorticoid-regulated Angptl4
expression using a rat hepatoma cell line, H4IIE. Finally, we
used Angptl4�/� mice to investigate the potential role of
ANGPTL4 in glucocorticoid-regulated TG homeostasis.

EXPERIMENTAL PROCEDURES

Cell Culture

H4IIE rat hepatoma cells (a gift from Dr. Daryl Granner,
Vanderbilt University) were cultured in Dulbecco’s modified
Eagle’s mediumwith 5% fetal bovine serum (Invitrogen).When
cells were treated with dexamethasone (DEX), Dulbecco’s
modified Eagle’s medium with 5% charcoal stripped fetal
bovine serum (J R Scientific) was used. Rat primary hepatocytes
were purchased from Cambrix. Human primary adipocytes
were purchased from ZenBio.

ChIP

H4IIE cells (1 � 108 to 2 � 108 cells) were cross-linked by
using formaldehyde at a final concentration of 1% at room tem-
perature for 5 or 10 min. The chromatin immunoprecipitation
(ChIP) protocols were otherwise as previously described (16,
17).

Nuclear Run-on

H4IIE cells were grown to confluence and treated with
DMSO or DEX for different times. Cells were then harvested
and incubated in lysis buffer (10 mM Tris-HCl, pH 7.4, 3 mM

MgCl2, 10 mM NaCl, 150 mM sucrose, and 0.5% Nonidet P-40)
at 4 °C for 5 min. Nuclei were then isolated by microcentrifuge
at 170 � g at 4 °C for 5 min. The total nuclei from each of the
DMSO-orDEX-treated sampleswere counted, and equal num-
bers of nuclei were used for in vitro transcription. We split the
samples into two aliquots. Onewas incubated in 100�l of 2� in
vitro transcription buffer (200 mM KCl, 20 mM Tris-HCl, pH

8.0, 5 mMMgCl2, 4 mM dithiothreitol, 4 mM each of ATP, GTP,
andCTP, 200mM sucrose, and 20% glycerol) plus 8�l of biotin-
UTP (Roche), and the other in 100 �l of 2� in vitro transcrip-
tion buffer plus 8 �l of UTP (negative control) for 30 min at
29 °C. 6 �l of 250 mM CaCl2 and 6 �l of RNase-free DNase
(Roche) (10 units/�l) were then added to stop the reactions.
Total RNA was then isolated using Nucleospin RNA II (E&K).
Dyna beads M-280 (Invitrogen) were washed twice in solu-

tion A (0.1mMNaOH, 0.5 MNaCl) for 5min, once in solution B
(0.1 M NaCl) for 5 min, and then resuspended in binding/wash
buffer (10 mM Tris-HCl, pH 7.5, 1 mM EDTA, and 2 M NaCl)
plus 1 �l (40 units) of RNasin (Promega) per 100 �l of beads. 50
�l of beads (in binding/wash buffer) were then added to RNA,
incubated at 42 °C for 20 min, and then shaken for 2 h at room
temperature. Afterward, the beads were centrifuged and the
supernatant discarded. The beads were then washed once (5
min) with 500 �l of 15% formamide plus 2� saline/sodium
citrate buffer and twice with 1 ml of 2� saline/sodium citrate
buffer. The beadswere then resuspended in 30�l of RNase- and
DNase-free water. 10 �l of beads were used for each reverse
transcription reaction prior to quantitative PCR (qPCR).

qPCR

Total RNAwas isolated from cells by usingQIAshredder and
RNeasy kits (Qiagen). Total RNA from liver and epididymal
WAT was isolated by using Tri-reagent (Molecular Research
Center Inc.). To synthesize random-primed cDNA, 0.5 �g of
total RNA (10 �l), 4 �l of 2.5 mM dNTP, and 2 �l of random
primers (New England Biolabs) were mixed and incubated at
70 °C for 10 min. A 4-�l mixture containing 25 units of Molo-
ney murine leukemia virus reverse transcriptase (New England
Biolabs), 10 units of RNasin, and 2 �l 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 �l, and 2.5 �l was

used to perform qPCR in a 25-�l reaction containingTaqDNA
polymerase (1.25 units; Promega), 1� reaction buffer, 1.5 mM

MgCl2, 0.5 mM dNTP (Invitrogen), 0.2� SYBR Green I dye
(Molecular Probes), and 250 nM of each primer. Alternatively,
EVA QPCR SuperMix Kit (Biochain) was used per the manu-
facturer’s protocol. qPCR was performed in either an Opti-
con-2 DNA Engine (MJ Research) or a 7900HT PCR System
(Applied Biosystems) and analyzed by using the �-� Ct method
as supplied by themanufacturer. Rpl19 expression was used for
internal normalization. All primer sequences are presented in
supplemental Table S1.

Western Blot

Livers and Epididymal WAT were collected, frozen in liquid
nitrogen, and stored at �80 °C. Samples were thawed, sus-
pended, and homogenized in RIPA buffer (10mMTris-HCl, pH
8.0, 1 mM EDTA, 150 mM NaCl, 5% glycerol, 0.1% sodium
deoxycholate, 0.1% SDS, and 1% Triton X-100) supplemented
with protease inhibitors. Tissue lysates were cleared by centrif-
ugation (17,000 � g for 15 min at 4 °C). Lysates were then
resolved by SDS-PAGE, and proteins were transferred to nitro-
cellulose membranes (Amersham Biosciences) using semidry
transfer (Bio-Rad). Membranes were blocked for 8 h at 22 °C
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with 5% (w/v) nonfat milk in TBS (50 mM Tris base, 200 mM

NaCl, pH 7.5). Membranes were then incubated overnight at
4 °C in TBS with 5% milk containing primary antibody, fol-
lowed by washes with TBS plus 0.5% Tween 20 at pH 7.5
(TBST). Membranes were then incubated for 2 h at 22 °C in
TBS with 5% milk containing secondary antibody followed by
washes with TBST. Proteins were detected by chemilumines-
cence (Western Lighting Plus-ECL, PerkinElmer Life Sciences).
Membranes were stripped for 0.5 h at 22 °C in PBSwith 7�l/ml
of �-mercaptoethanol, washed with PBS for 0.5 h, and blocked
for 4 h in TBS with 10% milk before re-probing with other
primary antibodies. The following antibodies were used:
ANGPTL4 (Rb polyclonal antibodies to ARP4, ab2920; Abcam
Inc.), �-actin (C4) mouse monoclonal IgG1 (sc-47778; Santa
Cruz Biotechnology), anti-rabbit IgG1-horseradish peroxidase
(Cell Signaling), and anti-mouse IgG1-horseradish peroxidase
(sc-2060; Santa Cruz Biotechnology).
Blots were scanned as TIFF files to Adobe Photoshop CS4

(version 11.0) and quantified using Image J software. The opti-
cal density of the ANGPTL4 band divided by that of the respec-
tive �-actin band are presented.

Cloning and Site-directed Mutagenesis

The ratAngptl4 genomic region containing the predictedGR
binding site was amplified by PCR using specific primers. The
PCR fragment was restriction-digested and subcloned into the
pGL4-TATA reporter. A mutagenesis kit (QuikChange) was
used to make site-directed mutations per the manufacturer’s
instructions (Stratagene).

DNase I Accessibility Assay

Nuclei from H4IIE cells treated with vehicle or DEX for 1 h
were digested with 6.25–200 units/ml of DNase I (Qiagen) for 5
min at 22 °C. The reaction was stopped by treatment with Pro-
teinase K for 1 h at 65 °C. DNA samples were purified using
PCR purification columns (Qiagen). The samples underwent
qPCR analysis to determine the relative amounts of cleaved
products (see supplemental Table 1 for primer sequences),
which were used to express the percent of DNA cleavage by
DNase I.

Transfection

Transfection in H4IIE cells was done with Lipofectamine
2000 (Invitrogen) according to the technical manual. 24 h post-
transfection, cells were treated with either DMSO or 0.5 mM

DEX overnight. Cells were then harvested, and luciferase activ-
ity was measured by a dual-luciferase assay kit (Promega)
according to the technical manual.

Electrophoretic Mobility Shift Assay (EMSA)

Serial dilutions of purified GR DNA binding domain (DBD)
protein (provided by Dr. Miles Pufall, University of California,
San Francisco) were mixed with complementary oligonucleo-
tides (2 � 10�8 M) containing either wild-type or mutant
Angptl4GREs end-labeled with Cy5 in a solution comprised of
20 mM Tris, pH 7.5, 2 mM MgCl2, 0.1 mM EDTA, 10% glycerol,
0.3 mg/ml bovine serum albumin, 4 mM dithiothreitol, and 0.1
�g/�l dI-dC. The mixtures reacted for 30 min to reach equilib-

rium and were then run out on 8% native gels and scanned by a
Typhoon phosphorimager (Amersham Biosciences).

Animals

C57BL/6J (B6) wild-type mice were purchased from The
Jackson Laboratory.Angptl4�/�micewere provided by the lab-
oratories of Andras Nagy (Samuel Lunenfeld Research Insti-
tute, Mount Sinai Hospital) and Jeff Gordon (Washington Uni-
versity). Heterozygous mice (Angptl4�/�) on a mixed
B6:129/Sv background were generated as described (6), and
Angptl4�/�,Angptl4�/�, andAngptl4�/� littermates, obtained
by crossing Angptl4�/� mice were compared. The PCR proto-
cols for genotyping animals were previously described (6).
Mice (3–4 months old) were injected intraperitoneally daily

with 40 mg/kg body weight of water-soluble DEX (Sigma) in
PBS for 4 consecutive days. 20 h after the final injection, mice
were fasted for 4 h (17) and then used for blood collection and
tissue harvest.

Liver and Serum TG Analyses

Liver TG Analysis—Liver samples were pulverized in liquid
nitrogen and homogenized in a buffer consisting of 50mMTris-
HCl, pH 7.4, 250 mM sucrose, and protease inhibitors. Lipids
were extracted in chloroform/methanol (2:1) and separated by
TLC on Silica Gel G-60 plates with the solvent hexane/ethyl
ether/acetic acid (v/v/v, 80:20:1). TheTGbandswere visualized
by exposure to iodine, and then scraped and analyzed as
described (18), with triolein (Sigma) as a standard, and
expressed per tissue weight.
Serum Analysis—Serum was isolated from whole blood

immediately after collection, and a colorimetric kit (Roche
Diagnostics) was used to measure serum TG levels.

Statistics

Data are expressed as mean � S.E. for each group and com-
parisons were analyzed by Student’s t test.

RESULTS

Glucocorticoids Increase Angptl4 Expression in Vitro and in
Vivo—To determine whether Angptl4 expression is regulated
by glucocorticoids in primary rat hepatocytes and human adi-
pocytes, we treated these cells with the synthetic glucocorticoid
DEX for 5 h. After harvesting the cells to prepare total RNA,
cDNAwas synthesized and qPCRwas performed using specific
primers. We first confirmed that DEX treatment increased the
expression of Pepck and Per1 in hepatocytes and adipocytes,
respectively (positive controls), and did not affect mRNA levels
of Angptl3 and Abcd4, two genes not known to be regulated by
glucocorticoids (Fig. 1A). Interestingly, DEX treatment signifi-
cantly increased Angptl4mRNA levels in both hepatocytes and
adipocytes, indicating that Angptl4 expression is regulated by
glucocorticoids in vitro. (Fig. 1A).
We then tested whether glucocorticoids regulate Angptl4

expression in the model rat hepatoma cell line, H4IIE, by treat-
ing these cells with DEX for 5 h. As for primary hepatocytes,
DEX treatment increased Angptl4 mRNA levels (Fig. 1A). We
chose to conduct subsequent in vitro studies using H4IIE cells
because the effect of DEX on Pepck, Angptl3, and Angptl4
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mRNA expression in these cells replicated what was seen in
primary hepatocytes.
To investigate whether glucocorticoids increase Angptl4

expression in vivo, we dissected the livers and epididymalWAT
from C57BL6/J mice injected daily for 4 days with either DEX
or PBS. We then used these tissues to prepare total RNA, syn-
thesize cDNA, and perform qPCR to measure mRNA levels.
DEX treatment increased the levels of CD36 mRNA (positive
control) but had no effect on Soat1 (ACAT1) mRNA levels
(negative control) in both liver andWAT (Fig. 1B). However, as
it did in primary hepatocytes and adipocytes, DEX treatment of
mice increased Angptl4 mRNA levels in both the liver and

WAT (Fig. 1B), indicating that
Angptl4 is regulated by glucocorti-
coids in vivo.
We next sought to determine

whether the increase in Angptl4
mRNA expression induced by DEX
treatment is associated with an
increase in ANGPTL4 protein lev-
els.We performedWestern blots on
tissue lysates from control and
DEX-treated mice, and found that
DEX treatment for 4 days markedly
elevated the levels of ANGPTL4
protein in both the WAT and liver
(Fig. 1, C and D). Previous studies
(19, 20) showed that the WAT
mostly produces an uncleaved full-
length version of ANGPTL4
(ANGPTL4-FL), whereas the liver
produces more of a truncated ver-
sion of ANGPTL4. Our results from
theWAT and livers of DEX-treated
mice agree with these observations
(Fig. 1C).
Glucocorticoids Increase the Rate

of Rat Angptl4 Transcription—We
next investigated whether the eleva-
tion of Angptl4mRNA by glucocor-
ticoid treatment is due to an
increase in the rate of Angptl4 tran-
scription in H4IIE cells by using
nuclear run-on assays. Cells were
treated with DEX in DMSO for 10,
30, or 120 min. Control cells were
either untreated or treated with
DMSO alone for 120 min. After-
ward, nuclear extracts were pre-
pared from these cells, and in vitro
transcription was performed by
adding biotin-UTP. Newly synthe-
sized RNA was then isolated on
streptavidin beads. After random-
primed cDNA was synthesized,
qPCR was performed to detect
changes in transcription rates using
Angptl4 specific primers. No effect

was seen after 10 min of DEX treatment (Fig. 2). However,
treatments of 30 and 120 min both markedly increased the rate
of Angptl4 transcription (Fig. 2). These results demonstrate
that glucocorticoids can regulateAngptl4 at the transcriptional
level.
Identification of a Rat Angptl4 GRE—To investigate whether

transcription of Angptl4 is directly regulated by the GR, we
sought to identify GR binding sites within theAngptl4 genomic
sequence.We applied a bioinformatic approach (BioProspector
motif), withwhichwe identified specific sequenceswithin 64 kb
of rat Angptl4 (which extended 32 kb upstream and down-
stream of the transcriptional start site) that were highly similar

FIGURE 1. ANGPTL4 gene and protein expression are regulated by glucocorticoids in vivo and in vitro.
A, rat primary hepatocytes, human primary adipocytes, and rat H4IIE hepatoma cells (n � 3–5) were treated
with either DMSO or DEX (0.5 �M) for 5 h, after which mRNA levels of Angptl4 and positive and negative control
genes were measured by qPCR. Data show fold-induction of gene expression (DEX/DMSO) from at least three
separate experiments (*, p � 0.05). B, mice (n � 6) were treated with either PBS or DEX (40 mg/kg) for 4 days
then fasted for 4 h, after which their livers and epididymal fat (WAT) were harvested to perform qPCR as in A (*,
p � 0.05). C, liver and WAT samples from control and DEX-treated mice in B were also collected for analysis of
protein expression by Western blot (6.25 �g of tissue per sample run for WAT and 100 �g for liver). For each
blot, the first 3 lanes are samples from individual mice treated with PBS (�), and the last 3 lanes are from
DEX-treated mice (�). Full-length ANGPTL4 (ANGPTL4-FL) was the main band in WAT, whereas the truncated
form (ANGPTL4-TF) predominated in the liver. �-Actin served as the internal loading control. D, quantification
of the intensity of ANGPTL4 bands (see “Experimental Procedures”) from Western blots as in C (n � 3). Data
represent relative optical density (ANGPTL4/�-actin; *, p � 0.05). The error bars represent the S. E. for the fold
induction and the relative abundance.
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(width of the first motif block was set at 14) to 79 previously
identified GR binding sites (21). Because many important tran-
scriptional regulatory regions within genes are conserved
betweenmultiple species, we next employed a BLAST search of
the University of California Santa Cruz genome browser to fil-
ter and isolate sequences conserved across the rat, mouse, and
human genomes. This comparison yielded a single species-con-
served palindromic sequence (AGAACATTTTGTTCT)
located at the 3�-untranslated region of Angptl4 between 6267
and 6281 bp downstream of the transcriptional start site (Fig.
3A).We used aChIP assay to investigateGR recruitment to this
putative GR binding site in H4IIE cells. Cells were treated for
1 h with DEX and then harvested for ChIP (“Experimental Pro-
cedures”). Using a control IgG antibody for ChIP, the number
of genomic DNA fragments that were amplified in the pre-
dicted GR binding site was similar between control (DMSO)

andDEX-treated samples (data not shown). By contrast, using a
GR-specific antibody for ChIP, we found that DEX treatment
resulted in a�2.3-fold enrichment of genomic DNA fragments
that amplified the predicted GR binding site (Fig. 3B). This
finding indicates that GR occupancy of this palindromic
sequence occurs in a DEX-dependent manner, suggesting that
this sequence may be a functional GRE.
To test whether this identified genomic GR binding site is

sufficient tomediate cellular responsiveness to glucocorticoids,
we inserted the rat Angptl4 genomic DNA containing this
sequence into a reporter plasmid that drove expression of the
firefly luciferase gene (pGL4-ANGPTL4-GRBS, Fig. 4A). This
plasmid was transfected into H4IIE cells, and 24 h later, cells
were treated with either DMSO (control) or DEX overnight.
Treatment with DEX strongly induced luciferase activity in
transfected H4IIE cells (Fig. 4B), indicating that this predicted
GRE confers glucocorticoid responsiveness. To test the speci-
ficity of this sequence inmediating the glucocorticoid response,
we made a single nucleotide mutation within it (Fig. 4A, the
mutated nucleotide is underlined). This nucleotide was chosen
for mutation as previous studies demonstrated that it directly
contacts GR and is an important mediator of glucocorticoid
responses (22, 23).Mutation of this nucleotide reduced the glu-
cocorticoid response by more than 50% (Fig. 4B), consistent
with this sequence being a functional GRE.
Finally, we performed EMSA to confirm the direct binding of

GR to theAngptl4GRE.We found that 0.03125�M purified GR
DBD was able to bind efficiently to Cy5-labeled Angptl4 GRE
and that this binding increased with the concentration of GR
DBDprotein in the reactionmixture, until, by 2�M, it bound all
of the labeled GRE (Fig. 4C). Notably, most GR DBD bound to
the Angptl4 GRE as a dimer (Fig. 4C), a requirement for trans-
activation.MutantAngptl4GRE,which contains a single nucle-
otide change in one of the two GRE half-sites (Fig. 4A), had a
compromised interactionwithGRDBD (Fig. 4C). AlthoughGR
monomers could bind to mutant GRE, presumably at the wild-
type half-site, GR dimers could not, consistent with decreased
transactivation of mutant Angptl4GRE by GR (Fig. 4B). Even 2
�M GR DBD only bound to mutant GRE as a monomer (Fig.
4C). Together these findings confirm thatGRbinds directly and
specifically to the identified Angptl4 GRE.
Glucocorticoids Increase DNase I Accessibility and Histone

Acetylation in Genomic Regions Near the Angptl4 GRE—Chro-
matin architecture can control eukaryotic gene expression in
vivo by modulating the accessibility of genomic sequences to
transcriptional activationmachinery (24). Changes in the struc-
ture of chromatin are detectable by the way they alter the sen-
sitivity of DNA to cleavage byDNase I (25, 26). Increased acces-
sibility to DNase I cleavage indicates a relatively open
chromatin conformation, whereas protection from cleavage by
DNase I points to a more compact chromatin structure. The
former is associated with transcriptional activation and the lat-
ter with repression.
We tested whether glucocorticoid treatment affects DNase I

accessibility of genomic regions near the identified Angptl4
GRE. H4IIE cells were treated with either DMSO or DEX for 30
min, the earliest time point at which DEX increased the rate of
Angptl4 transcriptional activation in nuclear run-on assays.

FIGURE 2. DEX treatment increases the rate of Angptl4 gene transcription
in H4IIE cells. H4IIE cells were untreated, treated with DMSO for 120 min, or
with DEX (0.5 �M) for 10, 30, or 120 min as shown. Nuclei from these cells were
used for in vitro transcription with biotin UTP. Newly synthesized RNA was
isolated on streptavidin beads. cDNA was then synthesized and qPCR per-
formed to monitor for changes in transcription rates using primers specific to
Angptl4 and �-actin (control). Shown is the fold-induction in transcription of
DEX-treated samples (DEX/untreated) from one of two independent experi-
ments showing similar results.

FIGURE 3. Identification of an Angptl4 GRE. A, schematic diagram of rat
Angptl4, including the location of the predicted GR binding site. Black
boxes represent exons, and lines connecting them represent introns. The
predicted GR binding site sequences (AGAACATTTTGTTCT) and their con-
served counterparts in human and mouse genome are shown. B, ChIP
experiments confirming the recruitment of GR to its predicted binding
site. H4IIE cells were treated with either DMSO or DEX (0.5 �M) for 30 min,
after which they were harvested for ChIP as described (“Experimental Pro-
cedures”). Shown is the fold-enrichment of GR binding by DEX treatment
(DEX/DMSO) from three independent experiments (*, p � 0.05). The error
bars represent the S. E. for the fold enrichment.
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After DEX treatment, nuclei were isolated and treated with
DNase I. Total DNA was then purified, and qPCR was per-
formed to monitor for cleavage of specific genomic sequences
by DNase I. DEX treatment markedly increased the accessibil-
ity of the Angptl4 GRE (region 3) and surrounding genomic
regions to DNase I (Fig. 5B). These results suggest that glu-
cocorticoid treatment opens up the structure of chromatin in
the vicinity of the Angptl4 GRE, consistent with the observed
increase in transcription activation.
Nucleosomes form the fundamental repeating units of

eukaryotic chromatin and include a core particle of DNA
(�147 bp) wrapped in an octamer consisting of 2 copies each of
the core histones H2A, H2B, H3, and H4. Increased histone
acetylation, especially H3 and H4, correlates well with tran-
scriptional activation (27). We therefore investigated whether
glucocorticoids affect the acetylation status of rat Angptl4.
H4IIE cells were treated with DEX for 30min, after which ChIP
was performed to monitor levels of acetylated histone H3
(AcH3) and histone H4 (AcH4) in genomic regions of Angptl4.
Treatment with DEX for 30 min greatly increased levels of
AcH4 in all 4 genomic regions tested, including region 3, which
contained theGRE (Fig. 5,A andC). Interestingly, in contrast to
those of AcH4, the levels of AcH3 were not affected by dexa-
methasone treatment. Overall, these results suggest that glu-

cocorticoids specifically induce
acetylation of histone H4 in activat-
ing Angptl4 transcription.
Effects of Glucocorticoids on Lipid

Metabolism Are Impaired in
Angptl4�/� Mice—Plasma TG lev-
els in mice are elevated by trans-
genic overexpression of Angptl4 (7)
and by injection of mice with
recombinant ANGPTL4 protein (9,
10). In the liver, adenoviral overex-
pression of Angptl4 results in both
hyperlipidemia and hepatic steato-
sis (8). These features are also seen
in states of chronic glucocorticoid
excess, such as Cushing syndrome.
We therefore investigated whether
ANGPTL4 participates in the
effects of glucocorticoids on lipid
metabolism in mice genetically
lacking ANGPTL4 (Angptl4�/�)
(6). Angptl4�/� mice and wild-type
littermates were treated with either
PBS or 40 mg/kg DEX daily for 4
days. On day 5, their blood and liv-
ers were collected to measure TG
levels. As expected, DEX treatment
of wild-type mice increased serum
TG levels by�50% (Fig. 6A). On the
other hand, serum TG levels in
Angptl4�/� mice were lower at
baseline and were much less
responsive to DEX treatment (Fig.
6A), indicating a requirement for

ANGPTL4 in this aspect of glucocorticoid-mediated lipid
metabolism. DEX treatment also increased liver TG levels
�4-fold in wild-type mice (Fig. 6B). In Angptl4�/� mice, how-
ever, DEX-induced accumulation of hepatic TG was minimal
(Fig. 6B). Thus,Angptl4�/� livers were protected from the pro-
steatotic effects of glucocorticoids. Overall, these experiments
establish ANGPTL4 as an important participant in glucocorti-
coid-regulated lipid homeostasis in vivo.

DISCUSSION

One important component of the physiologic response to
fasting is an increase in the level of circulating glucocorticoids,
whichmaintain levels of energy substrates in part by promoting
the flux of TG from theWAT to the liver. Fasting also increases
synthesis and secretion of ANGPTL4 by the WAT and liver,
prompting the hypothesis that ANGPTL4maymediate aspects
of the regulatory effect of glucocorticoids on metabolism. We
therefore investigated whether murine Angptl4 is transcrip-
tionally regulated by glucocorticoids.We establish thatAngptl4
mRNA levels are regulated by DEX treatment in cultured adi-
pocytes and hepatocytes, and in the WAT and livers of mice.
Using bioinformatics and ChIP, we identified a GR binding site
in the genomic region of Angptl4. By finding that DEX treat-
ment stimulated reporter activity in cells expressing this bind-

FIGURE 4. The GR binding region of Angptl4 confers glucocorticoid responsiveness. A, a sequence con-
taining either the wild-type or a mutated Angptl4 GR binding site was inserted into the pGL4-TATA reporter to
create pGL4-ANGPTL4-GRBS (mutation from Gly to Thr underlined). B, glucocorticoid responsiveness of GR-
binding sites in rat Angptl4. Reporter plasmids and wild-type or mutant pGL4-ANGPTL4-GRBS (75 ng) were
cotransfected with pcDNA3-hGR (150 ng) and pRL (100 ng) into H4IIE cells in a 24-well plate (n � 4 per group).
pRL plasmid provided Renilla luciferase expression to document transfection efficiency. Transfected cells were
left overnight, then washed with PBS and treated with 0.5 �M DEX for an additional 16 –20 h. Cells were then
lysed and assayed for firefly and Renilla luciferase activities. Shown is the fold-induction of luciferase activity
(DEX-treated/ethanol-treated) in cells from at least three experiments (*, p � 0.05). The error bars represent the
S. E. for the fold induction. C, EMSA on mixtures of purified GR DBD and Cy5 end-labeled oligonucleotides contain-
ing either wild-type or mutant Angptl4 GRE, confirming direct binding of GR to the GRE. Reactions lasted 30 min, and
the mixtures were then run on 8% native gels and scanned by a phosphorimager. The concentration of GR DBD
protein mixed with wild-type or mutant GREs ranged from 0 (no protein) to 2 �M, as shown. Data are representative
of two independent experiments.
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ing site linked to luciferase, we determined that this site is a
functional GRE. Furthermore, we used EMSA to show that this
GRE interacts directly with GR. Our data suggest that the
mechanism by which GR controls Angptl4 transcription
involves the modulation of DNase I accessibility and histone
acetylation within the gene. We linked these effects to in vivo
physiology by studying mice lacking ANGPTL4. These mice
had reductions in DEX-induced hypertriglyceridemia and

hepatic steatosis, indicating that ANGPTL4 is required for
these effects. Overall, we show that Angptl4 is a direct tran-
scriptional target of GR and a contributor to the regulation of
TG homeostasis by glucocorticoids in mice.
Other signals have also been shown to modulate Angptl4

expression. For example, Angptl4 transcription is increased by
hypoxia in endothelial cells (28, 29). By contrast, microbiota
suppress intestinal levels ofAngptl4mRNA inmice (6). In addi-
tion to being regulated by glucocorticoids, as shown here,
Angptl4 transcription is also controlled by peroxisome prolif-
erator-activated receptors � and � (PPAR� and PPAR�), which
function as nutritional sensors in hepatocytes and adipocytes,
respectively (19, 20). In particular, PPAR� increases the expres-
sion of key genes involved in the metabolic response to fasting
(30). However, the effect of fasting on Angptl4 mRNA levels is
not altered in mice lacking PPAR� (19), suggesting that other
pathways, including ones under GR regulation as shown here,
may mediate this effect. Notably, Ppar� mRNA levels are also
increased by glucocorticoids (31). Thus, it is conceivable that
both Angptl4 and Ppar� are part of a GR-regulated gene net-
work that controls the metabolic adaptation to fasting.
Using rat H4IIE hepatoma cells, we analyzed the mecha-

nisms governing the stimulation of Angptl4mRNA expression
by glucocorticoids. We found that glucocorticoids increased
the transcriptional rate of Angptl4 and identified a GR binding
site between 6267 and 6281 bp downstream of the transcrip-
tional start site within the 3�-untranslated region. We con-
firmed the recruitment of GR to this site by ChIP and showed
that this site can bind GR dimers efficiently. Furthermore, in
cells transfected with a reporter plasmid containing this GR
binding site, we were able to stimulate reporter activity with
DEX treatment, indicating that this site functions as a GRE.
Notably, this element is conserved between mouse, rat, and
human, highlighting its importance as amammalian regulatory
element. Regarding the sequence location, it is not unusual for
a GRE to be far away from the transcriptional start site.
Recently, GREs were shown to be distributed both 5� and 3� to
the transcriptional start site at distances over 5 kb (23). Respon-
sive elements in estrogen receptor- and androgen receptor-reg-
ulated genes have been found to be distributed similarly (16, 32,
33). Recently, a study found a GR binding region in human
Angptl4 to be located as far as 8 kb upstream of the transcrip-
tional start site using a ChIP on chip approach (23). The exact
sequences mediating glucocorticoid responsiveness in this
human GR binding region have not been identified, and we
were unable to find sequences in the rat or mouse genomes
resembling this specific region. Regardless, these human data
coupled with our findings suggest the possibility that distinct
transcriptional mechanisms may be employed to regulate
Angptl4 expression in rodents and humans.
Chromatin remodeling regulates the activity of several GREs

(23, 25). To determine how glucocorticoids activate Angptl4
transcription, we therefore tested whether DEX treatment
affects the chromatin structure and histone acetylation of
Angptl4. We found that DEX treatment increased the DNase I
accessibility of genomic regions near theAngptl4GRE, indicat-
ing that activation byGRmay open up the structure of chroma-
tin in these regions and facilitate the binding of transcriptional

FIGURE 5. DEX treatment increases DNase I accessibility and histone H4
acetylation in rat Angptl4. A, schematic diagram of rat Angptl4, with TSS
indicating the transcriptional start site, amplified genomic regions are under-
lined and numbered (1– 4), and the position of the GRE shown. B, H4IIE cells
were treated with DMSO or DEX (0.5 �M) for 30 min, and DNase I accessibility
was analyzed as described (“Experimental Procedures”), showing increased
cleavage of DNA in DEX-treated cells. C, H4IIE cells (n � 4 per group) were
treated with DMSO or DEX (0.5 �M) for 30 min, and the levels of acetylated
histones H3 and H4 were measured in regions 1–4 by ChIP. The fold-enrichment
(DEX/DMSO) was used to show increased enrichment of AcH4 but not AcH3 in
DEX-treated cells (*, p � 0.05). Data in B and C were normalized to a control
genomic region in rat Rpl19, and each experiment was done at least 3 times. The
error bars represent the S. E. for the percent change and the fold induction.

FIGURE 6. The DEX-stimulated increase in serum and liver TG is impaired
in Angptl4�/� mice. A, wild-type and Angptl4�/� mice were treated daily
with PBS (control; n � 4 –5 per group) or DEX (n � 5 per group) for 4 days as
described (“Experimental Procedures”), after which serum TG levels were
measured. Shown is the fold-increase in serum TG of DEX-treated mice (*, p �
0.05 versus WT PBS) for both wild-type and Angptl4�/� mice. B, liver TG con-
tent measured by TLC from the same mice as in A (**, p � 0.05 versus WT PBS).
The error bars represent the S. E. for the TG concentration.
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co-regulators. Glucocorticoids also specifically induced the
acetylation of histone H4 in genomic regions near the Angptl4
GRE, suggesting that acetylation of key regulatory elements
within these regions may serve as another modulator of glu-
cocorticoid-activated Angptl4 transcription. That histone H4,
but not H3, was acetylated by DEX treatment suggests the
occupiedGR recruits only a subset of histone acetyltransferases
in activating Angptl4 transcription, although it is possible that
histone H3 acetylation is induced at other genomic regions not
tested here. Overall, the increased DNase I accessibility and
histone H4 acetylation in the identified GRE offer insight into
the specific machinery important for regulating Angptl4
transcription.
As seen previously (34), glucocorticoid treatment signifi-

cantly increased TG levels in the serum (�1.5-fold) and livers
(�4-fold) of mice (Fig. 6A, B). However, this response was sig-
nificantly compromised in Angptl4�/� mice (Fig. 6, A and B).
Thus, ANGPTL4, potentially by inhibiting LPL, plays a role in
the mechanism by which glucocorticoids increase serum and
hepatic TG levels. Our DEX treatment protocol matched that
of Dolinsky et al. (34), who found that glucocorticoid treatment
increased the rate of hepatic TG synthesis, but not very low
density lipoporotein secretion. This could explain how themice
we treated developed higher TG levels in the liver than in the
plasma. Althoughwe did not observe a significant change in the
epididymal fat mass of mice treated for 4 days with DEX (data
not shown), it is well known that long-term glucocorticoid
treatment promotes a re-partitioning of lipids between differ-
ent WAT depots (1, 35). Future work should determine
whether ANGPTL4 plays a role in this process.
The mechanisms(s) underlying how ANGPTL4 modulates

glucocorticoid-stimulated hepatic steatosis are unclear. A likely
possibility is thatwithoutANGPTL4, a lipoprotein lipase inhib-
itor and a stimulator of WAT lipolysis, glucocorticoids cannot
efficiently mobilize TG from WAT for use in hepatic TG syn-
thesis. Alternatively, this process may involve an activity of
ANGPTL4 distinct from its ability to inhibit LPL. A recent
report showed that the fibrinogen-like domain of ANGPTL4,
located at its carboxyl terminus, can suppress the basic fibro-
blast growth factor-induced activation of ERK1/2 MAP kinase
in endothelial cells (36). Furthermore, analysis of mRNA
expression showed that genes involved in fatty acid oxidation in
the muscle were down-regulated in Angptl4�/� mice (37). It is
unclear if the ERK1/2MAP kinase or fatty acid oxidation path-
ways are similarly modulated in the livers and WAT of
Angptl4�/� mice, and investigating this possibility is an impor-
tant topic for future investigation.
It is worth noting that Angptl4 is not the only GR target that

participates in the regulation of liver TGmetabolism. Recently,
GR was shown to inhibit transcription of the hairy enhancer of
split 1 gene (Hes1), which encodes a transcriptional repressor
involved in glucocorticoid-induced hepatic steatosis (38). Inhi-
bition ofHes1 coordinately represses the expression of pancre-
atic lipase (PNL) and pancreatic lipase-related protein (PNLRP)
2, both of which encode TG hydrolases. Down-regulation of
these two lipolytic genes in the liver can result in the accumu-
lation of TG (38). These findings along with ours suggest that
glucocorticoids potentially regulate the transcription of multi-

ple networks of genes that can exert overlapping effects on
hepatic lipid metabolism. Additionally, these GR target genes
are likely tissue-specific, as glucocorticoid-dependent effects
on lipid metabolism in the liver and WAT are quite different.
Thus, gaining a complete picture of how glucocorticoids affect
lipid homeostasiswill require the systematic identification of all
direct GR targets in both theWAT and liver. Our identification
ofAngptl4 as a directGR target is an important first step toward
the systematic dissection of this metabolic regulatory process.
Our findings mark ANGPTL4 as a potential key mediator of

the effects of glucocorticoids on TG homeostasis during phys-
iologic fasting. Fasting TG levels are routinely measured in
humans and are often elevated in patients with insulin resist-
ance and type 2 diabetes. Recently, genetic sequence variations
interfering with either the production of ANGPTL4 or with its
capacity to inhibit LPL were associated with low plasma TG
levels in up to 4% of individuals in a large population when
combined with mutations in other members of the ANGPTL
family (39). These findings, coupled with the work shown here,
suggest that ANGPTL4 may mediate the metabolic effects of
glucocorticoids on TGmetabolism similarly in both in humans
and mice.
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