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Background: PIAS proteins are implicated in the regulation of many transcription factors through distinct mechanisms. It
remains largely unknown whether PIAS proteins exert metabolic actions.
Results: PIAS1 repressed LXR-dependent up-regulation of lipogenic genes in a SUMOylation-independent manner.
Conclusion: PIAS1 could act as a lipogenic regulator by negatively modulating LXRs.
Significance: These findings reveal a regulatory role for PIAS proteins in lipid metabolism.

Liver X receptors (LXRs) are nuclear receptors that function
tomodulate lipidmetabolism as well as immune and inflamma-
tory responses. Upon activation by their ligands, LXRs up-regu-
late a spectrum of gene transcription programs involved in cho-
lesterol and fatty acid homeostasis. However, the mechanisms
by which LXR-mediated transcriptional activation is regulated
remain incompletely understood. Here, we show that PIAS1, a
member of the protein inhibitor of the activated STAT family of
proteins with small ubiquitin-like modifier (SUMO) E3 ligase
activity, acts to suppress LXR ligand-dependent transcriptional
activation of the lipogenic program in hepatocytes. We found
that liver mRNA expression levels of Pias1 and Pias3 were
inversely associated with those of genes involved in lipogenesis
in mouse models with diet-induced or genetic obesity. Overex-
pression of PIAS1 in primary hepatocytes resulted in a reduc-
tion of LXR ligand-induced fatty acid synthesis and suppression
of the expression of lipogenic genes, including Srebp1c and Fas.
Moreover, PIAS1 was able to interact with LXR� and repress its
transcriptional activity upon ligand stimulation, which did not
requirePIAS1-promotedSUMOmodificationof LXR�. In addi-
tion, PIAS1 could also interact with PGC-1� and attenuate its
association with LXR�, blunting the ability of PGC-1� to co-ac-
tivate LXR�. Importantly, PIAS1 impaired LXR� binding to its
target DNA sequence. Taken together, our results suggest that

PIAS1may serve as a lipogenic regulator by negativelymodulat-
ing LXRs in a SUMOylation-independent manner.

Liver X receptor (LXR)3-� and LXR� are nuclear receptors
that play key regulatory roles in lipid metabolism (1, 2). Both
LXRs are widely expressed in multiple tissues and cell types,
with LXR� most highly expressed in liver and intestine (3, 4).
LXRs were originally viewed as “orphan” nuclear receptors (5,
6) and have been established to function as nuclear cholesterol
sensors because oxysterols were identified as their physiologi-
cal ligands (6, 7). As ligand-dependent transcription factors,
LXRs can form permissive heterodimers with retinoid X recep-
tor and bind to LXR-responsive elements (LXREs) within their
target genes (8). Ligand binding of LXR results in the replace-
ment of co-repressors by co-activators, leading to enhanced
activation of gene transcription (9). Activated in response to
increased intracellular cholesterol levels, LXRs act to induce
specific gene expression programs to control various aspects of
whole-body cholesterol homeostasis (1, 2, 10–12). LXRs are
also currently known as critical regulators of hepatic lipogene-
sis (1, 2), which can increase hepatic lipogenesis through tran-
scriptional up-regulation of sterol regulatory element-binding
protein 1c (SREBP1c), the master lipogenic regulator (13).
LXRs were shown to directly bind to two functional LXREs in
the promoter region of the Srebp1c gene to increase its expres-
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enzymes involved in fatty acid biosynthesis, including fatty-acid
synthase (FAS), acetyl-CoA carboxylase (ACC), and stearoyl-
CoA desaturase 1 (SCD1) (14–16). In addition, recent studies
demonstrated the carbohydrate-response element-binding
protein as another LXR target that also mediates LXR-depen-
dent up-regulation of select lipogenic genes (17). In the settings
of obesity-associated metabolic disorders, however, it remains
to be understood whether LXRs are dysregulated and mecha-
nistically linked to the derangement of lipid metabolism.
An accumulating body of evidence has revealed that like

other nuclear receptor family members such as peroxisome
proliferator-activated receptor � (PPAR�), LXRs are able to
integrate both metabolic and inflammatory signaling (2, 18).
Although up-regulating genes that are involved in reverse cho-
lesterol transport, both LXR isoforms possess anti-inflamma-
tory activity via repressing inflammatory genes inmacrophages
(19). Because the promoters of these repressed genes do not
contain LXREs, an indirect inhibitory mechanism was pro-
posed to mediate the transrepressing actions of LXRs (2).
Recently reported studies suggest that LXRs and PPAR� can
repress overlapping but distinct subsets of proinflammatory
genes by amechanism that is dependent on small ubiquitin-like
modifier (SUMO) conjugation (SUMOylation) of these nuclear
receptors (20). Additionally, Lee et al. (21) demonstrated that in
IFN-�-stimulated brain astrocytes, both synthetic and oxy-
sterol derivatives of LXR ligands could suppress STAT1-depen-
dent inflammatory responses; furthermore, this action requires
SUMOylation of LXR� and LXR�, whichwere catalyzed by two
SUMO E3 ligase family members, the protein inhibitor of acti-
vated STAT1 (PIAS1) and histone diacetylase 4 (HDAC4),
respectively.
Mammalian PIAS family proteins were initially character-

ized as inhibitors of STAT-mediated signaling (22, 23), which
consist of PIAS1, PIAS3, PIASx, and PIASy (24). PIAS proteins
have recently been shown to have SUMO E3 ligase activity (25,
26) and are implicated in regulation of many transcription fac-
tors by distinct mechanisms such as promoting protein
SUMOylation, blocking the DNA binding ability of transcrip-
tion factors, or recruiting transcriptional co-repressors or co-
activators (24, 27). Although they are well documented to play
crucial roles in the regulation of gene activation pathways in
inflammation and immunity, it is largely unclear whether PIAS
proteins can exert metabolic functions by modulating gene
transcription programs involved in lipid homeostasis. Here, we
report the association of the expression of two PIAS family
members, Pias1 and Pias3, with that of lipogenic genes in livers
of diet-induced or genetic mouse models of obesity. We also
found a repressive effect of PIAS1 upon LXR ligand-stimulated
up-regulation of lipogenic genes and attempted to decipher the
molecular basis of PIAS1 actions in the LXR-dependent control
of the lipogenic program.

EXPERIMENTAL PROCEDURES

Animals—Male wild-type C57BL/6J mice were purchased
from Shanghai Laboratory Animal Co. Ltd. Male C57BL/6J
db/dbmicewere fromModelAnimal ResearchCenter,Nanjing
University, and male C57BL/6J ob/obmice were fromNational
Center for Drug Screening, Shanghai Institute ofMateriaMed-

ica, Shanghai Institutes for Biological Sciences, Chinese Acad-
emy of Sciences. Animals were maintained in laboratory cages
at a temperature of 23 � 3 °C and a humidity of 35 � 5% under
a 12-h dark/light cycle with free access to standard chow
(Shanghai Laboratory Animals Co.) and water in accredited
animal facilities at Shanghai Institutes for Biological Sciences.
For diet-induced obesity, male wild-type C57BL/6J mice were
fed ad libitum a low fat (LFD, 10 kcal % fat) or a high fat diet
(HFD, 60 kcal % fat) (Research Diets Inc.) as described previ-
ously (28). Animals were sacrificed under anesthetic condi-
tions, and livers were snap-frozen in liquid nitrogen immedi-
ately after resection and stored at �80 °C. All experimental
protocols were approved by the Institutional Animal Care and
UseCommittee at the Institute forNutritional Sciences, Shang-
hai Institutes for Biological Sciences, Chinese Academy of
Sciences.
Plasmid Constructs for Protein Expression and Luciferase

Assays—For the expression of Myc-tagged LXRs, cDNA frag-
ments encoding mouse LXR� or LXR� were obtained by RT-
PCR and subcloned into pcDNA6-His/Myc (Invitrogen) using
the KpnI/XbaI sites. To express the truncated versions of
mouse LXR� protein, LXR�-DBD or LXR�-LBD, cDNA seg-
ments encoding the desired regions of LXR�were likewise sub-
cloned into pcDNA6-His/Myc. Expression constructs for HA-
tagged LXR� and LXR� were also generated using the plasmid
vector pcDNA3-HA (Invitrogen). The K30R and 3KR (K30R/
K395R/K433R) mutant forms of LXR� were created via PCR-
directed mutagenesis (SBS Genetech, China), which were con-
firmed by DNA sequencing. For the luciferase reporter
construct, the promoter region of the mouse Srebp1c gene was
obtained by PCR and subsequently subcloned into the pGL3
vector. The expression vector for FLAG-tagged mouse PIAS1
was kindly provided by Dr. Ke Shuai (UCLA). The constructs
for the truncated forms of PIAS1 were generated using a PCR-
based strategy. The Myc-SUMO-1 construct was provided by
Dr. Jihe Zhao (University of Central Florida, College of Medi-
cine). The TK-LXRE3-Luc reporter construct was a generous
gift from Dr. David J. Mangelsdorf (University of Texas South-
westernMedical Center), and the expression plasmids forMyc-
tagged PGC-1� and PGC-1� were from Dr. Jiandie Lin (Uni-
versity of Michigan). The expression plasmids for SRC-3 and
TR�1 and the TK-Pal-Luc reporter construct containing two
TRE-binding sites were as described previously (29). All the
oligonucleotide primers used for PCR-based cloning are listed as
follows: LXR�-FL, sense 5�-CCAGGGTACCAGGAAGAGAT-
GTCCTTG-3� and antisense 5�-GTGATCTAGACTCTCGTG-
GACATCCCAG-3�; LXR�-FL, sense 5�-TGCAGGTACCTTC-
GTGACCCACTATGTC-3� and antisense 5�-TGGCTCTAGA-
CTCTCGTGCACATCCCAG-3�; LXR�-LBD, sense 5�-CCAG-
GGTACCATGGCTCAGGAGCTGATG-3� and antisense
5�-TGGCTCTAGACTCTCGTGCACATCCCAG-3�; LXR�-DBD,
sense 5�-TGCAGGTACCTTCGTGACCCACTATGTC-3� and
antisense 5�-CTGCTCTAGAACTAACTGCTGGATC-3�; LXR�-
FLHA, senseAATTAAGCTTAGGAAGAGATGTand antisense
GATCTAGACTCTCGTGGACATCCCAG; LXR�-FL HA, sense
5�-TACCAAGCTTACCCACTATGTCTTC-3� and antisense 5�-
GCTCTCTAGACTCGTGCACATCCCAG-3�; PIAS1-N, sense
5�-AAAATCGATGCGGACAGTGCGGAACTAAAGC-3� and
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antisense 5�-AAAGCGGCCGCGCAGCGAAACCCGTAGG-
CTG-3�; PIAS1-C, sense 5�-AAAATCGATTGTGTCCACT-
TGGGAAAATGand antisense 5�-AAAGCGGCCGCTCAGTC-
CAATGAGATAAT-3�; SREBP1c pro, sense 5�-ACATCTCGA-
GAAAGGGGATCAGGGCAG-3� and antisense 5�-AAATGT-
GCAATCCATGGCTCCGTG-3�.
Cell Transfection, Co-immunoprecipitation, and Western

Immunoblotting—HEK 293T cells were cultured in DMEM
containing 10% fetal calf serum, 100 units/ml penicillin, and
100 �g/ml streptomycin (Invitrogen). Transfection of 293T
cells was performed with the polyethyleneimine method (Poly-
sciences) (30). Co-immunoprecipitation (co-IP) assays were
performed as described previously (30). Briefly, whole-cell
lysates were prepared in a lysis buffer (20mMTris (pH 7.5), 100
mM NaCl, 0.1% Nonidet P-40, 1 mM EDTA, 1 mM DTT, 10%
glycerol, 50 mM NaF, and 10 mM sodium pyrophosphate) con-
taining 1% protease inhibitors mixture (Sigma). After incuba-
tionwith the desired primary antibody for 18 h at 4 °C via gentle
rocking, proteinG-Sepharose beads (GEHealthcare) were used
to capture the immune complexes via mixing for 2 h at 4 °C on
a rotator. Beads were subsequently washed three times with the
washing buffer (20 mM Tris-HCl (pH 7.5), 150 mM KCl, 0.5%
Nonidet P-40, 1 mM EDTA, and 10% glycerol containing 1%
protease inhibitors mixture (Sigma)) before SDS-PAGE and
Western immunoblotting analysis. Proteinswere transferred to
polyvinylidene difluoride (PVDF)membrane filters (Millipore),
and after incubation with the desired antibodies, the blots were
developed with SuperSignal West Pico chemiluminescent sub-
strate (Thermo Scientific) or Immobilon Western chemilumi-
nescent HRP substrate (Millipore).
Chemical Reagents and Antibodies—The LXR agonist

T0901317 and the TR�1 agonist T3 were purchased from
Sigma. The monoclonal FLAG antibody was from Sigma, and
the monoclonal Myc antibody was a generous gift from Dr.
Jinqiu Zhou (Institute of Biochemistry andCell Biology, Shang-
hai Institutes for Biological Sciences, Chinese Academy of Sci-
ences). Polyclonal antibodies againstMyc, HA, PIAS1, and FAS
were all from Cell Signaling. The polyclonal antibody against
the mouse PGC-1� was homemade in rabbits using the N-ter-
minal portion of PGC-1� expressed as the recombinant GST
fusion protein. The antibody was purified from the collected
sera by affinity chromatography using the HiTrap Protein-G
HP column (Amersham Biosciences) according to the manu-
facturer’s instructions.
Generation of the Recombinant Adenoviruses—Recombinant

adenoviruses that overexpress EGFP or PIAS1 were generated
with the AdEasyTM System (Stratagene) according to the man-
ufacturer’s instructions, which was described previously in
detail (31). Briefly, the DNA fragment for FLAG-PIAS1 was
first subcloned into pShuttle-CMVvector, whichwas then used
to produce the recombinant adenoviral plasmid by homolo-
gous recombination with pAdEasy-1 in Escherichia coli BJ5183
cells. HEK 293A cells (Invitrogen) were transfected using the
linearized recombinant plasmids to generate the recombinant
viruses. Before infection of primary hepatocytes, the multiplic-
ity of infection of the viruses was determined according to the
manufacturer’s instructions.

Isolation of Primary Hepatocytes and Adenovirus Infection—
Primary hepatocytes were isolated frommale C57BL/6Jmice at
8–12 weeks of age according to the procedure that was
described previously (32). Collagenase perfusion was con-
ducted after anesthetizing through the portal vein with 50ml of
perfusion buffer (Krebs-Ringer bufferwith 3.6mg/ml glucose, 1
MCaCl2, and 0.66mg/ml collagenase I (Worthington)) at 37 °C.
The liver was aseptically removed and cut, and hepatocytes
were filtrated, washed three times with cold Hepatocyte Wash
Medium (Invitrogen), and resuspended in 15ml of coldHepato-
ZYME-SFM (Invitrogen) medium supplemented with 2 mM

L-glutamine, 20 units/ml penicillin, and 20 mg/ml streptomy-
cin. The viability was determined by trypan blue staining, and
the hepatocytes were plated at 6 � 105 cells/well in 6-well cul-
ture dishes pre-coatedwith collagen. Cells were cultured for 8 h
before infection with the desired adenoviruses at an multiplic-
ity of infection of 40 for 2–3 days. Cells were subsequently
treated with DMSO or T0901317 prior to total RNA prepara-
tion, protein extraction, or measurement of lipogenesis.
Determination of Fatty Acid Synthesis in Hepatocytes—Fatty

acid synthesis in the primary hepatocytes was measured
according to the described procedure (33) with somemodifica-
tions. Briefly, adenovirally infected hepatocytes were washed
twice with PBS after culturing overnight and then incubating
with 2 ml of high glucose DMEM plus [14C]acetate at 0.5 �Ci
per well. The wells were gassed with 95% O2 and 5% CO2, and
the plates were sealed with Parafilm before incubating over-
night. Cells were washed twice with PBS and thenmixed with
2.5 ml of 10% KOH in methanol and 1.0 ml of distilled water
per well. The mixture was heated at 90 °C for 3 h and then
extracted with 4 ml of petroleum ether. Three milliliters of
the lower aqueous layer was mixed first with 1.0 ml of 10 M

H2SO4 and then with 4 ml of petroleum ether. The mixture
was subsequently subjected to centrifugation, and 3ml of the
upper layer was obtained and dried under low heat. Levels of
14C-labeled fatty acids were measured by a scintillation
counter.
Luciferase Reporter Assays—For luciferase reporter assays,

293T cells were co-transfected for 48 h with the desired plas-
mids, including 300 ng of TK-LXRE3-Luc, SREBP1c-Pro-Luc,
or TK-Pal-Luc reporter together with 10 ng of Renilla plasmid
DNA per well. Cells were treated with DMSO, 5 �M T0901317,
or 100 nM T3 for 12 h before measurement of luciferase activi-
ties. Luciferase activity was determined according to the man-
ufacturer’s instructions, which was normalized to Renilla.
RT-PCR Analysis—Total RNA was extracted from cells or

livers with TRIzol (Invitrogen). After reverse transcription by
Moloney murine leukemia virus reverse transcriptase (Invitro-
gen), regular PCR was performed with the TaKaRa Taq kit
(Takara). Quantitative real time PCR was conducted with an
ABI Prism 7500 sequence detection system, using Power SYBR
Green PCR Master Mix (Applied Biosystems) according to
the manufacturer’s recommendations (Applied Biosystems).
Cyclophilin was used as an internal control for normalization.
The oligonucleotide primers for each target gene examined are
as follows: Pias1, sense 5�-GCTCGTGGGCTCCAATGA-3�
and antisense 5�-CTGGTTGTGGGACGCTACCT-3�; Pias3,
sense 5�-GATCCGGAATCCAGACCATTC-3� and antisense
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5�-ACATGAGTGACACCCGGAGACT-3�;Lxr�, sense 5�-GCA-
GGACCAGCTCCAAGTAG-3� and antisense 5�-GGCTCAC-
CAGCTTCATTAGC-3�; Lxr�, sense 5�-ATTAAGGAAGAG-
GGGCAGGA-3� and antisense 5�-TGACCACGATGTAGGCA-
GAG-3�; Srebp1c, sense 5�-GGAGCCATGGATTGCACATT-3�
and antisense 5�-GGAAGTCACTGTCTTGGTTGTTGA-3�;Acc1,
sense 5�-TGAATCTCACGCGCCTACTATG-3� and antisense
5�-ATGACCCTGTTGCCTCCAAAC-3�; Fas, sense 5�AAGT-
TGCCCGAGTCAGAGAA-3� and antisense 5�-CGTCGAACT-
TGGAGAGATCC-3�; Scd1, sense 5�-GCGATACACTCTGGT-
GCTCA-3� and antisense 5�-CCCAGGGAAACCAGGATATT-3�;
andCyclophilin A, sense 5�-ATGGCAAATGCTGGACCAAA-3�
and antisense 5�-CATGCCTTCTTTCACCTTCCC-3�.
Immunofluorescent Staining Analysis—293T cells were

grown on glass coverslips and transfectedwith the desired plas-
mids for 48 h. Cells were then fixed for 10min with 4% parafor-
maldehyde in PBS, permeabilized with 0.1% Triton X-100 in
PBS for 10 min, and incubated sequentially with the desired
primary and secondary antibodies. Confocal images were
obtained with an LSM510 confocal microscope (Zeiss, Jena,
Germany). An argon laser (488 nm) was used for excitation
of Alexa 488-conjugated antibodies and a helium/neon laser
(543 nm) for Alexa 546-conjugated antibodies. Red/green/
blue (RGB) images were processed using the LSM510
software.
Chromatin Immunoprecipitation (ChIP) Analysis—ChIP

assays were performed using the agarose ChIP kit (Pierce) fol-
lowing the manufacturer’s instructions. Briefly, transfected
293T cells were subjected to cross-linking with 1% formalde-
hyde. Glycine solution was added, and the nuclear extract was
prepared. Chromatin�LXR� complexes were immunoprecipi-
tated with the polyclonal anti-HA antibody by incubating at
4 °C overnight on a rocking platform, followed by incubating
with protein G-Sepharose beads (GEHealthcare) at 4 °C for 1 h
with gentle rocking. After washing five times with the washing
buffer, the chromatin�LXR��antibody complexes were eluted
with the elution buffer from the beads and were subjected to
PCR analysis. For the secondary ChIP analysis, the eluted com-
plexes were diluted in IP dilution buffer and incubated with
anti-FLAG or anti-Myc antibody before PCR analysis. The oli-
gonucleotide primers used for ChIP assays are as follows:
SREBP1c(�239 to ��477), sense 5�-TCAGGGTGCCAGC-
GAACC-3� and antisense 5�-GCTCGAGTTTCACCCCGC-3�;
TK-Pal-Luc, sense 5�-ATAAGCTTCGAGCTCGCCCGG-3�
and antisense 5�-GTGTTCGAGGCCACACGCGT-3�.
Statistical Analysis—All data are presented as the mean �

S.E. Statistical analysis was conducted using unpaired two-
tailed t test or two-way analysis of variance (ANOVA) followed
byBonferroni’s post test withGraphPadPrism5.0. p� 0.05was
considered to be statistically significant.

RESULTS

Expression of Hepatic Pias1 and Pias3 Is Inversely Correlated
with That of Lipogenic Genes in Obese Mice—To gain insights
into the possible metabolic actions of PIAS proteins, we first
tested by quantitative RT-PCR analysis whether hepatic Pias1
and Pias3 genes exhibit altered expression patterns in the states
of obesity. Interestingly, the mRNA expression of both Pias1

and Pias3 was significantly up-regulated (Fig. 1A) in livers of
mice fed an HFD as compared with the LFD (28). This HFD-
induced up-regulation of Pias1 and Pias3 was paralleled with
marked reductions in themRNA abundance of Srebp1c and the
lipogenic enzymes Acc1, Fas, and Scd1 (Fig. 1A), consistent
with our previous finding that HFD feeding resulted in sup-
pressed expression of lipogenic genes (34). Next, we examined
the expression of these genes in two genetic mouse models of
obesity, the db/dbmouse with deficient leptin receptor and the
ob/ob mouse lacking leptin. As compared with their wild-type
littermates, Pias1 and Pias3 were significantly down-regulated
in livers of db/db or ob/ob mice (Fig. 1, B and C). On the one
hand, elevated mRNA levels were observed for Srebp1c, Acc1,
Fas and Scd1, which was in accordance with dysregulation of
the lipogenic pathway as a result of deficient leptin signaling
(34). On the other hand, neither Lxr� nor Lxr� showed signif-
icant alterations in theirmRNAexpression levels in the states of
obesity resulting from HFD feeding or abrogation of leptin sig-
naling (Fig. 1, A–C). Consistently, hepatic PIAS1 protein
expression was also dramatically reduced (by �75%) in ob/ob
mice (Fig. 1D), whichwas accompanied by amarked increase in
the protein expression level of FAS (by �5-fold). These results
thus revealed an inverse association of Pias1 or Pias3 expres-
sion with the lipogenic gene expression program, raising the
possibility that PIAS proteins may exert a regulatory action in
the control of lipogenesis.
PIAS1 Overexpression Blunts LXR Agonist-induced Up-regu-

lation of Lipogenesis—Given the crucial role for LXRs in lipo-
genic regulation and the implication of PIAS1 protein in medi-
ating LXR-dependent suppression of inflammatory genes (21),
we asked if PIAS1 could affect LXR-dependent control of lipo-
genesis. To test this idea, we examined the effect of adenovirally
overexpressed FLAG-tagged PIAS1 protein (Fig. 2A) in mouse
primary hepatocytes in the absence or presence of T0901317
(T0), a synthetic agonist of LXRs (16, 35). In hepatocytes
infected with the control adenovirus Ad-EGFP, T0901317
treatment increased the biosynthesis of fatty acids, whereas
overexpression of PIAS1 significantly reduced it in cells
infected with Ad-FLAG-PIAS1 (Fig. 2B). While exhibiting no
significant effects upon the endogenous LXR� or LXR� protein
expression level (Fig. 2A) as well as their mRNA abundance
with or without agonist stimulation (Fig. 2C), PIAS1 overex-
pression significantly attenuated T0901317-stimulated up-reg-
ulation of Srebp1c aswell asAcc1, Fas, and Scd1 (Fig. 2D). Nota-
bly, PIAS1 overexpression could also decrease the basal
expression levels of Srebp1c and Fas in the absence of T0901317
induction. These data suggest that PIAS1 may play a negative
role in the control of lipogenesis by attenuating LXR-depen-
dent up-regulation of the lipogenic gene expression program.
PIAS1 Interacts with LXRs—To explore themolecular mech-

anism by which PIAS1may down-regulate LXR-mediated lipo-
genic actions, we investigated whether PIAS1 can interact with
LXRs. Co-immunoprecipitation experiments showed that in
co-transfected 293T cells, FLAG-tagged PIAS1 protein could
associate with both LXR� and LXR� but not with thyroid hor-
mone receptor TR�1, indicating that PIAS1 could selectively
interact with LXRs (Fig. 3A). Similarly, PIAS1 protein could be
also immunoprecipitated with LXR� or LXR� when using the
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anti-Myc antibody to pull down Myc-tagged LXRs (Fig. 3B).
Importantly, co-IP experiments in mouse primary hepatocytes
using anti-PIAS1 antibody showed that PIAS1 protein could
endogenously associate with LXR� and LXR�, which were
appreciably enhanced uponT0901317 treatment (Fig. 3C). Fur-
ther co-IP assays indicated that the C-terminal portion con-
taining the LBD of LXR�, but not its N-terminal segment with
the DBD, was able to interact with PIAS1 protein (Fig. 3D). In
addition, co-IP analysis using truncated forms of PIAS1
revealed that the N-terminal portion of PIAS1 containing the
SAP and PINIT domains (PIAS1-N), but not the C-terminal
segment with a partial RLD domain (PIAS1-C), could associate
with LXR� (Fig. 3E). Thus, PIAS1 could associate with LXRs
and may thereby exert its effect upon LXR-activated gene
transcription.

PIAS1 Suppresses the Transactivation Activity of LXRs—To
determinewhether PIAS1 protein can affect the transcriptional
activity of LXRs, we employed luciferase reporter assays. Co-
transfection experiments in 293T cells showed that T0901317
treatment prominently stimulated the transcriptional activity
of both LXR� and LXR� toward the TK-LXRE3-luciferase
reporter (Fig. 4A), which contains three copies of LXRE within
the thymidine kinase promoter (6). While significantly reduc-
ing their transcriptional activities in the absence of ligand stim-
ulation, co-expression of PIAS1 resulted in more marked
decreases of T0901317-dependent transactivation by LXR� or
LXR� (Fig. 4A). Similar repressive effects of co-expressed PIAS1
on the ligand-activated transcriptional activity of endogenous
LXRs were also observed in HepG2 cells (Fig. 4B). Furthermore,
when assessed inHepG2cells using the Srebp1cpromoter-lucifer-

FIGURE 1. Expression of Pias1 and Pias3 is negatively associated with lipogenic gene expression in livers of diet-induced or genetic mouse models of
obesity. A–C, mRNA abundance of Pias1 and Pias3 and genes involved in fatty acid synthesis, Srebp1c, Acc1, Fas, and Scd1, as well as Lxr� and Lxr�, was assessed
by quantitative real time RT-PCR. Total RNA was prepared from livers of mice at 16 weeks of age that were fed a low-fat diet (LFD) or high-fat diet (HFD) for 8
weeks (n � 6/group) (A), db/db mice and their wild-type (WT) littermates at 8 weeks of age (n � 6/group) (B), or ob/ob mice and their WT littermates at 8 weeks
of age (n � 5/group) (C). Cyclophilin A was used as an internal control. The expression level of each gene was normalized to that of LFD-fed mice or WT
littermates (set as 1.0). D, Western immunoblot analysis of the expression of PIAS1 and FAS proteins in livers of ob/ob mice and their WT littermates at 8 weeks
of age. Immunoblotting was performed using antibodies against PIAS1 and FAS, and �-tubulin was used as a loading control. Each lane represents the liver
extract from one individual animal. Relative protein levels were determined by densitometric quantification of the immunoblots and normalized to �-tubulin.
Data in all panels are shown as means � S.E. *, p � 0.05 versus LFD-fed control mice or WT littermates by unpaired two-tailed Student’s t test.

Suppression by PIAS1 of the Lipogenic Activity of LXRs

NOVEMBER 2, 2012 • VOLUME 287 • NUMBER 45 JOURNAL OF BIOLOGICAL CHEMISTRY 37977



ase reporter, overexpression of the full-length PIAS1 aswell as the
truncated PIAS1-N form that is presumably SUMO E3 ligase-de-
ficient because of deletion of the acidic domain and part of the
RING finger-like zinc-binding domain (36, 37), but not the
PIAS1-C form, resulted in significant reductions in T0901317-in-
duced transcriptional activationof theSrebp1cpromoter (Fig. 4C).
These results demonstrated that PIAS1 could exert a negative
action upon LXR-activated gene expression.
PIAS1 Regulates LXR� Activity in a SUMOylation-indepen-

dent Fashion—As PIAS1 is known to be a SUMO E3 ligase that
promotes the LXR� transrepression of inflammatory genes by a
mechanism that requires SUMOylation of LXR� (21), we asked
if PIAS1 could exert its suppressive effect on LXR� activity by a
SUMOylation-dependent mechanism. Consistent with the
reported findings (21), T0901317 treatment could stimulate
SUMO-1 modification of LXR� in co-transfected 293T cells
(Fig. 5A), which was markedly enhanced by the co-expression
of PIAS1 (Fig. 5B). On the basis of the �KXE (where � denotes
Leu, Ile, Val, or Phe, and X denotes any amino acid) consensus
sequence for SUMOmodification (38), there are three putative
Lys residues, i.e. Lys-30, Lys-395, and Lys-433, of LXR� that
could potentially undergo SUMOylation. Mutational analysis
by Lys to Arg substitution revealed that Lys-30 was one of the
major sites for PIAS1-promoted SUMO-1 modification, as
indicated by the reduced SUMO-1 conjugation of the K30R
mutant (Fig. 5C). Substitutionmutation of all three Lys residues
(3KR) nearly completely abolished PIAS1-dependent SUMO-1
modification (Fig. 5C). To determine whether SUMOylation of

LXR� affects its ability to interact with PIAS1, we conducted
co-IP assays in 293T cells. SUMOylated LXR� retained its abil-
ity to associate with PIAS1, whereas the SUMOylation-defec-
tive LXR�-3KR mutant could fully interact with PIAS1 (Fig.
5D). Then we examined the importance of SUMO modifica-
tions of LXR� to its transactivation activity using the
TK-LXRE3-luciferase reporter assays. SUMOylation-defective
LXR� mutants, LXR�-K30R and LXR�-3KR, had comparable
transcriptional activity in the presence of SUMO-1 expression
to that of wild-type LXR�when stimulated byT0901317, which
could be repressed to a similar extent by PIAS1 overexpression
(Fig. 5E). Consistently, overexpression of PIAS1 could inhibit
the transcriptional activity of both LXR�-WT and LXR�-3KR
without co-expression of SUMO-1 (Fig. 5F). These results indi-
cate that PIAS1-mediated SUMOmodification is not required
for PIAS1 suppression of LXR� transactivation.
PIAS1 Does Not Alter the Cellular Localization of LXR�—

Next, we investigated whether PIAS1 association or PIAS1-pro-
moted SUMOylation could change the subcellular localization of
LXR�. Interestingly, immunofluorescent staining analysis of
transfected 293T cells revealed similar nuclear localization pat-
terns for PIAS1 and the wild-type and 3KR forms of LXR� (Fig.
6A), all with an appearance of enriched distribution around the
nuclear membrane. In contrast to LXR� and PIAS1, whose
localizationwas restricted to the nucleus, SUMO-1was distrib-
uted both in the nucleus and cytoplasm (Fig. 6A). When exam-
ined in co-transfected 293T cells, PIAS1 and LXR� (both the
wild-type and 3KR mutant) exhibited similar intra-nuclear co-

FIGURE 2. Hepatic overexpression of PIAS1 attenuates LXR agonist-induced fatty acid synthesis and up-regulation of lipogenic genes. Primary hepa-
tocytes were infected for 48 h with recombinant adenoviruses encoding EGFP (Ad-EGFP) or FLAG-tagged PIAS1 (Ad-FLAG-PIAS1). Cells were subsequently
incubated with DMSO or LXR agonist T0901317 (T0) at 5 �M for 12 h. A, Western immunoblot analysis of PIAS1, LXR�, and LXR� proteins using the indicated
antibodies. �-Tubulin was used as a loading control. B, hepatocytes were cultured in the presence of [14C]acetate for 17 h. Fatty acid synthesis was measured
by the level of conversion of [14C]acetate into 14C-labeled intracellular fatty acids (n � 3 independent experiments). C and D, mRNA abundance of Lxr� and Lxr�
(C) or Srebp1c, Acc1, Fas, and Scd1 (D) was analyzed by quantitative RT-PCR using cyclophilin as an internal control (n 	3 independent experiments). Data in
B–D are shown as means � S.E. *, p � 0.05 versus T0901317-treated Ad-EGFP-infected cells; #, p � 0.05 versus DMSO-treated Ad-EGFP-infected cells by two-way
ANOVA.
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localization, which were unaltered by the co-expression of
SUMO-1 (Fig. 6B). These data suggest that PIAS1 may not
influence the nuclear localization of LXR�.

PIAS1 Associates with PGC-1� to Promote Its SUMOylation
and Attenuate Its Ability to Co-activate LXR�—PGC-1� and
PGC-1� are two members of the PPAR� co-activator-1

FIGURE 3. PIAS1 interacts with LXRs. A and B, HEK 293T cells were co-transfected for 48 h with empty vector (�) or plasmids encoding FLAG-PIAS1, Myc-LXR�,
Myc-LXR�, or FLAG-TR�1 as indicated. Cell lysates were immunoprecipitated (IP) with anti-FLAG or anti-PIAS1 antibody (A) or with anti-Myc antibody (B).
Immunoblotting was conducted using antibodies against FLAG or Myc. C, primary hepatocytes were treated with DMSO or T0901317 (T0) at 5 �M for 12 h. Cell
lysates were immunoprecipitated with control IgG or anti-PIAS1 antibody. Immunoblotting was performed using antibodies against LXR�, LXR�, or PIAS1.
D, schematic diagram of the full-length (FL) and truncated versions of LXR� analyzed for its association with PIAS1. DNA-binding domain (DBD), black box;
ligand-binding domain (LBD), gray box. 293T cells were co-transfected with the indicated plasmids. Immunoprecipitation and immunoblotting were likewise
performed as in A. E, schematic diagram of the full-length (FL) and truncated versions of PIAS1 analyzed for its interaction with LXR�. The domain structure of
PIAS1 is as follows: SAP domain (SAP), PINIT amino acid motif (PINIT), RING finger-like zinc-binding domain (RLD), highly acidic domain (AD), and serine- and
threonine-rich region (S/T). 293T cells were co-transfected with the indicated plasmids. Immunoprecipitation and immunoblotting were likewise performed as
in B. All results are representative of at least two independent experiments.

FIGURE 4. Overexpression of PIAS1 results in suppression of LXR-dependent transcriptional activity. A and B, schematic is shown for TK-LXRE3-Luc, the
luciferase (Luc) reporter under the control of the thymidine kinase promoter containing three repeated LXR-responsive or binding elements (LXRE3). A, 293T
cells were co-transfected for 36 h with the TK-LXRE3-Luc construct and empty vector (�) or the FLAG-PIAS1 plasmid together with plasmids encoding
Myc-LXR� or Myc-LXR� as indicated. B, HepG2 cells were co-transfected for 36 h with the TK-LXRE3-Luc and empty vector (�) or the FLAG-PIAS1 plasmid.
C, schematic is shown for the luciferase reporter under the control of the Srebp1c promoter (SREBP1c-Pro-Luc) that harbors two LXREs as indicated. HepG2 cells
were co-transfected for 36 h with the SREBP1c-Pro-Luc together with empty vector (�) or the plasmid encoding FLAG-PIAS1-FL, -N, or -C. Transfected cells were
treated with DMSO or 5 �M T0901317 for 12 h, and cell extracts were analyzed for luciferase activities. All data are presented as means � S.E. from three
independent experiments after normalization to the value of DMSO-treated empty vector control (set as 1). *, p � 0.05 versus T0901317 (T0)-treated empty
vector control; #, p � 0.05 versus DMSO-treated empty vector control by two-way ANOVA.
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(PGC-1) family of transcriptional co-activators of nuclear
receptors (39, 40). PGC-1� has been documented to function as
a critical regulator of lipogenesis in the liver, largely by co-acti-
vation of SREBP1c as well as LXR� (41). To determine whether
PIAS1 affects LXR�-regulated gene expression in the context of
its co-activation by PGC-1�, we first conducted co-IP experi-
ments in co-transfected 293T cells. PIAS1 was able to interact
with both PGC-1� and PGC-1� but not with steroid receptor
co-activator-3 (SRC-3), suggesting the specificity of PIAS1
interaction with PGC-1s (Fig. 7A). Of interesting note, the
PIAS1-N form but not the PIAS1-C form of PIAS1 could asso-
ciate with PGC-1� (Fig. 7B). Similar to the observations with
LXR�, PIAS1 could also increase the SUMO1 modification
level of PGC-1� in co-transfected 293T cells (Fig. 7C). More-
over, co-IP experiments showed that SUMOylated PGC-1�
retained its ability to interact with PIAS1 (Fig. 7D) as well as
LXR� (Fig. 7E). However, Srebp1c promoter-luciferase
reporter assays showed that the full-length PIAS1 and trun-
cated PIAS1-N proteins, but not the PIAS1-C protein, could

markedly blunt the co-activation activity of PGC-1� on LXR�
in co-transfected HepG2 cells when stimulated with T0901317
(Fig. 7F). Given that the truncated PIAS1-N is most likely to
lack the E3 ligase activity, these results suggest that PIAS1 can
associate with PGC-1� and influence its co-activation ability
without requiring SUMOmodifications. Furthermore, lucifer-
ase reporter assays in co-transfected HepG2 cells also revealed
a similar blocking effect of PIAS1 on PGC-1� co-activation of
T0901317-stimulated LXRE3-Luc transcription (Fig. 7G),
whereas PIAS1 exhibited no significant impact upon the ability
of PGC-1� to co-activate TR�1-dependent transcription of
Pal-Luc upon T3 stimulation (Fig. 7G). This further indicates
the specific action that PIAS1 exerted on the PGC-1-LXR
pathway.
PIAS1 Disrupts the Association between PGC-1 and LXRs—

As PIAS1 could associate with both PGC-1 and LXR proteins,
we tested if PIAS1 could affect the formation of the PGC-1�LXR
complex using co-IP assays. When co-expressed in 293T cells,
PIAS1 was able to be co-immunoprecipitated along with both

FIGURE 5. PIAS1 affects the transcriptional activity of LXR� in a SUMO modification-independent fashion. A, LXR agonist promoted SUMO1 conjugation
to LXR�. 293T cells were transiently co-transfected for 30 h with Myc-SUMO-1 along with HA-LXR�-WT as indicated. Cells were then treated with DMSO or 5 �M

T0901317 for 12 h. Cell lysates were prepared in the presence of 20 mM N-ethylmaleimide, and Western immunoblotting was performed using anti-HA or
anti-Myc antibody. SUMO1-conjugated HA-LXR� is indicated. B, PIAS1 enhanced SUMO1 modification of LXR�. 293T cells were co-transfected for 30 h with
HA-LXR�-WT with or without Myc-SUMO-1 or FLAG-PIAS1 as indicated. Cells were then treated with 5 �M T0901317 for 12 h, and cell lysates were analyzed by
immunoblotting using the tag antibodies. C, lysine residue 30 of LXR� was the major site for PIAS1-promoted SUMO1 modification. 293T cells were co-
transfected with the indicated plasmids, including those encoding HA-tagged WT or K30R and 3KR mutant forms of LXR�. Cells were likewise treated and
analyzed by immunoblotting. D, 293T cells were co-transfected for 48 h with the indicated plasmids and then treated with 5 �M T0901317 for 12 h. Immuno-
precipitation (IP) was performed with anti-FLAG, and immunoblotting was conducted using the tag antibodies. Results in A–D are representative of at least two
independent experiments. E and F, PIAS1-mediated SUMO1 modification was not required to suppress the transcriptional activity of LXR�. 293T cells were
co-transfected with the TK-LXRE3-Luc construct and the indicated plasmids, with (E) or without (F) Myc-SUMO1. Cells were subsequently treated with either
DMSO or 5 �M T0901317 for 12 h before luciferase assays. Data are presented as means � S.E., with the value for each LXR� construct normalized to
DMSO-treated control without FLAG-PIAS1 (set as 1). *, p � 0.05; #, p � 0.05 versus T0901317 (T0)- or DMSO-treated cells without FLAG-PIAS1 by two-way
ANOVA. N.S., no significance.
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PGC-1� and LXR� in similar abundance (Fig. 8A), suggesting
that PIAS1 has little preference for interacting with the two
proteins. In contrast, co-IP of LXR� indicated that PIAS1 co-
expression could largely reduce the association of LXR� with
PGC-1� (Fig. 8B) but not with SRC-3 that was able to interact
with LXR� but not with PIAS1. In addition, co-IP of PGC-1
revealed that PIAS1 attenuated the association of LXR� with
PGC-1� as well as with PGC-1� (Fig. 8C). Furthermore, PIAS1
co-expression was also able to decrease the interaction of
PGC-1� with LXR� (Fig. 8D), but it had little effect on its asso-
ciation with the thyroid hormone receptor 1� that can be co-
activated by PGC-1� (42). Together, these data indicate that
PIAS1 may disrupt the formation of the PGC-1�LXR complex
by interacting with PGC-1 or LXR proteins, thereby diminish-
ing the ability of PGC-1 to enhance LXR-dependent activation
of gene transcription.
PIAS1Affects LXR�Binding to Its Target DNA Sequence—To

investigate the molecular mechanism that mediates the sup-
pressive action of PIAS1 upon the transactivation activity of
LXR�, we performed ChIP assays to determine whether PIAS1
affects the DNA binding of LXR� within the Srebp1c promoter
containing two copies of LXRE (Fig. 9A). In co-transfected
293T cells, T0901317 stimulation increased the abundance of
LXR� bound to the Srebp1c promoter, and co-expressed PIAS1
apparently decreased it (Fig. 9A). To further examine whether
PIAS1 is complexed with LXR� on the target DNA sequence,
we employed ChIP-reChIP assays. Consistently, LXR� immu-
noprecipitation showed that PIAS1 reduced ligand-stimulated
occupancy of LXR� on the LXRE sequence of the Srebp1c pro-
moter, even in the presence of co-expressed PGC-1� (Fig. 9B).
However, secondary PIAS1 immunoprecipitation produced no

detectable signals from the secondary ChIP experiments (Fig.
9B). In contrast, secondary PGC-1� immunoprecipitation
revealed its association with LXR� on the target LXRE
sequence, which was also blunted by co-expression of PIAS1
(Fig. 9B). However, in 293T cells transfected with TK-Pal-Luc
that harbors two copies of TRE, ChIP analysis showed that
PIAS1 had no obvious effect on PGC-1�-enhanced TR�1 bind-
ing to the TREs in the presence or absence of T3 stimulation
(Fig. 9C). These data thus demonstrated that PIAS1 could
selectively prevent LXR� from binding to the LXRE sites,
thereby suppressing its transactivation of target genes.

DISCUSSION

Extensive studies have implicated PIAS proteins in regula-
tion of a variety of cellular signaling events, such as STAT and
NF-�B pathways in cytokine signaling (24, 43). This study
revealed that the PIAS family member PIAS1 could act as a
negative modulator of LXR-dependent up-regulation of lipo-
genic gene expression program, unmasking a potential regula-
tory role for PIAS proteins in lipid metabolism. As depicted by
our schematic model (Fig. 9D), PIAS1 can associate with both
LXR and PGC-1� proteins, attenuate the formation of the
LXR�PGC-1� complex, and dampen LXR-dependent gene
transcription by impairing the DNA binding ability of LXRs on
target genes. Our results thus provide new insights into the
physiological functions of PIAS proteins in addition to their
actions in regulation of immune responses.
How PIAS proteins are regulated under normal or patholog-

ical conditions is largely unclear. Using diet-induced and
genetic obesity mouse models, we found that the expression of
both Pias1 and Pias3 in the liver was altered in association with

FIGURE 6. PIAS1 has no apparent effect on the cellular localization of LXR�. 293T cells were transfected (A) or co-transfected (B) for 48 h with the indicated
plasmids. Cells were subsequently treated with 5 �M T0901317 for 12 h and subjected to fluorescent immunostaining analysis using antibodies against HA,
FLAG, or Myc. The nuclei of cells were visualized by Hoechst staining. Representative confocal microscopy images are shown from two independent
experiments.
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obesity-induced metabolic stress conditions and exhibited an
inverse correlation with that of lipogenic genes. Moreover, our
results demonstrated that PIAS1 overexpression in primary
hepatocytes could indeed down-regulate the expression of
Srebp1c, a master lipogenic regulator (13), as well as critical
enzymes involved in lipogenesis, leading to reduced fatty acid
biosynthesis. Additionally, PIAS1 was able to interact with
LXRs endogenously in a ligand-responsive fashion and block
their ligand-stimulated transactivation activities. Although the
precise mechanisms by which the transcription of Pias1 or
Pias3 is metabolically regulated remain to be further under-
stood, it also has yet to be defined whether hepatic PIAS3 can
exert a similar regulatory effect on LXR-dependent lipogenic
control as PIAS1. Selective gene knock-out mouse models
would be of great value to decipher if PIAS1 and PIAS3 play
redundant roles in regulation of lipid metabolism. Given the
close relationship between immune signaling and metabolic
homeostasis (44), it is tempting to speculate that PIAS proteins

may exert a broader spectrum of metabolic actions by affecting
not only nuclear receptors like LXRs, but also other classical
PIAS-regulated pathways such as STAT signaling (24).
Acting as critical regulators of transcription factors with the

SUMOE3 ligase activity, PIAS proteins employmultiplemech-
anisms to modulate cellular gene expression programs. For
instance, PIAS1 can inhibit the DNA binding activity of tran-
scription factors, such as STAT1 and the p65 subunit of NF-�B
(23, 45, 46). PIAS1 can also modulate gene expression by pro-
moting SUMOylation of transcription factors, as in the case of
nuclear receptors PPAR� and LXR� (20, 21). In macrophages,
SUMOylation can target PPAR� to nuclear receptor co-repres-
sor complex, thereby preventing the repressive complex from
being removed from the promoter of target genes (20). In astro-
cytes, PIAS1 can SUMOylate LXR� in an LXR ligand-depen-
dent manner, resulting in the formation of a complex with
STAT1 and, consequently, diminishing the ability of STAT1 to
bind to STAT1-responsive genes (21). In contrast, here we

FIGURE 7. PIAS1 interacts with PGC-1� and affects its SUMOylation and co-activation activity. A, PIAS1 could interact with both PGC-1� and PGC-1� but
not with SRC-3. B, N-terminal portion of PIAS1 could associate with PGC-1�. 293T cells were co-transfected for 48 h with the indicated plasmids. Cell lysates were
immunoprecipitated with anti-FLAG (A) or anti-Myc (B) antibody. Western immunoblotting was conducted using the tag or SRC-3 antibodies. C, PIAS1 could
promote SUMOylation of PGC-1�. 293T cells were co-transfected for 48 h with the indicated plasmids. Cell lysates were prepared in the presence of 20 mM

N-ethylmaleimide, and immunoblotting was performed using anti-PGC-1� for the detection of PGC-1� and the tag antibodies for PIAS1 and SUMO1.
D and E, effect of PGC-1� sumoylation on its interaction with PIAS1 (D) or LXR� (E). 293T cells were co-transfected for 48 h with the indicated plasmids. Cell
lysates were immunoprecipitated with anti-FLAG (D) or anti-HA (E) antibody. Immunoblotting was conducted using anti-PGC-1�, anti-FLAG, anti-HA, or
anti-Myc antibodies. Representative results in A–E are shown from at least two independent experiments. F and G, PIAS1 overexpression blunted the tran-
scriptional co-activation activity of PGC-1� on LXRs but not on TR�1. HepG2 cells were co-transfected for 48 h with SREBP1c-Pro-Luc (F) or the TK-LXRE3-Luc
or TK-Pal-Luc reporter construct (G), together with the indicated plasmids. Cells were subsequently incubated with DMSO, 5 �M T0901317, or 100 nM T3 for 12 h
before luciferase activity analysis. Data are presented as means � S.E., with values normalized to DMSO-treated vector control without PGC-1� (set as 1). *, p �
0.05; #, p � 0.05 by two-way ANOVA. FL, full length. N.S., no significance.
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found that PIAS1 could interact with LXRs and blunt their
transactivation activity without requiring PIAS1-promoted
SUMOylation. Although our results showed that PIAS1 was
able to impair the DNA binding ability of LXR� for the
Srebp1c promoter, it is currently unclear if PIAS1 suppres-
sion of LXR-regulated lipogenic genes involves the actions of
co-repressors. Therefore, it is most likely that PIAS1 exerts
its effects on lipogenic control by regulating the activity of
LXRs in a distinct mechanism from that in PIAS1-mediated
actions involved in LXR-dependent transrepression of
inflammatory signaling.
Our co-IP experiments indicated that PIAS1 could also inter-

act with PGC-1 proteins, the co-activators of LXRs, and nega-
tively influenced the formation of PGC-1�LXR complex. This
appeared to be selective because no apparent disrupting effect
was seen on the SRC-3�LXR� or PGC-1��TR�1 association,
which might be at least in part ascribable to the inability of
PIAS1 to interact with SRC-3 or TR�1. Consequently, PIAS1
exerted a blunting effect on the ability of PGC-1� to co-activate
LXR� but not TR�1 transcriptional activity. However, it is also
conceivable that the action of PIAS1 onPGC1may represent an
additional layer of regulation, as PIAS1-mediated impairment
of LXR binding to its target DNA most likely serves as a pre-
dominant mechanism for PIAS1’s suppression of LXR-depen-
dent gene expression. Although we were unable to determine
whether there is a tripartite PGC-1��PIAS1�LXR� complex
involved due to their interactions with each other, it is possible
that PGC-1� and LXR� may interact with the N-terminal
region of PIAS1 in a competitive manner. In addition, it is
worth noting that PIAS1 andPIAS3 proteins have been recently

reported to enhance SUMO1 modification of PGC-1�, thus
attenuating its functional activity (47). In this study, we found
that PIAS1 could also promote PGC-1� SUMOylation without
dramatically affecting its interaction with PIAS1 or LXR.
Because we could not identify via mutational analysis the pre-
cise sites of PIAS1-dependent SUMOylation of PGC-1� (data
not shown), it remains to be completely clarified whether
PIAS1 affects the lipogenic activity of the PGC-1�-LXR� path-
way through PGC-1� SUMOylation. Nonetheless, it is likely
that PIAS1 does not rely on the SUMOmodification of PGC-1�
to modulate its activity because the E3 ligase-deficient trun-
cated PIAS1-N protein could also repress the co-activation of
LXR-dependent gene transcription. Given the key role of
PGC-1 in orchestratingmetabolic programs in lipid homeosta-
sis by regulating the transcription activities of LXRs as well as
SREBP1c in response to physiological and nutritional cues (41),
it warrants further investigations to define the exact regulatory
interplays of PIAS proteins, PGC-1 and PGC-1-co-regulated
partners.
In summary, our findings have revealed a suppressive action

of PIAS1 on LXR-activated gene expression programs, partic-
ularly in lipogenesis. LXR ligands have been shown to bear ben-
eficial effects in mice with metabolic disorders and cardiovas-
cular diseases (16), and ligand-activated LXRs have also been
suggested to mediate anti-inflammatory responses in macro-
phages or astrocytes (21, 48). A better understanding of the
molecular mechanism by which PIAS proteins regulate the
functional actions of LXRs, particularly under pathological
conditions, may lead to new avenues to develop therapeutic

FIGURE 8. PIAS1 attenuates the association between PGC-1 and LXRs. A, PIAS1 had no preference for interacting with PGC-1� and LXR�. B, PIAS1 decreased
the association of LXR� with PGC-1� but not with SRC-3. C, PIAS1 affected the interaction of LXR� with both PGC-1� and PGC-1�. D, PIAS1 attenuated the
association of PGC-1� with LXR� but not with TR�1. 293T cells were co-transfected for 48 h with the indicated plasmids. Cell lysates were immunoprecipitated
(IP) with the tag antibody as indicated, and immunoblotting was performed using anti-SRC-3 (B) or tag antibodies. Representative results are shown from at
least two independent experiments.
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strategies for the treatment of both immune and metabolic
disorders.
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