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SMILE (small heterodimer partner interacting leucine zipper
protein) has been identified as a corepressor of the glucocorti-
coid receptor, constitutive androstane receptor, and hepatocyte
nuclear factor 4�. Here we show that SMILE also represses
estrogen receptor-related receptor � (ERR�) transactivation.
Knockdown of SMILE gene expression increases ERR� activity.
SMILE directly interacts with ERR� in vitro and in vivo. Domain
mapping analysis showed that SMILE binds to the AF2 domain
of ERR�. SMILE represses ERR� transactivation partially
through competition with coactivators PGC-1�, PGC-1�, and
GRIP1. Interestingly, the repression of SMILE on ERR� is
released by SIRT1 inhibitors, a catalytically inactive SIRT1
mutant, and SIRT1 small interfering RNA but not by histone
protein deacetylase inhibitor. In vivo glutathione S-transferase
pulldown and coimmunoprecipitation assays validated that
SMILE physically interacts with SIRT1. Furthermore, the ERR�
inverse agonist GSK5182 enhances the interaction of SMILE
with ERR� and SMILE-mediated repression. Knockdown of
SMILE or SIRT1 blocks the repressive effect of GSK5182.
Moreover, chromatin immunoprecipitation assays revealed
that GSK5182 augments the association of SMILE and SIRT1
on the promoter of the ERR� target PDK4. GSK5182 and
adenoviral overexpression of SMILE cooperate to repress
ERR�-induced PDK4 gene expression, and this repression is
released by overexpression of a catalytically defective SIRT1
mutant. Finally, we demonstrated that ERR� regulates SMILE
gene expression, which in turn inhibits ERR�. Overall, these
findings implicate SMILE as a novel corepressor of ERR� and
recruitment of SIRT1 as a novel repressive mechanism for
SMILE and ERR� inverse agonist.

Estrogen-related receptors (ERR�, ERR�, and ERR�)2 are
constitutively active nuclear receptors (NRs) that contain
high levels of sequence identity to estrogen receptors (ERs)

(1). All the ERR family members bind either as a monomer or
a homodimer or as heterodimeric complexes composed of
two distinct ERR isoforms to the consensus sequence
TCAAGGTCA, referred to as ERR-response element
(ERRE), and as homodimers to the consensus estrogen-re-
sponsive element (1–3). Together with ERR� and ERR�,
ERR� regulates a number of genes involved in energy home-
ostasis, cell proliferation, and cancer metabolism (3, 4). Tar-
gets of ERR� known to date are PGC-1� (peroxisome prolif-
erator-activated receptor � coactivator-1�), PDK4 (pyruvate
dehydrogenase kinase isoform 4), retinoic acid receptor �,
and cyclin-dependent kinase inhibitors p21 (WAF1/CIP1)
and p27 (KIP1) (4–7). The ability of ERR� to regulate target
gene transcription relies on its interaction with coactivators
and corepressors. The coactivators GRIP1 (glucocorticoid
receptor interacting protein 1), PGC-1�, and corepressors
small heterodimer partner (SHP), DAX-1, and RIP140
(receptor interacting protein 140) or NRIP1 have been
reported to modulate ERR� activity (5, 8–11). In addition,
4-hydroxytamoxifen and its derivative GSK5182 act as
inverse agonists for ERR� (12–14). However, the deactiva-
tion mechanisms by these inverse agonists remain unclear.
SMILE (small heterodimer partner interacting leucine zipper

protein), including two alternative translation-derived iso-
forms, SMILE-L (CREBZF; long form of SMILE) and SMILE-S
(Zhangfei; short form of SMILE), has been classified as a mem-
ber of the CREB/ATF family of basic region-leucine zipper
(bZIP) transcription factors (15, 16). However, SMILE cannot
bind to DNA as homodimers, although it can homodimerize
like other bZIP proteins (15, 17). SMILE has been implicated in
herpes simplex virus infection cycle and related cellular pro-
cesses through its associationwith herpes simplex virus-related
host-cell factor and CREB3 (17, 18). SMILE has also been pro-
posed as a coactivator of activating transcription factor 4

* This work was supported by National Research Laboratory Grant ROA-2005-000-
10047-0 and the Korea Research Foundation Grant KRF-2006-005-J03003.

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Tables 1 and 2 and Figs. S1–S4.

1 To whom correspondence should be addressed. Tel.: 82-62-530-0503; Fax:
82-62-530-0506; E-mail: hsc@chonnam.ac.kr.

2 The abbreviations used are: ERR, estrogen receptor-related receptor;
CAR, constitutive androstane receptor; GR, glucocorticoid receptor;

HNF4�, hepatocyte nuclear factor 4�; ERRE, ERR-response element;
SHP, small heterodimer partner; siRNA, small interfering RNA; HA,
hemagglutinin; HDAC, histone protein deacetylase; GST, glutathione
S-transferase; RT, reverse transcription; qPCR, quantitative real time
PCR; ChIP, chromatin immunoprecipitation; NR, nuclear receptor; LBD,
ligand binding domain; TSA, trichostatin A; CoIP, coimmunoprecipita-
tion; WT, wild type; ER, estrogen receptor; AF2, activation function-2
domain; bZIP, basic region leucine zipper domain; CREB, cAMP-re-
sponse element-binding protein.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 284, NO. 42, pp. 28762–28774, October 16, 2009
© 2009 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

28762 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 42 • OCTOBER 16, 2009

http://www.jbc.org/cgi/content/full/M109.034165/DC1


(ATF4/CREB2) (19). Recently, we have reported that SMILE
functions as a coregulator of ER signaling and a corepressor of
the glucocorticoid receptor (GR), constitutive androstane
receptor (CAR), and hepatocyte nuclear factor 4� (HNF4�) (16,
20). However, the detailed roles of SMILE on other NRs still
need to be clarified.
Silent information regulator 2 proteins (Sirtuins) are class III

histone protein deacetylases (HDACs) and consist of seven
members named SIRT1 to SIRT7 in mammals (21). Through
deacetylating target proteins, Sirtuins play important roles in
cellular processes such as gene expression, apoptosis, metabo-
lism, and aging (21). Of the seven Sirtuins, SIRT1 has been
extensively studied. It has been reported that SIRT1 deacety-
lates and thereby deactivates the p53 and PARP1 protein (poly-
(ADP ribose) polymerase-1), resulting in promoted cell survival
(22, 23). In addition, SIRT1 regulates glucose or lipid metab-
olism through its deacetylation activity on over 24 known
substrates, including FOXO transcriptional factors (24, 25)
PPAR� (26), PPAR� (27), and PGC-1� (28). It has also been
demonstrated that SIRT1 regulates cholesterol metabolism
through deacetylation and activation of liver X receptor pro-
teins (29).
In this study, we have shown that SMILE negatively regulates

ERR� through direct interaction. We have demonstrated that
coactivator competition and recruitment of catalytically active
SIRT1 are required for the repression of ERR� by SMILE.
Moreover, ERR�-specific inverse agonist GSK5182 enhances
the interaction of SMILE and ERR�. siRNA SMILE and siRNA
SIRT1 experiments have revealed that SMILE-SIRT associ-
ation is required for the inhibition of ERR� by GSK5182. In
addition, we have observed that ERR� induces SMILE gene
expression in HepG2 cells by directly binding to the SMILE
promoter and that SMILE inhibits ERR� transactivation of
its own promoter. Overall, our observations suggest that
SMILE acts as a novel corepressor of ERR� and that ERR�
belongs to a new autoregulatory loop that governs SMILE
gene expression.

EXPERIMENTAL PROCEDURES

Plasmid and DNA Construction—The plasmids of pCMV-�-gal,
pcDNA3-ERR�, -ERR�, -ERR�, -ERR��AF2, pSG5-HA-ERR�,
pGEX4T-1-ERR�, and sft4-Luc were described elsewhere (9,
10). (HNF4)8-tk-Luc, pcDNA3-HA-HNF4�, -PGC-1�, pSG5-
HA-GRIP1, pcDNA3-SMILE, -FLAG-SMLE, -SMILE-83Leu,
-SMILE-1Phe, pGEX4T-1, pGEX4T-1-SMILE, pEGFP-SMILE,
pEBG, pEBG-SMILE, and pEBG-SMILE deletion constructs
SMILE-L(239–267)V, pSUPER, pSUPER-siSHP, -siSMILE-I,
and -siSMILE-II were described previously (2). pcDNA3-
FLAG-SIRT6 and -SIRT7were kindly provided byDr. Eric Ver-
din (30). pcDNA3-HA-PGC-1�, -FLAG-FOXO1, and the
reporter PDK4-Lucwere kind gifts fromDrs. Dieter Kressler (31),
Akiyoshi Fukamizu (32), and Robert A. Harris (33), respectively.
pcDNA3-FLAG-ERR� and -ERR� were constructed by

inserting the full PCR fragments of the open reading frames
into the EcoRI/XhoI sites of pcDNA3-FLAG.pcDNA3-
FLAG-ERR� was generated via subcloning the full open read-
ing frame of ERR� into the EcoRV/XhoI sites of the
pcDNA3-FLAG vector. pcDNA3-myc-SIRT1 was constructed

via inserting the open reading frame of SIRT1 into
pcDNA3-myc vector. pcDNA3-myc-SIRT1H363Y was gener-
ated via PCR-mediated site-directed mutagenesis. pSUPER-si-
SIRT1 was constructed by inserting a 64-bp double-stranded
oligonucleotide containing 5�-GAAGTTGACCTCCTCAT-
TGT-3� of the human SIRT1 cDNA sequence into the pSUPER
vector between BglII and XhoI sites. To generate �1131-bp-
SMILE-Luc, the SMILE promoter region spanning �1131 to
�15 bp was PCR-amplified from human genomic DNA and
cloned into pGL3-basic vector (Promega) between the SacI and
XhoI sites. �879-bp- and �448-bp-SMILE-Luc were con-
structed by inserting the PCR fragments into the SacI/XhoI
sites of pGL3-basic vector. The mutant reporters of SMILE-
mtERRE1-Luc and SMILE-mtERRE2-Luc were subcloned via
site-directed mutagenesis from �1131-bp-SMILE-Luc. The
mutated sequences are shown in Fig. 7D. All plasmids were
confirmed via sequencing analysis.
Chemicals and Antibodies—SIRT1 inhibitors nicotinamide

and sirtinol were from Calbiochem; EX527 was purchased
from TOCRIS; ERR� inverse agonist GSK5182 was synthe-
sized according the method described previously (14), and
other chemicals were from Sigma. Antibodies used in this
work were as follows: anti-FLAGM2 (catalog number 200472-
21, Stratagene), anti-HA (12CA5, RocheApplied Science), anti-
SMILE (catalog number ab28700, Abcam), anti-GST (sc-
33614, Santa Cruz Biotechnology), anti-PGC-1� (H300,
sc-13067, Santa Cruz Biotechnology), anti-SIRT1 (catalog
number 2493, Cell Signaling Technology), anti-acetyl-histone
H3 (Lys-9) (catalog number 9671, Cell Signaling Technology),
anti-acetylated lysine (catalog number 9441, Cell Signaling
Technology), anti-Myc (catalog number 2276, Cell Signaling
Technology), anti-tubulin (catalog number 2146, Cell Signal-
ing Technology), and anti-ERR� antibodies (catalog number
pph6812-00, R & D Systems). The primary antibodies were
used at a dilution of 1:1000 in Western blot analysis and at a
dilution of 1:200 in immunoprecipitation.
Cell Culture, Transient Transfection Assay, and Luciferase

Assay—HEK293T (293T, human embryonic kidney), HepG2
(human hepatoma), and HeLa cells (cervical cancer) were
obtained from the American Type Culture Collection (ATCC)
and cultured according to the manufacturer’s instructions.
Transient transfection was performed using Superfect trans-
fection reagent (Qiagen) in 293T cells and Lipofectamine 2000
reagent (Invitrogen) in HepG2 cells. 293T and HepG2 cells
were cotransfected with the reporter plasmids (HNF4)8-Luc,
sft4-Luc, or PDK4-Luc coupled with various expression vec-
tors. The plasmid of cytomegalovirus-�-galactosidase was
cotransfected as an internal control, and the total DNA em-
ployed in each transfection was adjusted via the addition of an
appropriate quantity of pcDNA3 vector. Approximately 36 h
post-transfection, the cells were treated with or without chem-
icals as indicated in the figure legends for 12 h, and then cells
were harvested, and the luciferase activity was measured and
normalized against �-galactosidase activity as described previ-
ously (16, 20). Fold activity was calculated considering the
activity of reporter gene alone as 1.
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In Vitro GST Pulldown Assay and Competition Assay—In
vitroGST pulldown and competition assays were performed as
described previously (20). Briefly, ERR-�, -�, and -� were
labeled with [35S]methionine using a TNT in vitro translation
kit (Promega), and HA-PGC-1�, -PGC-1�, and -GRIP1 were
labeled with cold methionine, according to the manufacturer’s
instructions. GST alone and GST-fused SMILE (GST-SMILE)
proteins were prepared as described previously (16). The GST
proteins were prebound with glutathione-Sepharose beads
(Amersham Biosciences) and then incubated with in vitro-
translated [35S]methionine-labeled ERR-�, -�, or -�, together
with or without coldmethionine-labeled PGC-1�, -PGC-1�, or
-GRIP1 in the binding buffer for 2–3 h at 4 °C. The beads were
washed three times with the binding buffer, analyzed by SDS-
polyacrylamide gel, and visualized by a phosphorimage ana-
lyzer (BAS-1500, Japan).
Coimmunoprecipitation (CoIP) and Western Blot Analysis—

CoIP and Western blot analysis were performed as described
previously (20). In Western blot analysis of immunoprecipi-
tated proteins, conventional horseradish peroxidase-conju-
gated anti-rabbit IgG was replaced with rabbit IgG TrueBlot
(catalog number 18-8816, eBioscience) to eliminate signal
interference by the immunoglobulin heavy and light chains.
In Vivo GST Pulldown Assay—In vivo GST pulldown exper-

iments were performed as described previously (20). In brief,
HepG2 cells were transfectedwith the indicated plasmids using
Lipofectamine 2000 reagent. Forty eight hours after transfec-
tion, the whole-cell extracts were prepared with 200 �l of lysis
buffer (20mMHEPES (pH7.9), 10mMEDTA, 0.1 MKCl, and 0.3
MNaCl) containing 0.1%Nonidet P-40 and protease inhibitors.
Then equal amounts of total protein were used for in vivoGST
pulldown assays followed by Western blot analysis.
Confocal Microscopy—The confocal microscopy assays were

carried out as described previously (20). In brief, the HeLa cells
grown on gelatin-coated coverslips were transfected with the
indicated plasmids using Effectene transfection reagent (Qia-
gen) according to themanufacturer’s instructions. Twenty four
hours after transfection, the cells were fixed with 2% formalde-
hyde followed by immunostaining. To detect HA-tagged ERR�
and the nucleus, the cells were incubated with Alexa 594-con-
jugated anti-HA monoclonal antibody (1:500 dilution; Invitro-
gen) for 1 h at room temperature (25 °C), washed three times in
phosphate-buffered saline, and incubated with 0.1 mg/ml 4�,6-
diamidino-2-phenylindole (Invitrogen) solution for 10 min.
After three times washing with phosphate-buffered saline, the
cells were subjected to observation by confocal microscopy.
Preparation of Recombinant Adenovirus—The adenovirus

encoding human SMILE or mouse ERR� was described previ-
ously (10, 20). The adenovirus expressing SIRT1H355A was a
kind gift from Dr. Myung-Kwan Han (34).
RNA Interference—Knockdown of SMILE, SHP, and SIRT1

was performed using the pSuper vector system (16, 20). 293T or
HepG2 cells were transfected with siRNA constructs using
Lipofectamine 2000 (Invitrogen) according to the manufactur-
er’s instructions. siRNA-treated cells were subjected to reverse
transcription-PCR (RT-PCR) or the second transfection as
indicated in the figure legends.

Reverse Transcriptase PCR (RT-PCR) and Quantitative Real
Time PCR (qPCR) Analysis—Total RNA was isolated using the
TRIzol reagent (Invitrogen) according to the manufacturer’s
instructions. The mRNAs of SMILE, SHP, PDK4, ERR�, and
SIRT1 were analyzed by RT-PCR or qPCR as indicated. DNA
samples from total RNA reverse transcription or from chroma-
tin immunoprecipitation (ChIP) assays served as the templates
for qPCR experiments, whichwere performedwithQuantiTect
SYBRGreenER PCR kit (Qiagen) and the Roter-Gene 6000 real
time PCR system (Australia) in triplicate. Median cycle thresh-
old values were determined and used for analysis. ChIP signals
were presented as percentage of input signals. mRNA expres-
sion levels of the interested genes were normalized to those of
�-actin. The RT-PCR and qPCR primers are provided in sup-
plemental Table 1.
ChIP Assay—ChIP assay was performed as described previ-

ously (20). In brief, treated HepG2 cells in 60-mm culture
dishes were fixed with 1% formaldehyde, washed with ice-cold
phosphate-buffered saline, harvested, and solicited. The solu-
ble chromatin was then subjected to immunoprecipitation
using anti-ERR�, anti-SMILE (sc-49329, Santa Cruz Biotech-
nology), anti-SIRT1, anti PGC-1�, acetyl-histoneH3 (Lys-9), or
anti-HA antibodies followed by using protein A-agarose/
salmon sperm DNA (Upstate). Unrelated IgG was used a nega-
tive control for immunoprecipitation. Precipitated DNA was
recovered via phenol/chloroform extraction and amplified by
qPCRorRT-PCR for 35–40 cycles using specific primer sets for
the indicated specific promoter regions of PDK4 and SMILE
genes. The PCR primers for ChIP assays are provided in sup-
plemental Table 2.
Primer Extension Analysis—Transcription start site was

determined by rapid amplification of cDNA ends using
SMARTTM rapid amplification of cDNA ends kit (Clontech).
Total RNA isolated from HepG2 cells was reverse-transcribed
using SMART II A oligonucleotide and 5�-CDS primer A
according to themanufacturer’s recommendations. BD Power-
Script RT exhibits terminal transferase activity by adding three
to five residues of predominantly dC to the 3� end of the first
strand cDNA. BD PowerScript RT switches templates from
RNA to BD SMART oligonucleotides, generating a complete
cDNA copy of the original RNA with BD SMART sequences at
the end. The dC-tailed cDNA was amplified by the BD Advan-
tage 2 PCR system using a gene-specific primer (5�-TGGAC-
CCCAGGCAACCGGACTGGCA-3�) corresponding to 332–
356 bp of human SMILE cDNA and a nested gene-specific
primer (5�-TGTTCGCTGCCCTCTGACCTGACC-3�) corre-
sponding to 85–108 bp of human SMILE cDNA. The amplified
PCR fragments were subcloned into pGEMT-easy vector (Pro-
mega) for DNA sequencing.
Statistical Analysis—Student’s t test was performed using

GraphPad Prism version 3.0 for Windows, and results were
considered to be statistically significant at p � 0.05.

RESULTS

SMILE Physically Interacts with Nuclear Receptor ERR� Both
in Vitro and in Vivo—Our previous work showed that SMILE
interacted with many NRs in yeast two-hybrid interaction
assays, including GR, TR�, CAR, SF-1, ERR�, ERR�, ERR�,
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HNF4�, and Nur77 (20). To further confirm the interaction of
SMILE with ERR�, ERR�, and ERR�, in vitro and in vivo GST
pulldown experiments were performed. For the in vitro GST
pulldown assays, bacteria-expressed GST only or GST-SMILE
proteins were incubated with in vitro translated 35S-labeled
ERR�, ERR�, or ERR�. As shown in Fig. 1A, 35S-labeled ERR�
was observed to bind to GST-fused full-length SMILE, but 35S-
labeled ERR� and ERR� was not. These results suggest that
SMILE specifically interacts with ERR� in vitro. For the in vivo
GSTpulldown assays,mammalian expression vectors encoding
either pEBG (GST) alone or pEBG-SMILE (GST-SMILE)
together with pcDNA3-FLAG-ERR�, pcDNA3-FLAG-ERR�,
or pSG5-HA-ERR� were cotransfected into HepG2 cells. As
shown in Fig. 1B, HA-ERR� was coprecipitated with GST-
SMILE but not with GST alone. The expression of GST, GST-
SMILE, andHA-ERR� proteins was confirmed byWestern blot
analysis (Fig. 1B,middle and bottompanels, respectively). How-
ever, neither FLAG-ERR� nor FLAG-ERR� was found to be

coprecipitated with GST-SMILE (supplemental Fig. 1A). These
results demonstrate that exogenous SMILE specifically inter-
acts with ectopically expressed ERR�. To further investigate
whether endogenous ERR� and SMILE can interact with each
other in vivo, coimmunoprecipitation experiments were per-
formed. Endogenous ERR� proteins from HepG2 cells, mouse
liver, kidney, and heart tissues were observed to be coprecipi-
tated with SMILE (Fig. 1C). Taken together, these results vali-
date that SMILE can specifically interact with ERR� both in
vitro and in vivo.
To investigate whether SMILE and ERR� are colocalized to

the same subcellular compartments, confocal microscopic
studieswere carried out. HeLa cells were cotransfectedwith the
mammalian expression plasmids pEGFP-SMILE and pSG5-
HA-ERR�, stained with dye Alexa 594-conjugated anti-HA
antibody and 4�,6-diamidino-2-phenylindole, and analyzed via
confocal microscopy. As shown in Fig. 1D, GFP-SMILE was
predominantly localized within the nucleus and was also
weakly detected in the cytoplasm, which was consistent with
our previous study (16, 20). ERR� was also observed mainly in
the nucleus. The merged images indicated that SMILE and
ERR� were colocalized to the nucleus (Fig. 1D). Collectively,
these data demonstrate that SMILE interacts and colocalizes
with nuclear receptor ERR� in vivo.
SMILE Inhibits Nuclear Receptor ERR� Transactivation—

We have previously reported that wild-type (WT) SMILE gene
generates two isoforms through alternative translation, SMILE
long form (SMILE-L) and SMILE short form (SMILE-S), which
can be produced by the mutants SMILE-83Leu and SMILE-
1Phe, respectively (16, 20). To examine whether these isoforms
can regulate ERR�-mediated transcriptional activity, transient
transfection experiments were performed in 293T and HepG2
cells. Overexpressed wild-type SMILE inhibited ERR� transac-
tivation in a dose-dependentmanner in both cells (Fig. 2,A and
B). Furthermore, overexpression of SMILE-L or SMILE-S
through the aforementioned SMILE mutants exerted similar
repressive effects on ERR� (Fig. 2, A and B). Western blot anal-
ysis showed that the protein expression of FLAG-ERR�was not
significantly changed by the overexpression of wild-type
SMILE, SMILE-L, or SMILE-S alone (Fig. 2E). Taken together,
these results demonstrate that both SMILE isoforms can nega-
tively regulate ERR� transactivation. Because SMILE-L and
SMILE-S show similar effects on ERR�, and SMILE-L is the
major isoform in tested cell lines and tissues (16), we have
focused on wild-type SMILE-generated SMILE-L (SMILE) for
further investigations.
To examine whether endogenous SMILE is involved in reg-

ulating ERR�, ERR�-mediated transcriptional activities were
evaluated after knocking down SMILE gene expression through
siRNA in 293T and HepG2 cells. As shown in Fig. 2F,
siSMILE-II (siSM-II) efficiently silenced the mRNA expression of
SMILE, whereas siSMILE-I (siSM-I) did not show any signifi-
cant effect. As expected, loss of SMILE in 293T andHepG2 cells
resulted in a 60–90% increase in ERR�-mediated transcription
of the reporter gene (Fig. 2, C and D). This effect is similar to
that shownwith siSHP, which knock down the gene expression
of SHP (Fig. 2, D and F), a reported corepressor of ERR� (9).

FIGURE 1. Interaction and colocalization of SMILE with ERR�. A, in vitro
GST pulldown assays. 35S-Radiolabeled ERR�, ERR�, or ERR� proteins were
incubated with GST or GST-SMILE fusion proteins. The input lane repre-
sents 10% of the total volume of in vitro-translated proteins used for bind-
ing assay. Protein interactions were detected via autoradiography. B, in vivo
interaction between exogenous ERR� and SMILE. HepG2 cells were cotrans-
fected with pSG5-HA-ERR� and pEBG-SMILE (GST-SMILE) or pEBG alone (GST).
Protein interactions were examined via in vivo GST pulldown. The top and
middle panels (GST puri) show GST beads-precipitated HA-ERR� and GST
fusion proteins, respectively. The bottom panel shows the protein expression
levels of HA-ERR� in cell lysates. C, in vivo interaction of endogenous ERR� and
SMILE. Coimmunoprecipitation assays were performed using cell extract
from HepG2 cells, mouse liver, kidney, and heart tissues with anti-SMILE anti-
body. Endogenous SMILE was immunoprecipitated (IP) with ERR� (upper pan-
els). The proteins in the cell lysates (middle and lower panels) were analyzed
with Western blot (WB) analysis using indicated antibodies. D, colocalizations
of SMILE with ERR�. HeLa cells were transfected with 0.1 �g of expression
vectors encoding GFP-SMILE and HA-ERR�. HA fusion proteins were detected
with dye Alexa 594-conjugated anti-HA monoclonal antibody. The cell
images were captured under �400 magnifications. The data shown are rep-
resentative of at least three independent experiments. DAPI,
4�,6-diamidino-2-phenylindole.
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These results indicate that endogenous SMILE can repress
ERR� transactivation.
Interaction DomainMapping of SMILE with ERR�—Because

the AF2 domain of ERR� has been reported to be involved in its
interactionswith corepressorDAX-1 and SHP (9, 10), we tested
whether it could also mediate SMILE-ERR� association via in
vitro GST pulldown assays using the ERR� AF2 domain dele-
tion construct (Fig. 3A). As expected, SMILE could not interact
with ERR��AF2, indicating that the AF2 domain of ERR� is
essential for the interaction with SMILE (Fig. 3B). To identify
the SMILE domains required for ERR� interaction, we per-
formed in vivo GST pulldown experiments using a series of
previously described (20) mammalian GST-tagged SMILE
mutants (Fig. 3C). We observed that the mutant GST-SMILE-
N2 (1–202 amino acids) and GST-SMILE showed significant

association with ERR�, whereas the mutants GST-SMILE-N1
(1–112 amino acids), GST-SMILE-�202 (203–354 amino
acids), and GST-SMILE-�268 (269–354 amino acids) did not
(Fig. 3D, upper panel). Moreover, all the GST SMILE fusions
and ERR� proteins used in the assays were expressed at com-
parable levels (Fig. 3D,middle and lower panels), indicating that
the differences in the interactions between the SMILEmutants
and ERR� are not due to the differences in protein expression
levels. Overall, these results demonstrate that ERR� interacts
with the region spanning residues 113–202 of SMILE.
SMILE Competes with Coactivators PGC-1�, PGC-1�, and

GRIP1 for Binding to ERR�—Because SMILE interacts with
ERR� AF2 domain, which is also the binding surface of coacti-
vators PGC-1�, PGC-1� (35), and GRIP1 (8), we postulated
that coactivator competition might be involved in the repres-
sion of SMILE on ERR�. To test this hypothesis, expression
vectors for PGC-1�, SMILE, and ERR� were introduced into
HepG2 cells alongwith sft4-Luc reporter as indicated in Fig. 4A.
As expected, PGC-1� coexpression further stimulated ERR�
transactivation, and overexpression of SMILE repressed this
induction in a dose-dependent manner. In a reciprocal experi-
ment, overexpression of PGC-1� released the inhibitory effect
of SMILE on ERR� dose-dependently (Fig. 4A, upper panel).
These results indicate that SMILE and PGC-1� may compete
for binding to the AF2 pocket of ERR� in cells. To confirm the
direct competition between SMILE andPGC-1�, we performed
in vitro competition binding assays, using in vitro translated
PGC-1� andERR�withGST-fused SMILE. Specifically, SMILE
interacted with 35S-labeled ERR�, and PGC-1� inhibited the
interaction of SMILE with ERR� dose-dependently (lower
panel in Fig. 4A). Interestingly, quite similar results were
obtained when coactivators PGC-1� (Fig. 4B) and GRIP1 (Fig.
4C) were used. Taken together, these observations indicate that
competing with coactivators PGC-1�, PGC-1�, and GRIP1 for
binding to ERR�may be involved in the repression of SMILE on
ERR�.
LXXLLMotifs in SMILE Are Not Involved in the Inhibition of

ERR� Transactivity—LXXLL motif has been identified in
numerous proteins that interactwith theAF2domain of theNR
LBD regions (35).Many studies have shown that themotif plays
an important role in the regulation of nuclear receptor signaling
by coregulators, such as the p160 family of coactivators (SRC-1,
-2, and -3), CBP/p300, PGC-1�, corepressors RIP140 (recep-
tor-interacting protein-140), and SHP (36–38). Therefore we
wondered whether the LXXLL motifs in SMILE are crucial for
the repression of SMILE on ERR�. To address this issue, tran-
sient transfection and reporter assays were performed using
previously described (20) five SMILE LXXLL motif mutants
(Fig. 4D). Surprisingly, all these mutants inhibited ERR� trans-
activation to the level comparable with that observed withWT
SMILE (Fig. 4F), although expression levels of all the SMILE
mutants used were similar to that of WT SMILE (Fig. 4E).
Moreover, the results from in vivo GST pulldown assays
showed that the interactions of WT SMILE and the LXXLL
motif mutants with ERR� are comparable (Fig. 4G). Collec-
tively, these observations indicate that all the LXXLL motifs in
SMILE are not essential for SMILE to negatively regulate ERR�,

FIGURE 2. Effect of overexpression and knockdown of SMILE on ERR�
transactivation. Reporter assays (A–D) were performed as described under
“Experimental Procedures.” A and B, effect of SMILE on ERR�-mediated tran-
scriptional activity. 293T and HepG2 cells were cotransfected with 0.3 �g of
pcDNA3-FLAG-ERR�, and 0.1 �g of sft4-Luc reporter vectors, together with
indicated amounts of plasmids expressing WT SMILE, SMILE-L (SMILE-83Leu),
and SMILE-S (SMILE-1Phe). C and D, siSMILE increases ERR� transactivation.
293T and HepG2 cells were transfected with pSUPER (control (con)), or
pSUPER siSMILE-I (siSM#1), or pSUPER siSMILE-II (siSM#2), or pSUPER siSHP
(siSHP). After 24 h, the cells were cotransfected with expression vector for
FLAG-ERR� and sft4-Luc reporter vectors. The luciferase activity was meas-
ured 48 h after the second transfection. The means � S.D. (n � 3) of a repre-
sentative experiment are shown. **, p � 0.01, using Student’s t test. E, effects
of overexpressed SMILE on the protein levels of FLAG-ERR�. 293T cells were
cotransfected with various plasmids as indicated. The proteins of FLAG-ERR�,
SMILE, and tubulin were detected by respective antibodies though Western
blot analysis. F, effect of siRNAs for SMILE or SHP on the expression of SMILE
and SHP. 293T and HepG2 cells were transfected with pSUPER siSMILE-I
(siSM#1), siSMILE-II (siSM#2), siSHP or pSUPER (Con), and after 72 h the total
RNA was isolated. The mRNA levels of SHP and SMILE were measured via
RT-PCR analysis, with �-actin shown as a control. The data shown are repre-
sentative of at least three independent experiments.
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and the LXXLLmotifs may not be involved in the interaction of
SMILE with ERR�.
SMILE Recruits SIRT1 to Inhibit ERR� Transactivation—

Previously we have reported that the classical HDACs are
involved in the SMILE repression of GR and HNF4� (20). To
examine whether those HDACs take part in the inhibitory
effect of SMILE on ERR� as well, we used inhibitor trichostatin
A (TSA) to block classical HDAC activity in reporter assays. In
agreement with our previous report (20), TSA treatment
released SMILE repression on HNF4� in a dose-dependent
manner (Fig. 5A). By contrast, SMILE repression of ERR� was
unaltered by the TSA treatment (Fig. 5B).
Next we investigated whether the inhibition of SMILE on

ERR� is sensitive to SIRT1-specific pharmacological inhibitors,
such as EX527 (39), sirtinol, and nicotinamide (40). Interest-
ingly, all three SIRT1 inhibitors further stimulated ERR�-me-
diated sft4-Luc reporter activity and released the repression of
SMILE on ERR� transactivation significantly (Fig. 5C), indicat-
ing that the catalytic activity of SIRT1 is necessary for the
repression of ERR� by SMILE. To further confirm whether the
deacetylase activity of SIRT1 is required for SMILE repression,
we compared the effect of wild-type SIRT1 and a reported
deacetylase-defective SIRT1 (H363Y) mutant (41) on SMILE
repression. As shown in Fig. 5D, overexpression of wild-type
SIRT1 or SMILE alone inhibited ERR� transactivation by
�50%, and the combination of SIRT1 and SMILE repressed the
ERR� activity by �86%. However, the dominant negative
SIRT1mutant SIRT1H363Y increased ERR� transactivation by
about 34% and released the repression of ERR� by SMILE from
50 to 23%. These data suggest that SIRT1 deacetylase activity is
needed for the repression of SMILE on ERR�.

To examine whether ERR� and SMILE directly interact
with SIRT1, in vitroGST pulldown experiments were carried
out. As shown in Fig. 5E, in vitro-translated 35S-SIRT bound
to GST-SMILE but not GST-ERR�. To further investigate

whether SMILE specifically inter-
acts with SIRT1, Myc-SIRT1, Myc-
SIRT1H363Y, FLAG-SIRT6, or
FLAG-SIRT7 expression vectors
were introduced into HepG2 cells
along with pEBG(GST) or pEBG-
SMILE (GST-SMILE), and in vivo
GST pulldown assays were per-
formed. Myc-SIRT1 and Myc-
SIRT1H363Y were detected in the
coprecipitate only when coex-
pressed with the GST-SMILE but
not with GST alone (Fig. 5F, top
panel). The protein expression lev-
els of GST, GST-SMILE, Myc-
SIRT1, andMyc-SIRT1H363Y were
confirmed viaWestern blot analysis
(Fig. 5F, middle and bottom panels).
By contrast, FLAG-SIRT6 and
FLAG-SIRT7 were not detected in
the coprecipitate (supplemental Fig.
1B). These results demonstrate that
exogenous SMILE specifically inter-

acts with SIRT1 in mammalian cells, and the mutation of
H363Y does not affect the interaction of SIRT with SMILE. To
further validate the association of endogenous SMILE and
SIRT1, CoIP assays were carried out. As shown in Fig. 5G,
endogenous SIRT1 proteinswere observed to be coprecipitated
with SMILE. Taken together, these results indicate that SMILE
inhibits ERR� transactivation through SMILE-mediated SIRT1
recruitment.
To further assess whether the recruitment of SIRT1 by

SMILE alters ERR� and SMILE acetylation status, expression
vectors for FLAG-FOXO1, FLAG-ERR�, or FLAG-SMILE,
together with Myc-SIRT1 or Myc-SIRT1H363Y, were cotrans-
fected intoHepG2 cells. Subsequently, the acetylation/deacety-
lation levels of FOXO1, ERR�, and SMILE were examined. As
expected, overexpression of wild-type SIRT1 but not the cata-
lytically inactive mutant SIRT1H363Y deacetylated FOXO1
(supplemental Fig. 2A), a well known target of SIRT1 (24), and
the acetylation of FOXO1 was blocked by treatment of SIRT1
inhibitor EX527. By contrast, no significant acetylation/
deacetylation signal was observed for ERR� and SMILE (sup-
plemental Fig. 2, B and C), indicating that the phenomenon of
acetylation/deacetylation may not occur in either SMILE or
ERR� protein.

To further determine the importance of SIRT1 recruitment
in SMILE repression on ERR�, reporter assay experiments were
performed after knocking down SIRT1 gene expression using
siRNA in HepG2 cells. As shown in Fig. 5J, siSIRT1 efficiently
knocked down themRNAexpression of SIRT1. The silencing of
SIRT1 significantly increased ERR� transactivation and re-
leased SMILE-mediated repression of ERR� by �60%, indicat-
ing SIRT1 is required for the full inhibition of SMILE on ERR�
(Fig. 5H). In a parallel experiment, we investigated the effect of
SIRT1 activators Resveratrol and piceatannol on ERR� transac-
tivation before and after siRNA-mediated gene silencing of
SMILE. Of great interest, Resveratrol and piceatannol treat-

FIGURE 3. Interaction domains of ERR� and SMILE. A, schematic representation of the structures of ERR�
mutants. AF1, activation function-1 domain; DBD, DNA binding domain. The numbers in the figure indicate the
amino acid (aa) residues. B, SMILE interacts with the AF2 domain of ERR�. 35S-Radiolabeled ERR� or ERR��AF2
proteins were incubated with GST or GST-SMILE fusion proteins. Protein interactions were detected via auto-
radiography. C, schematic representation of the structures of SMILE mutants. The numbers in the figure indicate
the amino acid residues. D, in vivo interaction assays between ERR� and SMILE mutants. HepG2 cells were
cotransfected with expression vectors for HA-ERR� and pEBG alone (GST) or pEBG-SMILE (GST-SMILE) fusions as
indicated. Protein interactions were examined via in vivo GST pulldown. The top and middle panels (GST puri)
show GST bead-precipitated HA-ERR� and GST fusions, respectively. The bottom panel shows the protein
expression levels of HA-ERR� in cell lysates. wt, wild-type. The data shown are representative of at least three
independent experiments with similar results.
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ment significantly inhibited ERR�-
mediated transcriptional activity.
However, those SIRT1 activators
failed to repress ERR� after shut-
down of SMILE gene expression by
siSMILE-II (siSM-2) (Fig. 5, I and J).
Taken together, these observations
suggest that the activation of SIRT1
by chemicals resulted in the inhibi-
tion of ERR� transactivation, and
this issue depends on the expression
of SMILE.
SMILE Is Required for the ERR�

Inverse Agonist GSK5182-mediated
Transrepression—It has been re-
ported that GSK5182 (Fig. 6F), a
synthetic 4-hydroxytamoxifen deriv-
ative, acts as an ERR� inverse agonist
through binding to the ERR� LBD
region (14). Because SMILE binds
to the AF2 domain of the ERR�
LBD region, we hypothesized that
ERR� inverse agonist might recruit
SMILE to repress ERR� transactiva-
tion. Therefore, we tested whether
SMILE and GSK5182 could cooper-
atively inhibit ERR� transactivation.
As expected, GSK5182 treatment
and overexpression of SMILE alone
inhibited ERR�-mediated sft4-Luc
reporter activity by �50–55% (Fig.
6A, compare lanes 3 and 4with lane
2). Moreover, SMILE enhanced
the transrepression of ERR� by
GSK5182 up to about 88%. Next, we
examined whether the GSK5182-
mediated repression of ERR� de-
pends on SMILE or SIRT1. Interest-
ingly, knockdown of SMILE or
SIRT1 gene expression decreased
the transrepression of ERR� by
GSK5182 to �17 or 13% (Fig. 6A,
compare lane 7with lane 6 and lane
9 with lane 8), respectively. In the
presence of SIRT1 inhibitor EX527
or nicotinamide, GSK5182 did not
show any significant repression on
ERR� (Fig. 6A, compare lanes 10
and 11 with lane 2). Furthermore,
similar results were obtained when
PKD4-Luc reporter was used (Fig.
6B). Taken together, these observa-
tions indicate that ERR� inverse
agonist GSK5182 can strengthen
the repressive effect of SMILE on
ERR� and the transrepression of
ERR� by GSK5182 relies on SMILE
and SIRT1.

FIGURE 4. Competition between SMILE and coactivators. Reporter assays in A–C (upper panels) were performed
as described under “Experimental Procedures.” The means � S.D. (n � 3) of a representative experiment are shown.
HepG2 cells were cotransfected with 0.1 �g of sft4-Luc reporter plasmids, together with the indicated expression
vectors for FLAG-ERR� (0.2 �g), FLAG-SMILE, HA-PGC-1�, HA-PGC-1�, and HA-GRIP1. A–C, lower panels, in vitro
competition of SMILE with PGC-1�, HA-PGC-1�, or HA-GRIP1. 35S-Radiolabeled ERR� were incubated with the indi-
cated GST or GST-SMILE fusion proteins together with increasing amounts of unlabeled in vitro-translated HA-PGC-
1�, HA-PGC-1�, or HA-GRIP1 (0, 3, 6, or 12 �l) proteins. The protein interactions were detected via autoradiography.
D, schematic representation of SMILE and LXXLL motif mutants of SMILE. Upper arrows indicate the locations of four
LXXLL motifs in SMILE and lower arrows indicate the mutation of LXXLL motifs to AXXAL. m1, SMILE-m1 (1st LXXLL
mutated to AXXAL); m2, SMILE-m2 (2nd LXXLL mutated to AXXAL); m3, SMILE-m3 (3rd LXXLL mutated to AXXAL); m4,
SMILE-m4 (4th LXXLL mutated to AXXAL); m5, SMILE-m5 (all of the four LXXLL mutated to AXXAL). E, Western blot
analysis using specific antibodies for SMILE and tubulin, with whole-cell extracts from HepG2 cells transfected with
expression vectors encoding wild-type (wt) FLAG-SMILE or FLAG-SMILE-m1, -m2, -m3, -m4, and -m5. F, effects of
SMILE LXXLL mutants on ERR�-mediated transcriptional activity. HepG2 cells were cotransfected with reporter
vector sft4-Luc, together with indicated expression vector for ERR�, wild-type (wt) FLAG-SMILE or FLAG-SMILE LXXLL
mutants. Luciferase activity was measured after 48 h of transfection. The means � S.D. (n � 3) of a representative
experiment are shown. G, in vivo interactions of SMILE LXXLL mutants with ERR�. HepG2 cells were cotransfected
with expression vectors for FLAG-ERR� and wild-type pEBG-SMILE (GST-SMILE), or indicated GST-SMILE mutants, or
pEBG alone (GST). Protein interactions were examined via in vivo GST pulldown. The top and middle panels (GST puri)
show GST bead-precipitated FLAG-ERR� and GST fusions, respectively. The bottom panel shows the protein expres-
sion levels of FLAG-ERR� in cell lysates. The data shown are representative of at least three independent experiments
with similar results.
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To determine whether GSK5182 affects the interaction of
ERR� and SMILE, expression vectors for FLAG-ERR� along
with pEBG(GST) or pEBG-SMILE (GST-SMILE)were cotrans-
fected into HepG2 cells, and then in vivo GST pulldown assays
were performed with the whole-cell extracts in the presence

or absence of GSK5182. GSK5812
treatment substantially increased
the binding of FLAG-ERR� to GST-
SMILE (Fig. 6C, upper panel). In
addition, the protein expression lev-
els of FLAG-ERR� and GST-SMLE
were not significantly changed by
GSK5812 (Fig. 6C, middle and bot-
tom panels).
ERR� Inverse Agonist GSK5182

Enhances Overexpressed SMILE to
Down-regulate the Expression of
ERR� Target Gene—Next, we per-
formed ChIP assays to examine
whether SMILE associates with the
ERR� on the promoter of PDK4, a
known target of ERR� (42, 43). Spe-
cific primers that flanked an ERRE
AGGTCA in the PDK4 promoter
were used for quantitative real time
PCR analysis (Fig. 6D, upper panel).
We observed that low levels of
SMILE and SIRT1 and high levels of
PGC-1� were associated with the
PDK4 promoter in the absence of
GSK5182. Treatment of GSK5182
increased the occupancy of SMILE
and SIRT1 but decreased the occu-
pancy of PGC-1� (Fig. 6D, lower left
panel). However, no significant
recruitment was observed in the
control region of the PDK4 pro-
moter (Fig. 6D, lower right panel).
These results indicate that SMILE
forms a complex with ERR� on the
PDK4 promoter, and the recruit-
ment of SMILE can be increased by
GSK5182, which leads to the disso-
ciation of PGC-1�.

Based on the results that the
repression of SMILE was sensitive
to the inhibition of SIRT1 catalytic
activity and SMILE interacted with
SIRT1 (Fig. 5, C–G), we speculated
that the recruitment of SMILE to
PDK4 promoter might lead to pro-
moter-complexed histone deacety-
lation. To address this issue, ChIP
assays were performed with anti-
bodies against acetylated lysine 9 of
histone H3 (Ace-H3). As shown in
Fig. 6D, in the absence of GSK5182,
high acetylation level of the histone

H3 on the ERR� binding region of PDK4 promoter was
observed (lower left panel). However, the acetylation level sig-
nificantly decreased by the treatment of GSK5182 (Fig. 6D, left
in lower panel), which coincides with the increased SMILE and
SIRT1 association. Interestingly, the decrease in the acetylation

FIGURE 5. Involvement of SIRT1 in SMILE repression of ERR�. Reporter assays in A–D, H, and I were per-
formed as described under “Experimental Procedures.” The means � S.D. (n � 3) of a representative experi-
ment are shown. HepG2 cells were cotransfected with 0.1 �g of indicated reporter plasmids, (HNF4)8-Luc (A), or
sft4-Luc (B–D) and 0.1 �g of pcDNA3-HA-HNF4� (A) or pcDNA3-FLAG-ERR� (B–D), together with or without
pcDNA3-FLAG-SMILE (0.2 �g in A–C, and 0.1 �g in D), and indicated doses of pcDNA3-Myc-SIRT1 or
-SIRT1H363Y. 36 h after transfection, the cells in A–C were left untreated or treated with HDAC inhibitor TSA or
SIRT1 inhibitors sirtinol (20 �M), EX527 (10 �M), or nicotinamide (NAM, 20 mM) for 12 h prior to the measurement
of luciferase activity. E, in vitro interaction of SMILE and SIRT1. 35S-Radiolabeled SIRT1 protein was incubated
with GST or GST-SMILE or GST-ERR� fusion proteins. Protein interactions were detected via autoradiography.
F, in vivo interaction of exogenous SIRT1 and SMILE. HepG2 cells were cotransfected with wild-type
pcDNA3-myc-SIRT1 or pcDNA3-myc-SIRT1H363Y and pEBG-SMILE (GST-SMILE) or pEBG alone (GST). Protein
interactions were examined via in vivo GST pulldown. The top and middle panels (GST puri) show GST bead-
precipitated Myc-SIRT1 and GST fusions, respectively. The bottom panel shows the protein expression levels of
Myc-SIRT1 in cell lysates. G, in vivo interaction of endogenous SIRT1 and SMILE. Coimmunoprecipitation assays
were performed with cell extract from HepG2 cells using anti-SMILE antibody. Endogenous SMILE was immu-
noprecipitated with SIRT1 (upper panel). The proteins in the cell lysates (middle and lower panels) were analyzed
by Western blot (WB) analysis using indicated antibodies. H and I, HepG2 cells were transfected with pSUPER
(control (Con)) or pSUPER siSMILE-I (siSM#1), or pSUPER siSMILE-II (siSM#2), or pSUPER siSIRT1 (siSIRT1). After
24 h, the cells were cotransfected with expression vector for FLAG-ERR� and sft4-Luc reporter vectors. 36 h
after the second transfection, the cells were treated with or without indicated SIRT1 activators Resveratrol (100
nM) or piceatannol (20 �M) for 12 h prior to the measurement of luciferase activity. J, effect of siSMILE and
siSIRT1 on the expression of SMILE and SIRT1. HepG2 cells were transfected with pSUPER siSMILE-I (siSM#1),
siSMILE-II (siSM#2), siSHP or pSUPER (Con), and after 72 h the total RNA was isolated. The mRNA levels of SHP
and SMILE were measured via RT-PCR analysis with �-actin shown as a control. The data shown are represent-
ative of at least three independent experiments.
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level of histoneH3was recovered by SIRT1 inhibitor EX527 but
not by HDAC inhibitor (TSA) treatment (Fig. 6D, lower left
panel). Taken together, these results indicate that the increased
recruitment of SMILE on PDK4 promoters is associated with
increased chromatin histone deacetylation.
Because aforementioned data suggest that GSK5182 strength-

ens SMILE to repress ERR�-mediated transactivation and to form
a complex with ERR� on the ERR� target PDK4 promoter, we
next examined the effect ofGSK5182 and SMILE onPDK4 gene

expression. As expected, overexpression of ERR� through ade-
novirus increased PDK4 mRNA levels by �10.5-fold (Fig. 6E,
compare lane 3 with lane 1), and overexpressed SMILE and
GSK5182 alone conspicuously repressed Ad-ERR�-induced as
well as the basal mRNA levels of PDK4 in HepG2 cells (Fig. 6E,
compare lanes 4 and 5 with lane 3 and lane 2 with lane 1).
Interestingly, GSK5182 enhanced the inhibitory effect of
SMILE on PKD4 gene expression (Fig. 6E, compare lane 8with
lane 4 and 5). Moreover, the treatment of SIRT1 inhibitor
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EX527 recovered SMILE- and GSK5182-repressed mRNA lev-
els of PDK4 by �80%, and overexpression of a deacetylase-
defective SIRT1(H355A) mutant (34) via adenovirus showed a
similar effect as EX527 (Fig. 6E, compare lane 9 and 10 with
lane 8). In addition, those treatments did not significantly affect
the mRNA levels of PDK2, which is a non-ERR� target (6).
Collectively, these observations demonstrate that ERR� inverse
agonist GSK5182 and SMILE function cooperatively to reduce
ERR�-mediated PDK4 gene expression, and this repression
depends on SIRT1 activity.
Autoregulatory Loop Controlling SMILE Gene Expression by

ERR�—Interestingly, overexpression of ERR� through adeno-
virus vector increased SMILE mRNA levels (Fig. 6E, compare
lane 3 with lane 1), indicating that SMILE might be a target of
ERR�. Indeed, adenovirus-mediated overexpression of ERR�
up-regulated bothmRNA and protein levels of SMILE dose-de-
pendently (Fig. 7A). We next examined whether ERR family
members could regulate the human SMILE promoter. To
address this issue, we first identified the transcription start site
in the SMILE gene through primer extension analysis. The
apparent start site of transcription identified by these studies
locates 224 nucleotides upstream from the translation start
codon ATG (supplemental Fig. 4). Next, we cloned an �1-kb
fragment of the human SMILE promoter sequences into a lucif-
erase reporter construct and performed transient transfection
experiments in HepG2 cells. As shown in Fig. 7B, overexpres-
sion of ERR� significantly activated SMILE promoter activity in
a dose-dependent manner, whereas ERR� and ERR� did not
show any significant effect. Our aforementioned data demon-
strated that SMILE inhibits ERR� transactivation via coacti-
vator competition; therefore, we next investigated whether
SMILE could repress ERR� on its own promoter. As
expected, overexpression of SMILE repressed ERR�-medi-
ated and PGC-1�-enhanced SMILE promoter transcrip-
tional activity (Fig. 7C).

Previously we have shown that ERR� recognizes the sequence
T(N)AAGGTCA or AGGTCA (half-sites) or TCAAGGTGG (9,
10). Sequence analysis of SMILE promoter showed that there are
two putative ERR�-response elements (ERRE1 and ERRE2) in
the SMILE promoter (Fig. 7D). To further examine whether
these elements were required for ERR�-induced SMILE pro-

moter transcriptional activity, a series of mutants of the SMILE
promoter were generated (Fig. 7D). As shown in Fig. 7E, dele-
tion of the promoter sequence up to nucleotide�879 decreased
ERR�-dependent activation of the SMILE promoter by �95%.
Moreover, mutation of ERRE2 (mtERRE2-Luc) decreased
ERR�-stimulated SMILE promoter activity by �95%, whereas
mutation of ERRE1 (mtERRE1-Luc) had no significant effect.
Taken together, these results indicate that ERRE2 is essential
for ERR�-mediated transactivation of the SMILE promoter. To
further examine whether ERR� directly binds to the ERRE in
the SMILE promoter, ChIP assays were carried out using spe-
cific primers to amplify the region spanning the ERRE1 and
ERRE2. Expression vectors encoding HA fusion protein of
ERR� (HA-ERR�) or HA alone were transfected into HepG2
cells. As shown in Fig. 7F, a 262-bp fragment (corresponding to
ERRE1 and ERRE2) was amplified from cells that expressed
HA-ERR� but not HA alone. In addition, no significant ERR�
binding was observed in the control region of SMILE promoter.
These results demonstrate that ERR� is specifically associated
with the SMILE promoter in vivo.
Overall, these results suggest that ERR� regulates SMILE

gene expression via directly binding to the ERRE in the SMILE
promoter, and SMILE in turn inhibits ERR� transactivation on
the SMILE promoter, indicating the existence of an autoregu-
latory loop.

DISCUSSION

The bZIP protein SMILE has been reported to regulate the
transactivation of several transcription factors, including ERs,
host-cell factor, CREB3, and ATF4 (6, 17–19). Recently, we
have reported that SMILE acts as a novel corepressor of nuclear
receptors GR, CAR, and HNF4� (20). In this study, we identi-
fied ERR� as a novel target of SMILE repression. SMILEdirectly
interacts with ERR� in vitro and in vivo. SMILE inhibits ERR�
transactivation through coactivator competition and recruit-
ment of SIRT1, a class III HDAC.Moreover, knockdown of the
endogenous SMILE and SIRT1 gene expression increases
ERR�-mediated transcriptional activity. In addition, the ERR�-
specific inverse agonist GSK5182 increased SMILE-ERR� asso-
ciation and enhanced the repression of SMILE on ERR�-medi-
ated transactivation and the PDK4 mRNA level. Given the

FIGURE 6. ERR� inverse agonist GSK5182 enhances SMILE to down-regulate ERR� target PDK4. A and B, GSK5182 represses ERR� transactivation in a
SMILE and SIRT1-dependent manner. HepG2 cells were transfected with pSUPER siSMILE-II (siSM#2), siSIRT1, or pSUPER (Con) as indicated. 24 h after transfec-
tion, the cells were cotransfected with 0.1 �g of indicated reporter plasmids, sft4-Luc (A) or PDK4-Luc (B) and 0.2 �g of pcDNA3-FLAG-ERR�, together with or
without 0.1 �g of pcDNA3-FLAG-SMILE (A–C). 36 h after transfection, the cells were treated with chemicals (1 �M GSK5182, 10 �M EX527, or 20 mM nicotinamide
(NAM)) as indicated for 12 h prior to the measurement of luciferase activity. The means � S.D. (n � 3) of a representative experiment are shown. C, GSK5182
treatment intensifies the interaction between ERR� and SMILE. HepG2 cells were cotransfected with pcDNA3-FLAG-ERR� and pEBG-SMILE (GST-SMILE) or pEBG
alone (GST), and 36 h after transfection, the cells were treated with or without 1 �M GSK5182. Cell extracts were prepared and subjected to in vivo GST pulldown
assays in the absence or presence of GSK5182 as indicated. The top and middle panels (GST puri) show GST bead-precipitated FLAG-ERR� and GST fusions,
respectively. The bottom panel shows the protein expression levels of FLAG-ERR� in the cell lysates. D, recruitment of SMILE by GSK5182 on PDK4 promoters is
correlated with PGC-1� dissociation and histone 3 deacetylation in ChIP assays. HepG2 cells were treated with or without indicated chemicals (0.1% DMSO, 1
�M GSK5182, 0.3 �M TSA, and 10 �M EX527). Chromatin fragments prepared from the treated HepG2 cells were immunoprecipitated with the indicated specific
antibodies. Unrelated immunoglobin G (IgG) was used as a negative control. DNA fragments covering an ERRE on human PDK4 promoter are indicated in the
upper panel. The occupancy of ERR�, SMILE, PGC1�, SIRT1, and acetylated histone H3 (Ace-H3) on the ERR�-binding region (lower left panel) was analyzed by
amplifying the corresponding regions using quantitative real time PCR. A control region on the PDK4 promoter was used to check the specific binding of those
proteins (lower right panel). Data are representative of at least two independent IP and three independent PCR amplifications. Values are presented as mean �
S.D. E, relative mRNA expression levels of ERR�, SMILE, PDK4, and PDK2 analyzed by quantitative real time PCR (standardized using �-actin). Normalized basal
levels of each transcript were assigned an arbitrary value of 1.0 for comparison. HepG2 cells were infected with indicated adenovirus vector (Ad-Null, Ad-ERR�,
Ad-SMILE, and Ad-SIRT1H355A) at a concentration of 100 plaque-forming units/cell. After 36 h of infection, the cells were stimulated with or without indicated
chemicals (0.1% DMSO, 1 �M GSK5182, and 10 �M EX527) for 12 h before total RNA were isolated. Data shown are representative of three independent
experiments. F, structure of ERR� inverse agonist GSK5182.
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coexpressions of SMILE and ERR� in the liver, heart, skeletal
muscle, kidney, and brain (16, 43, 44), these observations indi-
cate that the corepressor SMILE may play an important role in
ERR� signaling.

Our previous work has shown that SMILE interacted with
ERR�, ERR�, and ERR� in yeast two-hybrid assays (20). How-
ever, in this study, we observed that SMILE specifically inter-
acts with ERR� in mammalian cells, as demonstrated through
in vivoGSTpulldown andCoIP assays (Fig. 1). This discrepancy
of interaction pattern could be due to the difference between
yeast and mammalian cell system. Our previous report has

shown that the region spanning res-
idues 113–202 of SMILE interacts
with the LBD/AF2 domain of GR,
CAR, andHNF4� (20). Similarly, we
have observed that SMILE uses the
same region for binding to AF2
domain of ERR� (Fig. 3). It is well
known that the AF2 domain of NRs
is usually involved in its binding to
coactivators (1) and that ERR� binds
to coactivators PGC-1�, PGC-
1�, and GRIP1 though its AF2
domain (34, 35). Therefore, it is not
surprising to find that SMILE com-
petes with PGC-1�, PGC-1�, and
GRIP1 for binding to ERR� (Fig. 4,
A–C). As numerous other coactiva-
tors and corepressors are known to
interact with ERR� (3), whether
SMILE may also affect the interac-
tions of ERR� with those coregula-
tors still needs to be determined.
It has been well established that

LXXLL is a common motif found in
NR coregulators to interact with the
LBD/AF2 domain of NRs (35, 36).
However, the LXXLL motifs in
SMILE are apparently not impor-
tant for the SMILE-ERR� associa-
tion and the repression of ERR� by
SMILE (Fig. 4, B–E). This LXXLL-
independent interaction between
coregulator and LBD/AF2 domain
of NRs has also been demonstrated
in our previous report (20), in the
association between ER� and pro-
line-rich nuclear receptor coregula-
tory protein, and in the case of core-
pressor RIP140 (45, 46). In addition,
the bZIP region is known to be
essential for the dimerization and
functions of bZIP proteins (47).
However, we found that the bZIP
region of SMILE is required for the
homodimerization but is not essen-
tial for the repressive effect of
SMILE on ERR� (supplemental Fig.

3), which is consistent with our previous observation (20).
Competition with coactivators is a common repression

mechanism among certain corepressors, including SHP (9),
DAX-1 (10), RIP140 (11), and the corepressor silencing media-
tor of retinoid and thyroid receptors (48). Our study indicates
that SMILE also competes with coactivators PGC-1�, PGC-1�,
andGRIP1 to repress ERR� transactivation (Fig. 4,A–C). How-
ever, overexpression of these coactivators only partially releases
the repression by SMILE (Fig. 4, A–C), indicating that coacti-
vator competition is not completely responsible for the transre-
pression.Of interest, coactivator competitionwas also involved

FIGURE 7. Autoregulatory loop controlling SMILE gene expression by ERR�. A, upper panel shows the
relative ERR� and SMILE mRNA levels analyzed by quantitative real time PCR (standardized using �-actin).
Normalized basal levels of each transcript were assigned an arbitrary value of 1.0 for comparison. Lower panel
shows the protein expression levels of ERR� and SMILE. Tubulin was used as a loading control. HepG2 cells were
infected with adenovirus vector (Ad-Null and Ad-ERR�) at indicated multiplicity of infection (0, 50, or 100).
B, ERR� activates human SMILE promoter activity. HepG2 cell were cotransfected with 0.1 �g of SMILE-Luc
reporter vector and indicated amount of expression vectors encoding ERR�, ERR�, or ERR�. C, SMILE inhibits
ERR�-mediated and PGC-1�-enhanced SMILE promoter activity. HepG2 cells were cotransfected with 0.2 �g of
SMILE-Luc reporter together with or without 0.2 �g of ERR� expression vector and indicated amount of expres-
sion plasmids for SMILE and PGC-1�. D, schematic representation of wild-type and mutant hSMILE promoter
constructs. The putative ERR� binding sites are shown, and the mutated ERRE is indicated with X. E, ERRE2 is
essential for the activation of SMILE promoter by ERR�. HepG2 cells were cotransfected with 0.2 �g of wild-type
or mutant SMILE promoter constructs along with or without 0.2 �g of ERR� expression vector. Luciferase
activity was measured 48 h after transfection. F, ERR� binds to SMILE promoter in ChIP assays. HepG2 cells were
transfected with expression vector for HA or HA-ERR�. Chromatin fragments were prepared from the trans-
fected cells and immunoprecipitated with anti-HA antibody or unrelated immunoglobin G (IgG) as indicated.
DNA fragments covering ERRE (�996 to �735 bp) on SMILE promoter and a control region (�220 to �19 bp)
were PCR-amplified. Data shown are representative of three experiments. G, schematic representation of the
autoregulatory loop controlling the expression of SMILE by ERR� and the mechanisms of SMILE repression on
ERR�, recruitment of SIRT1 and dissociation of coactivator PGC-1�.
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in the repression of SMILE on GR, CAR, and HNF4� (20). In
contrastwith our previous observation that certain class I and II
HDACs are required for the full repression of SMILEonGRand
HNF4� (20), the class III HDAC SIRT1 took the place of clas-
sical HDACs to contribute to the inhibition of SMILE on ERR�,
as demonstrated by the findings that the repression was signif-
icantly released by SIRT1 inhibitors, and siSIRT1, but not by the
specific classical HDACs inhibitor TSA (Fig. 5, B, C, and H).
SIRT1 has been reported to regulate a large number of tran-

scription factors through direct deacetylation of target pro-
teins, including FOXO transcriptional factors, PPAR�, PPAR�,
PGC-1�, liver X receptor �, and liver X receptor � (24–29). In
contrast, the regulation of SIRT1 on ERR� is not through a
direct interaction between SIRT1 and ERR� but through asso-
ciation with SMILE (Fig. 5, E–G). Moreover, the phenomenon
of acetylation/deacetylation does not occur on either SMILE or
ERR� protein (supplemental Fig. 2), indicating SIRT1 regula-
tion of SMILE and ERR�may not be due to direct deacetylation
of these two proteins. Of note, the repression of SMILE on
ERR� activity is not only sensitive to the inhibition of SIRT1
catalytic activity by pharmacological inhibitors (Fig. 5C and Fig.
6, A, B, and E) but is also sensitive to the overexpression of two
different deacetylase-defective mutants of SIRT1 (H363Y and
H355A) (Fig. 5D and Fig. 6E), indicating that the deacetylase
activity of SIRT1 is required for the repression of ERR� by
SMILE. Moreover, we have demonstrated that the recruitment
of SIRT1 by SMILE on ERR� target PDK4 promoter is corre-
lated with the promoter-complexed histone 3 deacetylation in
ChIP assays, and this deacetylation is sensitive to SIRT1 inhib-
itor EX527 but not to classical HDAC inhibitor TSA (Fig. 6D).
These results further support the importance of SIRT1deacety-
lase activity in SMILE-stimulated repression on ERR� and
implicate SIRT1 as a histone H3 deacetylase in mammalian
cells. Of interest, SIRT1 has been reported to play a similar role
in chicken ovalbumin upstream promoter transcription factor
(COUP-TF)-interacting protein 2-mediated transcriptional
repression (49). However, SMILE is also a corepressor of GR,
HNF4�, andCAR (20); whether SIRT1plays a similar role in the
repression of SMILE on those NRs needs to be further clarified.
In this model of transcriptional regulation by NRs, agonist-

bound receptors recruit coactivators such as the PGC-1� and
histone acetyltransferase complex, leading to expression of tar-
get genes. The antagonist-bound receptors bind corepressors
such as N-CoR/silencing mediator of retinoid and thyroid
receptors and histone deacetylase complexes, leading to silenc-
ing of target genes (1). For instance, promoter-bound
hydroxytamoxifen-complexed ER� is associated with NCoR-
HDAC3 complexes, resulting in the suppression of ER-medi-
ated pS2 and c-myc gene transcription (50) In line with this
model, our study demonstrated that inverse agonist GSK5182-
bound ERR� recruits SMILE-SIRT1 corepressor complex to
PDK4 gene promoter, resulting in the dissociation of coactiva-
tor PGC-1� and repressed gene expression of PDK4 (Fig. 6).
These results shed light on a mechanism for the repression of
ERR� by GSK5182.
In the oxidation of glucose to acetyl-CoA, the pyruvate dehy-

drogenase complex is a key enzyme catalyzing the conversion of
pyruvate to acetyl-CoA (51). PDK2 and PDK4, highly expressed

pyruvate dehydrogenase kinase isoforms in the liver, heart, and
skeletal muscle, negatively regulate pyruvate dehydrogenase
complex activity via phosphorylation (52). It has been reported
that the decrease in pyruvate dehydrogenase complex activity
in diabetes is a consequence of increased pyruvate dehydrogen-
ase kinase activity (51). In light of our results that SMILE and
ERR� inverse agonist GSK5182 cooperatively down-regulate
ERR�-mediated PDK gene expression in a SIRT1 activity-de-
pendentmanner (Fig. 6E), it is very likely that SMILE andSIRT1
function synergistically in the regulation of glucose oxidation.
However, it should be pointed out that further investigations
are required to find out the upstream signaling of SMILE. Pre-
viously, it has been reported that insulin inhibits the induction
of the PDK4 gene by both ERR� and PGC-1� (6). Whether
SMILE is involved in this insulin-mediated repression awaits
further exploration. Because PGC-1�, retinoic acid receptor �,
and cyclin-dependent kinase inhibitors p21 and p27 are known
targets of ERR� (4, 5, 7), it would be interesting to further exam-
ine whether SMILE represses their expression through inhibit-
ing ERR�. In addition, as our observations were obtained from
cell culture studies, in the future, it would be necessary to inves-
tigate whether ERR� is more functionally active in SIRT1 or
SMILE knock-out mice.
Previously, we have reported that ERR� regulates SHP and

DAX-1 gene promoters (9, 10). This study indicates that the
SMILE promoter is also a target of ERR�. Although there are
two potential ERREs in the human SMILE promoter, the data
from mutation analysis suggest that ERRE2 is responsible for
ERR�-mediated transactivation of the SMILEpromoter (Fig. 7).
It has been reported that ERRs (ERR�, ERR�, andERR�) bind to
the sameDNA-response elements (1–3); however, in this work,
only ERR� significantly activated the SMILE promoter (Fig. 7).
This indicates that someother factors exceptDNAbindingmay
affect the transactivation. As demonstrated in Fig. 7, ERR� reg-
ulated the transcription of SMILE, which in turn repressed
ERR� transactivation. These results suggest the existence of an
autoregulatory loop. Of great interest, similar autoregulatory
loops also exist in the regulation of SHP andDAX-1 by ERR� (9,
10). Certainly, the physiological role of ERR� regulation of
SMILE gene expression needs to be further investigated.
In summary, as depicted in Fig. 7G, we proposed that ERR�

activates the SMILE promoter, whereas SMILE in turn inhibits
ERR�. The binding of the inverse agonist GSK5182 to ERR�
recruits the corepressor SMILE-SIRT complex, which leads to
the dissociation of coactivator PGC-1� and silencing of ERR�
target gene PDK4. Our observations provide new insight into
understanding the repressivemechanismof SMILE, SIRT1, and
ERR� inverse agonist.
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