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The nuclear
Proliferator-Activated
(PPARo) is a key
implicated in lipid homeostasis and
inflammation. PPARe trans-activity is
enhanced by recruitment of coactivators such
as SRC1 and CBP/p300 and is inhibited by
binding of corepressors such as NCoR and
SMRT. In addition to ligand binding, PPARa
activity is regulated by post-translational
modifications such as phosphorylation and
ubiquitination. In this report, we demonstrate
that hPPARe is SUMOylated by SUMO-1 on
lysine 185 in the hinge region. The E2-
conjugating enzyme Ubc9 and the SUMO E3-
ligase PIASy are implicated in this process. In

receptor Peroxisome
Receptor alpha
regulator of genes

improves lipid profiles in dyslipidemic patients
(see for review (11)).

The structure of PPAR consists of an
amino-terminal A/B domain containing a ligand-
independent cis-activation function called
activating function-1 (AF-1), a DNA-binding C
domain (DBD) containing two highly conserved
zinc-finger motifs, a hinge D region and, at the
carboxy-terminus, a ligand-binding E domain
(LBD), which contains the ligand-dependent
activation function called AF-2 (figure (12-
14)2A) (13). The D hinge region not only links
the DBD with the LBD but is also implicated in
corepressor recruitment (12,14).

PPARx induces gene transcription after
heterodimerization with the Retinoic X Receptor

(RXR) and bindingvia its DBD to specific DNA
sequences called Peroxisome Proliferator
Response Elements (PPRES) in the promoter of
its target genes (15). As other transcription
factors, PPAR is likely highly mobile in the
nuclear environment, and interacts briefly with
target sites moving through many states during
activation and repression. The binding of ligands
to PPAR:. modifies the conformation of the
PPARx LBD unmasking an interaction area for
coactivators such as Steroid Receptor
Coactivator 1 (SRC1) and the cAMP Response
The nuclear receptor PeroxisomeElement-Binding protein  (CREB)-Binding
Proliferator-Activated Receptor alpha (PPR Protein (CBP)/p300, which possess histone
is a key regulator of energy homeostasis (1-5acetyl transferase activity (HAT) resulting in
and the anti-inflammatory response (6-8).chromatin decondensation and target gene
PPARu is highest expressed in tissues with highactivation (13). In the absence of ligand, the
fatty acid catabolic activity such as liver, heart, PPAR/RXRa complex actively represses the

addition, ligand treatment decreases the
SUMOylation rate of hPPARa. Finally, our

results demonstrate that SUMO1
modification of hPPARa down-regulates its
trans-activity through the specific

recruitment of corepressor NCoR but not
SMRT leading to the differential expression
of a subset of PPAR target genes. In
conclusion, hPPARr SUMOylation on lysine
185 down-regulates its trans-activity through
the selective recruitment of NCoR.

kidney and skeletal muscle, and also in vasculagxpression of target genes through the
cells (9). PPAR modulates metabolism, recruitment of transcriptional corepressor
especially lipid homeostasis, through its socomplexes such as the Nuclear receptor

called trans-activation activity (10). The use ofCoRepressor (NCoR) or the Silencing Mediator
synthetic PPAR ligands, such as fibrates, for Retinoid and Thyroid hormone (SMRT)(12-
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14). The N-CoR and SMRT corepressors havdhe SUMOylation site of human PPARwvas
been found to exist vivo in multiple, distinct mapped to the lysine residue at position 185,
macromolecular complexes. While theselocated in the hinge region of the receptor.
corepressor complexes differ in overall Arginine substitution of this lysine residue
composition, a general theme is that they contaiincreased the transcriptional activity of hPRAR
histone deacetylase enzymatic activity (13). Isuggesting that SUMOylation of this lysine
has commonly believed so far that NCoR andeduces hPPA&R trans-activity, which is
SMRT down-regulate the same genes. Howeveexplained by a facilitated recruitment of the
it has recently been demonstrated that Liver Xorepressor NCoR, but not SMRT, upon
Receptor (LXR)-regulated genes can behPPAR: SUMOylation. We also demonstrate
modulated in a NCoR- and/or SMRT-specificthat the SUMO pathway specifically decreases
manner (16). Thus, a subset of genes appear MCoR-specific hPPAR target gene expression.
be regulated specifically either by NCoR orFinally, we demonstrate that the hPRARyand
SMRT. Unfortunately, no regulatory mechanismGW7647 reduces hPPARSUMOylation.
has been proposed yet to explain this
phenomenon. EXPERIMENTAL PROCEDURES

PPARy activity can be regulated by
post-translational  modifications such  asMaterials
ubiquitination (17) and phosphorylation (see forDMEM and fetal calf serum (FCS), glutamine
review (18)). While this study was in progress,and gentamycine were purchased from
Leuenbergert al. have shown that the murine Invitrogen Life Technologies (Cergy Pontoise,
PPARux is SUMOylated on lysine 358 and this France). The human hepatoma HuH-7 cell line
SUMOylation triggers the interaction with GA- and Cos-7 cell lines were purchased from LGC
binding proteina bound to thecyp7bl promoter Promochem (Molsheim, France). GW7647 was
resulting in specific downregulation of this genekindly provided by Glaxo-SmithKline (Les Ulis,
(19). Although this study identified a role for France). JetPElI was purchased from Ozyme
SUMO modification in the regulation of (Saint-Quentin en Yvelines, France). Redivue L-
mPPAR trans-repressive activity, it is unknown (*S)-Methionine  was purchased from
whether human PPARis SUMOylated. Amersham Pharmacia Biotech (Saclay, France).

SUMO modifications play an important The pSG5-hPPAR and J6-TK-Luc were
role in controlling the function of several described previously (8). The pSG5-hRXR
proteins including transcription factors (20). pCI-SMRT, pKCR2-NCoR full-length
SUMO proteins are conjugated to proteinsexpression vectors were kindly provided by Dr.
through a series of enzymatic steps includind®. Lefebvre (Lille, France). The vector VP16-
conjugation to the E2-conjugating enzyme UbcSMRT and VP16-NCoR were kindly provided
(see for review (21)). Targeted lysine residuedby Dr M. Schutz (Justus-Liebig-Universitét,
are part of the consensus sitExD/E, where¥  Giessen, Germany). The pGEX4T2-Ubc9,
is a hydrophobic amino acid, K is the modifiedpSG5-Ubc9 and pSG5-SUMO1-His6 vectors
lysine, x represents any residue and D or E is awere kindly provided by K. Tabech (Institut
acidic residue. However,in vivo SUMO Cochin, Paris, France). The pcDNA3-FLAG-
conjugation needs a fourth class of proteins, th®lASy was kindly provided by Dr A. Dejean
so-called E3-ligating enzymes, such as thélnstitut Pasteur, Paris, France). The efficiency
Protein Inhibitor of Activated STAT (PIAS) of transfection was monitored using the control
family, which are implicated in the specificity of plasmid pSVB-galactosidase.
the substrate recognition by the SUMO pathwaySte-directed mutagenesis
Finally, SENP desumoylase family catalyzes thelr'he pSG5-hPPAR K13aR, KigR, KR, KaidR,
de-conjugation of SUMO from their substrate. KassgR, KisgR €xpression vectors were generated

In this report, we show that hPPARs  using pSG5-hPPARR WT as template and the
conjugated with SUMO-1n vitro, in Cos-7 cells QuickChange XL-II Site-directed Mutagenesis
and in the human hepatoma cell line HuH-7. InKit (Stratagene, Amsterdam, Netherlands). The
addition, hPPAR directly interactsn vitro with ~ point mutations were introduced by using the
the E2-conjugating enzyme Ubc9. Furthermorefollowing synthetic oligonucleotide pairs of
we demonstrate that the E3-ligating enzymeprimers: K138R: forward: 5° CGA CTC AAG
PIASy regulates hPPARSUMO-1 conjugation. CTG GTG TAT GAC AGG TGC GAC CGC
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AGC TGC AAG ATC C 3’ and reverse: 5 GGA (J-004910) (5-

TCT TGC AGC TGC GGT CGC ACC TGT GGGAAGGAGGCUUGUUUAA-3', 5'-
CAT ACA CCA GCT TGA GTC G;K185R: GAAGUUUGCGCCCUCAUAA-3', 5'-
forward: 5" GAG AAA GCA AAA CTG AGA GGCCAGCCAUCACAAUCAA-3' and 5'-
GCA GAA ATT CTT ACC 3’ and reverse: 5 GAACCACCAUUAUUUCACC-3) were

GGT AAG AAT TTC TGC TCT CAG TTT purchased from Dharmacon (Thermo-Fisher
TGC TTT CTC 3;K216R: forward: 5° GGG Scientific, Saint Herblain, France); siRNAs

TCA TCC ATG GAA AGG CCA GTA ACA human NCoR (5-
ATC C 3’ and reverse: 5 GGA TTG TT CTG CCAUGCAUCUAAAGUUGAATT-3) and
GCC TTT CCA TCG AGG ATG ACC C 3; human SMRT (5-

K310R: forward: 5° GAA CGA TCA AGT CCGAGAGAUCACCAUGGUATT-3) were
GAC ATT GCT AAG ATA CGG AGT TTA purchased from Ambion (Applied Biosystem,
TGA GGC C3’ andreverse: 5GGC CTC ATA  Courtabceuf, France). HuH-7 were transfected
AAC TCC GTA TCT TAG CAA TGT CAC for 24 hours with 50 nM of siRNA using
TTG ATC GTT C3’; K358R: forward: 5 CTG Dharmafectl transfection reagent (Dharmacon,
TGA TAT CAT GGA ACC CAG GTT TGA Thermo-Fisher  Scientific, Saint-Herblain,
TTT TGC CAT GAA G 3 andreverse: 5 CTT France) accordingly to the manufacturer's
CAT GGC AAA ATC AAA CCT GGG TTC protocol. Knocking-down efficiencies of each
CAT GAT ATC ACA G 3';K449R: forward: 5 siRNA were analysed by RT Q-PCR (figure 1A
GCT GGT GCA GAT CAT CAA GAG GAC and 1B).

GGA GTC GGA TGC TGC GC 3’ and reverse: GST Pull-Down assay

5" GCG CAG CAT CCG ACT CCG TCC TCT GST pull-down assays have been performed as
TGA TGA TCT GCA CCA GC 3. The mutated previously described (22). Briefly, BL21-Star
cDNAs were entirely sequenced. [PGEXA4T2-Ubc9] and BL21-star [pGEX4T2]
Transient transfection experiments E.coli strains were grown in Terrific Broth
HuH-7 cells, cultured in 24-well plates (5 ¥10 medium (Invitrogen, Cergy-Pontoise, France)
cells per well), were transfected with 10 ng of GST-Proteins expression was induced with 0.1
J6-TK-Luc, 100 ng of pS\B-galactosidase, 5ng mM IPTG for 3 hours. Bacteria were
of pSG5-hPPAR (WT or KigsR) expression mechanically disrupted with FRENCH-Press and
vectors and indicated amounts of pKCR2-NCoRGST and GST fusion proteins were isolated
pCI-SMRT, VP16-NCoR or VP16-SMRT using using pull-down technique. A total of 15 pg
JetPEl transfection reagent (Ozyme, SaintGST, GST-Ubc9 were incubated with 4 pL
Quentin en Yvelines, France) according to thd**S]-methionine hPPA® WT for 2 hours at
manufacturer’s instruction. After 24 hours, cells4°C. Finally, bound proteins were boiled at
were incubated in medium containing 0.2 %95°C, separated by SDS-PAGE and analysed by
fetal calf serum; 0.2 % free fatty acid BSA autoradiography.

(Sigma, Saint-Quentin Fallavier, France) andMestern blotting analysis

Me,SO or 600 nM of GW7647 (kindly provided Proteins were resolved by SDS-PAGE
by GlaxoSmithKline). After 24 hours, cells were electrophoresis and transferred on EtOH-
lysed with 100 pL of reporter lysis buffer preactivated polyvinylidene fluoride membrane
(Promega, Charbonniéres, France) according tMillipore, St-Quentin en Yvelines, France).
the manufacturer's protocol, and the luciferaséfhen, proteins were probed with the
activity was analysed with Mithras LB 940 corresponding primary antibodies and revealed
luminometer (Berthold Technologies, Thoiry, using HRP-coupled IgG and Immobilon western
France). As transfection contr@lgalactosidase detection kit (Millipore, St Quentin en Yvelines,
activity was analysed as previously described. France). The anti-PPAR and anti-actin

SRNA transient transfection antibodies were obtained from Tebu-Bio (Le
ON-TARGETplus SMARTpool siRNA human Perray-en-Yvelines, France). The anti4His
PPARu .(J-003434) (5’- antibodies were from ABD Serotec (Oxford,
CCCGUUAUCUGAAGAGUUC-3', 5- England). The anti-NCoR antibodies were from
GCUUUGGCUUUACGGAAUA-3, 5'-  Affinity Bioreagent (Thermo Fisher Scientific,

GACUCAAGCUGGUGUAUGA-3 and 5- Saint-Herblain, France). The secondary
GGGAAACAUCCAAGAGAUU-3) and ON- antibodies against rabbit and mouse IgG were
TARGETplus SMARTpool siRNA human Ubc9 purchased from Amersham Pharmacia Biotech
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(Orsay, France) and the secondary antibodiesegulation PDK4) and ketogenesis3{hydroxy-

against goat IgG was obtained from3-methylglutaryl-CoA Synthase 2;
Thermofisher Scientific (Saint-Herblain, HMGCOAS?). Interestingly,L-CPT1 andPDK4
France). gene expression are upregulated in absence of
Nickel pull down assay NCoR but not in absence of SMRT (figure 1C

Transfected cells were lysed in denaturatingand 1D, respectively). InverselHMGCOAS2
conditions using 6M-guanidine hydrochloride. expression is increased in absence of SMRT but
His-SUMO-conjugated proteins were recoveredot in absence of NCoR (figure 1E). These data
with Ni?*-nitrilotriacetic acid (Ni-NTA) beads suggest thatL-CPT1 and PDK4 are NCoR-
(Qiagen, Courtaboeuf, France) as previoushsensitive hPPAR target genes, whereas
described (23). Recovered proteins were theRIMGCOASR2 is a SMRT-regulated hPPAR
separated by SDS-PAGE and analysed byarget gene.

western blotting. Since the SUMO pathway is known to
In vitro SUMOylation assays enhance interaction with NCoR as demonstrated
In vitro SUMO modification was carried out for PPARy and LXR (24,25), we investigated
with purified recombinant products provided bywhether hPPAR is SUMOylated and whether
SUMOIink kit (Active Motif, Rixensart, this SUMOylation could regulate the selective
Belgium) and **S-methionine-labeled PPAR recruitment of corepressors by hPRAR

proteins generated by in vitro Human PPAR« interacts with the SUMO
transcription/translation in reticulocyte extract E2-conjugating enzyme Ubc9
(Promega, Charbonniéres, France) according to We first assessed direct association of

the manufacturer’s instructions. ReactionhPPARy with the SUMO E2-conjugating
products were fractionated by SDS-PAGE andenzyme Ubc9 by GST pull-down. GST-Ubc9
analysed by autoradiography. WT was incubated within vitro translated®s-
Coimmunopr eci pitation: labeled hPPAR protein. As shown in figure 2B,
HuH-7 cells were cross-linked with 1.5 mM PPARy interacts with GST-Ubc9 but not with
Ethylene glycol-bis(SuccinimidylSuccinate) GST alone indicating that hPPA&Rinteracts
(Thermo Fisher Scientific, Rockford, USA) for directly with Ubc9in vitro.

20 minutes at room temperature. After ice-cold Human PPARo is a substrate for
PBS washes, cells were lysed with lysis buffelSUMO-1 modification in vitro and in vivo.
(Tris-HClI 20 mM, pH 7.5; NaCl 150 mM; While this study was ongoing, it has been
EDTA 1 mM; EGTA 1 mM; Triton X-100 1%; previously shown that murine PPAR s
protease inhibitors). 300 ug of recoveredSUMOylated (26). No data are however
proteins were incubated with FLAG M2 available concerning human PPAR
monoclonal antibodies agarose (Sigma, SBUMOplot™ prediction algorithm analysis
Louis, USA) overnight at 4°C. Beads wereidentified six putative SUMOylation sites
washed four times with ice-cold TBS and eluted K138, K185, K216, K310, K358, K449) in
with Laemmli buffer. Protein amounts were human PPAR, which are conserved between

analysed by western blotting. species (figure 2A). In order to examine whether
hPPAR: can be SUMOylatedn vitro, *S-
RESULTS labeled hPPAR was incubated with the SUMO

machinery enzymes provided by the SUMOIink

Human PPARa target genes are  kit. As control, unconjugatable SUMO-1 mutant
regulated in a NCoR- or SMRT-specific manner.  protein was used instead of SUMO-1 wild type
As previously described, LXR target genes carfWT) protein. As shown in figure 2C, hPPAR
be regulated in a NCoR- and/or SMRT-specificis SUMOylated in the presence of SUMO-1 WT,
manner (16). However, such mechanism has nditut not the SUMO-1 mutant.
been described so far for hPPAR To In order to examine whether hPPARS
investigate this hypothesis, HuH-7 cells wereSUMOylated in a cellular context, HuH-7
transfected either with siRNA for NCoR or hepatoma cells were transfected with hPBAR
SMRT (figure 1). After RNA purification, the WT and SUMO1-His expression vectors (figure
expression of hPPARtarget genes implicated in 2D). Histidine-tagged SUMOylated proteins
different metabolic pathways was analysed suckvere then isolated from whole HuH-7 cell
as fatty acid transportL{CPT1), glycolysis extracts using Ni-NTA beads. When SUMO1-
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Hiss was co-expressed with hPPAR an Luc reporter vector containing six copies of the J
additional high molecular weight band (72 kDa)site PPRE from the apoA-Il gene promoter and
corresponding to SUMO-1-conjugated hPRAR with a hPPAR WT expression vector and
was observed (figure 2D) suggesting thaincreasing amounts of PIASy (figure 3B). The
hPPAR is mono-SUMOylated in hepatic cells. activity of hPPAR: decreased when PIASy was
SLUMOylation of hPPAR« is ligand- co-transfected, demonstrating that the SUMO
regulated. The presence of ligand has beenpathway regulates human PPAR trans-
shown to regulate the SUMOylation of severalactivation.
nuclear receptors such as PRARG6). Hence, The SUMO pathway inhibits NCoR-specific
we investigated the effect of the PPéBpecific hPPAR« target gene expression. To address the
ligand GW7647 on the SUMO-1 modification of role of hPPAR SUMOylation on the trans-
hPPARu. After transfection of HuUH-7 cells with activation activity of its target genes, HuH-7
hPPARy WT and SUMOI1-Hig expression cells were transfected with siRNA Ubc9 and/or
vectors, the cells were treated with vehiclesiRNA hPPAR.. The expression of different
(Me,SO) or GW7647 and SUMOylated PPAR PPARx target genes was then evaluated. In
was specifically analysed by western blottingabsence of Ubc9, the expressionLe€PT1 or
using anti-PPAR antibodies. As shown in PDK4, which appears to be more sensitive to
figure 2E, SUMOylation of hPPAR strongly NCoR expression (figure 1C and 1D), was
decreased in presence of GW7647 compared wignificantly increased, suggesting that SUMO
vehicle. These data suggest that ligand bindingathway inhibits their expression (figure 4A-C).
either impairs the SUMOylation of hPP&Ror  Interestingly, HMGCOAS2 gene expression,
promotes its desumoylation. To investigatewhich was not altered by NCoR silencing (figure
whether GW7647 has an effect on the celluladE), was not affected by Ubc9 silencing. To
SUMOylation pattern, HuH-7 cells were evaluate the role of hPPARon the observed
transfected with a SUMO-1 expression vector ireffect of Ubc9 knockdown, we analysed the
presence of GW7647 and Histidine-taggedexpression of these genes in cells cotransfected
SUMOylated proteins were analysed by westermwith both SiRNA for PPAR and Ubc9. Our
blotting using anti-Hig antibodies. As shown in results show that the impact of SIRNA Ubc9 on
figure 2F, GW7647 does not modify the amount_-CPT1 and PDK4 expression is abolished in
of other SUMOylated proteins, suggesting thapresence of siRNA PPAR suggesting that the
PPARx ligand GW7647 does not modulate theregulation of L-CPT1 and PDK4 gene
SUMOylation machinery in a general manner. expression bySUMOylation is mediated by
PIASy acts as E3 ligating enzyme for  hPPARu. Conversely, overexpression of PIASy
hPPARax SUMOylation. PIAS protein family significantly decreased the expression of target
members have been shown to be essential fgenessuch asL-FABP and PDK4 induced by
SUMOylation of nuclear receptors (27). ForhPPARy (figure 4D-F), suggesting that
instance, it has been previously described thactivation of the SUMO machinery, and
PIASy increases SUMOylation of R@R28). subsequent hPPAR SUMOylation, inhibits
Hence, we investigated the potential role ofhPPAR: target gene expression. Again, the
PIASy in the SUMOylation of hPPAR In SUMO pathway did not modulate the expression
contrast to HuH-7, transfection of SUMO-1 or of HMGCOAS2. These results in concert with
both SUMO-1/Ubc9 in Cos-7 cells does notthose in figure 1 demonstrate that the SUMO
result in SUMOylation of hPPAR protein pathway selectively inhibits NCoR-specific
(figure 3A). However, when cells were co- hPPAR: target genes in a hPPARIependent
transfected with hPPAR WT, SUMO1-His, manner.
Ubc9 and FLAG-PIASy expression vectors Human PPARq is SUMOylated on lysine
(figure 3A), SUMO1-modified hPPAR was 185. To identify the SUMOylated site in
found demonstrating that PIASy can function ahPPARy, the six potential acceptor lysines
an E3 ligating enzyme leading to the(figure 2A) were individually replaced by site-
SUMOylation of hPPAR. directed mutagenesis by an unSUMOylatable
UMOylation of hPPARo decreases its  arginine, a residue with a similar steric
trans-activation activity. In order to define the hindrance. Each hPPARmutant protein was
role of the SUMO pathway on hPPARctivity, analysed for their ability to be SUMOylatéa
HuH-7 cells were co-transfected with the J6-TK-vitro. As shown in figure 5A, no band
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corresponding to SUMOylated protein wasdomain) or VP16-NCoR vectors (figure 7A).
visible with the mutant hPPAR KigsR, The latter encodes the VP16-AD protein fused to
indicating that hPPAR is modifiedin vitro by  the C-terminal domain of NCoR, which includes
SUMO-1 in its hinge region on lysine 185. the nuclear receptor interacting domain)
To demonstrate that lysine 185 is alncreasing amounts of VP16-NCoR stimulated
SUMOylation sitein vivo, we compared the hPPAR. WT transcription activity more
SUMOylation rate of hPPARWT and K185R pronouncedly than hPPARK;sR, indicating
in Cos-7 cells (figure 5B). The cells werethat the NCoR protein interacts with hPRAR
transfected with PPAR and SUMO-1, Ubc9 WT with a higher efficiency than hPPAR
and PIASy expression vectors and SUMOylated 1g5R.
PPARy proteins were analysed by westernWe also assessed the role of SUMOylation in the
blotting after 48 hours. The significant reductionfunctional interaction between hPPARand
of the signal corresponding to the PRAR NCoR by co-transfecting HuH-7 cells with the
K185R protein compared to the WT proteinJ6-TK-Luc reporter vector, hPPARWT or
confirms that the lysine 185 in hPPARs a hPPARx KigsR, and with increasing amounts of
SUMO-1 acceptor site. NCoR full-length expression vector (figure 7B).
The lysine 185 is a relevant functional  In order to appreciate both hPPARNT and
site in the regulation of hPPARa transcriptional hPPAR:y  KigR  sensitivity to  NCoR
activity. To determine the functional effect of the independently of the difference between their
lysine 185 of hPPAR on the nuclear receptor respective  transcriptional  activities, the
trans-activity, HuH-7 cells were transfected withtranscriptional activity of both hPPARNT and
the J6-TK-Luc reporter vector, pSG5-hPRAR hPPAR. KigR in the absence of corepressors
WT or pSG5-hPPAR KigsR expression vectors was set at 100%, and the transcriptional activity
or pSG5 control (figure 6). HuH-7 cells were in the presence of each amount of corepressors
then treated with the specific hPPARigand was calculated relatively to this reference value.
GW7647. As expected, basal and ligand-inducedhe transcriptional activity of hPPARNT was
activities of the mutant hPPARKgsR were decreased in a dose-dependent manner by NCoR
significantly higher compared to the WT protein.co-transfection whereas the transcriptional
While both WT and mutant #R proteins are activity of hPPAR: KigsR was unaffected by the
equally expressed in cells (figure 6B) in thisco-expression of NCoR (figure 7B), showing
experiment, we also observed a decrease ithat the hPPAR KigsR mutant is less sensitive
hPPAR: expression by the ligand that isto a decrease in activity by NCoR co-
consistent with our previous studies (17). Thustransfection compared to hPPARNT protein.
SUMO-1 modification of lysine 185 in the To reinforce these results, HuH-7 cells were
hPPAR hinge region contributes directly to the cotransfected with a flagged-hPPARNT or
inhibition of hPPAR transcriptional activity. K1gR expression vectors and NCoR full-length.
Human PPARa SUMOylation regulates  Flagged-proteins were immunoprecipitated and
its interaction with the corepressor NCoR but  associated NCoR proteins were analysed by
not with the corepressor SMRT. The SUMO  western blotting. The results presented in figure
pathway is known to influence protein-protein7C show that, in contrast to PPARNT, the
interactions and, more specifically, to enhance&SUMOylation-defective hPPAR K;gsR form
interaction with NCoR as demonstrated fordid not interact with the NCoOR protein,
PPARy and LXR (24,25). In addition, the hinge confirming our previous results (figure 7A). As
region of hPPAR has been shown to be control, we performed a similar experiment with
implicated in the recruitment of corepressorsHuH-7 cells transfected with the pEF-FLAG
(14). Therefore, physical interactions of NCoRempty vector and NCoR expression vector. As
(figure 7) and SMRT (figure 8) with the expected, NCoR proteins were not precipitated
hPPARy WT or hPPAR KigR proteins were in this condition (data not shown).
investigated. Similarly, the impact of hPPAR
A mammalian one-hybrid assay wasSUMOylation was assessed on the interaction
performed by transfecting HuH-7 cells with thebetween the corepressor SMRT and hPRAR
J6-TK-Luc reporter vector, the hPPARNT or  (figure 8). For that purpose, HuH-7 cells were
hPPAR: K gR expression vectors, and transfected with the J6-TK-Luc reporter vector,
increasing amounts of VP16-AD (activatingthe hPPAR WT or hPPAR KigR, and
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increasing amounts of VP16-AD or VP16-higher  molecular weight (72  kDa),
SMRT vectors. By contrast to NCoR (figure 7), corresponding to the size of mono SUMOylated
increasing amounts of SMRT similarly activatedhPPAR:, was observed. Thein Vvitro
WT and KR hPPAR proteins, indicating that SUMOylation assay identified lysine 185 as the
the KigsR mutation in hPPAR has no effect on major targeted lysine, which is in accordance
the interaction of hPPARwith the corepressor with the highest prediction score of this site
SMRT (figure 8A). given by the bioinformatic analysis. However,
Additionally, in order to examine the the hPPAR KigR mutant is still slightly
impact of hPPARR SUMO-conjugation on its SUMOylated in cells (figure 5B), suggesting that
functional interaction with SMRT, HuH-7 cells a second minor SUMOylated site could exist.
were transfected with reporter vector, hPRBAR Because the replacement of lysine 185 into an
WT or KR, with increasing amounts of either unSUMOylatable arginine residue is sufficient to
pCI-SMRT or pCl as control (figure 8B). In abolish SUMOylation of hPPAR in vitro,
accordance with the one-hybrid results, thdysine 185 must be the major SUMO-1 acceptor
transcriptional activity of both hPPARNT and  site. Similar observations of the presence of
hPPAR: K1gsR was decreased to a similar extenthierarchic  lysine  residues for SUMO-1
by SMRT. Altogether, these data show that theonjugation were reported in other proteins such
hPPAR: KigR protein is still sensitive to as PPAR (26), Androgen Receptor (29) or Aryl

repression by SMRT but not to NCoR. hydrocarbon Receptor (30). Interestingly, we
show in figure 5A that kR and KR hPPAR:
DISCUSSION mutants are less SUMOylateadlvitro compared

to the WT protein, suggesting that these two

In this report, we show that hPPAR residues could be some SUMOylated lysine
target gene expression can be down-regulated ligirgets as well. Unfortunately, these mutants are
NCoR (-CPT1, PDK4) or by SMRT still strongly SUMOylated in cells (data not
(HMGCOAS) in a gene-specific manner. It hasshown), suggesting that the lysines 138 and 216
been previously shown that NCoR can beare not SUMOylatedin vivo. Interestingly,
recruited by SUMO-modified nuclear receptorslysine 185 in murine PPAR may not be
(24,25). Our study reports that hPPARINds to SUMOylated in NIH3T3 cells (19). This could
the EZ2-conjugating enzyme Ubc9 providingbe due to differences in negative charges
evidence that PPARIs able to interact directly downstream the lysine SUMO acceptor shown to
with SUMO pathway components. Therefore,be important in the recognition between the
we investigated whether hPPAR is substrate and the SUMO machinery (figure 9)
SUMOylated and whether this SUMOylation (31).
could be involved in the regulation of hPPAR In addition, the regulation of SUMO
target gene expression by NCoR. conjugation to a substrate protein upon

Our results show that inhibition of the phosphorylation of the target protein has already
SUMO pathway, by knocking-down the E2 been reported for several nuclear receptors such
conjugating enzyme Ubc9, increases theas GR and PPAR(32,33). We have previously
hPPAR: target genesL-FABP and PDK4. shown that Protein Kinase C can phosphorylate
Interestingly, expression of the hPPARarget hPPARx on serines 179 and 230, which are very
gene HMGCOAS2 was not changed under close to the lysine 185. The serine 230 is not
similar  conditions  suggesting that theconserved between mice and human and could
SUMOylation pathway regulates some, but nobe involved in the species-specific SUMOylation
all, PPAR:u target genes. Altogether, theseof the hPPAR protein.
results suggest that the selective recruitment of The mutant hPPAR KigsR is
NCoR by SUMO-modified hPPAdRIeads to the transcriptionally more active. Conversely,
inhibition of a subset of hPPARtarget genes, SUMO E3 ligase PIASy-overexpression in HUH-
indicating that nuclear receptor SUMOylation7 cells decreases transcriptional activity of
could regulate the NCoR-specific inhibition of hPPAR. and expression df-CPT1 and PDK4
nuclear receptor target genes. target genes (figure 1). In agreement with the

Our in vitro and in vivo assays results with siRNA NCoR and siRNA Ubc9,
demonstrate that PPARs SUMOylated. In the PIASy-overexpression has no effect on the
SUMOylation assays, only one band with aexpression ofHMGCOAS2, which is a gene
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specifically regulated by SMRT (figure 1). to ligand (34). In contrast to the human protein,
Using the mutant protein hPPARK;gsR we mPPAR: SUMOylation is not significantly
showed that SUMOylation of hPPARromotes affected by the presence of the PRARyand
NCoR recruitment without influencing the Wy-14,643 in NIH3T3 cells (19). However,
binding to SMRT. These data suggest thamice treated with this ligand show increased
hPPAR: SUMOylation helps discriminating SUMOylated PPAR, suggesting that the ligand
among the interactions with  different could act on PPA& SUMOylation in a cell
corepressors. Accordingly, over-expression otype-selective manner.
full-length NCoR inhibits transcriptional activity In conclusion, this study provides the
of PPARx WT without changing the first evidence of SUMOylation of hPPARon
transcriptional activity of hPPAR KigsR, lysine 185 resulting in the downregulation of its
whereas overexpression of SMRT inhibitstranscriptional activity by promoting its
transcriptional activity of both hPPARNT and interaction with the corepressor NCoR. This is
hPPARy KggR. Such differential recruitment of consistent with the ability of the ligand to inhibi
corepressors has already been observed with théPAR:r SUMOylation preventing the binding
nuclear receptor LXR alpha (LX#R which of NCoR to the nuclear receptor, which leads to
preferentially recruits either NCoR and SMRT,its activation. Moreover, this study demonstrates
depending on the target genes (16). that the SUMO pathway regulates the
Human PPAR SUMOylation is recruitment of thecorepressoiNCoR but not
significantly reduced in HuH-7 cells by ligand SMRT. This differential recruitment leads to a
treatment. Ligand binding could either promote adifferential inhibition of specific hPPAdRtarget
conformational change preventing SUMOgenes. Finally, our work provides further
conjugation, or favor the recruitment of SENPevidence of the relevance of the hPRARNge
desumoylases. It has previously shown thategion in the regulation of corepressor
PPAR3/6 requires SENP1 and various co-recruitment.
regulators to activate gene promoters in response
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FIGURES LEGENDS

Figure 1: Selective effect of decreased expression of NCoR and SVMRT on PPAR« target genes in
HuH7 cells.

HuH-7 cells were transfected with control, NCoRSMRT siRNA and treated with GW7647 (600
nM) or vehicle (MeSE). RNA was extracted and the expressiorfNGoR (A), SMRT (B), L-CPT1

(C), PDK4 (D) and mitochondriaHMGCOAS2 (E) genes was measured by real-time quantitative
PCR. Each bar is the mean value + SD of triplicd¢erminations. Statistically differences are
indicated (t-test; Scramble vs siRNA M©: **p<0.01; **p<0.001; ns: non significant).

Figure 2: Human PPAR« is a substrate for SUMO-1 modification in vitro and in HUH-7 cells

A. Protein sequence of hPPARNM QO07869) was analysed with the SUMOylation jcedn site
algorithm SUMOplot™ prediction. Numbers correspottd amino acids position. A/B domain
contains AF-1 ligand-independent transcriptiondividg; C: DNA Binding Domain; D: hinge region;
E: Ligand binding domain containing AF-2 ligand-dagent transcriptional activityB. [*°S]-
methionine hPPAR protein was incubated with GST or GST-Ubc9 praei@omplexes were
precipitated with glutathion-sepharose and proteiese analysed by autoradiograpfy [*°S]-
methionine hPPAR WT protein or {°S]-methionine reticulocyte lysate (as control) wareubated
with SUMO E1l-activating enzyme, Ubc9, and SUMO-1 Wibtein or unconjugatable SUMO-1
mutant protein provided by the SUMOIihkit. Proteins were separated by SDS-PAGE and aedly
by autoradiographyD. HuH-7 cells were transfected with pSG5-hPRBAR/T expression vector
and/or pSG5-SUMO-1-Hisexpression vectors. After 24 hours, cells are dygse denaturating
conditions with HCI-Guanidinium. Lysates were inatdd with Ni-NTA beads and subsequently
eluted with loading buffer. Proteins were separdtgEDS-PAGE and analysed by western blotting
using anti-PPAR antibodiesE. HuH-7 cells were transfected with pSG5 contrattee or pSG5-
hPPAR:r WT expression vector, and with pSG5-SUMO1¢#gpression vectors. Cells were treated
with Me,SO as control or GW7647 (600 nM). After 24 hour§WMOylation test was performed as
described above:. HuH-7 cells were transfected with pSG5-SUMO1sHispression vector and
treated with GW7647 for 24 hours. SUMOylated prud¢eivere analysed by western blotting using an
anti-His antibodies.

Figure 3: PIASy regulates SUMOylation of human PPARe and inhibitsits transcriptional activity
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A. Cos-7 cells were cotransfected with pSG5 conteator or pSG5-hPPARWT expression vector
and with pSG5-SUMO1-His pSG5-Ubc9 and pcDNA3-FLAG-PIASy expression vext@s
described. Empty vector pSG5 was used as negatim&rot. After 48 hours, cell extracts were
incubated with Ni-NTA beads to isolate histidinggad SUMOylated proteins. The SUMOylated
hPPAR: proteins and hPPARIinput proteins were analysed by western blottisong anti-PPAR
antibodies. The SUMO1-Hisinput proteins were analysed by western blottirmng anti-Hig
antibodies.B. HuH-7 cells were cotransfected with pSG5 contvettor, pSG5-hPPAR WT
expression vectors and with increasing amounts cbiNA3-FLAG-PIASy expression vectors or
pcDNA3-FLAG as controls. After 24 h of transfectjahe luciferase an@l-galactosidase activities
were measured in transfected cell lysates andatii® luciferase activity-galactosidase activity was
defined as RLU. Each bar is the mean value * Stoiplfcate determinations.

Figure 4: Effect of SUMO pathway modulation on PPAR« target genesin HuH-7 cells.

HuH-7 cells were transfected with SiRNA Ubc9 andi®NA hPPAR:. Then RNA was extracted and
the expression df-CPT1 (A), PDK4 (B) and mitochondriaHMGCOASX? (C) genes was measured by
real-time quantitative PCRIuH-7 cells were cotransfected with pSG5-hPRART and or pcDNA3-
FLAG-PIASy expression vectors or pSG5 vector an@@DNA3-FLAG as controls. After 24 h of
transfection, cells were treated with }8© or GW7647 (600 nM) in DMEM medium 0.2% FCS,
0.2% BSA for 24 h. Then RNA was extracted and tkeression ofL-FABP (D), PDK4 (E) and
mitochondrial HMGCOAS2 (F) was measured by real-time quantitative PCR. Hmohis the mean
value = SD of triplicate determinations. Statisticadifferences are indicated (t-test; Control vs
PIASy: *p<0.05; **p<0.01; ns: non-significant)

Figure 5: SUMOylation of hPPARa occurs on lysine 185

A. Invitro translatedafS]-methionine hPPARWT, hPPAR: K138R, hPPAR KigsR, hPPAR: K»16R,
hPPAR: K3:0R, hPPAR K3s56R, hPPARL K44dR proteins and3fS]-methionine reticulocyte lysate were
incubated with SUMO El-activating enzyme, Ubc9, &1dMO-1 WT protein or unconjugatable
SUMO-1 mutant protein provided with the vitro SUMOIink® kit. Proteins were then separated by
SDS-PAGE and analysed by autoradiograghyCos-7 cells were cotransfected with pSG5 control
vector or pSG5-hPPARWT or pSG5-hPPAR KR expression vectors and with pSG5-SUMO1-
Hiss, pSG5-Ubc9 and pcDNA3-FLAG-PIASy expression vestmr pSG5 vector and pcDNA3-FLAG
as controls. After 48 hours, Cos-7 cells were smldp ice-cold PBS. One tenth of cells were lysed i
RIPA buffer and used as input control. The remagjrgells were lysed in denaturant binding buffer
and resulting cell extracts were incubated witHNYIA beads to isolate histidine-tagged SUMOylated
proteins. The SUMOylated hPPARbroteins and hPPARInput proteins were analysed by western
blotting using anti-PPAR antibodies. The SUMO1-Hjsnput proteins were analysed by western
blotting using anti- Higantibodies.

Figure 6: The transcriptional activity of hPPARx KigsR isincreased compared to hPPARa WT

A. HuH-7 cells were transfected with the pSG5 cdntsztor, or the pSG5-hPPARWT or pSG5-
hPPARx K1gR expression vectors, with the p$Walactosidase, with the reporter vector J6-TK-Luc.
After 24 h of transfection, cells were treated wife,SO or GW7647 (600 nM) in DMEM medium
0.2% SVF, 0.2% BSA for 24 h. The luciferase dghdalactosidase activities were measured in
transfected cell lysates and the ratio luciferagesity/-galactosidase activity was defined as RLU.
PPARu protein amounts were evaluated by western blottifach bar is the mean value + SD of
triplicate determinationsB. PPARx protein from transfection assay cell lysates waslysed by
western blotting using anti-PPARantibodies.

Figure 7: The hPPARa KigsR mutant displays a lower physical and functional interaction with NCoR
compared with hPPARa WT

A. HuH-7 cells were transfected with the J6-TK-Lwdth pSV{$-galactosidase, with the pSG5
control vector, or the pSG5-hPPARNT or pSG5-hPPAR KigR expression vectors, and with
increasing amounts of VP16-AD or VP16-NCoR vectdit® luciferase anfl-galactosidase activities
were measured in transfected cell lysates andatii® luciferase activity-galactosidase activity was
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determined. Results are expressed in fold induatnpared with VP16-AD control curves. Each bar
is the mean value = SD of triplicate determinatioBtatistically differences are indicated (t-test;
without VP16-NCoR vs with VP16-NCoR: *p<0.01, **49.001; hPPAR WT vs hPPAR KigR:

88 p<0.01, 888 p<0.001). VP16-AD curves are notasgntedB. HuH-7 cells were transfected with
the J6-TK-Luc, with pS\B-galactosidase, with the pSG5 control vector, ergBG5-hPPARWT or
pSG5-hPPAR K;gsR expression vectors, and with increasing amouhtsK€R2 control vector or
pKR2-NCoR full-length expression vector. The ludiige andp-galactosidase activities were
measured in transfected cell lysates and the tatiderase activity-galactosidase activity was
determined. Then, pKCR2-NCoR curves were compaveithdir respective pKCR2 control curves,
respectively. Results are expressed as relativbiiium. Each bar is the mean value + SD of trigte
determinations. Statistically differences are iathc (t-test; without pKR2-NCoR vs with pKR2-
NCoR: *p<0.05, ns: non significant). pKCR2 curve® aot representedC. HuH-7 cells were
cotransfected with pEF-FLAG-hPPARNT or K185R expression vectors and pKR2-NCoR. ¢éalh
proteins were immunoprecipitated and associated®N@oteins were analysed by western blotting.

Figure 8. The hPPARa WT and hPPAR: KigsR proteins display a similar physical and functional
interaction profile with SMRT

A. HuH-7 cells were transfected with the J6-TK-LucthwpSVf-galactosidase, with the pSG5
control vector, or the pSG5-hPPARNT or pSG5-hPPAR KigR expression vectors, and with
increasing amounts of VP16-AD or VP16-SMRT vectditse luciferase anfl-galactosidase activities
were measured in transfected cell lysates andati® luciferase activity-galactosidase activity was
determined. Results are expressed in fold induatnpared with VP16-AD control curves. Each bar
is the mean value + SD of triplicate determinatioiB16-AD curve are not represent&l. HuH-7
cells were transfected with the J6-TK-Luc, with pSgalactosidase, with the pSG5 control vector, or
the pSG5-hPPARWT or pSG5-hPPAR KigR expression vectors, and with increasing amouhts o
pClI control vector or pCI-SMRT expression vectdneTuciferase anfl-galactosidase activities were
measured in transfected cell lysates and the tatiderase activity-galactosidase activity was
determined. Then, pCI-SMRT curves were comparetthéd respective pCl control curves. Results
are expressed as relative inhibition. Each bdndsmean value £ SD of triplicate determinationsl pC
curves are not represented.

Figure 9: Comparison of the SUMOylation consensus site in mouse, rat and human PPAR«

PPARx primary protein sequences in mouse, rat and huwere compared by using BLASTP
algorithm. * represents identical amino acids arepresents different amino acids.
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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Figure 8
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Figure 9
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