Regulation of lipin-1 gene expression by glucocorticoids

during adipogenesis®

Peixiang Zhang,* Lauren O’Loughlin,* David N. Brindley,f and Karen Reuel*

Departments of Human Genetics and Medicine,* David Geffen School of Medicine, University of California at
Los Angeles, Los Angeles, CA, 90095; and Signal Transduction Research Group,Jr Department of Biochemistry,
University of Alberta, Edmonton, Alberta T6G 2S2, Canada

Abstract Lipin-1 deficiency in the mouse causes general-
ized lipodystrophy, characterized by impaired adipose tissue
development and insulin resistance. Lipin-1 expression in
differentiating preadipocytes is required for normal expres-
sion of adipogenic transcription factors, including peroxisome
proliferator-activated receptor v and CCAAT enhancer bind-
ing protein o, and for the synthesis of triacylglycerol. The
requirement of lipin-1 for adipocyte differentiation can be
explained, in part, by its activity as the sole adipocyte phos-
phatidic acid phosphatase-1 enzyme, which converts phos-
phatidate to diacylglycerol, the immediate precursor of
triacylglycerol. Here we identify glucocorticoids as the stimu-
lus for the induction of lipin-1 expression in differentiating
adipocytes, and characterize a glucocorticoid response ele-
ment (GRE) in the Lpinl promoter. The Lpinl GRE binds
to the glucocorticoid receptor and leads to transcriptional ac-
tivation in adipocytes and hepatocytes, as demonstrated by
reporter gene transcription, electrophoretic mobility shift,
and chromatin immunoprecipitation assays.fll This repre-
sents the first gene regulatory element identified to directly
influence lipin-1 expression levels, and may modulate lipin-1
mRNA levels in adipose tissue and liver in conditions asso-
ciated with increased local glucocorticoid concentrations
in vivo, such as obesity and fasting.—Zhang, P., L. O’Loughlin,
D. N. Brindley, and K. Reue. Regulation of lipin-1 gene ex-
pression by glucocorticoids during adipogenesis. J. Lipid Res.
2008. 49: 1519-1528.
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Lipin-1 was originally identified as the defective gene
product that causes lipodystrophy in the fatty liver dystro-
phy (fld) mouse (1). Lipodystrophy in these animals is
characterized by a lack of normal adipose tissue through-
out the body and insulin resistance (2). Lipin-1 was subse-
quently identified as a phosphatidic acid phosphatase-1
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(PAP1) enzyme, which catalyzes the conversion of phos-
phatidate to diacylglycerol, the immediate precursor of
triacylglycerol and of zwitterionic phospholipids (3). The
PAP1 activity is conferred by the active site motif DxDxXT,
which is present in the conserved C-terminal domain of
the three mammalian lipins (lipin-1, lipin-2, and lipin-3)
as well as all known lipin homologs in invertebrates and
yeast. White and brown adipose tissue from fld mice com-
pletely lack PAPI enzyme activity, indicating that lipin-1 is
the sole PAP1 enzyme in adipose tissue, consistent with
the failure of adipocytes in fId mice to accumulate triglycer-
ide (4).

Variations in the lipin-1 mRNA levels in adipose tissue
are associated with key metabolic traits, including adi-
posity, insulin sensitivity, energy expenditure, and gene
expression. Thus, whereas lipin-1 deficiency produces lipo-
dystrophy, enhanced lipin-1 expression in mouse models
promotes obesity. Transgenic mice expressing constitu-
tively elevated lipin-1 levels specifically in mature adipo-
cytes exhibit increased triglyceride content per cell and
increased expression of lipogenic genes (5). Interestingly,
despite their increased adiposity, these adipose tissue-
specific lipin-1 transgenic mice have increased insulin sen-
sitivity compared with wild-type mice. A similar relationship
between lipin-1 levels in adipose tissue and insulin sensitivity
has been documented in several studies in humans (6-9).
Although the mechanism is not known, possible contribu-
tions may be effects of lipin-1 on glucose uptake and oxi-
dative gene expression in adipose tissue, and enhanced
triglyceride storage in adipose tissue as protection against
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triglyceride accumulation in tissues such as muscle (4, 9,
10). It has long been known that PAP1 activity in liver is in-
creased in diabetes, hypoxia, and in response to elevated
glucocorticoid levels (11-14). In adipocytes, lipin-1 expres-
sion is enhanced by antidiabetic compounds of the thiazo-
lidinedione (TZD) family and by harmine, both in vitro
and in vivo (9, 15). The molecular mechanisms by which
these compounds and conditions modulate lipin-1 expres-
sion and/or PAPI activity in liver and adipose tissue have
not been elucidated.

Lipin-1 is expressed at two stages during adipocyte dif-
ferentiation, as assessed with the 3T3-L1 adipocyte cell line
(16). Adipocyte differentiation occurs through an ordered
cascade of gene expression changes (17, 18). The nuclear
receptor peroxisome proliferator-activated receptor vy
(PPARY) is considered to be the key adipogenic transcrip-
tional regulator. It is induced very early in the differentia-
tion process and promotes the expression of numerous
target genes involved in adipogenesis and lipid accumula-
tion, such as those encoding CCAAT enhancer binding
protein «, adipocyte fatty acid binding protein aP2, and
lipoprotein lipase (19-21). Lipin-1 is initially expressed
transiently between 10-20 h after induction of differentia-
tion and then returns to baseline levels. Lipin-1 is then in-
duced again at 2 days after initiation of differentiation,
reaching peak levels in mature, lipid-loaded adipocytes.
This biphasic pattern suggests that lipin-1 has a role in es-
tablishing the adipogenic gene expression program during
early stages of differentiation, as well as a role in triglyceride
accumulation in mature adipocytes. The latter function is
likely to be directly attributable to lipin-1 PAP1 activity (4),
but the function of lipin-1 in the early stages of adipocyte
differentiation has not been elucidated.

Lipin-1 can localize to the nucleus or to the cytoplasm
(1, 22). In mature adipocytes, but not in preadipocytes,
the subcellular localization differs for two lipin-1 isoforms
that are generated by alternative mRNA splicing (22). Lipin-
1A and lipin-1B isoforms differ by the presence of an ad-
ditional 33 amino acids in the lipin-1B isoform (22, 23).
In mature adipocytes, lipin-1A localizes predominantly to
the nucleus, whereas lipin-1B is largely cytoplasmic (22).
The significance of the distinct localization of the two iso-
forms is not clear, but may influence lipin function. Since
PAP1 enzyme activity is known to reside in the cytosol and
to translocate to the endoplasmic reticulum in response to
elevated fatty acid levels (24), cytoplasmic lipin-1 is likely
to be involved primarily in glycerolipid synthesis. Nuclear
lipin-1 could, however, serve a different function. In hepa-
tocytes, Finck et al. (25) identified lipin-1 as a transcrip-
tional coactivator working in conjunction with PPARy
coactivator-lo and PPARa to regulate hepatic gene expres-
sion during fasting.

As described above, increased lipin-1 expression in adi-
pose tissue of both mouse and human is associated with
enhanced insulin sensitivity. It is therefore important to
identify factors that regulate lipin-1 expression and func-
tion in adipocytes. Here we characterize a molecular
mechanism for the induction of lipin-1 expression during
adipogenesis by a glucocorticoid receptor (GR)-dependent
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process. These findings suggest that lipin-1 may be a medi-
ator of glucocorticoid effects in conditions such as fasting
and obesity, and that genetic variations in this response
could contribute to previously observed interindividual var-
iations in lipin-1 expression levels.

MATERIALS AND METHODS

Animals

C57BL/6] and 0b/0b mice were purchased from Jackson
Laboratories (Bar Harbor, ME). For fasting and re-feeding ex-
periments, C57BL/6] mice were fasted for 16 h, or fasted 16 h
and re-fed for 4 h with standard rodent chow for fasted and re-
fed samples, respectively. Diet-induced obesity was attained by
feeding C57BL/6] mice a high-fat diet (35% fat and 33% carbo-
hydrate; Diet F3282, Bio-Serve, Frenchtown, NJ) for 16 weeks be-
ginning at 8 weeks of age. All animal studies were performed
under approved institutional protocols and according to guide-
lines established in the “Guide for the Care and Use of Labora-
tory Animals.”

Cell culture

Murine 3T3-L1 and Hepa 1-6 cell lines were obtained from
American Type Culture Collection (Manassas, VA). 3T3-L1 pre-
adipocytes were grown in DMEM supplemented with 10% calf
serum, glutamine, sodium pyruvate, penicillin (100 U/ml), and
streptomycin (100 pg/ml). Forty-eight hours after reaching con-
fluence, cells were treated with a differentiation cocktail contain-
ing 0.25 uM dexamethasone (DEX), 1 pg/ml insulin, 0.5 mM
3-isobutyl-L-methylxanthine (MIX), and 10% FBS. After 48 h,
the differentiation cocktail was replaced with DMEM containing
10% FBS and insulin. Adipocyte morphology was monitored by
the appearance of cytoplasmic lipid droplets, which was closely
correlated with the acquisition of mature adipocyte markers
(26). Hepa 1-6 cells were propagated in DMEM plus 10% FBS,
nonessential amino acids, sodium pyruvate, penicillin (100 U/ml),
and streptomycin (100 pg/ml).

Cryopreserved subcutaneous human primary preadipocytes
from female donors with a normal body mass index (22.24 kg/m?)
were purchased from Zen-Bio, Inc. (Research Triangle Park, NC).
Cells were maintained in Preadipocyte Medium (Zen-Bio, Inc.)
and differentiated at passage 3 by treating confluent cells with
Adipocyte Differentiation Medium (Zen-Bio, Inc.) for 7 days. Im-
mediately prior to experiments with glucocorticoid treatment,
cells were cultured overnight in DMEM containing 1% FBS.

Quantitative RT-PCR

Real-time PCR quantitation of gene expression was performed
as we have reported previously (4, 5, 15, 16, 22). Briefly, total RNA
was isolated from cultured cells with TRIzol reagent, and 2 ug of
total RNA was reverse transcribed in a 20 pl reaction volume with
Omniscript RT kit and oligo(dT) primers (Invitrogen, Carlsbad,
CA). Real-time PCR was performed on the iCycler iQ Real-time
Detection System (Bio-Rad; Hercules, CA) using SYBR Green
PCR Quanti-Tect reagent kit (Qiagen; Valencia, CA). Threshold
cycle numbers (Ct) were determined with Sequence Detector
software (version 1.6; Applied Biosystems, Foster City, CA) and
transformed using the ACt method as described by the manu-
facturer. Expression levels were normalized to the endogenous
controls, TATA box binding protein, 18S rRNA, and hypoxanthine-
guanine phosphoribosyltransferase. Results were expressed as
fold induction or repression by normalizing to the control condi-



tion. To amplify splice variants of lipin-1 using a single PCR primer
set (mlipin-1 f/r primers; see supplementary Table I), RNA sam-
ples obtained at various times after the addition of DEX were
analyzed by semi-quantitative RT-PCR as described (22). Primers
used for real-time PCR are provided in supplementary Table I.

PAP1 activity measurements

3T3-L1 adipocytes were harvested in 0.25 M sucrose containing
2 mM dithiothreitol, Phosphatase Inhibitor Cocktails I and II
(Sigma Aldrich; St. Louis, MO), protease inhibitor cocktail
(EDTA-free; Roche Diagnostics, Indianapolis, IN), and 0.15%
Tween-20, and homogenized using a probe sonicator for 3-5 s.
The protein concentration of lysates was determined using the
bicinchoninic acid protein assay (Pierce Biotechnology; Rockford,
IL). Analysis of PAP1 activity was performed in the presence
and absence of N-ethylmaleimide with 2-8 ug of cell protein
in a volume of 0.1 ml as described (4). Total activities for the
N-ethylmaleimide-inhibitable PAP1 were calculated from mea-
surements at three different protein concentrations to ensure
the proportionality of the assay.

Western blot analysis

Cell lysates were prepared as for PAP1 measurements, and pro-
tein samples (30 pg per lane) were separated by NuPAGE Novex
Tris acetate 3—8% gradient gel system (Invitrogen) and trans-
ferred to nitrocellulose filters. The blots were incubated with
anti-lipin-1 antibody (4), followed by goat-anti-rabbit IgG (Santa
Cruz Biotechnology, Inc.; Santa Cruz, CA), and developed with
ECL Plus Western blotting detection system (Amersham Bio-
sciences; Piscataway, NJ) and quantified by densitometry using
Quantity One-4.5.2 software (Bio-Rad).

mRNA start site and construction of luciferase
reporter constructs

The transcription initiation site was determined by 5’-rapid
amplification of cDNA ends (RACE) from 3T3-L1 adipocytes with
a SMART RACE cDNA Amplification kit (Clontech Laboratories,
Inc., Mountain View, CA). One microgram total RNA from 3T3-
L1 adipocytes 4 days postdifferentiation was converted into cDNA
for RACE reactions. The resulting PCR product was gel purified
and subcloned into pCR2.1TOPO-TA cloning vector (Invitrogen).
An identical nucleotide sequence corresponding to the 5" end of
lipin-1 cDNA was obtained by sequence analysis of three indepen-
dent clones.

Using the Expand High Fidelity PLUS PCR System (Roche
Diagnostics), lipin-1 promoter constructs were generated by
PCR amplification of appropriate DNA fragments from C57BL/
6 mouse genomic DNA and ligated into the promoterless luciferase
expression vector pGL3-basic (Promega; Madison, WI). Forward
(F1-F7) and reverse (R1) gene-specific primers were engineered
with the 5" Kpnl and 3’ Bglll sites, respectively, for directional clon-
ing into the Kpnl/Bgll sites of pGL3-basic. Primer sequences are
provided in supplementary Table II.

Site-directed mutagenesis

Site-directed mutagenesis was performed using the Quick-
Change site-directed mutagenesis kit (Stratagene; La Jolla, CA)
according the manufacturer’s protocol, with the following oligo-
nucleotide (boldface letters indicate GR binding regions, and
lowercase letters show mutated bases): 5’ AGGGGAAGAACTAAT-
TGcceccCTGACATAAGGTCAAAA 3’ and its reverse complement.
The plasmid Lip-823-Luc was used as a template to generate the
Lip-823-Luc-GRE mutant.

Transient transfection and reporter assays

3T3-L1 and Hepa 1-6 cells were transfected with Effectene
Transfection Reagent (Qiagen). Briefly, 80,000 cells were trans-
fected with 150 ng of reporter plasmid, 80 ng phRL-TK Renilla
control vector (Promega), and 100 ng rat GR expression vector
pSG5-GR (27). Twenty-four hours after transfection, cells were
treated with 1 uM DEX or the solvent DMSO in DMEM contain-
ing 1% FBS. Eighteen hours later, cells were washed in 1X PBS
and lysed in Passive Lysis Buffer (Promega). Luciferase assays
were performed with the Dual-Luciferase Reporter Assay System
(Promega) following the protocol provided by the manufacturer.
Firefly luciferase activity was normalized to Renilla luciferase ac-
tivity to account for differences in transfection efficiency. In each
experiment, samples were analyzed in quadruplicate, and each
experiment was repeated at least twice.

Electrophoretic mobility shift assay

Double-stranded oligonucleotides corresponding to the native
lipin-1 glucocorticoid response element (GRE) (5" GGAAGAA-
CTAATTGTAAACTGACA 3’) or mutated lipin-I GRE (5" GGA-
AGAACTAATTGccccCTGACA 38’, mutated bases shown in
lowercase letters) were labeled using the 3’-biotin end-label kit
(Pierce Biotechnology). An electrophoretic mobility shift assay
(EMSA) was performed as described (27) by using the Lightshift
kit from Pierce Biotechnology according to the manufacturer’s
protocol. Briefly, binding reactions containing 25 or 150 ng of
purified human GR protein (Protein One; Bethesda, MD),
10 mM Tris, 50 mM KCI, 1 mM DTT, 10% glycerol, 5 mM MgCly,
0.05% Nonidet P-40, and 2 pmol of oligonucleotide probe were
incubated for 20 min at 4°C. Specific binding was confirmed by
using a 50- to 250-fold excess of unlabeled probe as specific com-
petitor. Protein DNA complexes were separated on a 4% non-
denaturing acrylamide gel at 20 mA in 0.5X tris-borate-EDTA.
Complexes were transferred to positively charged nylon mem-
branes and ultraviolet cross-linked. Gel shifts were visualized with
streptavidin-HRP followed by chemiluminescent detection.

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) assays were per-
formed as described (28). Briefly, confluent 3T3-L1 cells were
incubated with vehicle (DMSO) or DEX for 2 h. Chromatin
was cross-linked with 1% formaldehyde for 10 min at 25°C. The
reaction was stopped with glycine (125 mM final concentration)
for 5 min and cells were harvested. Aliquots were removed and
saved as the input control prior to precipitation with anti-GR or
control IgG antibodies. Precipitated DNA was amplified by semi-
quantitative PCR with primers for the Lpinl upstream promoter
region (—632/—169) and for Glut4 exon 10 (see supplementary
Table I).

RESULTS

Glucocorticoid induces lipin-1 gene transcription during
adipocyte differentiation

Lipin-1A and -B expression levels increased dramatically
during differentiation of 3T3-L1 preadipocytes to mature
adipocytes (Fig. 1A). This process occurred in response
to a cocktail containing DEX, insulin, and MIX, indicating
that one or more of these components is capable of induc-
ing Lpinl expression. To determine which component(s)
of the differentiation cocktail induced lipin-1 expression,
2 day postconfluent 3T3-L1 preadipocytes were treated
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Fig. 1. Glucocorticoid induces lipin-1 gene expression during adipocyte differentiation. A: Lipin-1 is dra-
matically induced in 3T3-L1 cells in response to adipocyte differentiation cocktail. Confluent 3T3-L1 cells
(preadipocytes) were induced to differentiate with cocktail containing insulin, 3-isobutyl-L-methylxanthine
(MIX), and dexamethasone (DEX) for 6 days (adipocytes). mRNA levels were determined by real-time RT-
PCR and normalized to TATA box binding protein (TBP) mRNA levels. Values are expressed as the fold
change compared with confluent cells (mean = SD). B: Effects of differentiation cocktail components on ex-
pression of enzymes of triacylglycerol synthesis. Confluent 3T3-L1 preadipocytes were treated for 4 h with
10% FBS (control), DEX, MIX, insulin, or complete cocktail (DMI). mRNA levels for several enzymes in
triacylglycerol biosynthesis were determined by real-time RT-PCR and expressed as fold difference compared
with FBS-treated cells (mean * SD). mtGPAT, mitochondrial glycerol-3-phosphate acyltransferase; AGPAT?2,
acylglycerolphosphate acyltransferase 2; DGAT1, diacylglycerol acyltransferase 1. C: Time course of DEX in-
duction of lipin-1A and lipin-1B mRNA expression. Confluent 3T3-L1 preadipocytes were treated with DEX
for the times indicated, and mRNA levels were expressed as fold difference compared with time 0 (mean *=
SD). D: DEX induces lipin-1A and lipin-1B mRNA expression in a dose-dependent manner. Confluent
3T3-L1 preadipocytes were incubated with the indicated concentration of DEX in DMEM containing 10%
FBS for 4 h, and mRNA levels were determined by real-time RT:PCR. E: Relative lipin-1A and -B isoform
mRNA expression levels during DEX time course were determined by quantitative RI-PCR with primers that
amplify both isoforms simultaneously. Products were resolved by agarose gel electrophoresis. Time of DEX
treatment is indicated at bottom. TATA box binding protein was amplified as a control. For all studies in
A-D,n = 3; * P < 0.05, ** P < 0.01 versus corresponding controls.

for 4 h with individual components or with the complete
cocktail. As shown in Fig. 1B, both lipin-1 isoforms were
significantly induced by DEX and were not affected by
the other components. In contrast, DEX did not induce
genes encoding other enzymes upstream or downstream
of lipin-1 in the triglyceride biosynthetic pathway, includ-
ing mitochondrial glycerol 3-phosphate acyltransferase
(mtGPAT), acylglycerolphosphate acyltransferase 2 (AGPAT?2),
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and diacylglycerol acyltransferase 1 (DGAT1). In contrast
to lipin-1, DGAT1 was induced by MIX, whereas neither
GPAT nor AGPAT?2 was increased after a 4 h treatment with
any of the components (Fig. 1B).

A time course study revealed that in response to 1 uM
DEX treatment, lipin-1B mRNA levels increased as early as
1 h, and lipin-1A levels after 2 h (Fig. 1C). Lipin-1B levels
peaked with a 7-fold induction at 2 h, and gradually declined



afterward. Lipin-1A levels increased to a maximum of 3-fold
above baseline and remained elevated near this level
throughout 24 h. Visualization of the lipin-1A and -1B iso-
forms using PCR primers that amplify both forms simulta-
neously confirmed that lipin-1B is increased to a greater
extent than lipin-1A between 1 and 8 h of treatment, sug-
gesting that DEX may also influence alternative splicing of
the lipin-1 mRNA (Fig. 1E). To evaluate the dose response
to DEX, the cells were treated with DEX at concentrations
ranging from 1 nM to 10 uM for 4 h. One nanomole/liter
DEX induced expression of both lipin-1 isoforms, and lev-
els generally increased as DEX concentration increased
(Fig. 1D). These results indicate that DEX rapidly induces
lipin-1 gene expression in a dose-dependent manner.

We next investigated whether the induction of lipin-1
mRNA expression by DEX is dependent on gene transcrip-
tion and/or de novo protein synthesis. Two-day postconflu-
ent 3T3-L1 cells were incubated with DEX in the presence
or absence of actinomycin D, a transcription inhibitor, or
cycloheximide (CHX), a protein synthesis inhibitor. Acti-
nomycin D completely abolished the stimulatory effect of
DEX on expression of both lipin-1 isoforms, indicating
that DEX acts at the level of lipin-1 gene transcription
(Fig. 2A and supplementary Figure IA for lipin-1B and
lipin-1A, respectively). In contrast, incubation with CHX
did not alter the DEX induction of lipin-1 mRNA expres-
sion, indicating that protein synthesis is not required
(Fig. 2B and supplementary Figure IB). To determine
whether regulation of lipin-1 mRNA expression by DEX
is mediated by the GR, we studied the effects of RU486,
a noncompetitive GR antagonist. One micromole/liter

RU486 completely reversed the effects of DEX on lipin-
1A and lipin-1B mRNA expression (Fig. 2C and supple-
mentary Figure IC). These results demonstrate that the
lipin-1 induction by DEX is dependent on the GR.

To rule out the possibility that the results described
above were limited to the mouse 3T3-L1 cell line, we per-
formed similar studies in primary human preadipocytes
and adipocytes. Total lipin-1 mRNA expression was signifi-
cantly induced by DEX in human preadipocytes and differ-
entiated adipocytes (Fig. 2D and supplementary Figure ID,
respectively). Furthermore, RU486 completely reversed
the effects of DEX, confirming the requirement for the
GR. These results establish that lipin-1 gene expression is
regulated in a GR-dependent manner in both mouse and
human adipocytes.

Glucocorticoid-induced Lpinl regulation leads to
increased protein and PAP1 activity

We next investigated whether induction of lipin-1 mRNA
expression by DEX led to parallel increases in lipin-1 pro-
tein expression and PAP1 activity in adipocytes. Mature
3T3-L1 adipocytes (4 days postdifferentiation) were incu-
bated with DEX, MIX, or insulin for 8 h. As observed previ-
ously in rat adipose tissue (23), lipin-1 in 3T3-L1 adipocyte
extracts was detected as a heterogeneous band that mi-
grates at ~~140 kDa (Fig. 3A). The heterogeneity has been
attributed to multiple phosphorylation sites on the lipin-1
protein (23, 29). Consistent with its effects on lipin-1
mRNA levels, DEX treatment increased lipin-1 protein lev-
els 2-fold, compared with treatment with control culture
medium containing only FBS (Fig. 3A). Moreover, DEX
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Fig. 3. Glucocorticoid-induced lipin-1 mRNA expression leads to increased lipin-1 protein and phospha-
tidic acid phosphatase-1 (PAP1) activity. 3T3-L1 adipocytes (differentiated for 8 days) were incubated in
1% FBS overnight, then treated for 8 h with DEX, MIX, insulin, or DMI mixture. A: Cell lysates were analyzed
for lipin-1 protein levels by Western blotting with rabbit polyclonal anti-lipin-1 antibody and bands quan-
titated (n = 8). A representative gel is shown at bottom with duplicate samples from each treatment. Note
that the lanes labeled DMI are from the same gel, but are shown as a separate box because of removal of
irrelevant lanes in the figure. A nonspecific band is indicated (NS). B: N-ethylmaleimide-inhibitable PAP1
activity in cell lysates from samples in A. PAP1 activity was normalized to total cell protein. n = 6; * P < 0.05,
#% P < 0.01 versus control treatment. Values presented represent mean * SD.

significantly increased PAP1 activity by 70% (Fig. 3B).
Neither insulin nor MIX affected lipin-1 protein or PAP1
activity levels, consistent with the previous findings that in-
sulin and epinephrine do not affect lipin-1 PAPI-specific
activity (29). However, insulin and MIX did alter lipin-1
electrophoretic mobility (Fig. 3A). As reported previously
for rat adipose tissue (23), insulin treatment caused a pro-
portion of the protein to shift to slower mobility, indica-
tive of increased phosphorylation. In contrast, protein
isolated from MIX-treated cells had increased mobility,
suggestive of reduced phosphorylation. The MIX effect
appeared to be dominant over the insulin effect, as indi-
cated by the rapid mobility of lipin-1 protein bands in
samples treated with the complete differentiation cock-
tail. These results establish that induction of lipin-1 tran-
scription by DEX is reflected in increased lipin-1 protein
synthesis and PAPI1 activity.

DEX activation of the Lpinl promoter is mediated by a
GRE motif

We hypothesized that the DEX induction of lipin-1 gene
transcription occurs through a GRE in the Lpinl 5’ flank-
ing sequence. We first verified the position of the lipin-1
transcription initiation site in 3T3-L1 cells using 5’-RACE
(30). This confirmed the initiation site at Chr12:16615246,
which was very close to the major site reported previously
(Chr12:16615250) based on sequencing of lipin-1 cDNA
and expressed sequence tag clones (1, 31). Sequence anal-
ysis revealed several putative GREs between —940 and
—253 relative to the Lpinl transcription start site. To evalu-
ate these putative regulatory elements, we cloned a Lipinl
promoter fragment encompassing sequences from —2,045
to +70 into a luciferase reporter plasmid. From this par-
ent construct, a series of 5’ deletions of the region were
also generated.
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To characterize Lpinl promoter activity, the reporter
constructs carrying deletions of the gene 5’4flanking region
were transfected into 3T3-L1 preadipocytes, in combina-
tion with a plasmid expressing recombinant GR. Luciferase
activity was measured 36 h after transfection. As shown in
Fig. 4A, the inclusion of Lpinl 5'-flanking sequence from
—2,045 to —253 bp conferred activity several-fold above
that of the pGL3 vector sequences. There was a 4-fold in-
crease in luciferase activity upon deletion of sequences be-
tween —940 and —823, and a further 2-fold increase upon
deletion to —421, suggesting the presence of negative regu-
latory elements in these regions. Subsequent deletion to
—285 led to a reduction in luciferase activity, probably due
to loss of elements that enhance expression.

To identify functional GREs, cells transfected with the re-
porter constructs were treated with DEX or vehicle (DMSO),
and relative expression levels were determined. Sequences
between —2,045 and —421 conferred DEX responsiveness,
whereas deletion of more-proximal sequences abolished
this response. This was true in both 3T3-L1 (Fig. 4B) and
Hepa 1-6 hepatoma cells (see supplementary Figure I1A),
consistent with the previous report that glucocorticoids
upregulate lipin-1 expression in mouse liver (25). These
results suggest that the region between —421 and —285 is
sufficient to transduce the glucocorticoid effect in adipo-
cyte and hepatocyte cell lines.

Sequence analysis of the Lpinl —421/—285 region re-
vealed the presence of an imperfect palindromic 15 mer
sequence characteristic of GREs located at —311 to —297
(Fig. 4C). Although not a perfect match, this putative
GRE has high similarity to the functional GRE of the 6-
phosphofructo-2-kinase /fructose-2, 6-bisphosphatase (PFK2)
gene (22). To evaluate function of this element, mutations
were generated within the putative GRE at —311/—297,
and in a negative control sequence located at —270/—256
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Fig. 4. Dexamethasone activation of the Lpinl promoter is
mediated by a glucocorticoid response element (GRE) motif. A:
Transcriptional activity of Lpinl promoter-luciferase constructs
under basal conditions (10% FBS). 3T3-L1 preadipocytes were co-
transfected with Lpinl promoter luciferase constructs, renilla-
luciferase control vector, and rat GR expression vector (pSG5-GR).
Lpinl promoter activity was normalized to renilla luciferase activity.
Data represent the mean = SE of four samples, expressed as the ratio
of the Lpinl promoter segment to that of the pGL3-basic vector. B:
Effect of 1 pM DEX on the activity of the LpinI-luciferase constructs
in 3T3-L1 cells. Luciferase activity was measured 24 h after treatment
with vehicle (DMSO) or DEX. Data are shown as fold difference
(mean * SE) between DEX and the vehicle-treated groups. n = 4;
* P<<0.05 versus vehicle treated. C: Sequence of the Lpinl promoter
region containing the GRE (—311 to —297). The wild-type (wt) puta-
tive GRE motif and the mutant (mt) GRE (—311/—297) used in sub-
sequent studies are in boldface. D: Effect of 1 uM DEX on Lpinl
promoter-luciferase constructs containing wild-type and mutant ver-
sions of the GRE. n = 4; * P < 0.05 versus vehicle-treated.

that had some similarities to the putative GRE (Fig. 4D). As
expected, the wild-type sequence promoted a 2-fold induc-
tion in luciferase activity in response to DEX. Mutation of
the GRE residing at —311/—270 abolished DEX responsive-
ness in 3T3-L1 cells. Mutation of the irrelevant sequences at
—270/—256 did not alter the DEX response (Fig. 4D). An
identical effect was conferred by the GRE in Hepa 1-6 cells
(see supplementary Figure IIB).

The Lpinl promoter directly binds the GR in a
hormone-dependent manner

To determine whether GR binds directly to the lipin-1
GRE, we employed an EMSA. Double-stranded oligo-
nucleotides corresponding to the native or mutant lipin-1
GRE labeled at the 3’ end with biotin were incubated with
purified GR, and analyzed by nondenaturing electrophore-
sis and chemiluminescent detection. As shown in Fig. 5A,
GR bound specifically to the biotinylated lipin-1 GRE. Un-
labeled wild-type oligonucleotide effectively competed for
binding in a dose-dependent manner, whereas mutant
oligonucleotide did not block binding. These results estab-

A
Probe GRE -311/-297
GR(ng) — 25 150 150 150 150 150
Competitor (wt) — — — 50X 250X — -
Competitor(mt) — — — — — 50X 250X
Complex —»

Free probe—»

B
Rabbit IgG Anti-GR
Control DEX  Control DEX
Lpin1 Input e - —
promoter

Immuno = P

| — — —
Guta  MPut —

exon Immuno

Fig. 5. The lipin-1 GRE binds GR. A: Analysis of lipin-1 GRE bind-
ing to GR by electrophoretic mobility shift assay (EMSA). An EMSA
was performed using purified human GR and a biotinylated oligo-
nucleotide probe containing the lipin-1 GRE and surrounding
sequences (—311 to —297; see Fig. 4C). Competition assays were
performed by preincubating the reaction for 25 min with 50- or
250-fold molar excess of unlabeled oligonucleotides containing
wild-type (wt) or mutant (mt) GRE sequences. Arrows indicate po-
sition of unbound oligonucleotide probe and probe complexed
with GR. Results are representative of three independent experi-
ments. B: Chromatin immunoprecipitation (ChIP) assay to detect
the binding of GR to the Lpinl promoter in chromatin from
3T3-L1 adipocytes. Cells were treated with vehicle (DMSO) or
DEX for 4 h, and association of the GR with Lpinl promoter se-
quences (—632/—169) was detected by immunoprecipitation with
anti-GR antibody followed by PCR amplification of Lpinl promoter
sequences. Input lanes show presence of Lpinl sequence before im-
munoprecipitation in all samples. Rabbit IgG was used as a negative
control for specificity of the immunoprecipitation, and an exon of the
Glut4 gene was used as a negative control for the PCR amplification.
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lish that GR protein binds to the lipin-1 GRE in a sequence-
specific manner.

To determine whether GR binds to the native Lpinl pro-
moter in intact adipocytes, we performed ChIP assays
using anti-GR antibodies and chromatin isolated from
mature 3T3-L1 adipocytes. GR was found to associate
poorly with the Lpinl promoter under basal conditions,
but was enhanced substantially in response to DEX treat-
ment (Fig. 5B). In contrast, no binding was observed when
experiments were performed with a nonspecific antibody
(rabbit IgG), or when binding to an unrelated sequence
(an exon within the Glut4 gene) was ascertained.

Adipose tissue lipin-1 expression is increased in conditions
associated with increased local glucocorticoid
concentrations in vivo

As demonstrated here, Lpinl transcription is induced
by glucocorticoids during adipocyte differentiation, and
acts through binding of the GR to specific promoter se-
quences. This suggests that physiological conditions char-
acterized by enhanced glucocorticoid levels should lead to
increased lipin-1 mRNA levels in vivo. To test this, we quan-
titated mouse adipose tissue lipin-1 mRNA levels in the
fasted condition, which is known to increase circulating
glucocorticoid levels, and in obesity, which is characterized
by increased local glucocorticoid levels due to the action of
11B-hydroxysteroid dehydrogenase 1 (32). Compared with
re-fed mice, lipin-1A and -1B expression in white adipose
tissue of fasted C57BL/6] mice was increased by approxi-
mately 3-fold (Fig. 6A). Lipin-1 expression was also in-
creased in adipose tissue of mice made obese by genetic
manipulation in the leptin-deficient 0b/0b mouse (Fig. 6B),
and in dietinduced obesity (Fig. 6C).

DISCUSSION

Adipose tissue plays an important role in metabolic
homeostasis, inasmuch as both too little and too much adi-
pose tissue can promote insulin resistance and hyperlipid-
emia (33, 34). Lipodystrophy in the lipin-1-deficient mouse
provides compelling evidence for the critical role of lipin-1
in adipocyte differentiation and maturation. There is also
substantial evidence that lipin-1 levels in human adipose
tissue are correlated with insulin sensitivity, energy expen-
diture, and expression of lipid metabolism genes (6-9).
These observations provided the rationale for our investiga-
tion of Lpinl gene regulation. We determined that the syn-
thetic glucocorticoid DEX induces lipin-1 mRNA, protein
expression, and PAPI activity in a GR-dependent manner
in mouse adipocytes. The effects of DEX on lipin-1 expres-
sion were also observed in primary human adipocytes and
mouse hepatocytes, demonstrating that glucocorticoids
are a general regulatory stimulus for lipin-1 expression. We
further identified a functional GRE in the Lpinl upstream
sequence that confers DEX induction, and demonstrated
that inactivation of this element abolishes the response.

Our findings provide a mechanism for numerous obser-
vations made prior to isolation of the lipin-1 gene regard-
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Fig. 6. Adipose tissue lipin-1 expression is increased in conditions
associated with increased local glucocorticoid levels. A: Lipin-1
mRNA levels in epididymal adipose tissue from C57BL/6] mice
after a 16 h fast (fasted) or after a 16 h fast plus a 4 h re-feeding
(re-fed). mRNA levels were determined by real-time RT-PCR and
normalized to TBP mRNA levels. n = 6; * P < 0.05 versus fasted
samples. B: Lipin-1 levels in epididymal adipose tissue from
C57BL/6] mice fed a chow or high-fat diet for 16 weeks. n = 6;
* P < 0.05 high-fat diet versus chow diet. C: Lipin-1 levels in epi-
didymal adipose tissue of 0b/0ob and wild-type (wt) littermates. The
value of wt was set to 1, and levels in 0b/ob mice were expressed
relative to wt. n = 5; * P < (0.05. Data are shown as mean = SEM.

ing the effect of glucocorticoids on PAP1 activity in vivo.
More than 20 years ago, Pittner, Fears, and Brindley (13)
reported that DEX increases the activity of PAP1 in rat
hepatocytes. Recently, glucocorticoid administration was
shown to strongly induce lipin-1 gene expression in mouse
liver (25), and this effect is regulated at the mRNA level
(35). In addition, lipin-1 exhibits a circadian pattern of
expression in liver and adipose tissue of mice, and the
rhythmicity of lipin-1 mRNA expression is lost in adrenal-
ectomized mice, suggesting control by glucocorticoids
(36). Also, in rats, the maximum PAPI activity in the liver
occurs about 4 h after the diurnal peak in corticosterone
concentrations (37). The ethanol-induced increase in PAP1
in the livers of rats is also strongly attenuated by adrenal-



ectomy, implicating glucocorticoids in observed regulation
in response to ethanol (12).

Glucocorticoids are major stimulators of adipose tissue
development and fat accumulation, especially in combina-
tion with insulin (38). Our conclusion that lipin-1 expres-
sion is increased by glucocorticoids in adipose tissue in
obesity is compatible with this and with the observed in-
crease in PAP1 activity in adipose tissue in obesity associ-
ated with hyperinsulinemia (39). The finding that lipin-1
expression is also increased in adipose tissue of fasted mice
is expected from the glucocorticoid induction, although
this is probably not related to adipogenesis. Increased
lipin-1 levels could be a mechanism to prevent an ac-
cumulation of unesterified fatty acids in adipocytes as a
consequence of high rates of lipolysis. Indeed, there is pre-
cedence for a futile cycle acting in adipocytes under condi-
tions such as fasting, in which the products of triglyceride
hydrolysis can be recycled into triglyceride within the cell
(40). Another possible function of the lipin-1 induction in
adipose tissue during fasting is in the regulation of genes
involved in fatty acid oxidation. Lipin-1 exhibits a strong
positive correlation with PPARa and medium-chain acylCoA
dehydrogenase expression levels in human adipose tissue
(6). This relationship was also seen in lipin-1 transgenic adi-
pose tissue, suggesting that the increase in fatty acid oxida-
tion gene expression is a direct or indirect consequence of
the increased lipin-1 levels (6). Thus, it is possible that lipin-1
plays a role in the activation of fatty acid oxidation through
PPAR« in adipose tissue analogous to that observed in liver
(25). Increased fatty acid oxidation would provide an alter-
native mode of energy production to glucose oxidation in
fasting as well as some protection for the adipocyte against
fatty acid accumulation.

It has recently been demonstrated that lipin-1 gene ex-
pression is induced in adipose tissue in vivo by two classes
of compounds with antidiabetic effects, the TZD class of
drugs, and the small molecule harmine. Thus, adipose
tissue samples from individuals treated with the TZD
pioglitazone exhibited a 2-fold induction of lipin-1B,
whereas no effect on lipin-1 expression levels occurred in
subjects treated with the non-TZD anti-diabetic, metformin
(9). A similar induction of lipin-1B expression by TZD oc-
curred in 3T3-L1 adipocytes, suggesting that the induction
was a direct rather than a secondary effect, and that TZD
may also promote splicing of the lipin-1B isoform. Interest-
ingly, TZDs activate GR nuclear translocation (41), raising
the possibility that the observed effect of TZDs on lipin-1B
expression may occur through the same mechanism as the
glucocorticoid induction shown here. Notably, whereas
DEX increased both lipin-1A and -1B mRNA levels, there
appeared to be greater magnitude of induction of the
lipin-1B isoform, similar to that observed with TZD treat-
ment. This suggests that glucocorticoids may influence
both Lpinl transcription and isoform-specific mRNA splic-
ing in adipocytes. Lipin-1A and -1B mRNA levels are in-
duced by harmine treatment both in vitro and in vivo,
but the molecular mechanism remains to be determined
(15). Harmine also stimulates adipocyte differentiation,
and it is likely that the induction of lipin-1 expression by

harmine contributes to both the expression of adipogenic
genes and the triglyceride accumulation that occurs with
harmine treatment.

In conclusion, we have identified a molecular mechanism
for lipin-1 regulation by glucocorticoids during adipocyte
differentiation. This represents the first gene regulatory
element identified to directly influence lipin-1 levels, and
may determine the glucocorticoid-induced increase in
PAP1 activity that occurs in liver or adipose tissue following
fasting and ethanol consumption and during the circadian
cycle. These results raise the possibility that variations in
glucocorticoid levels, or genetic polymorphisms in the
GRE, might contribute to differences in lipin-1 expression
levels, which have been associated with insulin sensitivity
and adiposity in human subjects (6, 7, 9, 42) 1l
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