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Abstract 

 

The peroxisome proliferater-activated receptor gamma (PPARg) as a key regulator 

of critical metabolic processes is a ligand-activated transcription factor and subject 

to ubiquitination. However, to date, no ubiquitinating or deubiqutinating enzyme of 

PPARg has been reported. First, I tried to identify the ubiquitinating enzyme, E3 

ligase, for PPARg. In these studies, interacting proteins with PPARg were screened 

using immunoprecipitation for PPARg and mass-spectrometry analysis. As E3 ligase, 

two candidates, F-box protein 9 (FBXO9) and HECT domain containing 2 

(HECTD2), were isolated. Co-immunoprecipitation assay showed the interaction 

between PPARg and FBXO9 or HECTD2. However, PPARg protein levels were 

decreased only by FBXO9. FBXO9 decreased the protein stability of PPARg 

through ubiquitin-proteasome pathway. In adipocytes, overexpression of FBXO9 

reduced endogenous PPARg protein levels, but knockdown of FBXO9 did not affect. 

Taken together, these results indicate that FBXO9 is an E3 ligase of PPARg in 

adipocytes although physiological roles of FBXO9 in the regulation of PPARg 

stability are not investigated. 

Next, I studied to identify the deubiquitinating enzyme for PPARg. In the present 

study, GST-pull down assay was performed to isolate PPARg regulatory 

proteins. Mass  analysis using isolated proteins showed that PPARg could bind 

with a Herpesvirus-Associated Ubiquitin-Specific Protease (HAUSP/USP7). Co-
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immunoprecipitation analysis revealed that both endogenous and exogenous PPARg 

could associate with HAUSP. In addition, the DNA binding and ligand binding 

domains of PPARg were responsible for the interaction with HAUSP. HAUSP, but 

not the HAUSP C223S mutant, increased the stability of both endogenous and 

exogenous PPARg through its deubiquitinating activity. Site directed mutagenesis 

experiments showed that the K462 residue of PPARg2 is critical for ubiqutination. 

HBX 41,108, a specific inhibitor of HAUSP, abolished the increase of PPARg 

stability induced by HASUP. HAUSP enhanced the transcriptional activity of 

PPARg in luciferase activity assays. Quantitative RT-PCR analysis showed that 

HAUSP increased the transcript levels of the PPARg target genes in HepG2 cells, 

resulting in the enhanced uptake of glucose and fatty acid. Taken together, these 

results demonstrate that the stability and activity of PPARg is modulated by the 

deubiquitinating activity of HAUSP. 

In these studies, I identified the ubiquitinating and the deubiquitinating enzyme of 

PPARg for the first time. These enzymes, FBXO9 and HAUSP, could be targets for 

the metabolic regulation through PPARg, although it needs the further study for 

physiological roles and conditions of these enzymes in the regulation of PPARg. 

----------------------------------------------------------------------------------------------------- 

Keywords : PPARg, ubiquitination, deubiquitination, FBXO9, HAUSP 

Student Number: 2007-30560 
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<Introduction> 

 

PPARg functions as a central regulator in various physiological processes 

including adipogenesis, glucose homeostasis, and lipid metabolism; it is as a 

member of the nuclear hormone receptor superfamily and a ligand-activated 

transcriptional factor [1]. PPARg was composed of two isotypes,g1 andg2, 

derived from the same gene and by alternative promoter usage. PPARg2 has 30 

additional N-terminal amino acids compared with PPARg1. Whereas PPARg1 is 

more widely expressed, PPARg2 is exclusively expressed in adipose tissue and 

functions as a critical regulator on adipogenesis [2-4]. PPARs act as heterodimers 

with retinoid X receptors (RXRs) and bind to peroxisome proliferators response 

elements (PPREs) in target promoters.  

PPARg agonists can be largely divided into two major classes, natural or 

synthetic molecules. Natural agonists are 15-deoxy-Δ12,14-prostaglandin J2, 9(S)-

HODE, 13(S)-HODE, linolenic acid and so on. Synthetic agonists, also called 

thiazolidinedioles (TZD), include the anti-diabetic drugs troglitazone, pioglitazone, 

rosiglitazone and so on. Ligand-binding to PPARg stimulates formation of a 

heterodimer between PPARg and RXRa, which binds to PPRE to increase the 

transcription of target genes. 

It has been known that PPARg activity is modulated by various posttranslational 

modifications (PTMs) such as phosphorylation, sumoylation, and ubiquitination [8]. 



3 

 

PTMs regulate interactions of PPARg with coregulators, ultimately controlling the 

transcriptional output of it. The activation of mitogen-activated protein kinase 

(MAPK) and cyclin-dependent kinases (CDKs) results in the phosphorylation at 

S112 of PPARg, leading to the decrease of transcriptional activity of PPARg [5]. The 

phosphorylation of S273 of PPARg by CDK5 does  not affect the adipogenic 

activity but reduce the expression of the insulin sensitizing adipokine and 

adiponectin [9]. Two functional sumoylation sites have been determined for PPARg, 

lysine 107 and lysine 395. K107 sumoylation modulates PPARg activity in a 

negative manner [10, 11], K395 sumoylation is involved in the transrepression of 

inflammatory genes by PPARg [12]. Recently, SUMO1/sentrin/SMT3-specific 

peptidase 2 (SENP2) as de-SUMOylation enzyme of PPARg was identified, and 

which increases transcriptional activity of PPARg [13]. Furthermore, PPARg is 

regulated by polyubiquitination, which leading to proteasomal dependent 

degradation [14]. The post-translational modification of PPARg has been studied in 

detail. However, to date, no enzymes have been identified that can ubiquitinate 

PPARg. 

Ubiquitination is the conjugation of 76-residue polypeptide ubiquitin to lysine 

residue of substrate protein and regulates a broad range of eukaryotic cell functions. 

Ubiquitination originally was discovered as a protein turnover signal, resulting in 

the proteasomal degradation. Targeting proteins for degradation turned out to be 

dependent on polyubiquitination via lysine 48 of ubiquitin. Non-lysine 48-linked 
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polyubiquitination and monoubiquitination do not lead to degradation of the target 

protein but are involved in processes such as ribosomal function, endocytosis, 

postreplicational DNA repair, the initiation of the inflammatory response, and the 

function of certain transcription factors. 

Ubiquitination requires the sequential actions of three enzymes : an activating 

enzyme (E1) that forms a thiol ester with the carboxyl group of G76, there by 

activating the C terminus of ubiquitin for nucleophilic attack; a conjugating enzyme 

(E2) that transiently carries the activated ubiquitin molecule as a thiol ester; and a 

ligase (E3) that transfers the activated ubiquitin from the E3 to the substrate (or 

ubiquitin) lysine residue. Generally, E3 ligases can interact with multiple E2s and 

substrates, conversely, substrates can be recognized by several E3 ligases. Whereas 

there is only one E1 enzyme, about 30 E2 enzymes, and several hundred E3 ligase 

exits in the mammalian genome. E3 ligases can be divided into three families: 

HECT (homologous to E6AP C-terminus) domain E3 ligases and the RING (really 

interesting new gene) finger E3 ligases, and U-box (UFD2 homology) E3 ligases 

[34, 35]. 

PPARg as a labeled protein has a short half–life (t1/2= 2h). PPARg proteins were 

polyubiquitinated after a ligand binding or phosphorylation, and then degraded by 

the proteasome [14, 20]. However, to date, no E3 ligase has been identified that can 

specifically induce ubiquitination of PPARg. So, the goal of this study is to identify 

the E3 ligase of PPARg. 
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<Materials and Methods> 

 

Cell Culture 

COS7 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS) in a 5% CO2 incubator. C2C12 

myoblasts were cultured in DMEM supplemented with 10% FBS, and 

differentiation into myotubes was induced by culturing the cells in DMEM 

containing 2% horse serum for 5-7 days. 3T3-L1 cells were maintained in DMEM 

containing 10% calf serum and 50 mg/ml penicillin and streptomycin in a 5% CO2 

incubator. Adipocytes differentiation was induced by addition of 10% FBS 

supplemented DMEM containing 0.5 mM 3-isobutyl-1-methylxanthine (IBMX), 

0.25 µM dexamethasone and 5 µg/ml insulin for 2 days. And then, cells were 

maintained in DMEM with 10% FBS and 1 µg/ml insulin for the following 2 days, 

and maintained in DMEM with 10% FBS for the following 4 days. 

 

 

Construction of plasmids, adenoviruses, and antibodies 

Expression vectors of mouse FBXO9 and mouse HECTD2 were constructed by 

subcloning the corresponding cDNAs into pFLAG-CMV vector. The F-box region, 

from 179 to 229 amino acid, was deleted in the mutant of mouse FBXO9 (pFLAG-

CMV-FBXO9mt). Expression vector of mouse PPARg2 were constructed by 
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subcloning the corresponding cDNAs into pcDNA3.1-HA. HA tagged PPARg2 

S112A and S273A mutants were generated using the QuikChange Site-Directed 

Mutagenesis kit (Stratagene). Adenoviruses encoding FLAG tagged mouse FBXO9 

(Ad-Flag-FBXO9) were generated by insertion of the ORF of FBOX into 

pAdTrack-CMV. Antibodies against FBXO9, PPARg, HA,  and g-tubulin were 

purchased from Santa Cruz Biotech. Anti-Flag antibodies were purchased from 

Sigma-Aldrich. Rosiglitazone was purchased from Cayman. 

 

 

Co-immunoprecipitation and western blot analysis 

Cell lysates were prepared with the lysis buffer containing 20 mM Tris-HCl (pH 

7.4), 5 mM EDTA, 1 % NP-40, 10mM Na4P2O7, 100mM NaF, 2mM Na3VO4, 

7µg/ml aprotinin, 7µg/ml leupeptin, and 1mM PMSF. 500 mg of cell lysates were 

used for immunoprecipitation with anti-HA antibody-coupled agarose beads (Roche) 

for 4 hours at 4℃. The precipitates were washed 3 times and subjected to 9% SDS-

PAGE and then blotted with specific antibodies. All blots were developed using the 

enhanced chemi- luminescence kit (Thermo). 

 

 

Immunocytochemistry 

COS7 cells were transfected with pFLAG-FBXO9 for 24h. Cells were fixed using 
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3.7% formaldehyde for 10 min at 4℃, and then permeabilized with 0.5% Triton X-

100 in PBS for 10 min. After blocking with 5% normal goat serum (Invitrogen, 

Carlsbad, CA, USA) and 0.1% Triton X-100 in PBS, cells were incubated with anti-

Flag antibody for 1h at room temperature and then stained with Alexa 594 anti-

mouse secondary antibody (Invitrogen, Carlsbad, CA, USA) for 1h at room 

temperature. 

 

 

RT-PCR and Northern blot analysis 

Total RNA was extracted using TRIzol reagent (Invitrogen) according to the 

manufacturer’s instructions. cDNAs were prepared by reverse transcription with 

1mg of total RNA, and then each gene transcript was amplified by polymerase chain 

reaction (PCR) with their specific primers (table 1). PCR products were analyzed by 

elecrophoresis on a 1% agarose gel. In addition, real-time PCR was performed 

using SYBR Premix Ex Taq reagents (TaKaRa) and 7500 real-time PCR systems 

(Applies Biosystems, CA, USA). 18s rRNA or b-actin was used as an endogenous 

control and experiments were performed in duplicates. For Northern blot analysis, 

total RNAs (10 µg) were separated by electrophoresis in a 1.2 % agarose gel and 

then transferred to Nytran membranes (NY 13-N; Schleicher & Schuell, Stanford, 

ME, USA). Probes for mouse PPARg and RPS2 were synthesized by using Klenow 

polymerase (Ambion). The membrane was prehybridized in QuickHyb 

hybridization solution (Stratagene) for 1 h 68℃, and then hybridized with [a-32P] 
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dATP-labeled mouse PPARg and RPS2 probes for overnight at 68℃, and then 

washed in 2X SSC, 0.1 % SDS solution for 1 h, and developed.  

 

 

<Table 1> Primers used for RT-PCR/q PCR 

 

 

 

Statistics 

SPSS, version 10.0 (SPSS Inc., Chicago, IL), was used for statistical analysis. 

The data have been expressed as means ± SE. The differences between the means 

were calculated using the Mann-Whitney U-test. A P-value less than 0.05 denoted 

the presence of statistically significant difference 
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<Results> 

 

The candidates of PPARg E3 ligase : F-box protein 9 and HECT domain 

containing 2 

To isolate interacting proteins of PPARg, Plat-E cells were overexpressed with 

Flag-PPARg2 for 24 h. Cells were treated with MG132 (10 µM) for 6 h prior to 

harvesting, and then cell lysates were immunoprecipitated with anti-Flag antibody. 

After competitive elution using Flag peptide, mass-spectrometry analysis was 

performed for isolation of PPARg binding proteins. Two E3 ligase cadidates, F-box 

protein 9 (FBXO9) and HECT domain containing 2 (HECTD2), were identified 

(table 2).  
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<Table 2> MS-MS analysis results 
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To determine whether FBXO9 and HECTD2 interact with PPARg, 

immunoprecipitation assay was performed. HA-PPARg was cotransfected with 

Flag-FBXO9 or Flag-HECTD2 to COS7 cells. Cells were treated with rosiglitazone 

for 24 hours or not, and then, whole cell lysates were subjected to 

immunoprecipitation with anti-HA antibody. I confirmed the binding between 

PPARg and FBXO9 or HECTD2. In addition, the treatment of rosiglitazone did not 

affect the interaction between them (Fig. 1). Next, I examined whether FBXO9 or 

HECTD2 could regulate the protein levels of PPARg. COS7 cells were 

overexpressed with HA-PPARg and Flag-FBXO9 or Flag-HECTD2. FBXO9 

decreased the protein levels of PPARg1 and g2 in a dose dependent manner (Fig. 2A, 

2B). However, HECTD2 increased the protein levels of PPARg1 and g2 (Fig. 3A, 

3B). In addition, I examined whether PPARg ligands affect the regulation of PPARg 

protein by FBXO9 or HECTD2. Rosiglitazone did not change the effect of 

overexpression of FBXO9 and HECTD2 on the levels of PPARg protein (Fig. 2, 3).  
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Fig. 1. FBXO9 or HECTD2 interacts with PPARg  

HA-PPARg2 was cotransfected with Flag-FBXO9 or Flag-HECTD2 to COS7 cells. 

Whole cell lysates were subjected to immunoprecipitation with anti-HA antibody, 

and blotted with anti-Flag or anti-PPARg antibody. 
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Fig. 2. Overexpressed FBXO9 decreases the PPARg protein levels 

COS7 cells were cotransfected with HA-PPARg1 or g2 and Flag-FBXO9, and 

treated with rosiglitazone (10 µM) for 24 hours or not. The protein levels of 

PPARg1, PPARg2, or FBXO9 were detected using anti-HA or anti-Flag antibodies. 

 

 

 

 

 

 

 

 

 

 

 

(B) (A) 
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Fig. 3. Overexpressed HECTD2 increases the PPARg protein levels 

COS7 cells were cotransfected with HA-PPARg1 or g2 and Flag-HECTD2, and 

treated with rosiglitazone (10 µM) for 24 hours or not. Whole cell lysates were 

subjected to Western blot analysis. 

 

 

 

 

 

 

 

 

 

 

 

(A) (B) 
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The regulation of PPARg protein levels by FBXO9 

To determine whether the FBXO9 decreases the protein stability of PPARg, 

cycloheximide was treated to inhibit de novo protein synthesis, and the stability of 

PPARg was assessed. The over-expression of FBXO9 quickly reduced the stability 

of PPARg by approximately 20% within about 2 hours after the treatment of 

cycloheximide (Fig. 4). To determine whether the decrease of PPARg protein by 

FBXO9 was caused by an induction of ubiquitination, the levels of ubiquitin-

conjugated PPARg were checked using co-immunoprecipitation assay. As shown in 

figure 5, when PPARg was co-overexpressed with FBXO9, the ubiquitination of 

PPARg was increased. And, in the whole cell lysate, the decrease of PPARg protein 

levels by FBXO9 overexpression was disappeared by the treatment of MG132, the 

inhibitor of proteasom. These results show that FBXO9 decreases the PPARg 

protein stability through the induction of ubiquitination. 

 

 

 

 

 

 

 

 

 



16 

 

 

 

 

Fig. 4. FBXO9 decreases the protein stability of PPARg 

The empty vector (CMV) or Flag-FBXO9 was co-transfected with HA-PPARg to 

COS7 cells for 24 hours and cycloheximide (5 mM) was added for the indicated 

times. And then, whole cell lysates were analyzed by Western blotting. The densities 

of the PPARg bands at time point 0 were set to 100%, and the remaining densities 

were expressed as relative values. Data represent the mean±SEM of three 

independent experiments. *p<0.05 vs. CMV.  
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Fig. 5. FBXO9 increases the ubiquitination of PPARg.  

HA-PPARg, His-Ub, and FLAG-FBXO9 were co-transfected into COS7 cells and 

treated with DMSO or MG132 (10 mM) 5 hours before harvest. PPARg was 

precipitated with an anti-HA antibody and immunoblotted with the indicated 

antibodies. To detect proteins of Flag-FBXO9 was difficult during 12 h incubation 

after transfection. So two set were prepared at the same time. One set was incubated 

for 12 h after transfection and then subjected to immunoprecipitation assay. The 

other set was incubated for 18 h after transfection and then used to detect levels of 

Flag-FBXO9. 
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FBXO9 as a F-box protein is a member of Skp1-Cul1-F-box protein (SCF) 

complexes. F-box proteins have the F-box motif that associates with Skp1-Cul1 

complexes which have an ubiquitin-ligase activity. Therefore, F-box deficient 

mutants interact with target substrates, however, cannot induce ubiquitinations to it. 

So, I prepared a FBXO9 mutant form (FBXO9 ΔF) by deletion of F-box domain to 

validate whether FBXO9 is a specific E3 ligase to the PPARg protein (Fig. 6A). 

PPARg was cotransfected with FBXO9 wild type or FBXO9 ΔF into COS7 cells. 

FBXO9 wild type effectively reduced PPARg protein levels, but FBXO9 ΔF did not 

(Fig. 6B). 
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Fig. 6. The requirement of F-box motif in the effect of FBXO9 on PPARg 

stability 

(A). Structure of FBXO9 (B). COS7 cells were transfected with HA-PPARg2 and 

Flag-FBXO9 WT or Flag-FBXO9 ΔF for 24 h. Whole cell lysates were subjected 

to Western blot analysis. *P<0.05 vs control; †P<0.05. 

 

 

 

 

 

 

 

 

(A) 
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Generally, F-box proteins recognize the phosphorylated site of target proteins, and 

then, recruits SCF ubiquitin-ligase complex to the phosphorylated substrates. So, I 

determined whether the phosphorylation of S112 or S273 amino-acid of PPARg2 is 

involved in the modulation of PPARg by FBXO9. Two different mutant forms of 

PPARg2 with serine 112 or 273 to alanine substitution, S112A and S273A, were 

prepared. In co-overexpression experiments, FBXO9 decreased the protein levels of 

both PPARg2 S112A and S273A (Fig. 7A, 7B). These results suggest that FBXO9 

recognizes the other phosphorylated residue except on S112 and S273 of PPARg2. 
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Fig. 7. The phosphorylation of S112 or S273 of PPARg was not involved in the 

regulation of PPARg protein levels by FBXO9 

Empty vector or Flag-FBXO9 was co-transfected with HA-PPARg2 Wild-type (WT) 

or HA-PPARg2 S112A to COS7 cells for 24 hours (A). Flag-FBXO9 was 

transfected with HA-PPARg2 WT or HA-PPARg S273A at different concentrations 

into COS7 cells for 24 hours (B). Whole cell lysates were harvested, and then 

subjected to immunoblotting using anti-HA, Flag, or g-tubulin antibodies. 

 

 

 

 

(A) 

(B) 
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The effect of FBXO9 overexpression or knockdown on PPARg protein levels in 

adipocytes 

 Next, I determined the effect of FBXO9 on endogenous level of PPARg protein. 

3T3-L1 adipocytes were infected with control adenovirus (Ad-GFP) or adenovirus 

expressing Flag-FBXO9 (Ad-Flag-FBXO9). Endogenous PPARg levels were 

significantly decreased by FBXO9 overexpression. (Fig. 8A, 8B). To assess the 

effect of FBXO9 knockdown on endogenous PPARg, adipocytes were transfected 

with FBXO9 specific siRNAs for 3 days. The increase of endogenous PPARg 

protein levels, however, was not observed in FBXO9 knockdown condition (Fig. 

8C). 
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Fig. 8. The effect of FBXO9 overexpression or knockdown on endogenous 

PPARg protein levels in adipocytes 

(A). Control adenovirus (Ad-GFP) or adenovirus expressing Flag-FBXO9 (Ad-Flag-

FBXO9) was infected into 3T3-L1 adipocytes. Whole cell lysates were prepared 48 

hours after infection. Endogenous PPARg, FBXO9, GFP, and g-tubulin were detected 

by specific antibodies. GFP blots represent the efficiency of virus infection. (B). The 

intensity of PPARg each band in (A) is normalized to g-tubulin. The mean value was 

calculated from six independent experiments (mean ± SEM). *P<0.05 vs control. (C). 

Endogenous FBXO9 was knocked down using FBXO9 siRNA (50 nM) for 3 days in 

3T3-L1 adipocytes. Whole cell lysates were subjected to Western blot analysis, and 

total RNAs were subjected to RT-PCR analysis, which was performed with specific 

primers. 
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Cellular localization of FBXO9 

Endogenous FBXO9 was not detectable, which is probably due to low expression in 

the cells. After COS7 cells were transfected with Flag-FBXO9 expression vector, 

immunocytochemistry analysis was performed. Flag-FBXO9 was predominantly 

detected in cytosol (Fig. 9A). However, using western blot analysis, FBXO9 was 

also detected in nucleus although FBXO9 was mainly detected in cytosol (Fig. 9B). 
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Fig. 9. Cellular localization of FBXO9 

COS7 cells were transfected with Flag-FBXO9 for 24 h. The cellular localization 

of Flag-FBXO9 was detected by indirect immunofluoresence (A) and western blot 

analysis (B) with anti-Flag antibody. 
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<Discussion> 

 

PPARg functions as a central regulator in various physiological processes 

including adipogenesis, glucose homeostasis, and lipid metabolism. PPARg is 

polyubiquitinated by ligand binding or phosphorylation, and degraded by the 

proteasome. Spiegelman, B. M. group showed that PPARg ligands decrease PPARg 

protein stability through enhanced ubiquitination in adipocytes. Recently, Floyd, 

Z.E. group reported that only the ligand-binding domain (LBD) of PPARg is 

conjugated to ubiquitin. Thereafter, Floyd, Z.E. group reported that the ubiquitin 

ligase Siah2 involves the regulation of PPARg stability by PPARg ligand in 

adipocytes. However, they suggested that Siah2 does not interact directly with 

PPARg, but, which regulates the PPARg stability through an interaction between 

Siah2 and NCoR1 [36]. Though Siah2 involves the regulation of PPARg protein 

stability by PPARg ligand, they were not identified as a specific E3 ligase of PPARg. 

Because PPARg is also actively ubiquitinated in the absence of ligand, to identify 

the E3 ligase of PPARg seems to be important to understand and to control the 

metabolic actions of PPARg. 

In this study, I got two E3 ligase candidates, FBXO9 and HECTD2 by mass 

spectrometry analysis. PPARg protein levels were decreased by overexpression of 

FBXO9, but increased by overexpression of HECTD2. The protein stability test 

using cycloheximide and the MG132 treatment experiment showed that FBXO9 
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decreases the PPARg stability through ubiquitin-proteasome mechanism. These 

results showed that FBXO9 could be the E3 ligase of PPARg.  

FBXO9 is a F-box protein and belongs to the Skp1-Cul1-F-box protein (SCF) 

complexes which are the prototypical multisubunit E3 ubiquitin ligases. SCF 

complexes are composed of invariable core components (Cul1, Skp1 and Roc1) and 

a variable F-box protein, which specifically recruits substrates. F-box proteins have 

the F-box motif that associates with Skp1-Cul1 complexes which have an ubiquitin-

ligase activity. Therefore, F-box deficient mutants interact with target substrates, 

however, cannot induce ubiquitination. PPARg protein levels are decreased 

efficiently by FBXO9 wild type, but not by FBXO9 F-box deletion mutant 

(FBXO9-ΔF) (Fig. 6B). Typically, F-box proteins interact with their targets in a 

phosphorylation-dependent manner, and then, recruit SCF ubiquitin-ligase 

complexes to the phosphorylated substrates. There are eight predicted or confirmed 

phosphorylation sites on PPARg2 (S46, S51, Y95, Y102, S112, Y173, S273, S317) 

(http://www.phosphosite.org). Among them, confirmed sites are serine 112 and 273 

of PPARg2. The co-overexpression experiments between FBXO9 and PPARg2 

S112A or S273A showed that these two sites of PPARg2 are not involved in the 

regulation of PPARg by FBXO9. These results suggest that there is another 

phosphorylation site recognized by FBXO9. In addition, while endogenous PPARg 

levels were significantly decreased by FBXO9 overexpression, knockdown of 

FBXO9 did not affect endogenous PPARg in adipocytes (Fig. 8.). These results 
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might be due to low basal level of FBXO9 or suggest that FBXO9 regulates PPARg 

in unknown physiological condition which induces a specific phosphorylation of 

PPARg rather than regulates the basal levels of PPARg in adipocytes. Further study 

will be focused on physiological roles of FBXO9 in the regulation of PPARg protein 

levels in adipocytes. 

Next, cellular localization of FBXO9 was determined using immunocytochemistry 

and western blot analysis. FBXO9 predominantly exists in cytosol, and also exists 

in nucleus at low levels. These results suggest that FBXO9 regulates cytoplasmic 

proteins as well as the transcription factor, PPARg. Consistently, some cytoplasmic 

FBXO9 substrates such as telomerase maintenance 2 (Tel2), Tel2 interacting protein 

1 (Tti1), and the large conductance Ca2+-activated K+ channel b1 subunit (BK-b1) 

have been identified [37, 38]. In this study, I found the possibility that FBXO9 is a 

specific E3 ligase of PPARg, and further study will tell how FBXO9 regulates 

PPARg stability in adipocytes.  
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CHAPTER II 

 

HAUSP modulates PPARg stability through its 

deubiquitinating activity 
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<Introduction> 

 

The nuclear receptor PPARg is a ligand-activated transcription factor that acts a 

critical role in the control of gene expression linked to a variety of physiological 

processes. PPARg was initially characterized as the master regulator for the 

development of adipocytes. Activation of PPARg improves insulin sensitivity in 

rodents and humans through a combination of metabolic actions, including 

partitioning of lipid stores and the regulation of metabolic and inflammatory 

mediators called adipokines. Ligands for PPARg include naturally occurring fatty 

acids and the thiazolidinedione (TZD) class of antidiabetic drugs. Ligand-binding to 

PPARg stimulates formation of a heterodimer between PPARg and RXRa, which 

binds to PPRE to increase the transcription of target genes. 

PPARg is composed of a N-terminal activation function-1 (AF-1) domain, a 

DNA-binding domain (DBD), a hinge domain, and a C-terminal ligand-binding 

domain (LBD). The AF1 domain has a ligand-independent transcriptional activity 

and also affects a ligand-binding affinity such as reduced it by PPARg2-S112 

phosphorylation [5], and has the ability to promote adipocyte differentiation [6, 7]. 

The LBD domain has a region for the heterodimerization with the 9-cis retinoic X 

receptor (RXR) and contains a ligand-dependent transcriptional activating function 

(AF-2) domain at the C-terminus. Most of cofactors, coactivators and corepressors, 

are not known to be highly regulated at the expression level. Therefore, the major 
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regulatory mechanism for PPARg activity is dominantly the ligand-binding and the 

posttranslational modification of it. 

The post-translational modification of PPARg has been studied in detail. However, 

to date, no enzymes have been identified that can deubiquitinate PPARg. In this 

study, Ubiquitin-specific proteases/Herpesvirus-associated ubiquitin-specific 

protease (HAUSP) was identified as a deubiquitinating enzyme of PPARg. It has 

been known that HAUSP selectively increases the protein stability by 

deubiquitinating activity for p53 and mouse double minute 2 (Mdm2) as E3 ligase 

of p53. In addition, HAUSP has been shown to bind with a variety of molecules 

including phosphatase, and tensin homologue (PTEN), fork head box O (FOXO4), 

p16/INK4a, histone 2B, and Epstein-Barr nuclear antigen 1 (EBNA1) to regulate 

their stability and function [15-19]. In this study, I demonstrated that HAUSP 

increases the protein stability of PPARg by deubiquitinating activity, resulting in the 

enhanced transcriptional activity of PPARg. 
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<Materials and Methods> 

 

Construction of plasmids, adenoviruses, and antibodies 

Expression vectors containing each domain of mouse PPARg2 were constructed 

by subcloning the corresponding cDNAs into N-terminal HA tagged pcDNA3.1. 

The deletion mutants of mouse PPARg2 were constructed into HA tagged 

pcDNA3.1 as follows. The cDNAs encoding the activating function-1 (AF-1) 

domain from 1 to 138 amino acids, DNA binding domain (DBD) and hinge domain 

from 139 to 279 amino acids, ligand binding domain (LBD/AF2) from 279 to 505 

amino acids, AF1/DBD from 1 to 280 amino acids, and DBD/LBD from 137 to 505 

amino acids of mouse PPARg2 were generated by using the polymerase chain 

reaction, and then ligated into HA tagged pcDNA3.1 using the KpnI and XbaI sites. 

The expression vectors of Flag-HAUSP and His-ubiquitin were kindly provided by 

C. H. Chung (Seoul National University, South Korea). The PPRE reporter vector 

(PPRE-pk-Luc), the control reporter vector (pk-Luc) and β-galactosidase expression 

vector (β-Gal) were kindly provided by S. H. Koo (Sung Kyun Kwan University, 

South Korea). Adenoviruses encoding human HAUSP/USP7 (Ad-HAUSP) were 

generated by insertion of ORF into pAdTrack-CMV. GFP expressing adenoviruses 

(Ad-GFP) were constructed as described previously. Antibodies against PPARg, 

HAUSP, HA, ubiquitin, and g-tubulin were purchased from Santa Cruz Biotech. 

Anti-Flag antibodies were purchased from Sigma-Aldrich. 
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Cell culture  

COS7 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS) and 50 mg/ml penicillin and 

streptomycin in a 5% CO2 incubator. C2C12 myoblasts were cultured in DMEM 

supplemented with 10% FBS, and differentiation into myotubes was induced by 

culturing the cells in DMEM containing 2% horse serum for 5-7 days. 3T3-L1 cells 

were maintained in DMEM containing 10% calf serum and 50 mg/ml penicillin and 

streptomycin in a 5% CO2 incubator. Differentiation of adipocytes was induced by 

addition of 10% FBS-supplemented DMEM containing 0.25 µM dexamethasone, 

0.5 mM 3-isobutyl-1-methylxanthine (IBMX) and 5 µg/ml insulin for 2 days. And 

then, cells were maintained in DMEM with 10% FBS and 1 µg/ml insulin for the 

following 2 days, and further maintained in DMEM with 10% FBS for the 

following 4 days. 

 

 

Isolation of PPARg binding protein 

The expression of GST or GST-PPARg was induced by 0.1 mM IPTG at 25 °C for 

8 hours. The GST or GST-PPARg proteins were purified using glutathione affinity 

chromatography according to the manufacturer’s instruction. HeLa cells were lysed 

in lysis buffer (50 mM Tris-HCl, pH 7.4, 50 mM NaCl, 0.5 mM EDTA, 1 mM 

PMSF, 5ug/ml aprotinin, 1% triton X-100). 10 mg of HeLa extracts were incubated 

with GST or GST-PPARg bound to agarose bead at 4°C for 4 hours. After 3 times 
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washing, proteins were separated by SDS-PAGE, and visualized with silver staining 

kit (Bio-Rad). The interesting bands were in-gel digested with trypsin (Promega). 

For MALDI-TOF MS analysis, the peptides were loaded onto the MALDI plate 

(Opti-TOFTM 384-well Insert, Applied Biosystems). MALDI-TOF MS was 

performed on 4800 MALDI-TOF/TOFTM Analyzer (Applied Bioystems) equipped 

with a 355 nm Nd:YAG laser. Data was obtained in the reflecton mode with an 

accelerating voltage of 20 kV and sum from either 500 laser pulses and calibrated 

with the 4700 calibration mixture (Applied Biosystems). Database search criterias 

were, 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 proteolysis) and keratin were excluded. 

 

 

Co-immunoprecipitation and western blot analysis 

To determine the association of PPARg with HAUSP, COS7 cells were transfected 

with following vectors by using Lipofectamine-plus reagent (Invitrogen): HA-

PPARg WT, HA-AF1, HA-DBD, HA-LBD, HA-AF1/DBD, and HA-DBD/LBD 

with FLAG-HAUSP. Cell lysates were prepared with lysis buffer containing 20 mM 

Tris-HCl (pH 7.4), 5 mM EDTA, 1 % NP-40, 10mM Na4P2O7, 100mM NaF, 2mM 

Na3VO4, 7µg/ml leupeptin, 7µg/ml aprotinin and 1mM PMSF. 500 ug of cell lysates 

were subjected to immunoprecipitation with anti-HA antibody bound to agarose 
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beads (Roche) for 4 hours at 4℃. To assess the endogenous interaction of PPARg 

with HAUSP, the differentiated 3T3-L1 cells were lysed in 50 mM HEPES (pH 7.5), 

150 mM NaCl, 10% glycerol, 1 mM EDTA, 2mM b-mercaptoethanol, 10mM 

Na4P2O7, 1 % NP-40, 100mM NaF, 2mM Na3VO4, 7µg/ml leupeptin, 7µg/ml 

aprotinin and 1mM PMSF. Then, 500mg of cell lysates were incubated with 2µg 

of normal IgG or PPARg specific antibody overnight at 4℃, and then, further 

incubated with protein G-Sepharose (Roche) for 1 hour. To investigate the HAUSP 

dependent deubiquitination of PPARg, 60 mm dish COS7 cells (1.25x106) were 

transfected with pHA-PPARg (1mg), and pHis-Ubiquitin (1mg), in the presence or 

absence of pFlag-HAUSP (0.5mg) expression vectors. After 48 hours, the cells were 

harvested and lysed with lysis buffer containing 20 mM HEPES (pH 7.4), 150 mM 

NaCl, 1% Triton X-100, 1 % sodium deoxycholate, 0.1 % SDS, 1mM EDTA, and 

10mM Na4P2O7, 100mM NaF, 2mM Na3VO4, 7µg/ml aprotinin, 7µg/ml leupeptin, 

and 1mM PMSF. Then, 500 mg of the cell lysates were incubated with anti-HA 

antibody bound to the agarose beads for 4 hours at 4℃. The precipitates were 

washed 3 times and subjected to 9% SDS-PAGE and then blotted with their specific 

antibodies. All blots were developed using the enhanced chemi- luminescence kit 

(Thermo). 

 

 

Luciferase activity assay 

COS7 cells (5×105) were seeded into 12-well plates and transfected with luciferase 
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reporter vectors containing PPRE (0.3 µg), HA-PPARg (0.1 µg), β-Gal (0.1 µg), in 

the presence or absence of FLAG-HAUSP (0.1, 0.3 µg), and maintained for 24 

hours. Cells were treated with DMSO or rosiglitazone (10 µM) for 24 h, and then 

harvest using reporter lysis buffer. Luciferase activities were determined using the 

Luciferase Assay System Kit (Promega) and Lumat LB9507 (Berthold) as following 

the manufacturer’s instructions. Luciferase activity was normalized by the activity 

of β-galactosidase. 

 

 

RT-PCR and Northern blot analysis 

Total RNAs were extracted using TRIzol reagent (Invitrogen) according to the 

manufacturer’s instructions. cDNAs were prepared by reverse transcription with 

1ug of total RNA, and then, each gene transcript was amplified by polymerase chain 

reaction (PCR) using their specific primers (Table 3). PCR products were analyzed 

by elecrophoresis on a 1% agarose gel. In addition, 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. For northern blot analysis, total RNAs (10 µg) was separated 

by electrophoresis in a 1.2 % agarose gel and then transferred to Nytran membranes 

(NY 13-N; Schleicher & Schuell, Stanford, ME, USA). Probes for mouse FABP3 

and GAPDH were synthesized by using Klenow polymerase (Ambion). The 

membrane was prehybridized in QuickHyb hybridization solution (Stratagene) for 1 
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h 68℃, and then hybridized with [a-32P] dATP labeled mouse FABP3 and GAPDH, 

for overnight 68℃. The membrane was washed in 2X SSC, 0.1 % SDS solution for 

1 h, and developed.  

 

 

<Table 3> Primers used for RT-PCR/q PCR 

 

 

 

Statistics 

SPSS, version 10.0 (SPSS Inc., Chicago, IL), was used for statistical analysis. The 

data have been expressed as means ± SEM. The differences between the means 

were analyzed using the Mann-Whitney U-test. A P-value less than 0.05 denoted the 

presence of statistically significant difference. 
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<Results> 

 

Association of PPARg with HAUSP 

PPARg is a substrate of polyubiquitination and degraded by proteaosome 

dependent pathway [14, 20]. In addition, PPARg has been known to be regulated by 

sumoylation [11, 21, 22]. In order to search for the regulatory proteins of PPARg, 

we performed bioinformatic analysis using human PPARg amino acid sequence 

(http://elm.eu.org). The result of bioinformatic analysis showed that 454-458 aa of 

PPARg2 might be a substrate of HAUSP (Fig. 10A). In addition, we performed GST 

pull down assay using GST or GST-PPARg. Mass analysis showed that the isolated 

binding candidate of PPARg is HAUSP (Fig. 10B, C, table 4). The co-

immunoprecipitation assay showed that PPARg specifically interacts with HAUSP 

(Fig. 11A). To further investigate the endogenous interaction between PPARg and 

HAUSP, co-immunoprecipitation was performed using differentiated 3T3-L1 

adipocytes showed that PPARg specifically interacts with HAUSP, but not with 

C/EBPa (Fig. 11B). To identify which domain of PPARg is responsible for the 

interaction with HAUSP, we constructed various deletion mutants of PPARg as 

shown in Fig. 11C, and then performed the co-immunoprecipitation assay. HA-

PPARgWT, HA - PPAR g DBD, HA  - PPAR g LBD, HA- PP ARg 

AF1/DBD, and HA- PPAR g DBD/LBD were shown to interact with HAUSP, 

but not HA-AF1, suggesting that the DBD and LBD regions of PPARg are 
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responsible for the interaction with HAUSP (Fig. 11D). 
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Fig. 10. The analysis for the regulatory proteins of PPARg 

(A) The results of bioinformatic analysis using human PPARg amino acid sequence. 

(B) GST or GST-PPARg were incubated with 10mg of HeLa cell extracts and 

separated by SDS-PAGE, then visualized by silver staining. (C) The band was in-

gel digested with trypsin and analyzed by 4800 MALDI-TOF/TOFTM analyzer. The 

indicated letters were identified region from mass analysis.  
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<Table 4> Protein identities determined by MALDI-TOF MS 

 

 

 

 

 

 

 

 

 



43 

 

 

 

 

 

Fig. 11. HAUSP interacts with PPARg.  

(A) COS7 cells were transfected with HA-PPARg and FLAG-HAUSP. Cell lysates 

were subjected to immunoprecipitation (IP) using anti-HA antibody, and blotted 

with anti-FLAG or anti-HA antibody. (B) The differentiated 3T3-L1 whole cell 

lysates were used for immunoprecipitation, which using whole cell lysates was 

carried out with normal IgG or anti-PPARg antibody. ( C) HA-PPARg fusion 

proteins used in this study. AF1, DBD, LBD, AF1/DBD, and DBD/LBD were 

fused to a HA epitope tag. AF-1, activation function 1 domain; DBD, DNA-binding 

domain; LBD, ligand-binding domain. (D) HA-PPARg-WT, HA-PPARg-AF1, HA-

PPARg-DBD, HA-PPARg-LBD, HA-PPARg-AF1/DBD, and HA-PPARg-

DBD/LBD were cotransfected with FLAG-HAUSP to COS7 cells. 500mg of 

whole cell lysates (WCL) were subjected to immunoprecipitation with anti-FLAG 

antibody, and blotted with anti-HA or anti-FLAG antibody.  
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The PPARg ligand does not affect the interaction between PPARg and HAUSP 

 As PPARg is a ligand-activated transcriptional factor, the conformational change of 

PPARg protein was induced through a ligand binding to it. To examine the ligand 

dependency of the interaction of PPARg with HAUSP, differentiated adipocytes or 

COS7 cells transfected with HAUSP and PPARg were treated with the PPARg 

ligand, rosiglitazone, in a time dependent manner, and the co-immunoprecipitation 

analysis was performed. However, there was no ligand dependency in the 

interaction of PPARg with HAUSP (Fig. 12A, B). In addition, and in vitro 

competition assay using HAUSP/ PPARg complex and rosiglitazone was performed 

in a time dependent manner, as shown in Figure 12 C. I hypothesized that if the 

HAUSP would compete with rosiglitazone in association with PPARg, HAUSP 

would be detected in the supernatant. However, we could not detect HAUSP in 

supernatant in either the exogenous COS7 or endogenous differentiated 3T3-L1 

adipocytes systems, which further confirms that HAUSP does not compete with 

ligand in its association with PPARg (Fig. 12D, E). These results suggest that there 

was no ligand dependency in the interaction of PPARg with HAUSP. 

 

 

 

 

 



46 

 

 

 

 

Fig. 12. Ligand dependency analysis in the association of HAUSP with PPARg. 

 (A) COS7 cells were transfected with HA-PPARg and FLAG-HAUSP for 24 

hours and treated with rosiglitazone as indicated. Cell lysates were subjected to 

immunoprecipitation (IP) using an anti-FLAG antibody and immunoblotted with 

anti-HAUSP or anti-PPARg antibodies. (B) The differentiated 3T3-L1 cells were 

treated with rosilglitazone as indicated, and whole cell lysates of undifferentiated 

and differentiated 3T3-L1 cells were immunoprecipitated with an anti-

PPARg antibody. (C) Schematic diagram for the in vitro competition assay between 

HAUSP/ PPARg complex and rosiglitazone. For the in vitro competition assay, 

either COS7 cells were transfected with HA-PPARg and FLAG-HAUSP for 24 

hours (D), or differentiated 3T3-L1 adipocytes (E) were examined. After 

precipitation of HAUSP/ PPARg complex using anti-HA antibody or anti-PPARg 

antibody, rosiglitazone (10 mM) was added to HAUSP/ PPARg complex and 

incubated in a time dependent manner at room temperature. After brief tapping and 

centrifugation, supernatant (sup) and pellet were harvested for Western blot. 
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Deubiquitination and stabilization of PPARg by HAUSP 

HAUSP increases protein stability by preventing proteasome-dependent 

degradation through deubiquitination of a variety of target proteins including p53 

and MDM2 [15, 16, 23]. Therefore, the deubiquitination of PPARg by HASUP was 

examined in COS7 cells. The co-immunoprecipitation assay using anti-HA antibody 

showed that HAUSP efficiently deubiquitinated the ubiquitin-PPARg conjugates 

(Fig. 13A). The over-expression of FLAG-HAUSP increased PPARg protein levels 

in whole cell extracts. Because PPARg is degraded by ubiquitination [24], the 

increase of PPARg in whole cell lysates might be due to the deubiquitinating 

activity of HAUSP. Recently, it was reported that a catalytic mutant of HASUP 

(C223S) didn’t stabilize p53 due to the lack of deubiquitinating activity [25]. Thus, 

I further confirmed the specificity of HAUSP for the deubiquitination of PPARg by 

transfecting the HAUSP C223S mutant into COS7 cells. Wild-type HAUSP, but not 

the HAUSP C223S mutant, efficiently removed ubiquitin from ubiquitin-PPARg 

conjugates (Fig. 13B). The protein level of PPARg was increased by wild-type 

HAUSP, but not effective by the HAUSP C223S mutant (Fig. 13B). In addition, the 

ubiquitination assay was repeated using various PPARg deletion mutants, and, in 

agreement with a previous report, we identified the LBD of PPARg as a major 

ubiquitinated domain (Fig. 13C) [24]. Using the deubiquitination assay, I was also 

able to show HAUSP efficiently removed ubiquitin from Ub-LBD of 

PPARg (Figure 13D). In addition, a site directed mutagenesis study was performed 
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to find the critical residue for ubiquitination of PPARg. Using the websites 

http://protein.cau.edu.cn/cksaap_ubsite/ and http://bdmpub.biocuckoo.org/ to 

predict the ubiquitinated residues of PPARg, four mutants of PPARg (K382R, 

K386R, K395R, K462R) were examined in the ubqiuitination assay. These results 

showed that the K462 mutant of PPARg showed reduced ubiquitination (Figure 

13E). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



50 

 

Fig. 13. Deubiquitination of PPARg by HAUSP.  

HA-PPARg, His-Ub, and FLAG-HAUSP were co-transfected into COS7 cells for 

24hours and treated with MG132 (10 mM), a proteasome inhibitor, for 5 hours to 

inhibit degradation of ubiquitinated-PPARg. PPARg was precipitated with an anti-

HA antibody and immunoblotted with the indicated antibodies (A). To confirm the 

specificity of HAUSP for PPARg, HA-PPARg and His-Ub were co-transfected with 

wild type FLAG-HAUSP or mutant FLAG-HAUSP C223S for 24 hours and 

treated with MG132 (10 mM) for 5 hours. PPARg was precipitated with an anti-HA 

antibody and immunoblotted with the indicated antibodies (B). (C) HA-PPARg-WT, 

HA-PPARg-AF1, HA-PPARg-DBD, HA-PPARg-LBD, HA-PPARg-AF1/DBD, and 

HA-PPARg-DBD/LBD were cotransfected with His-Ub into COS7 cells and 500 

mg of whole cell lysates (WCL) were subjected to immunoprecipitation with an 

anti-HA antibody followed by immunoblotting with anti-HA, or anti-Ub antibody. 

Arrow head indicates IgG light chain. (D) HA-PPARg-WT and HA-PPARg-LBD 

were cotransfected with His-Ub into COS7 cells in the presence or absence of 

FLAG-HAUSP. PPARg was precipitated with an anti-HA antibody and 

immunoblotted with anti-HA, anti-Ub, or anti-FLAG antibody. (E) HA-PPARg 

(wild type, K382R, K386R, K395R, K462R) was co-transfected with His-Ub into 

COS7 cells and subjected to ubiquitination assay. PPARg was precipitated with an 

anti-HA antibody and immunoblotted with anti-HA or anti-Ub antibody. g-tubulin 

was used as a loading control. The experiment was performed independently at 
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least 3 times. 
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To further confirm the stabilization of PPARg by HAUSP, FLAG-HAUSP and HA-

PPARg were transfected at different concentrations into COS7 cells. PPARg protein 

expression was increased with the expression of FLAG-HAUSP in a dose-

dependent manner (Fig. 14). Furthermore, the endogenous PPARg level was 

increased in a dose dependent manner after infection with HAUSP expressing 

adenoviruses (Ad-HAUSP), but not with control adenoviruses (Ad-GFP) (Fig. 15C). 

The endogenous PPARg band detected in COS7 cells was further confirmed by 

Western blot and qRT-PCR after transfection of PPARg si-RNAs (Fig. 15A, 15B). 

qRT-PCR analysis showed that the transcript level of PPARg was not affected by 

HAUSP over-expression (Fig. 15C, 15D). To rule out the possibility that the 

regulation of PPARg by HAUSP might be regulated at the translational level, 

cycloheximide treatment was used to inhibit de novo protein synthesis, and the 

stability of PPARg was assessed. In this experiment, values were normalized to the 

basal intensity of the PPARg signal to exclude density-dependent variation when 

calculating the time-dependent effects of HAUSP on the stability of PPARg. In the 

control samples, PPARg protein levels decreased by approximately 50% within 2 

hours of cycloheximide treatment and the protein was barely detected after 8 hours, 

which is in agreement with previous reports [8, 26, 27]. (Fig. 16A). The over-

expression of HAUSP significantly prolonged the half-life of PPARg by up to about 

6 hours after cycloheximide treatment (Fig. 16A, 16B). However, HAUSP C223S 

mutant had no effect on the half-life of PPARg (Fig. 16C, 16D). Recently, 7-Chloro-
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9-oxo-9H-indeno[1,2-b]pyrazine-2,3-dicarbonitrile (HBX 41,108) was identified as 

an inhibitor of HAUSP [28]. HBX 41,108 inhibited the increase of PPARg stability 

induced by wild-type HAUSP, further confirming that PPARg stability is regulated 

by HAUSP (Fig. 16C, 16D). These results suggest that HAUSP increases PPARg 

protein stability by deubiquitinating from PPARg-Ub conjugates at post-

translational level. 
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Fig. 14. HAUSP increases the protein levels of PPARg in cooverexpression 

study. 

HA-PPARg and Flag-HAUSP were transfected into COS7 cells for 24 hours. Cell 

lysates (30 mg) were subjected to Western blot analysis 
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Fig. 15. HAUSP increases the protein levels of endogenous PPARg in COS7 

cells. 

(A) To validate endogenous PPARg, control or PPARg si-RNAs (20nM) were 

transfected to COS7 cells using lipofectamine 2000 for 48 h. Cell lysates (30 mg) 

were harvested for  Western blot analysis. g-tubulin was used as a loading control. 

(B) Total RNAs were harvested and qRT-PCR was performed to conform the 

down-regulation of PPARg in COS7 cells (C-D) COS7 cells were infected with 

GFP or HAUSP adenoviruses as indicated and cell lysates were subjected to 

immunoblotting. Total RNAs were isolated, and qRT-PCR was performed to 

analyze the expression of PPARg, HAUSP and GFP mRNA. Data represent the 

mean ± SEM of the averages of three independent experiments. *P<0.01.  
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Fig. 16. HAUSP increases the stability of PPARg. 

(A-B) The empty vector or FLAG-HAUSP was co-transfected with HA-PPARg to 

COS7 cells for 24 hours and cycloheximide (5 mM) was added for the indicated 

times. *P<0.01. (C-D) Wild type FLAG-HAUSP or mutant FLAG-HAUSP C223S 

was co-transfected with HA-PPARg to COS7 cells for 24 hours, and cells were 

pretreated with HBX 41,108 (20 mM) for 2 hours. Cells were treated with 

cycloheximide (5 μM) for the indicated times and lysates were analyzed by 

Western blotting (*, vs. HAUSP-C223S; †, vs. HAUSP-WT+HBX; ‡, vs. HAUSP-

C223S). The densities of the PPARg bands at time point 0 were set to 100%, and 

the remaining densities were expressed as relative values. Data represent the mean 

± SD of the averages of three independent experiments.*P<0.01, †P<0.05, 

‡P<0.05. 
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PPARg transcriptional activity is increased by HAUSP 

Because the deubiquitination of PPARg by HAUSP resulted in the increase of 

stability of PPARg protein, next, I examined whether the increased PPARg could 

lead to enhancement of transcriptional activity of PPARg. So we performed 

luciferase assay using plasmids containing PPARg response element (PPRE). 

HAUSP significantly increased the PPARg transcriptional activity from 2 to 4 folds 

in a dose dependent manner in both DMSO and rosiglitazone treated group, further 

confirming that stabilization of PPARg by HAUSP leads to the enhanced 

transcriptional activity (Fig. 17A). However, there were no changes in the specific 

activity of PPARg, as shown by normalization of luciferase activity using PPARg 

protein levels (Fig. 17B). This suggests that the increase in the transcriptional 

activity of PPARg by HAUSP was due to an increase of the PPARg protein, rather 

than an effect on its specific activity.  
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Fig. 17. The transcriptional activity of PPARg is increases by HAUSP 

(A). COS7 cells were transfected with luciferase reporter empty vectors (pk-luc) or 

containing PPRE (PPRE-pk-luc) with HA-PPARg and β-Gal in the presence or 

absence of Flag-HAUSP. Lucuferase activity was normalized with b-gal activity. 

Data represent the means ± standard errors of the averages of five independent 

experiments. The expression of transfected proteins was confirmed by western blot 

using anti-HA, anti-Flag, and anti-g-tubulin antibody. (B) Transcriptional activity 

of PPARg was normalized using luciferase activity and band intensity of 

PPARg. The data represents the means ± SD of the averages of three independent 

experiments.*, P<0.05; **, P<0.01. 
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To address PPARg target gene could be induced by HAUSP, HAUSP was 

overexpressed in adipocytes, C2C12, and HepG2 cells. In adipocytes, the induction 

of the expression of PPARg dependent genes by HAUSP was not observed (Fig. 18). 

So, I checked whether the protein levels of endogenous PPARg are affected by 

HAUSP. The basal level of PPARg protein was not changed by overexpression or 

knockdown of HAUSP in adipocytes (Fig. 19A, 19B). In C2C12, RT-PCR and 

northern blot analysis using total RNAs showed that HAUSP increased only the 

expression of fatty acid binding protein 3 (FABP3) about 2.5 folds, but the 

induction of other genes was not observed (Fig. 20A, 20B).  
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Fig. 18. HAUSP does not affect the expression levels of PPARg dependent 

genes in adipocytes 

3T3-L1 adipocytes were infected with 300 moi of GFP or HAUSP adenoviruses for 

48 hours and treated with rosiglitazone (10 mM) for 36 hours. Total RNAs were 

subjected to RT-PCR analysis. The band density of genes was normalized with the 

band density of GAPDH. The data represent the means ± standard errors of the 

averages of three independent experiments.  
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Fig. 19. HAUSP does not affect the PPARg protein levels in 3T3 L1 adipocytes 

(A) 3T3-L1 adipocytes were infected with 300 moi of GFP or HAUSP 

adenoviruses for 24 hours and treated with rosiglitazone (10 mM) for 20 hours. 

Whole cell lysates were subjected to Western blot analysis. The band density of 

PPARg was normalized with the band density of g-tubulin. The data represent the 

means ± standard errors of the averages of three independent experiments. (B) 

Non-specific si-RNAs (siNS) or HAUSP si-RNAs (siHAUSP), 50nM, were 

transfected to 3T3-L1 adipocytes for 48 hours, and then, rosiglitazone (10 mM) was 

treated for 20 hours. Total RNAs were isolated, and synthesized into cDNAs for 

RT-PCR. PPARg protein levels were normalized with g-tubulin. The data represent 

the means ± standard errors of the averages of three independent experiments. 
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Fig. 20. HAUSP increases the transcript levels of FABP3 as a target gene of 

PPARg in C2C12 

(A), (B) C2C12 cells infected with 50 moi of GFP or HAUSP adenoviruses for 48 

hours were treated with rosiglitazone (10 mM) for 36 hours. Total RNAs were 

isolated, and then subjected to RT-PCR and northern blot analysis as described in 

methods. In RT-PCR analysis, the band density of genes was normalized with the 

band density of GAPDH. The data represent the means ± standard errors of the 

averages of three independent experiments (A). In northern blot analysis, the band 

density of FABP3 was normalized with the band density of GAPDH. Data were 

presented as relative values for the FABP3 mRNA level of GFP-infected and 

DMSO-treated cells. The graph of northern blot analysis illustrates the means ± 

standard errors of the averages of three independent experiments (B). *, P<0.05 
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In HepG2 cells, to determine whether the transcriptional activity of PPARg is 

regulated by HAUSP, luciferase assays using PPRE were performed. The 

overexpression of HAUSP significantly increased the transcriptional activity of 

endogenous PPARg as well as the protein levels of endogenous PPARg (Fig. 21A). 

Conversely, the specific siRNA-mediated knockdown of HAUSP in HepG2 cells 

significantly decreased the transcriptional activity of PPARg as well as the 

expression of endogenous PPARg (Fig. 21B). The analysis of PPARg target genes 

using quantitative RT-PCR showed that HAUSP increased the transcription of 

adipose differentiation-related protein (ADRP), fatty acid-binding protein 1 

(FABP1), glycerol kinase (GK), glucose transporter 2 (GLUT2), and CD36 by about 

2-fold even in the absence of rosiglitazone (Fig. 21C). Rosiglitazone further 

increased the expression of ADRP, FABP1, GLUT2, and CD36. Knockdown of 

HAUSP significantly decreased the transcript levels of ADRP, FABP1, GK, GLUT2, 

and CD36 in both the presence and absence of rosiglitazone, whereas the PPARg 

transcript levels were unchanged (Fig. 21D). 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. 

22A, 22B). Conversely, down-regulation of HAUSP by siRNA significantly 

decreased the uptake of glucose and fatty acids in the presence and absence of 

rosiglitazone (Fig. 22C, 22D). 

These results demonstrated that HAUSP induced the increase of PPARg target 

genes, through stabilization of PPARg by deubiquitinating activity, however, it 
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seems that the modulation by HAUSP affects tissue-specifically. 
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Fig. 21. HAUSP increases the transcriptional activity of PPARg in hepatocytes 

(A) HepG2 cells were co-transfected with a luciferase reporter construct containing 

the PPRE (PPRE-pk-luc) and b-Gal in the presence or absence of FLAG-HAUSP, 

and DMSO or rosiglitazone (10µM) was applied for 24 h. Lucuferase activity was 

normalized with b-gal activity. Cell lysate were blotted with anti-PPARg or anti-

FLAG antibody. (B) HepG2 cells were transfected with control siRNA or HAUSP 

siRNA (20 and 50nM) for 24 h and then with PPRE-pk-luc and b-Gal reporter for 

24 h. The data represent the mean ± standard errors of the averages of four 

independent experiments. Western blot analysis was performed using anti-PPARg 

and anti-HAUSP antibody. g-tubulin was used as loading control. To examine the 

expression of PPARg target genes by HAUSP, empty vector or FLAG-HAUSP 

(100ng) (C), and control si-RNA or HAUSP si-RNA (20nM) (D) were transfected 

to HepG2 cells for 24 hours and 48 hours, respectively. Then total RNAs were 

isolated, and synthesized into cDNAs for qRT-PCR using their specific primers. 

The data represent the means ± standard errors of the averages of three independent 

experiments. *, P<0.05; **, P<0.01. 
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Fig. 22. HAUSP regulates the glucose and palmitate uptake in hepatocytes 

HepG2 cells were transfected with Empty vector (100ng) or FLAG-HAUSP 

(100ng), and DMSO or rosiglitazone (10µM) was applied for 24 h (A, B). HepG2 

cells were transfected with control siRNA or HAUSP siRNA (20 nM) for 24 h, and 

then treated with DMSO or rosiglitazone (10µM) for 24 h (C, D). The uptake of 2-

D-[14C] deoxyglucose (A, C) or [3H]BSA/palmitate (B, D) was analyzed. Data 

represent the mean ± S.D. of the averages of three independent experiments. *,P 

< 0.05; **,P < 0.01. 
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<Discussion> 

 

PPARg is involved in critical functions of a variety of physiological processes 

including adipogenesis, glucose homeostasis, lipid metabolism, and osteogenesis [1]. 

PPARg is polyubiquitinated by ligand binding or phosphorylation, and then 

degraded by the proteasome [14, 20]. However, to date, no enzymes have been 

identified that can deubiquitinate or dephosphorylate PPARg. As a novel PPARg 

regulatory protein, HAUSP was isolated which stabilizes the target protein by 

deubiquitination [15, 23, 31]. The DBD and LBD of PPARg were responsible for its 

interaction with HAUSP (Fig. 11). A recent report showed that only the LBD of 

PPARg is poly-ubiquitinated to target the protein for degradation [24], suggesting 

that HAUSP stabilizes the PPARg protein by removing the ubiquitin conjugated to 

the LBD. In this study, K462R mutant of PPARg showed the reduced ubiquitination 

pattern. In addition, I found that PPARg was still ubiquitinated even though K462 

was substituted with arginine, suggesting that PPARg is ubiquitinated at multiple 

residues. 

Stability analysis using cycloheximide showed that the half-life of PPARg is 

turned out to be about 2 hours (Fig. 16A). This result is consistent with previous 

reports [8, 26]. Surprisingly, HAUSP significantly increased the half-life of PPARg 

up to 4-6 hours. Whereas PPARg was hardly detected 8 hours after cycloheximide 

treatment in the controls, approximately 30% of the protein was still detectable in 
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cells over-expressing HAUSP in COS7 cells. This was further confirmed by 

transfection with the HAUSP C223S mutant, which did not increase PPARg stability. 

Furthermore, treatment with HBX 41,108, a specific inhibitor of HAUSP, abolished 

the increase of PPARg stability induced by the ectopic expression of wild-type 

HAUSP (Fig. 16C). Moreover, the luciferase assay using PPRE showed that 

HAUSP increased the transcriptional activity of PPARg in a dose dependent manner. 

However, specific activity analysis through normalization of luciferase activity 

using PPARg showed that there was no difference in the specific activity of PPARg 

(Fig. 17B). This suggests that the increase in the transcriptional activity of PPARg 

by HAUSP was due to the increase of the PPARg protein, not the specific activity. 

Additionally, most of the functional relationship between PPARg and HAUSP 

shown in this study was shown in liver cells, because the altered PPARg stability 

affected by HAUSP over-expression or si-RNA knock-down was not observed in 

differentiated 3T3-L1 adipocytes. This might be because even though HAUSP has 

deubiquitinating activity against PPARg in differentiating adipocytes, the increase of 

PPARg deubiquitinated by HAUSP might be relatively paltry compared to the 

higher expression of PPARg in adipocytes. However, as the expression of PPARg in 

liver is relatively minimal compared to adipocytes, the increased expression of 

PPARg by HAUSP in liver might have a more significant effect upon PPARg and 

metabolic regulation than in adipocytes. 

Taken together, I demonstrated for the first time that HAUSP increased protein 
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stability and transcriptional activity by deubiquitinating PPARg. Recently, it was 

reported that CDK5-mediated phosphorylation of PPARg might be involved in the 

pathogenesis of insulin-resistance, suggesting possibility for the novel anti-diabetic 

drug development [9]. Similarly, the increase of PPARg stability by HAUSP also 

suggests that HAUSP might be a target for the novel anti-diabetic drug 

development, as a critical molecule for the metabolic regulation related to PPARg. 
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사작용에 요  조 자인 Peroxisome proliferater-activated receptor gamma 

(PPARg) 는 리간드에 해 는 사인자 , 퀴틴 가 는 

단 질이다. 그러나 아직 지 PPARg  퀴틴  또는 탈 퀴틴  

효소에 해 알 진 가 없다. 이 연구에 , 이들 효소들  규명 다. 

, PPARg  퀴틴  효소 써 E3 ligase를 규명  해 PPARg

에  면역침강법과 질량분 법  사용 여 PPARg  결합 고 있는 

단 질들  스크리닝 다. 그 결과 E3 ligase 후보 단 질  F-

box protein 9 (FBXO9)과 HECT domain containing 2 (HECTD2)  

얻었다. PPARg  이  단 질  결합여부를 재 인  여 

PPARg  FBXO9 또는 HECTD2를 함께 과  시킨 후, 면역침강법  

행 다. 그 결과 PPARg  FBXO9 또는 HECTD2  결합  인

다. 지만, PPARg  FBXO9 또는 HECTD2  함께 과  시  

, FBXO9만이 PPARg 단 질  감소시킬  있었다. FBXO9에 

 PPARg 단 질 감소는 퀴틴- 티아좀 경 를 통  PPARg 

단 질  안  감소  인 여 일어난다는 것  인 다. FBXO9이 

포내생  PPARg 단 질  조   있는지 여부를 인해 본 

결과, FBXO9  과 에 해  PPARg 단 질 이 감소함  인
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다. 지만, FBXO9  knockdown  포내생  PPARg 단 질 

에 향  미 지 않았다. 이 결과들  종합 여 볼 , FBXO9이 

PPARg  E3 ligase임  인 다. 앞  FBXO9  PPARg 단 질 

안  조 작용이 일어나는 생리 인 조건  역 에  추가연구가 

요  것  여겨진다. 

다  PPARg  탈 퀴틴  효소를 규명 다. 이 연구에  

PPARg 에 GST-pull down과 질량분 법  사용 여 

Herpesvirus-Associated Ubiquitin-Specific Protease 

(HAUSP/USP7)  PPARg 가 결합 다는 것  인 다. 면역침강법

 사용 여  단 질  과  시   포내생 인 상태에  모

  결합 다는 것  다시 번 인 다. 그리고, 이 결합에 

PPARg  DNA 결합 도 인과 리간드 결합 도 인이 여 다는 것  

인 다. HAUSP는 PPARg  탈 퀴틴  작용  일 킴  인

고, 이  불어, PPARg  퀴틴 에 있어  PPARg  462 

lysine이 요 게 여 다는 것  인 다. 상 HAUSP  

HAUSP mutant, 그리고, HAUSP 억 자 (HBX41,108) 를 사용 여 

함 써, HAUSP가 PPARg 단 질  안  증가시킨다는 것  

인 다. 또 , HAUSP는 PPARg  사  증진시킴 써 

HepG2 포에  PPARg  자들   조   있다는 것  

인 다. 그리고, 그 결과 써 포도당 송능과 지 산 송능이 증가
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 인 다. 이 결과들  통합 여 볼 , HAUSP는 PPARg  탈

퀴틴  조 작용  통해 PPARg  안  증가시키고, 이 인해  

사  증진시킴  인 다. 

이 연구들  통 여 PPARg  퀴틴  탈 퀴틴  효소를 처

 규명 다. ,  효소가 PPARg 를 조 는 에 있어  

생리 인 역 과 조건에  추가 인 연구가 요 지만, 이  효소들

 PPARg 를 통  사작용 조  해  단 질이   있  것

이라 여겨진다. 

----------------------------------------------------------------------------------------------------- 

주요어 : PPARg, 퀴틴 , 탈 퀴틴 , FBXO9, HAUSP 

  번 : 2007-30560 
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어 주시는 우리 어 니께 리 여 이 감사인사 드립니다. 심  동

생  언 나 잘 챙겨주는 든든  우리 지아 나에게 고마운 마  합

니다. 그리고,  일찍 나님 곁   가  다리고 계시는 우
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리 아버지, 언 가 다시 만나   뿌듯해 실 아들  모습  인사드

릴  있도  열심히 살아가겠습니다.  

그리고,  든든  버 목이 어 언 나 원해 주시는 처가 식구들, 

특별히, 부족  를 믿고 소   아내  맞이   있도  허락해 

주신 아버님, 어 님께 이 감사인사 드립니다. 그리고, 태경이 진이

, 연이 찬이 , 막내 처  식구, 그리고 님께 감사  마

 합니다. 그리고, 주에 계시는 큰고모  작  아 들, 고모들, 막내 

삼 , 그리고 동생들에게 감사  마  합니다. 또 , 항상 도해 주

시며 뜻  사랑  격 해 주신 외 니  얼마  나님 곁  

 가신 외 아버지께 감사 인사를 드립니다. 그리고, 언 나 힘이 

고 가 어주신 신  담임목사님과 우리 임마 엘 회 식구들, 특

별히 가  는 모습  다리시다가 얼마  나님 곁  가신 

강 회 집사님과 효  권사님께  감사  마  합니다. 

마지막 , 주님께  주신 고  이며 없이 고마운  아내 

진이  놀랍도  사랑스러운 우리 다 이  다원이에게  감사  고

마운 마  합니다. 
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