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Background: The increase of PPAR� stability could contribute to lower blood glucose levels.
Results: PPAR� stability is increased by the deubiquitinating activity of HAUSP.
Conclusion:HAUSPoverexpression could decrease blood glucose and triglyceride levels at least in part by deubiquitinating and
stabilizing PPAR� in the liver.
Significance: Identification of a novel enzyme (HAUSP) that deubiquitinates and stabilizes PPAR� and its potential role in liver
glucose and lipid metabolism are significant.

The peroxisome proliferator-activated receptor � (PPAR�) is
a central regulator of adipogenesis and modulates glucose and
lipid metabolism. In this study, herpesvirus-associated ubiqui-
tin-specific protease (HAUSP) was isolated as a binding partner
of PPAR�. Both endogenous and exogenous PPAR� associated
with HAUSP in co-immunoprecipitation analysis. HAUSP, but
not the catalytically inactive HAUSP C223S mutant, increased
the stability of both endogenous and exogenousPPAR� through
its deubiquitinating activity. Site-directed mutagenesis experi-
ments showed that the Lys462 residue of PPAR� is critical for
ubiquitination. HBX 41,108, a specific inhibitor of HAUSP,
abolished the increase inPPAR� stability inducedbyHAUSP. In
addition, knockdown of endogenous HAUSP using siRNA
decreased PPAR� protein levels. HAUSP enhanced the tran-
scriptional activity of both exogenous and endogenous PPAR�
in luciferase activity assays. Quantitative RT-PCR analysis
showed that HAUSP increased the transcript levels of PPAR�
target genes in HepG2 cells, resulting in the enhanced uptake of
glucose and fatty acids, and vice versa, upon siRNA knockdown
of HAUSP. In vivo analysis using adenoviruses confirmed that
HAUSP, but not the HAUSP C223S mutant, decreased blood
glucose and triglyceride levels, which are associated with the

increased expression of endogenous PPAR� and lipid accumu-
lation in the liver. Our results demonstrate that the stability and
activity of PPAR� are modulated by the deubiquitinating activ-
ity of HAUSP, which may be a target for the development of
anti-diabetic drugs.

PPAR�3 functions as a central regulator of various physiolog-
ical processes, including adipogenesis, glucose homeostasis,
and lipid metabolism; it is a member of the nuclear hormone
receptor superfamily and a ligand-activated transcription fac-
tor (1). PPAR� is composed of an N-terminal activation func-
tion-1 (AF-1) domain, a DNA-binding domain (DBD), a hinge
domain, and a C-terminal ligand-binding domain (LBD). The
AF-1 domain has a ligand-independent transcriptional activa-
tion function, whereas the DBD domain recognizes a PPAR-
response element (PPRE) in the promoters of target genes. The
LBD domain is necessary for heterodimerization with the 9-cis-
retinoic X receptor (RXR) and contains a ligand-dependent tran-
scriptional activation function (AF-2) domain at the C terminus.
PPAR� is activated by its ligands, including hydroxyoctadeca-
9Z,11E-dienoic acid, 13-hydroxyoctadecadienoic acid, 15-deoxy-
�12,14 prostaglandin J2, nitrated fatty acids, and thiazolidinedio-
nes (2). Ligand binding to PPAR� induces the formation of a
heterodimer between PPAR� and retinoic X receptor �, which
then binds to the PPRE to increase the transcription of target
genes.
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PPAR� activity is modulated by various post-translational
modifications, such as phosphorylation, sumoylation, and
ubiquitination (3). The activation of MAPK and cyclin-depen-
dent kinases promotes the phosphorylation of PPAR� at Ser112,
leading to the increase or decrease of its transcriptional activity
(4–9). The phosphorylation of PPAR� Ser273 byCDK5does not
affect its adipogenic activity, but it does down-regulate the
expression of adiponectin (10). Additionally, PPAR� is regu-
lated by sumoylation, whereas sumoylation inhibits its activity,
although desumoylation by SUMO1/sentrin/SMT3-specific
peptidase 2 (SENP2) increases its transcriptional activity (11,
12). Furthermore, PPAR� is regulated by polyubiquitination,
which leads to proteasomal degradation (13, 14). Post-transla-
tional modifications of PPAR� have been studied in detail.
However, to date, no enzymes have been identified that can
deubiquitinate or dephosphorylate PPAR�. In this study, the
ubiquitin-specific protease USP7, also called herpesvirus-asso-
ciated ubiquitin-specific protease (HAUSP), was identified as an
enzymecapableof deubiquitinatingPPAR�.HAUSP increases the
stability of p53 protein via deubiquitination (15). In addition,
HAUSP binds and regulates the stability and function of a variety
of molecules largely related to cancer progression, including
mouse double minute 2 (Mdm2), phosphatase and tensin homo-
log, forkhead box O (FOXO4), p16/INK4a, histone 2B, and
Epstein-Barr nuclear antigen 1 (EBNA1) (16–20).
In this study, HAUSP was identified as a binding partner of

PPAR� in a GST pulldown assay using GST-PPAR�. The inter-
action between PPAR� and HAUSP was examined by exoge-
nous and endogenous co-immunoprecipitation, and deletion
mapping was carried out using different PPAR� deletion
mutants. Additionally, site-directed mutagenesis was per-
formed to identify the critical residue responsible for the ubiq-
uitination of PPAR�. The functional relationship between
PPAR� andHAUSPwas investigated by performing assays spe-
cific for the deubiquitination, stability, and transcriptional
activity of PPAR�, as well as quantitative RT-PCR of PPAR�
target genes and in vitro fatty acid and glucose uptake assays. In
addition, the effect of adenovirus-mediated HAUSP overex-
pression on endogenous PPAR� levels in the liver was
investigated.

EXPERIMENTAL PROCEDURES

Cell Culture—COS7 cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS) and 50 �g/ml penicillin and strepto-
mycin in a 5% CO2 incubator. HepG2 cells were cultured in

minimum Eagle’s medium supplemented with 10% FBS and 50
�g/ml penicillin and streptomycin. The 3T3-L1 cells were
maintained in DMEM containing 10% calf serum and 50 �g/ml
penicillin and streptomycin in a 5% CO2 incubator. Adipocyte
differentiation was induced by addition of 10% FBS-supple-
mented DMEM containing 0.5 nM 3-isobutyl-1-methylxan-
thine, 0.25 �M dexamethasone, and 5 �g/ml insulin for 2 days.
The cells were then maintained in DMEMwith 10% FBS and 1
�g/ml insulin for the following 2 days and furthermaintained in
DMEM with 10% FBS for the following 4 days.
Construction of Plasmids, Adenoviruses, and Antibodies—Ex-

pression vectors containing each domain of mouse PPAR�2
were constructed by subcloning the corresponding cDNAs into
N-terminal HA-tagged pcDNA3.1. The deletion mutants of
mouse PPAR�2 were constructed into HA-tagged pcDNA3.1
as follows. The cDNAs encoding the activation function-1
(AF-1) domain from amino acids 1 to 138, DBD, the hinge
domain from amino acids 139 to 279, ligand binding domain
(LBD/AF2) from 279 to 505 amino acids, AF1/DBD from 1 to
280 amino acids, andDBD/LBD from 137 to 505 amino acids of
mouse PPAR� type 2 were generated using polymerase chain
reaction (PCR), and then ligated into HA-tagged pcDNA3.1
using the KpnI and XbaI sites. Site-directed mutagenesis of
PPAR� was performed using the QuikChange site-directed
mutagenesis kit (Agilent Technologies, Palo Alto, CA). Primers
are summarized in Table 1. The FLAG-HAUSP and His-
ubiquitin expression vectors were kindly provided by C. H.
Chung (Seoul National University, South Korea). The PPRE
reporter plasmid (PPRE-pk-Luc), control reporter plasmid (pk-
Luc), and �-galactosidase expression vector (�-Gal) were
kindly provided by S. H. Koo (Sung Kyun Kwan University,
South Korea). Adenoviruses encoding human HAUSP (Ad-
GFP/HAUSP) were generated by insertion of the HAUSP
ORF into pAdTrack-CMV expressing GFP (Addgene, MA).
Adenoviruses were prepared as described previously (21). Anti-
bodies against HAUSP, PPAR�, HA, �-tubulin, and ubiquitin
were purchased from Santa Cruz Biotechnology. Anti-FLAG
antibodies were purchased from Sigma.
Isolation of PPAR�-binding Protein—Bacterial expression of

GST or GST-PPAR� was induced by 0.1 mM isopropyl 1-thio-
�-D-galactopyranoside at 25 °C for 8 h. The GST or GST-
PPAR� proteins were purified by glutathione affinity chroma-
tography according to the manufacturer’s instructions. HeLa
cells were lysed in lysis buffer (50 mM Tris-HCl, pH 7.4, 50 mM

NaCl, 0.5mMEDTA, 1mMPMSF, 5�g/ml aprotinin, 1%Triton

TABLE 1
Primers used for site-directed mutagenesis
F means forward, and R means reverse.

Primers Sequences

mPPAR�2-K382R F, 5�-GGATTCATGACCAGGGAGTTCCTCAGAAACCTGCGG-3�
R, 5�-CCGCAGGTTTCTGAGGAACTCCCTGGTCATGAATCC-3�

mPPAR�2-K386R F, 5�-GTTCCTCAAAAACCTGCGGAGACCCTTCGGTGACTTTATGG-3�
R, 5�-CCATAAAGTCACCGAAGGGTCTCCGCAGGTTTTTGAGGAAC-3�

mPPAR�2-K395R F, 5�-CCTTTGGTGACTTTATGGAGCCTAGATTTGAGTTTGCTGTG-3�
R, 5�-CACAGCAAACTCAAATCTAGGCTCCATAAAGTCACCAAAGG-3�

mPPAR�2-K462R F, 5�-CAGCTGTTCGCCAGGGTGCTCCAGAAGATGAC-3�
R, 5�-GTCATCTTCTGGAGCACCCTGGCGAACAGCTG-3�
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X-100). 10 mg of HeLa extracts were incubated with GST or
GST-PPAR� bound to agarose beads at 4 °C for 4 h. After wash-
ing three times, proteins were separated by SDS-PAGE and
visualized with a silver staining kit (Bio-Rad). Bands of interest
were in-gel digested with trypsin (Promega). For MALDI-TOF
MSanalysis, peptideswere loaded onto theMALDI plate (Opti-
TOFTM 384-well insert, Applied Biosystems). MALDI-TOF
MS was performed on a 4800 MALDI-TOF/TOFTM analyzer
(Applied Biosytems) equipped with a 355-nm Nd:YAG laser.
Data were obtained in the reflectronmode with an accelerating
voltage of 20 kV and sum from 500 laser pulses and calibrated
with the 4700 calibration mixture (Applied Biosystems). Data-
base search criteria were as follows: taxonomy, Homo sapiens,
fixed modification; carboxyamidomethylated (�57) at cysteine
residues; variable modification; oxidized (�16) at methionine
residues, maximum allowed missed cleavage, 1, MS tolerance,
100 ppm. Typical contaminants such as trypsin (used for pro-
teolysis) and keratin were excluded.
Co-immunoprecipitation and Western Blot Analysis—To

assess the interaction of PPAR� with HAUSP, COS7 cells were
transfected with following vectors using Lipofectamine Plus
reagent (Invitrogen): HA-PPAR� WT, HA-AF1, HA-DBD,
HA-LBD, HA-AF1/DBD, and HA-DBD/LBD with FLAG-
HAUSP. Cell lysates were prepared with RIPA buffer contain-
ing 20 mM Tris-HCl, pH 7.6, 150 mM NaCl, 1 mM EDTA, 1 mM

EGTA, 1%Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS,
10 mM NaF, 0.1 mM Na3VO4, 12 mM �-glycerophosphate, 7
�g/ml aprotinin, 7�g/ml leupeptin, and 1mMPMSF. 300�g of
cell lysates were used for immunoprecipitation with anti-HA
antibody coupled to agarose beads (Roche Applied Science) for
4 h at 4 °C. To evaluate the endogenous interaction of PPAR�
with HAUSP, differentiated 3T3-L1 cells were lysed in RIPA
buffer as described above. Then 300 �g of cell lysates were
incubated with 2 �g of normal IgG or PPAR�-specific antibody
overnight at 4 °C and further incubated with protein G-Sephar-
ose (RocheApplied Science) for 1 h. To investigate theHAUSP-
dependent deubiquitination of PPAR�, 60-mm dishes of COS7
cells (1.25 � 106) were transfected with pHA-PPAR� (0.5 �g),
and pHis-ubiquitin (0.1 �g), in the presence or absence of
pFLAG-HAUSP (0.5 �g) expression vectors. After 24 h, the
cells were harvested and lysed with lysis buffer containing 20
mMHEPES, pH 7.4, 150mMNaCl, 1%TritonX-100, 1% sodium
deoxycholate, 0.1% SDS, 1mMEDTA, and 10mMNa4P2O7, 100
mMNaF, 2 mM Na3VO4, 7 �g/ml aprotinin, 7 �g/ml leupeptin,
and 1mMPMSF. Then 500�g of the cell lysates were incubated
with anti-HA antibody bound to the agarose beads for 4 h at
4 °C. The precipitates were washed three times, subjected to 9%
SDS-PAGE, and then blotted with their specific antibodies. All
blots were developed using the enhanced chemiluminescence
kit (Pierce).
Transient Transfection and Stability Assay—COS7 cells (5�

105) were seeded into 12-well plates and transfected with
HA-PPAR� and FLAG-HAUSP using Lipofectamine 2000
(Invitrogen) or infected with HAUSP-expressing adenovirus
for 36 h. To assess the effect of HAUSP on PPAR� stability,
COS7 or HepG2 cells were transfected with FLAG-HAUSP or
HAUSP-specific siRNAs for 24 or 48 h. For HepG2 cells, poly-
ethyleneimine (Mr 43.07, Sigma) was used for transfection. The

cells were then treated with cycloheximide (5 �M) for the indi-
cated times and analyzed for PPAR� expression by Western
blot analysis.
Luciferase Activity Assay—HepG2 cells (5 � 105) were

seeded into 12-well plates and transfected with luciferase
reporter vectors containing PPRE (0.3 �g) and �-gal (0.1 �g) in
the presence or absence of FLAG-HAUSP (0.1 and 0.3 �g) and
cultured for 24 h. To assess the knockdown effect of HAUSP,
HepG2 cells were transfected with luciferase reporter vectors
containing PPRE (0.3 �g) and �-gal (0.1 �g) in the presence of
control or HAUSP-specific siRNAs (20 and 50 nM) for 48 h.
Then cellswere treatedwithDMSOor rosiglitazone (10�M) for
24 h and harvested using reporter lysis buffer. Luciferase activ-
ity was determined using the luciferase assay system kit (Pro-
mega) and quantified using GLOMAX (Promega) according to
the manufacturer’s instructions. Luciferase activity was nor-
malized by �-galactosidase activity.
RT-PCR—Total RNA was extracted using TRIzol reagent

(Invitrogen) according to the manufacturer’s instructions.
cDNA was prepared by reverse transcription with 1 �g of total
RNA, and each gene transcript was amplified by PCR with its
specific primers (Table 2). Real time PCR was performed with
AccuPower Greenstar qPCR premix (SYBR Green pre-mix,
Bioneer) and ExicyclerTM 96 real time PCR systems (Bioneer).
GAPDH was used as an endogenous control.

TABLE 2
Primers used for qRT-PCR
F means forward, and R means reverse.

Primers Sequences Species

ADRP F, 5�-TTGCAGTTGCCAATACCTATGC-3� Human
R, 5�-CCAGTCACAGTAGTCGTCACA-3�

GK F, 5�-CTGGGACAAGATAACTGGAGAGC-3�
R, 5�-TCAACGGTAGACTGGGTTCTTA-3�

FABP1 F, 5�-GTGTCGGAAATCGTGCAGAAT-3�
R, 5�-GACTTTCTCCCCTGTCATTGTC-3�

GLUT2 F, 5�-CCATCTTCCTCTTTGTCAGCTT-3�
R, 5�-AAATTGCAGGTCCAATTGCT-3�

CD36 F, 5�-AAGCCAGGTATTGCAGTTCTTT-3�
R, 5�-GCATTTGCTGATGTCTAGCACA-3�

PPAR� F, 5�-TACTGTCGGTTTCAGAAATGCC-3�
R, 5�-GTCAGCGGACTCTGGATTCAG-3�

HAUSP F, 5�-CCCTCCGTGTTTTGTGCGA-3�
R, 5�-AGACCATGACGTGGAATCAGA-3�

GAPDH F, 5�-AAGGTGAAGGTCGGAGTCAAC-3�
R, 5�-GGGGTCATTGATGGCAACAATA-3�

PPAR� F, 5�-TACTGTCGGTTTCAGAAATGCC-3� Monkey
R, 5�-GTCAGCGGACTCTGGGTTCAG-3�

GAPDH F, 5�-CTGGGCTACACTGAGCACC-3�
R, 5�-AAGTGGTCGTTGAGGGCAATG-3�

ADRP F, 5�-GACCTTGTGTCCTCCGCTTAT-3� Mouse
R, 5�-CAACCGCAATTTGTGGCTC-3�

GK F, 5�-TGAACCTGAGGATTTGTCAGC-3�
R, 5�-CCATGTGGAGTAACGGATTTCG-3�

FABP1 F, 5�-ATGAACTTCTCCGGCAAGTACC-3�
R, 5�-CTGACACCCCCTTGATGTCC-3�

GLUT2 F, 5�-GCCTGTGTATGCAACCATTG-3�
R, 5�-GAAGATGGCAGTCATGCTCA-3�

CD36 F, 5�-AGATGACGTGGCAAAGAACAG-3�
R, 5�-CCTTGGCTAGATAACGAACTCTG-3�

PPAR� F, 5�-TCAGGGCTGCCAGTTTCG-3�
R, 5�-GTAATCAGCAACCATTGGGTCA-3�

HAUSP F, 5�-CCTTAGCCCTCCGTGTTTTGT-3�
R, 5�-CCAGTCGTTTTCCTTGTGGAAG-3�

GAPDH F, 5�-ACCCCAGCAAGGACACTGAGCAAG-3�
R, 5�-GGCTCCCTAGGCCCCTCCTGTTATT-3�

GFP F, 5�-ATGGTGAGCAAGGGCGAGG-3�
R, 5�-TTACTTGTACAGCTCGTCCATG-3�

PPAR� Regulation by HAUSP

32888 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 46 • NOVEMBER 15, 2013



Metabolite Uptake Assay—HepG2 cells were maintained in
minimumEagle’smediumas described above.HepG2 cells (5�
105) were seeded into 12-well plates and cultured for 12 h,
transfected with the indicated plasmids or siRNAs for 12 or
24 h, and then treated with DMSO or rosiglitazone (10 �M) for
24 h. HepG2 cells were treated with [3H]BSA/palmitate (1 �ci/
well) for 1 h. The cells were then washed with Hanks’ buffered
saline and lysed with 1 N NaOH. Radioactivity was quantified
using a liquid scintillation counter (LKB). In addition, deoxy-
glucose uptake was measured as described (22). Briefly, after
transfection with the indicated plasmids or siRNAs, cells were
treated with DMSO or rosiglitazone (10 �M) and treated with
2-D-[14C]deoxyglucose (1 �Ci/well) for 1 h. The incorporation
rate was quantified as described above.
In Vivo Experiment—C57BL/6 (male) mice were purchased

from Orient Bio (Seoul, Korea) at 6 weeks of age and main-
tained until 8 weeks of age. The animals were housed in a tem-
perature-controlled room (23 °C) on a 12-h dark/12-h light
cycle and maintained with standard rodent chow. The CHA
Animal Care and Use Committee approved all animal studies,
and the investigation conformed to the Guide for the Care and
Use of Laboratory Animals, published by the National Insti-
tutes of Health. Adenoviruses expressing GFP or GFP/HAUSP
were diluted in sterile PBS and intravenously injected through
the tail vein at a dose of 2 � 109 infectious units/200 �l/mouse.
Five days after infection, mice were euthanized with isoflurane
(Hana Pharm, Korea), and blood and liver samples were har-
vested for metabolite, total RNA, and protein analysis.
Biochemical Analysis—Levels of triglycerides (TG), glucose

concentrations, alanine aminotransferase, and aspartate amino-
transferase were determined by standard laboratory procedures.
Free fatty acid levels were determined using the Nefa kit (Randox
Lab, UK) according to themanufacturer’s instructions.
Intraperitoneal Glucose Tolerance Test—Mice were fasted

for 10 h, and blood glucose levels weremeasured with a glucose
meter (Lifescan) at time 0. Immediately thereafter, a 20% sterile
glucose solution was injected intraperitoneally to reach a con-
centration of 2 g/kg of body weight. Blood was collected at the
indicated time points, and glucose levels were measured. Area
under the curve was calculated by trapezoidal rule.
Oil Red O Staining—Liver tissue was immediately embedded

in optimal cutting temperature (OCT) compound (Sakura
Finetek, Japan) after isolation and frozen at�70 °C. Frozen sec-
tions (4 �m) were fixed with 4% paraformaldehyde for 15 min
and washed with PBS three times. Sections were stained for 1 h
in freshly diluted Oil Red O solution (60% stock solution and
40% distilled water; Oil Red O stock solution is 0.5% Oil Red O
in isopropyl alcohol). Sections were washed with distilled water
for 10 min, and then sections were mounted with glycerin jelly.
Images were captured under the microscope (Olympus, Japan)
at �100 magnification.
Immunohistochemistry—Liver tissues were fixed with 10%

formalin for 24 h and embedded in paraffin block. Sections
were cut with a Minot microtome at a thickness of 4 �m and
were dewaxed and rehydrated. The endogenous peroxidase
activity was quenchedwith 0.3%H2O2. Antigenswere retrieved
by incubation at 0.01 M citrate buffer, pH 6.0. GFP,HAUSP, and
PPAR�were detectedwith their specific antibodies (SantaCruz

Biotechnology). Next, HRP-conjugated anti-rabbit or anti-
mouse IgGwas used to detect primary antibodies (DAKO). Sec-
tions were developed by incubation with a solution of 3,3�-di-
aminobenzidine tetrahydrochloride substrate for 3 min
(DAKO). Nuclei were counterstained with Mayer’s hematoxy-
lin for 5 min.
Statistics—SPSS, version 10.0 (SPSS Inc., Chicago, IL), was

used for statistical analysis. The data are expressed as means �
S.E. The differences between the means were calculated using
theMann-WhitneyU test. A p value less than 0.05 denoted the
presence of a statistically significant difference.

RESULTS

Association of PPAR� with HAUSP—PPAR� is a substrate of
polyubiquitination and is degraded by proteasome-dependent
pathways (13, 14). In addition, PPAR� is known to be regulated
by sumoylation (11, 23, 24). To identify the proteins that regu-
late PPAR�, we performed a GST pulldown assay using HeLa
extracts with GST or GST-PPAR�. Mass analysis identified the
isolated binding candidate of PPAR� as HAUSP (Fig. 1, A and
B). The interaction between PPAR� and HAUSP was con-
firmed by co-immunoprecipitation (Fig. 1C). To further inves-
tigate the endogenous interaction between PPAR� and
HAUSP, co-immunoprecipitation was performed using differ-
entiated 3T3-L1 adipocytes as described under “Experimental
Procedures.” This confirmed that PPAR� specifically interacts
with HAUSP but not with C/EBP� (Fig. 1D). To examine the
ligand dependence of the interaction of PPAR� with HAUSP,
differentiated adipocytes or COS7 cells transfected with
HAUSP and PPAR� were treated with the PPAR� ligand
rosiglitazone in a time-dependent manner, and co-immuno-
precipitation analysis was performed. However, there was no
ligand dependence in the interaction of PPAR� with HAUSP
(data not shown). In addition, an in vitro competition assay
using the HAUSP-PPAR� complex and rosiglitazone did not
show ligand dependence (data not shown). To identify the
PPAR� domains responsible for the interaction with HAUSP,
various deletion mutants of PPAR� were generated (Fig. 1E)
and used in co-immunoprecipitation assays. HA-PPAR� WT,
HA-PPAR� DBD, HA-PPAR� LBD, HA-PPAR� AF1/DBD,
and HA-PPAR� DBD/LBD interacted with HAUSP, but
HA-AF1 did not (Fig. 1F).
Deubiquitination and Stabilization of PPAR� by HAUSP—

HAUSP increases the stability of target proteins, including p53
and MDM2, by deubiquitinating these targets and preventing
their proteasome-dependent degradation (15, 16, 25). There-
fore, the deubiquitination of PPAR� by HAUSP was examined
in COS7 cells. Co-immunoprecipitation using an anti-HA anti-
body showed that HAUSP efficiently deubiquitinated the
ubiquitin-PPAR� conjugates (Fig. 2�). The overexpression of
FLAG-HAUSP increased PPAR� protein levels in whole cell
extracts. Because PPAR� is degraded upon ubiquitination (26),
the increase of PPAR� in whole cell lysates might be due to the
deubiquitinating activity of HAUSP. Recently, it was reported
that a catalyticmutant ofHAUSP (C223S) failed to stabilize p53
due to the lack of deubiquitinating activity (15). Thus, we fur-
ther confirmed the specificity of HAUSP for the deubiquiti-
nation of PPAR� by transfecting the HAUSP C223S mutant
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into COS7 cells. Wild-type HAUSP, but not the HAUSP
C223S mutant, efficiently removed ubiquitin from ubiqui-
tin-PPAR� conjugates (Fig. 2B). The protein levels of PPAR�
were increased by wild-type HAUSP but not by the HAUSP
C223S mutant (Fig. 2B). In addition, the ubiquitination assay
was repeated using various PPAR� deletion mutants, and in
agreement with a previous report, we identified the LBD of
PPAR� as a major ubiquitinated domain (Fig. 2C) (26). Using
the deubiquitination assay, we were also able to show
HAUSP efficiently removed ubiquitin from the Ub-LBD of
PPAR� (Fig. 2D). In addition, site-directed mutagenesis was
performed to find the critical residue for ubiquitination of
PPAR�. To predict the ubiquitinated residues of PPAR�,

four mutants of PPAR� (K382R, K386R, K395R, and K462R)
were examined in the ubiquitination assay. Our results
showed that the Lys462 mutant of PPAR� showed reduced
ubiquitination (Fig. 2E).
To further confirm the stabilization of PPAR� by HAUSP,

FLAG-HAUSP and HA-PPAR� were transfected at different
concentrations into COS7 cells. PPAR� protein expression was
increased upon the expression of FLAG-HAUSP in a dose-de-
pendent manner (Fig. 3A). Furthermore, endogenous PPAR�
levels increased in a dose-dependent manner after infection
with HAUSP-expressing adenoviruses (Ad-GFP/HAUSP) but
not with control adenoviruses (Ad-GFP) (Fig. 3B). The endog-
enous PPAR� band detected in COS7 cells was further con-

FIGURE 1. HAUSP interacts with PPAR�. A, GST or GST-PPAR� was incubated with 10 mg of HeLa cell extract and separated by SDS-PAGE followed by
visualization through silver staining. B, band was in-gel digested with trypsin and analyzed using a 4800 MALDI-TOF/TOFTM analyzer. The red letters indicate the
regions identified by mass analysis. C, COS7 cells were transfected with HA-PPAR� and FLAG-HAUSP. Cell lysates were subjected to immunoprecipitation (IP)
using an anti-HA antibody and immunoblotted with anti-FLAG or anti-HA antibodies. WCL, whole cell lysate. D, WCLs of differentiated 3T3-L1 cells were
immunoprecipitated with normal IgG or an anti-PPAR� antibody and blotted with anti-HAUSP, anti-C/EBP�, and anti-PPAR� antibody. E, to generate
HA-PPAR� fusion proteins, the HA tag was fused to AF1, DBD, LBD, AF1/DBD, or DBD/LBD. F, HA-PPAR�-WT, HA-PPAR�-AF1, HA-PPAR�-DBD, HA-PPAR�-LBD,
HA-PPAR�-AF1/DBD, and HA-PPAR�-DBD/LBD were co-transfected with FLAG-HAUSP into COS7 cells, and 500 �g of WCL was subjected to immunoprecipi-
tation with an anti-FLAG antibody followed by immunoblotting with anti-HA or anti-FLAG antibodies. EV, empty vector. Arrowheads indicate IgG heavy chain
(upper) and IgG light chain (lower).
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firmed by Western blot and qRT-PCR after transfection of
PPAR� siRNA (data not shown). qRT-PCR analysis showed
that the transcript level of PPAR� was not affected by HAUSP
overexpression (Fig. 3, B andC). To rule out the possibility that
the regulation of PPAR� by HAUSP might be regulated at the
translational level, cycloheximide treatment was used to inhibit
de novo protein synthesis, and the stability of PPAR� was
assessed. In this experiment, values were normalized to the
basal intensity of the PPAR� signal to exclude density-depen-
dent variation when calculating the time-dependent effects of
HAUSP on the stability of PPAR�. In the control samples,
PPAR� protein levels decreased by �50% within 2 h of cyclo-
heximide treatment, and the protein was barely detected after
8 h, which is in agreementwith previous reports (Fig. 3D) (3, 27,
28). The overexpression of HAUSP significantly prolonged the
half-life of PPAR� for up to about 6 h after cycloheximide treat-
ment (Fig. 3,D andE). However, theHAUSPC223Smutant had
no effect on the half-life of PPAR� (Fig. 3, F and G). Recently,
7-chloro-9-oxo-9H-indeno[1,2-b]pyrazine-2,3-dicarbonitrile
(HBX 41,108) was identified as an inhibitor of HAUSP (29).
HBX 41,108 inhibited the increase of PPAR� stability induced
by wild-type HAUSP, further confirming that PPAR� stability
is regulated by HAUSP (Fig. 3, F and G).
PPAR� Transcriptional Activity Is Increased by HAUSP—To

determine whether the increased stability of PPAR� could
enhance its transcriptional activity, luciferase assays using
PPRE were performed in COS7 or HepG2 cells. The results
showed that the overexpression of HAUSP significantly
increased the transcriptional activity of endogenous as well as
overexpressed PPAR� by 2–4-fold in both the DMSO- and
rosiglitazone-treated groups (Fig. 4, A and B). Transfection of
the HAUSP C223S mutant or treatment of cells with HBX
41,108 did not increase the stability of endogenous PPAR�,
eliminating the synergistic effect of HAUSP plus rosiglitazone
(Fig. 4C). Additionally, we examined whether HBX 41,108
could decrease the transcriptional activity of endogenous
PPAR� by inhibiting endogenous HAUSP. HBX 41,108 signif-
icantly reduced the basal transcriptional activity of PPAR� by
up to 70% and completely abolished the transcriptional activity
induced by rosiglitazone treatment (Fig. 4D). Furthermore, the
inhibition of endogenous HAUSP by HBX 41,108 decreased
the expression of endogenous PPAR�, further confirming
that HAUSP stabilizes PPAR� protein (Fig. 4D). The specific
siRNA-mediated knockdown of HAUSP in HepG2 cells sig-
nificantly decreased the transcriptional activity of PPAR� as
well as the expression of endogenous PPAR� (Fig. 4E).
PPAR� target gene analyses using quantitative RT-PCR in
HepG2 cells showed that HAUSP increased the transcription
of adipose differentiation-related protein (ADRP), fatty
acid-binding protein 1 (FABP1), glycerol kinase, glucose
transporter 2 (GLUT2), and CD36 by about 2-fold even in

FIGURE 2. Deubiquitination of PPAR� by HAUSP. HA-PPAR�, His-Ub, and
FLAG-HAUSP were co-transfected into COS7 cells for 24 h, and cells were
treated with MG132 (10 �M), a proteasome inhibitor, for 5 h to inhibit degra-
dation of ubiquitinated-PPAR�. A, PPAR� was precipitated with an anti-HA
antibody and immunoblotted with the indicated antibodies. To confirm the
specificity of HAUSP for PPAR�, HA-PPAR� and His-Ub were co-transfected
with wild-type FLAG-HAUSP or mutant FLAG-HAUSP C223S for 24 h and
treated with MG132 (10 �M) for 5 h. PPAR� was precipitated with an anti-HA
antibody and immunoblotted with the indicated antibodies (B). C, HA-PPAR�-
WT, HA-PPAR�-AF1, HA-PPAR�-DBD, HA-PPAR�-LBD, HA-PPAR�-AF1/DBD,
and HA-PPAR�-DBD/LBD were co-transfected with His-Ub into COS7 cells,
and 500 �g of WCL were subjected to immunoprecipitation (IP) with an
anti-HA antibody followed by immunoblotting with anti-HA or anti-Ub anti-
body. Arrowhead indicates IgG light chain. D, HA-PPAR�-WT and HA-PPAR�-
LBD were co-transfected with His-Ub into COS7 cells in the presence or

absence of FLAG-HAUSP. PPAR� was precipitated with an anti-HA antibody
and immunoblotted with anti-HA, anti-Ub, or anti-FLAG antibody. E,
HA-PPAR� (wild type, K382R, K386R, K395R, and K462R) was co-transfected
with His-Ub into COS7 cells and subjected to the ubiquitination assay. PPAR�
was precipitated with an anti-HA antibody and immunoblotted with anti-HA
or anti-Ub antibody. �-tubulin was used as a loading control. The experiment
was performed independently at least three times.
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the absence of rosiglitazone (Fig. 4F). Rosiglitazone further
increased the expression of ADRP, FABP1, GLUT2, and
CD36. Knockdown of HAUSP by siRNA in HepG2 cells
decreased the transcript levels of ADRP, FABP1, glycerol
kinase, GLUT2, and CD36 in the presence and absence of
rosiglitazone, whereas the PPAR� transcript levels were
unchanged (Fig. 4G). Overexpression of HAUSP in HepG2

cells significantly increased glucose uptake by �20% and
fatty acid uptake by 30% compared with the control, in both
the presence and absence of rosiglitazone (Fig. 4, H and I).
Conversely, down-regulation of HAUSP by siRNA signifi-
cantly decreased the uptake of glucose and fatty acids in the
presence and absence of rosiglitazone (Fig. 4, J and K). Taken
together, these results suggest that HAUSP increases the sta-

FIGURE 3. HAUSP increases the stability of PPAR�. A, HA-PPAR� and FLAG-HAUSP were transfected into COS7 cells for 24 h. Cell lysates (30 �g) were
subjected to Western blot (W.B.) analysis. B and C, COS7 cells were infected with GFP or GFP/HAUSP adenoviruses as indicated, and cell lysates (70 �g) were
subjected to immunoblotting. Total RNA was isolated, and qRT-PCR was performed to analyze the expression of PPAR�, HAUSP, and GFP mRNA. Data represent
the mean � S.E. of the averages of three independent experiments. moi, multiplicity of infection. D and E, empty vector (EV) or FLAG-HAUSP was co-transfected
with HA-PPAR� to COS7 cells for 24 h, and cycloheximide (5 �M) was added for the indicated times. *, p 	 0.01. F and G, wild-type FLAG-HAUSP or mutant
FLAG-HAUSP C223S was co-transfected with HA-PPAR� to COS7 cells for 24 h, and cells were pretreated with HBX 41,108 (20 �M) for 2 h. Cells were treated with
cycloheximide (5 �M) for the indicated times, and lysates were analyzed by Western blotting (*, versus HAUSP-C223S; †, versus HAUSP-WT �,HBX; ‡, versus
HAUSP-C223S). The densities of the PPAR� bands at time point 0 were set to 100%, and the remaining densities were expressed as relative values. Data
represent the mean � S.D. of the averages of three independent experiments. *, p 	 0.01; †, p 	 0.05; ‡, p 	 0.05.
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bility and transcriptional activity of PPAR� at the post-
translational level.
HAUSP Overexpression Stabilizes Endogenous PPAR� in the

Liver—Toexamine the effect ofHAUSPon endogenous PPAR�
expression in vivo, adenoviruses expressing GFP (Ad-GFP),
HAUSP C223S (Ad-GFP/HAUSP C223S), or HAUSP (Ad-
GFP/HAUSP) were injected intravenously into the tail vein of
C57BL/6 mice. The adenoviruses used in this study did not
cause changes in body weight, and there were no differences in
the levels of aspartate aminotransferase and alanine amino-
transferase between the Ad-GFP-, Ad-GFP/HAUSP C223S-,
and Ad-GFP/HAUSP-injected groups (data not shown). Wild-
typeHAUSP induced the stabilization of endogenous PPAR� in
the liver, but Ad-GFP and Ad-GFP/HAUSP C223S had no
effect (Fig. 5A). Immunohistochemical analysis showed that
wild-type HAUSP increased the levels of endogenous PPAR�,
whereas the HAUSP C223S mutant had no effect, further con-
firming that HAUSP stabilizes endogenous PPAR� in vivo as
well as in vitro (Fig. 5B). H&E and Oil Red O staining showed
that wild-type HAUSP (Ad-GFP/HAUSP) caused TG accumu-
lation in the liver compared with the control (Ad-GFP) and the
HAUSP C223S mutant (Ad-GFP/HAUSP C223S) (Fig. 5B),
which was confirmed by quantification of hepatic TG (Fig. 5C).
In addition, the analyses of PPAR� target genes by qRT-PCR

showed that the expression levels of ADRP, glycerol kinase,
FABP1, GLUT2, and CD36 were significantly increased by Ad-
GFP/HAUSP but not by Ad-GFP or Ad-GFP/HAUSP C223S
(Fig. 5, D–F). The effect of increased PPAR� levels caused by
HAUSP overexpression on various metabolites was examined.
Adenoviruses expressing wild-type HAUSP (Ad-GFP/HAUSP)
significantly decreased glucose, free fatty acid, and TG levels in
the blood compared with the GFP control (Ad-GFP) and the
HAUSP C223S mutant (Ad-GFP/HAUSP C223S) (Fig. 5, G–I).
In addition, an intraperitoneal glucose tolerance test showed
that the blood glucose of mice injected with Ad-GFP/HAUSP
wasmore rapidly decreased than that of the control group (Ad-
GFP) and the HAUSP C223S mutant group (Ad-GFP/HAUSP
C223S) (Fig. 5J). Analysis of the area under the curve showed
that blood glucose levels in the Ad-GFP/HAUSP group were
significantly lower than those in the control group (Ad-GFP)
and the HAUSP C223S mutant group (Ad-GFP/HAUSP
C223S) (Fig. 5J, bottom panel). These results suggest that
HAUSP overexpression could regulate glucose and fatty acid
metabolism via stabilization of endogenous PPAR�.

DISCUSSION

PPAR� plays a critical role in a variety of physiological
processes, including adipogenesis, glucose homeostasis, lipid

FIGURE 4. HAUSP increases the transcriptional activity of PPAR�. A, COS7 cells were transfected with HA-PPAR�, luciferase reporter vectors containing
PPRE, and �-gal, in the presence or absence of FLAG-HAUSP, and DMSO or rosiglitazone (10 �M) was applied for 24 h. Luciferase activity was determined as
described under “Experimental Procedures.” Cell lysates were blotted with anti-HA or anti-FLAG antibody. HepG2 cells were co-transfected with a luciferase
reporter construct containing the PPRE (PPRE-pk-luc) and the �-gal reporter in the presence or absence of FLAG-HAUSP (B) and in the presence of wild-type
FLAG-HAUSP or the mutant FLAG-HAUSP C223S. Cells were pretreated with HBX 41,108 (5 �M) for 2 h and then treated with DMSO or rosiglitazone (10 �M) for
24 h. W, wild type; M, mutant (C). HepG2 cells were co-transfected with a luciferase reporter construct containing the PPRE (PPRE-pk-luc) and the �-gal reporter
for 24 h, pretreated with HBX 41,108 (5 �M) for 2 h, and then treated with DMSO or rosiglitazone (10 �M) for 24 h (D). HepG2 cells were transfected with control
siRNA or HAUSP siRNA (20 and 50 nM) for 24 h and then with the luciferase reporter vectors (pk-luc or PPRE-pk-luc) with �-gal for 24 h (E). Luciferase activity
assays were performed as described under “Experimental Procedures.” Data represent the mean � S.D. of the averages of four independent experiments. In
addition, Western blot analysis was performed using anti-PPAR�, anti-HAUSP, and anti-FLAG antibody. �-Tubulin was used as loading control. To examine the
expression of PPAR� target genes in response to HAUSP, empty vector (EV), or FLAG-HAUSP (100 ng) (F) and control siRNA or HAUSP siRNA (20 nM) (Invitrogen)
(G) were transfected into HepG2 cells for 24 and 48 h, respectively. Total RNAs were isolated and synthesized into cDNA by qRT-PCR using specific primers as
described in Table 2. H–K, HepG2 cells were transfected with the indicated plasmids (100 ng) or siRNAs (20 nM), and treated with DMSO or rosiglitazone (10 �M).
The uptake of [3H]BSA/palmitate or 2- D-[14C]deoxyglucose was analyzed as described under “Experimental Procedures.” Data represent the mean � S.D. of the
averages of three independent experiments. *, p 	 0.05; **, p 	 0.01.
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metabolism, and osteogenesis (1). PPAR� is polyubiquitinated
in response to ligand binding or phosphorylation and then
degraded by the proteasome (13, 14). However, to date, no
enzymes have been identified that can deubiquitinate or
dephosphorylate PPAR�. HAUSP was isolated as a novel
PPAR� regulatory protein that stabilizes its target protein by
deubiquitination (15, 16, 30). The DBD and LBD of PPAR�
were responsible for its interaction with HAUSP (Fig. 1). A
recent report showed that only the LBD of PPAR� is polyubiq-
uitinated to target the protein for degradation (26), suggesting
that HAUSP stabilizes the PPAR� protein by removing the
ubiquitin conjugated to the LBD. In this study, the K462R
mutant of PPAR� showed a reduced ubiquitination pattern. In
addition, we found that PPAR� was still ubiquitinated even
when Lys462 was substituted with arginine, suggesting that
PPAR� is ubiquitinated at multiple residues.
Analysis of the stability of PPAR� showed that it has a half-

life of �2 h (Fig. 3E). This result is consistent with previous
reports (3, 27). Surprisingly, HAUSP significantly increased the
half-life of PPAR� by up to 4–6 h.Whereas PPAR� was hardly
detected 8 h after cycloheximide treatment in the controls,
�30% of the protein was still detectable in COS7 cells overex-
pressing HAUSP. This was further confirmed by transfection
with theHAUSPC223Smutant, which did not increase PPAR�
stability. Furthermore, treatment with HBX 41,108, a specific
inhibitor of HAUSP, abolished the increase of PPAR� stability
induced by the ectopic expression of wild-type HAUSP (Fig.

3E). In addition, knockdown of HAUSP using a specific siRNA
destabilized endogenous PPAR� (Fig. 4E). A luciferase assay
using the PPRE showed that HAUSP increased the transcrip-
tional activity of PPAR�. However, therewere no changes in the
specific activity of PPAR�, as shown by normalization of lucif-
erase activity using PPAR� (data not shown). This suggests that
the HAUSP-mediated increase in PPAR� was due to an
increase in PPAR� protein, rather than an effect on its specific
activity. The functional relationship between PPAR� and
HAUSP appears to be most evident in liver cells, as the altered
PPAR� stability affected by HAUSP overexpression or siRNA
knockdown was not observed in differentiated 3T3-L1 adi-
pocytes. AlthoughHAUSPhas deubiquitinating activity against
PPAR� in differentiating adipocytes, increased PPAR� deubiq-
uitination may be obscured by the high PPAR� expression lev-
els in this cell type. However, as the expression of PPAR� in
liver is relativelyminimal comparedwith adipocytes, its up-reg-
ulation by HAUSP in liver might have a more significant effect
upon metabolic regulation than in adipocytes. Additionally,
because PPAR� expression is not abundant in liver, the physi-
ological function of PPAR� stabilized by HAUSP might be
underestimated in the regulation of blood glucose and TG.
However, recent reports suggest that hepatic PPAR� is up-reg-
ulated in obese animal models (31), and increased hepatic
PPAR� is an initial event leading to lipid accumulation and fatty
liver (32). Liver-specific disruption of PPAR� improved fatty
liver but aggravated systemic insulin resistance in ob/ob mice.

FIGURE 5. HAUSP induced the expression of PPAR� in vivo. C57BL/6 mice (n 
 5 in each group) were intravenously injected with Ad-GFP, Ad-GFP/HAUSP
C223S, or Ad-GFP/HAUSP adenoviruses through the tail vein and sacrificed 5 days later. A, liver samples from each group were immunoblotted with the
indicated antibodies. B, expression of HAUSP, PPAR�, and GFP was examined by immunohistochemical staining. H&E staining showed TG accumulation in mice
injected with Ad-GFP/HAUSP. TG accumulation was further confirmed by Oil Red O staining. Liver samples were harvested for the quantification of TG content
(C) and the analysis of PPAR� target genes (D), GFP (E), and HAUSP (F) (n 
 5 in each group). Blood glucose level (G), blood TG levels (H), and blood free fatty acid
(FFA) (I) were quantified using specific assay kits. J, intraperitoneal glucose tolerance test was performed, and the area under the curve (AUC) was calculated
(n 
 5 in each group). The data represent the mean � S.D. *, p 	 0.05; **, p 	 0.001.
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This suggests that hepatic PPAR� plays a critical role in the
regulation of TG content and in the homeostasis of blood glu-
cose and insulin resistance in steatotic diabetic mice (33). In
addition, we could not rule out the possibility that HAUSP has
additional targets that might affect metabolism in hepatocytes.
Based on our data and previous studies on the role of PPAR� in
hepatic steatosis and insulin sensitivity, we suggest thatHAUSP
overexpression could decrease blood glucose and TG concen-
tration at least in part by stabilizing PPAR� in liver.

An increase in PPAR� expression in the liver induces TG
accumulation (34, 35). The overexpression of HAUSP, but not
the HAUSP C223S mutant, also promoted lipid accumulation
in the liver while decreasing TG levels in the blood (Fig. 5, B, C,
andH), which suggests that VLDL secretion from livermight be
decreased by HAUSP overexpression. Investigation of VLDL
secretion using an ELISA showed that HAUSP overexpression
decreased VLDL secretion fromHepG2 cells (data not shown).
The chronic treatment of pioglitazone, a PPAR� agonist, has
been known to reduce VLDL TG levels by increasing the
expression of lipoprotein lipase (36, 37). In this study, however,
the expression level of lipoprotein lipase was not changed by
HAUSP (data not shown). Therefore, the decreased secretion of
VLDLmay be due to an lipoprotein lipase-independent regula-
tory mechanism brought about by HAUSP-stabilized PPAR�.

Wild-type HAUSP decreased blood glucose and TG levels,
which are associated with the increased expression of endoge-
nous PPAR� and lipid accumulation in the liver (Figs. 4 and 5).
These results suggest that HAUSP could be a critical regulator
of metabolism, in addition to its tumor-promoting activity
mediated by p53 and MDM2 (15, 16, 25, 30, 38). PPAR� is
overexpressed in a variety of cancers, including those of the
colon (39), breast (40), and prostate (41), because cancer cells
require large amounts of metabolites to maintain their highly
proliferative status.However, themolecularmechanismunder-
lying the increased expression of PPAR� in cancer is not well
understood. We used immunohistochemical staining to inves-
tigate whether PPAR� was increased in human hepatocellular
carcinoma (HCC) and found that HAUSP and PPAR� levels
were higher in tumorous areas than in adjacent nontumorous
tissues (data not shown). Increased levels of PPAR� in HCC
could be, at least in part, due to the overexpression of HAUSP.
PPAR� is suggested to play a tumor-suppressing role in car-

cinogenesis (42). Treatment with thiazolidinediones, which are
PPAR� ligands, induced cancer regression by triggering apo-
ptosis (43, 44). However, recent studies using PPAR��/� cells
demonstrated that the anticancer effect of TZDs is indepen-
dent of PPAR� (45, 46). Of note, some reports suggest that
PPAR� functions as an oncogene in certain cancers (47, 48).
The role of PPAR� as an oncogene or tumor suppressor is still
controversial. However, the increase in PPAR� levels induced
byHAUSPmay be important in cancermetabolism, and further
investigation is needed to determine the inter-relationship
between the multiple functions of PPAR�, its many modifica-
tions, and cancer.
A recent report indicates that CDK5-mediated phosphory-

lation of PPAR� may be involved in the pathogenesis of insulin
resistance, suggesting a possible target for the development of
novel anti-diabetic drugs (10). Similarly, the effect of HAUSP

on increasing the stability of PPAR� suggests that HAUSP
could be a target for the development of anti-diabetic drugs,
which could then be used in combination with insulin or TZDs
to decrease blood glucose levels.
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