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The orphan receptor LRH-1 and the oxysterol receptors LXRa and LXRb are established transcriptional regulators
of lipid metabolism that appear to control inflammatory processes. Here, we investigate the anti-inflammatory
actions of these nuclear receptors in the hepatic acute phase response (APR). We report that selective synthetic
agonists induce SUMOylation-dependent recruitment of either LRH-1 or LXR to hepatic APR promoters and
prevent the clearance of the N-CoR corepressor complex upon cytokine stimulation. Investigations of the APR in
vivo, using LXR knockout mice, indicate that the anti-inflammatory actions of LXR agonists are triggered
selectively by the LXRb subtype. We further find that hepatic APR responses in small ubiquitin-like modifier-1
(SUMO-1) knockout mice are increased, which is due in part to diminished LRH-1 action at APR promoters.
Finally, we provide evidence that the metabolically important coregulator GPS2 functions as a hitherto
unrecognized transrepression mediator of interactions between SUMOylated nuclear receptors and the N-CoR
corepressor complex. Our study extends the knowledge of anti-inflammatory mechanisms and pathways directed
by metabolic nuclear receptor–corepressor networks to the control of the hepatic APR, and implies alternative
pharmacological strategies for the treatment of human metabolic diseases associated with inflammation.
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Members of the nuclear receptor (NR) family of transcrip-
tion factors are regulators of metabolic gene expression
that also appear to play important roles in the control of
inflammatory responses. Various ligand-activated NRs
exert potent anti-inflammatory activities in macrophages
and other tissues by antagonizing cytokine-mediated
gene expression via transcriptional cross-talk with proin-
flammatory transcription factors, a process referred to as
transrepression (Glass and Ogawa 2006).
The nuclear oxysterol receptors LXRa and LXRb

(NR1H3 and NR1H2) are key regulators of lipid metabo-
lism and transport, and have been demonstrated more

recently to regulate inflammatory signaling in macro-
phages (Joseph et al. 2003; Ghisletti et al. 2007, 2009).
Efforts to elucidate molecular mechanisms revealed that
naturally occurring oxysterols and synthetic LXR ago-
nists repress lipopolysaccharide (LPS)-induced activation
of proinflammatory genes in a small ubiquitin-like mod-
ifier (SUMO)-dependent transrepression pathway. In this
pathway, ligand activation of LXR promotes specific
conjugation of SUMO-2/3 to the LXR ligand-binding
domain (LBD). This modification is necessary to recruit
LXRs to proinflammatory genes and to prevent the
dissociation of the N-CoR/HDAC3 corepressor complex
upon cytokine stimulation. These findings, together with
related observations made with respect to mechanisms of
PPARg transrepression (Pascual et al. 2005; Ghisletti
et al. 2007), raised a variety of intriguing issues that need
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to be addressed to better understand this pathway at the
molecular level (Treuter and Gustafsson 2007).
The first issue deals with the enigmatic molecular

details and consequences of NR SUMOylation. Notably,
it has not been clarified which components specifically
recognize the SUMO status of the respective modified
NRs and thus are necessary to bridge these receptors to
the N-CoR corepressor complex. Also, there might be
molecular features that enable SUMOylated NRs to enter
the transrepression pathway, but perhaps exclude them
from conventional activation.
The second issue deals with the generality of the

SUMO/corepressor-dependent mechanism in anti-in-
flammatory pathways governed by NRs other than LXRs
and PPARg. Various NRs can be modified by SUMO,
which is thought to be linked to repression but has not
yet been investigated with regard to its relevance for anti-
inflammatory transrepression. However, SUMO modifi-
cation is not a prerequisite for all NRs to inhibit in-
flammatory gene expression, as, for example, the gluco-
corticoid receptor can interfere directly with NF-kB
activation in a SUMO/corerepressor-independent man-
ner (Glass and Ogawa 2006).
The third issue deals with the generality of the SUMO-

dependent mechanism in cell types other than macro-
phages. While the initial studies on PPARg (Pascual et al.
2005) and LXRs (Ghisletti et al. 2007) have characterized
the parallel SUMO pathways using macrophages, work
by others provided some indications that related yet dis-
tinct mechanisms may occur in other cell types (Lee et al.
2009; Saijo et al. 2009). Intriguingly, activation of LXRs by
synthetic agonists has been demonstrated to inhibit the
expression ofC-reactive protein (CRP) gene, a key inflam-
matory marker of human liver (Blaschke et al. 2006). The
obvious link between LXR activation and corepressor
complex stabilization at the CRP promoter possibly
suggests that LXR SUMOylation plays conserved roles
in the control of inflammatory pathways in liver.
A recently identified negative modulator of hepatic

inflammatory processes is the orphan receptor LRH-1
(NR5A2), a key metabolic sensor that has overlapping
physiological roles with LXRs by regulating the expres-
sion of genes involved in bile acid synthesis, cholesterol
homeostasis, and triglyceride synthesis (Fayard et al.
2004). While initially thought to function ligand-inde-
pendently, LRH-1 became adopted with the identification
of phospholipid ligands (Krylova et al. 2005; Ortlund et al.
2005). The description of cis-bicyclo[3.3.0]-oct-2-ene
(GR8470) as the first synthetic agonist of LRH-1 suggests
that it is possible to pharmacologically modulate LRH-1
activity (Whitby et al. 2006). How such modulation oc-
curs at the molecular level and in which biological LRH-1
pathways it is relevant remain to be elucidated. One pos-
sible pathway seems to be the negative regulation of the
hepatic acute phase response (APR), in which LRH-1 an-
tagonizes the expression of cytokine-induced gene expres-
sion (Venteclef et al. 2006; Venteclef and Delerive 2007).
In response to infection and inflammation, a wide range

of metabolic alterations occur that commonly is referred
to as APR (Gabay and Kushner 1999; Khovidhunkit et al.

2004; Chait et al. 2005). APR characteristically induces
changes in the concentration of specific plasma proteins
called acute phase proteins (APPs), protecting the host
from further injury and facilitating tissue repair. APPs are
produced exclusively in hepatocytes in response to in-
flammatory signals, a process that is directly regulated at
the transcriptional level by proinflammatory transcrip-
tion factors NF-kB, STAT3, and C/EBPs. The APR can
perturb lipoprotein metabolism and produces a variety
of changes, which can be proatherogenic if the cause
of infection or inflammation is prolonged. Thus, anti-
inflammatory activities of candidate receptors such as
LRH-1 and LXRs, and their respective ligands, are likely
to have a considerable impact on the APR-dependent
progression of human diseases.
Here, we aim to address the above issues by investi-

gating the molecular mechanisms by which LRH-1 and
LXR inhibit the inflammatory APR in human hepatocyte
cultures and in mice. Our key findings indicate that (1)
selective synthetic agonists induce SUMOylation-depen-
dent recruitment of either LRH-1 or LXR onto hepatic
APP promoters, thereby preventing corepressor complex
clearance; (2) in vivo anti-inflammatory actions of LXR
agonists in liver are selectively mediated by the LXRb
subtype; and (3) the corepressor complex subunit GPS2
(Zhang et al. 2002; Sanyal et al. 2007; Jakobsson et al.
2009) acts as a hitherto unrecognized mediator of trans-
repression by SUMOylated NRs.

Results

Ligand-activated LRH-1 or LXR inhibit hepatic APR
by preventing dissociation of the N-CoR corepressor
complex

To investigate the consequences of LRH-1 ligand activa-
tion, as well as the involvement of LXRs in the control of
the hepatic APR, human primary hepatocytes (Fig. 1A–C)
or the hepatoma Huh7 cell line (Supplemental Fig. S1A–C)
were treated with the respective synthetic agonists for
each receptor and subsequently stimulated by the cyto-
kines IL1b and IL6. As expected, cytokine treatment
induced the expression of key proinflammatory APR
genes such as haptoglobin and Serum Amyloid A (SAA)
(Fig. 1A,B; Supplemental Fig. S1A,B), fibrinogen b, PLAT,
and a-glycoprotein (data not shown). However, pretreat-
ment with LRH-1 agonist (GR8470) or LXR agonist
(GW3965) significantly inhibited inflammatory gene ex-
pression. Interestingly, not all proinflammatory APR
genes appear to be inhibited by LRH-1/LXR, as Plasmin-
ogen Activator Inhibitor 1 (PAI-1) (Venteclef et al. 2006)
was ‘‘resistant’’ to ligand-induced inhibition (Fig. 1C;
Supplemental Fig. S1C).
Recent studies have suggested that LXRs inhibit in-

flammatory responses in macrophages by preventing
the dissociation of N-CoR corepressor complexes from
proinflammatory gene promoters (Ghisletti et al. 2007,
2009). To investigate whether LRH-1 and LXRs inhibit
the APR in hepatocytes via related mechanisms, we
analyzed corepressor complex recruitment by chromatin
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immunoprecipitation (ChIP) assays under the above ex-
perimental conditions (Fig. 1D–F). The experiments re-
vealed first that the promoters of SAA and haptoglobin
are under the control of the conventional NR corepressor
complex containing N-CoR and HDAC3, which rapidly
dissociates upon cytokine stimulation in order to induce
gene transcription (Fig. 1D). An interesting observation
was that the N-CoR-related corepressor SMRT, impli-
cated in repressing a subset of inflammatory genes in
macrophages (Ghisletti et al. 2009), was not recruited
onto the hepatic SAA or haptoglobin promoters. How-
ever, SMRT was recruited together with HDAC3 on the
PAI-1 promoter and released upon cytokine treatment
(Fig. 1D). N-CoR and SMRTwere not the only corepressor
complex subunits that displayed selective recruitment
profiles, since we found that GPS2, a stoichiometric co-
repressor complex subunit (Zhang et al. 2002), co-occupied
the SAA and haptoglobin promoters but not the PAI-1 pro-
moter, and was released upon cytokine stimulation (Fig.
1D).
Second, these experiments revealed that pretreatment

with GR8470 or GW3965 prevented dissociation of the
N-CoR complex core subunits (i.e., N-CoR, GPS2,
TBLR1, and HDAC3) and triggered recruitment of LRH-1
or LXRs to the complex, as demonstrated by sequential
(re-)ChIP assays on the haptoglobin promoter (Fig. 1E,F).
Similar results were observed at the SAA promoter and
verified by quantitative PCR (qPCR)-ChIP analysis (data
not shown). Additionally, treatment kinetics in the ab-
sence of agonists indicated that cytokines do not induce
recruitment of LRH-1 or LXRs to APR promoters (Sup-
plemental Fig. S1D).
Third, ChIP profiling revealed that RXR, the obligatory

heterodimer partner of LXRs in classical activation path-
ways (for example, see Jakobsson et al. 2009), was not

present on APR promoters (Fig. 1F). This suggests that
RXRs do not participate in transrepression by LXRs, and
that both LXRs and LRH-1 act as monomeric receptors in
this pathway.
To provide further evidence for the specificity of the

synthetic LRH-1 agonist, we depleted endogenous LRH-1
using RNAi (Supplemental Fig. S2A). This resulted in a
lack of inhibition, proving that LRH-1 was required to spe-
cially mediate the anti-inflammatory effect of GR8470. As
another control for ligand specificity, GR8470 treatment
up-regulated LRH-1 target genes such as APOA1 and SHP
(Supplemental Fig. S2B). Additionally, transrepression of
haptoglobin expression by GR8470 was dose-dependent in
the range of 1–10 mM (Supplemental Fig. S2C,D). Consis-
tent with observations made during the initial character-
ization of the LRH-1 (Whitby et al. 2006), GR8470 did not
enhance the expression of endogenous LRH-1 target genes
in mouse hepatoma cells (Supplemental Fig. S2E), and only
poorly activates overexpressed mouse LRH-1 (Supplemen-
tal Fig. S2F).
Taken together, these data demonstrate that selective

ligand activation of LRH-1 or LXR attenuates the in-
flammatory response in human hepatocytes by antago-
nizing dissociation of the N-CoR corepressor complex
from the promoters of proinflammatory APR genes.

APR transrepression by LRH-1 and LXR is linked
to distinct SUMOylation pathways

Recent work has revealed that ligand-dependent modifi-
cation by the small ubiquitin-like modifiers SUMO-1 or
SUMO-2/3 is a prerequisite allowing activated PPARg
and LXRs, respectively, to enter transrepression path-
ways in macrophages (Pascual et al. 2005; Ghisletti et al.
2007). To assess whether the SUMOylation pathway is

Figure 1. LRH-1 and LXRs inhibit hepatic
APR gene expression. (A–C) The potential
of LRH-1 (GR8470) and LXR (GW3965)
agonists to repress cytokine-induced APR
gene expression was analyzed in human
primary hepatocytes. Hepatocytes were
pretreated with vehicle (DMSO), GR8470
(10 mM), or GW3965 (2 mM) for 24 h and
stimulated with 10 nM IL1b + IL6 for
16 h. Haptoglobin, SAA, and PAI-1 mRNA
levels were quantified by qPCR. Data are
presented as mean 6 SD of three indepen-
dent experiments. (D) IL1b + IL6 induce
the dissociation of N-CoR or SMRT co-
repressor complexes from APR promoters.
Huh7 cells were stimulated with 10 nM
IL1b + IL6 for 1 h. Protein recruitment to
APR promoters was analyzed by ChIP. (E,F)
Activation of LRH-1 (E) or LXR (F) prevents
the dissociation of N-CoR complexes from
the haptoglobin promoter. Huh7 cells were
pretreated by GR8470 (10 mM) or GW3965
(2 mM) and treated with 10 nM IL1b + IL6
for 1 h. Protein recruitment was analyzed
by ChIP and re-ChIP.
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also required for hepatic APR transrepression, hepato-
cytes were transfected with specific siRNAs targeting
SUMO-1 or SUMO-2/3 and treated with receptor agonists
under inflammatory conditions (Fig. 2A,B). The data in-
dicate that knockdown of SUMO-1 specifically affected
the inhibition by LRH-1 of cytokine-induced haptoglobin
expression, and that knockdown of SUMO-2/3 specifi-
cally affected the anti-inflammatory activity of LXRs (Fig.
2A). These results were confirmed in transrepression
assays using a haptoglobin promoter–luciferase reporter,
demonstrating that conjugation of LRH-1 by SUMO-1
and LXR by SUMO-2/3 is required for transcriptional
repression (Fig. 2B).
ChIP assays revealed that ligand activation of LRH-1 or

LXRs was correlated with the recruitment of known
components of the SUMOylation pathways (Fig. 2C,D).
Of interest was the mutually exclusive association of
LRH-1 with SUMO-1, and of LXRs with HDAC4, the
putative E3 ligase for SUMO-2/3 conjugation (Ghisletti
et al. 2007). As expected, Ubc9, the SUMO-conjugating
E2 enzyme, was detected under both conditions (data
not shown). Importantly, the ChIP assays indicated that

recruitment of LRH-1 or LXR onto the haptoglobin pro-
moter was SUMOylation-dependent (Fig. 2C,D). Spe-
cifically, knockdown of SUMO-1 but not SUMO-2/3 (Fig.
2C for LRH-1), or of SUMO-2/3 but not SUMO-1 (Fig. 2D
for LXRs), or of Ubc9 (data not shown for both LRH-1 and
LXRs) abolished recruitment of the ligand-activated re-
ceptors, and thereby their capacity to prevent the dissoci-
ation of the corepressor complex upon agonist treatment.

SUMOylation of LRH-1 and LXR is required
for APR inhibition

We next wanted to see that the above transcriptional ef-
fects were directly dependent on site-specific SUMOmod-
ification of LRH-1 or LXRs, respectively. This was partic-
ularly crucial in the case of LRH-1, which has not yet
been implicated in SUMO-dependent transrepression
pathways. A previous study has suggested that SUMOyla-
tion of LRH-1 at lysine residue 224 translocated LRH-1 to
transcriptionally inactive subnuclear domains (Chalkiadaki
and Talianidis 2005). Whereas such a mechanism is
unlikely to explain transrepression, which should involve

Figure 2. APR transrepression by LRH-1 and
LXR is dependent on SUMOylation. (A,B)
siRNA depletion of SUMO-1 or SUMO-2/3
reverse transrepression of haptoglobin expres-
sion (A) and haptoglobin reporter activity (B) in
Huh7 cells. Huh7 cells were pretreated with
DMSO, GR8470 (10 mM), or GW3965 (2 mM)
for 24 h and 10 nM IL1b + IL6 for 3 h. (C,D)
siRNA depletion of SUMO-1 or SUMO-2/3
prevents recruitment of LRH-1 or LXR to the
haptoglobin promoter. Huh7 cells were trans-
fected with siRNA according to the figure, and
were treated with LRH-1 or LXR agonists for
24 h and 10 nM IL1b + IL6 for 1 h. Protein
recruitment was analyzed by ChIP. (E,F)
SUMOylation of LRH-1 and LXRb is required
for transrepression. Huh7 cells were trans-
fected by Myc-LRH-1 wild type or K224R
mutant (E) or Flag-LXRb wild type or K410R/
K448R double mutant (F). After transfection,
cells were treated with DMSO or agonists for
24 h and 10 nM IL1b + IL6 for 1 h. Receptor
recruitment at the haptoglobin promoter was
measured by ChIP using Myc or Flag anti-
bodies.
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recruitment of SUMOylated LRH-1 to chromatin sites prone
to rapid activation, we considered LRH-1 SUMOylation to
be a conserved feature and investigated its involvement
in APR transrepression.
First, LRH-1 wild type and SUMO site mutants were

cotransfected with the haptoglobin reporter under inflam-
matory conditions (Supplemental Fig. S3A). As expected
from previous work (Venteclef et al. 2006), overexpression
of LRH-1 wild type inhibited cytokine-mediated haptoglo-
bin reporter activity; a similar finding was observed with
the K146R and K264Rmutants. In contrast, LRH-1 K224R
was not capable of inhibiting cytokine-induced activity,
suggesting that SUMOylation of Lys 224 is required for
transrepression. Control experiments revealed that the
transactivation ability of LRH-1 K224R is not different
from that of LRH-1 wild type (data not shown). In addi-
tion, we found that overexpression of a SUMO protease 1
(SuPr-1) significantly inhibits the anti-inflammatory activ-
ity of LRH-1.
To investigate the molecular reasons for the loss of

transrepression capacity of the LRH-1 K224R mutant, we
analyzed LRH-1 recruitment onto the haptoglobin pro-
moter by ChIP assays (Fig. 2E). We found that, under
inflammatory conditions, LRH-1 wild type, but not the
SUMOylation-deficient mutant, was recruited onto the
haptoglobin promoter. Control ChIPs revealed that
the recruitment of both variants onto the promoters of
target genes up-regulated by LRH-1 was similar (Supple-
mental Fig. S4A). Re-ChIP assays with antibodies against
suspected core components of the hepatic ‘‘LRH-1 trans-
repression complex’’ revealed co-occupancy of LRH-1
with GPS2, N-CoR (but not SMRT), TBLR1, HDAC3
(but not HDAC1 or HDAC4), and TAB2 (Supplemental
Fig. S4B). Moreover, the specific association of LRH-1
with SUMO-1 was verified by ChIP assays from hepato-
cytes treated with control versus LRH-1 siRNAs (Supple-
mental Fig. S3B).
An interesting observation was that LRH-1 recruit-

ment was enhanced by the synthetic agonist GR8470
(Fig. 2E). In contrast to LXRs, agonist binding to LRH-1 is
not known to induce SUMOylation, consistent with the
apparent constitutive LRH-1 modification by SUMO-1
(Chalkiadaki and Talianidis 2005), or to change the re-
ceptor conformation (Whitby et al. 2006). To shed light
into the mechanisms of LRH-1 activation by GR8470, we
investigated the fate of endogenous LRH-1 upon agonist
treatment in hepatocytes. We found by immunological
analysis that GR8470 treatment increases the levels of
LRH-1 species corresponding to unmodified (wild-type)
and SUMO-modified receptors (Supplemental Fig. S5A).
Immunoprecipitation of endogenous LRH-1 followed by
immunoblotting to detect SUMO-1 confirmed the time-
dependent increase of SUMOylated LRH-1 by GR8470
exposure (Supplemental Fig. S5B). These results are
consistent with the documented compound effects on
LRH-1 recruitment profiles and APR transcription. They
suggest that LRH-1 agonists may act anti-inflammatorily,
at least in part, by stabilizing both free and SUMOylated
receptor levels, thereby increasing the cellular pools of
transrepression-competent LRH-1.

In the case of LXRs, previous work has identified two
putative lysine residues within the LBD that become
modified by SUMO-2 upon treatment with agonists, and
that are necessary to inhibit LPS-induced iNos gene
expression in macrophages (Ghisletti et al. 2007). In con-
firmation of the general requirement of these sites for the
hepatic APR, we demonstrate that mutation of lysine
residues 410 and 448 in LXRb was sufficient to generate
a mutant receptor that could no longer be recruited to the
haptoglobin promoter in vivo (Fig. 2F). Expression levels
and activation capacity of wild-type and mutated LXRb
were similar (data not shown).
Taken together, these data implicate that direct re-

ceptor SUMOylation, with distinct conjugation sites and
mechanisms of ligand action, controls related transrepres-
sion pathways of LRH-1 and LXR during the hepatic APR.

Alterations of the hepatic APR and of LRH-1
transrepression in SUMO-1 knockout (KO) mice

Our present data and a previous study (Venteclef et al.
2006) demonstrate that LRH-1 attenuates the hepatic
APR, and that action of LRH-1 is linked to its SUMO-1
conjugation. To investigate the role of the SUMO-1
pathway in the control of hepatic inflammatory response
in vivo, we treated SUMO-1 KO mice (Zhang et al. 2008)
with LPS and analyzed the expression levels of key acute
phase genes by qPCR (Fig. 3A–C). The inflammatory
response was significantly more pronounced in SUMO-1
KO mice than in wild-type mice, as documented by
increased levels of haptoglobin, SAA (Fig. 3A,B), and
CRP (Supplemental Fig. S6) transcripts. However, the
LPS-mediated expression of PAI-1, which is not repressed
by LRH-1 or LXR, was identical in SUMO-1 KO and wild-
type mice (Fig. 3C).
Because the absence of SUMOylated LRH-1 in SUMO-1

KO mice could explain the exacerbated inflammatory
response, we assessed the recruitment of N-CoR, GPS2,
SUMO-1, SUMO-2/3, LRH-1, LXRs, and PPARa onto the
haptoglobin promoter by ChIP assays and quantified the
results by using qPCR (Fig. 3D,E). First, in wild-typemice,
LRH-1 (fivefold) and SUMO-1 (fourfold) were recruited
onto the haptoglobin promoter, suggesting that SUMO-1-
conjugated LRH-1 interacts with the N-CoR complex
already in absence of inflammatory stimuli. Second, LPS
treatment induced partial dissociation of N-CoR and
GPS2, but not of SUMO-1 and LRH-1. In contrast, LRH-1
was not recruited onto the haptoglobin promoter in
SUMO-1 KO mice, demonstrating the importance of
SUMO-1 conjugation for the recruitment of LRH-1 in
vivo. LPS challenge induced a more complete dissociation
of the N-CoR complex from the promoter in SUMO-1
KO mice in comparison with wild-type mice. Notably,
no significant differences were detected regarding the
recruitment of LXRs, PPARa, and SUMO-2/3, providing
support for the specific link of LRH-1 to SUMO-1. A final
interesting observation was that the expression levels of
endogenous LRH-1 target genes (e.g., SHP andCYP7A), as
well as LRH-1 recruitment to their promoters, were
increased in SUMO-1 KO mice, indicating SUMO-1
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modification also influence LRH-1 repression of direct
target genes (Fig. 3 F,G).
Collectively, these data indicate that SUMOylated

LRH-1 interacts with the N-CoR/GPS2 complex, and
blocks its dismissal from the haptoglobin promoter also
under in vivo conditions.

The LXR–SUMO–corepressor pathway negatively
regulates the hepatic APR in vivo

While the study of LRH-1 KO mice has supported the
specific involvement of LRH-1 for the hepatic APR in
vivo (Venteclef et al. 2006; Venteclef and Delerive 2007),
the biological relevance of the anti-inflammatory proper-
ties of LXRs, and of synthetic LXR agonists, in liver
remained to be established.
To address these issues, we investigated the APR in

wild-type and LXRa/b double-KO mice and upon ligand
activation of LXRs. Whereas LPS treatment in wild-type
mice resulted in an induction of APR genes such as
haptoglobin, SAA, and CRP (Fig. 4A; Supplemental Fig.
S7A,D), this inflammatory response was strongly reduced
in wild-type mice treated with GW3965. Quantification
of plasma SAA protein levels agreed with the gene
expression data; i.e., a significant reduction of inflamma-

tory response in mice treated with the LXR agonist
(Supplemental Fig. S7C). Hepatic LXR expression was
monitored to demonstrate that LXRa and LXRb expres-
sion were not modified by the LPS challenge (Supplemen-
tal Fig. S9D). Moreover, LXR was required, as GW3965
treatment did not inhibit the LPS-mediated haptoglobin,
SAA, and CRP gene expression, and protein levels in
LXRa/b KO mice. Notably, the inflammatory response
was more pronounced in these mice, demonstrating that
LXRs play a crucial role in the control of the hepatic APR
in vivo even in the absence of exogenously added syn-
thetic agonists (Fig. 4A; Supplemental Fig. S7A,D).
To confirm that LXRs were required to prevent disso-

ciation of the corepressor complex from acute phase
gene promoters in vivo, we analyzed the recruitment of
LXRs, N-CoR, GPS2, HDAC3, and HDAC4 onto the
haptoglobin, SAA, and CRP promoters in wild-type
and LXRa/b KO mice by ChIP assays from liver tissue
extracts (Fig. 4C,D; Supplemental Fig. S8). In agreement
with the results derived from human hepatocytes (Fig. 1),
GW3965 treatment prevented the dissociation of N-CoR
and GPS2 from the haptoglobin promoter in LXR wild-
type but not LXRa/b KO mice upon LPS challenge.
Importantly, GW3965 treatment induced the recruitment
of LXRs onto the promoter, again only in LXR wild-type

Figure 3. SUMO-1 KO mice have in-
creased APR. (A–C) Wild-type and SUMO-1

KO mice were treated with 10 mg/kg LPS
for 6 h. APR gene expression was analyzed
by qPCR. (D,E) Protein recruitment onto
the mouse haptoglobin promoter was ana-
lyzed by ChIP from liver extracts. (F,G)
Gene expression of LRH-1 target genes
SHP and CYP7A1 (left panel) and LRH-1
recruitment to the promoters (right panel)
were analyzed in wild-type and SUMO-1

KOmice. Data are presented as mean6 SD
from five individual mice per group.
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but not LXRa/b KO mice. This was associated with
corecruitment of HDAC4 and SUMO-2/3 (Fig. 4C), sug-
gesting that SUMOylation-dependent LXR transrepres-
sion occurs in both mouse and human hepatocytes.
Finally, recruitment profiles in the LXRa/b KO mice
treated with LXR agonist GW3965 confirm the strict
LXR dependence of transrepression complex formation
on APR promoters (Fig. 4D).

The LXRb subtype selectively inhibits hepatic APR
in a SUMOylation-dependent manner

Although initial in vitro studies in macrophages have
suggested that both LXRs are SUMOylated and thereby
are capable of transrepression (Ghisletti et al. 2007), the
important question of LXR subtype selectivity needed to

be reinvestigated for in vivo relevance in light of hepatic
LXR pathways presented here.
We addressed this issue by treating groups of LXRa or

LXRb single-KO mice as described above (Fig. 4B,E,F;
Supplemental Fig. S9). We found that GW3965 inhibited
LPS-mediated haptoglobin gene expression in LXRa KO
mice, whereas no effect was seen in LXRb KO mice (Fig.
4B). Analysis of additional APR genes confirmed their
general LXR requirement, as well as the lack of PAI-1
inhibition in both human and mouse hepatocytes (Sup-
plemental Fig. S9C). Also, LXR levels were unchanged in
wild-type mice under different treatments (Supplemental
Fig. S9D).
ChIP analysis at the mouse haptoglobin promoter (Fig.

4E,F) and additional APR promoters (data not shown)
essentially confirmed the expression data by demonstrating

Figure 4. LXRbmediates APR transrepres-
sion upon activation of the LXRs. (A,B)
Wild-type, LXRab double-KO, or LXRa

and LXRb single-KO mice were pretreated
with 30 mg/kg per day GW3965 for 4 d and
then treated with 2 mg/kg LPS for 2.5 h.
Gene expression was analyzed by qPCR.
(C–F) Protein recruitment to the mouse
haptoglobin promoter was analyzed by ChIP
from liver extracts. Data are presented as
mean 6 SD from five individual mice per
group. (G) LXRb but not LXRa is recruited
to the haptoglobin promoter. Huh7 cells
were transfected with Flag-LXRa or Flag-
LXRb, and were treated with GW3965
(2 mM) for 24 h and 10 nM IL1b + IL6 for
1 h. Recruitment of LXRs to haptoglobin or
ABCA1 promoters was analyzed by ChIP
using Flag or LXR antibody. (H) LXRb but
not LXRa is modified by SUMO-2. Huh7
cells were cotransfected with Flag-LXRa
or Flag-LXRb and Myc-SUMO-2, and were
treated with GW3965 (2 mM) for 6 h.
Whole-cell lysates were immunoblotted
using Flag antibody to detect modified LXR,
or immunoprecipitated using Flag antibody
followed by immunoblotting using Myc an-
tibody to detect SUMO-2-conjugated LXRs.
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that LXR recruitment was observed in LXRa KOmice, but
not in LXRb KOmice. The notion that LXRb, HDAC4, and
SUMO-2/3 co-occupied the haptoglobin promoter in mice
lacking LXRa suggests that SUMOylated LXRb was
responsible for APR inhibition in vivo.
siRNA-mediated depletion of each LXR in human

hepatocytes (Supplemental Fig. S10A–D) revealed that
LXRb subtype selectivity is a conserved feature of human
and mouse LXR transrepression but not of activation, as
demonstrated for ABCA1. The individual recruitment of
LXRa or LXRb onto haptoglobin or ABCA1 promoters
(Jakobsson et al. 2009) was analyzed in hepatocytes
transfected with either Flag-LXRa or Flag-LXRb and then
treated with GW3965 under inflammatory conditions
(Fig. 4G). We found that agonist treatment induced the
specific recruitment of Flag-LXRb, but not that of Flag-
LXRa, to the haptoglobin promoter, as demonstrated by
ChIP assay. Overexpressed Flag-LXRs were both func-
tional, as they were recruited onto the ABCA1 promoter
upon ligand treatment in the same experiments (Fig. 4G).
These results suggested that LXR-dependent transrepres-
sion is LXRb-specific, while activation is not. To un-
derstand these differences at the molecular level, we
analyzed the SUMOylation status of both receptors.
Huh7 cells were cotransfected with Flag-LXRa or Flag-
LXRb andMyc-SUMO-2, and then treated with GW3965.
Two approaches—direct immunoblotting of lysates using
Flag (LXR) antibody or Flag (LXR) immunoprecipitation
followed by detection of SUMO-2 using Myc antibody
(Fig. 4H)—suggest that SUMO-2modification occurs only
on LXRb upon ligand activation. As similar results were
observed in HeLa cells (Supplemental Fig. S10E), it can be
assumed that subtype selectivity is not limited to the
hepatocyte cellular environment. Collectively, these re-
sults link LXRb selectivity in the hepatic APR to the
preferential SUMO-2 conjugation of this particular sub-
type.

GPS2 is required to prevent agonist-dependent
corepressor complex dissociation

Recent studies have highlighted the importance of the
N-CoR complex subunit GPS2 in regulating transcrip-
tional activation of LRH-1 and LXR in pathways linked to
cholesterol metabolism and transport (Sanyal et al. 2007;
Jakobsson et al. 2009). Since our initial results (Fig. 1D–F)
suggested an additional involvement for GPS2 in the
hepatic APR, we investigated the importance of GPS2
in relation to N-CoR in the APR pathway.
In the initial set of experiments, human hepatoma cells

were transfected with siRNAs targeting N-CoR or GPS2
and then treated with agonists under inflammatory
conditions (Fig. 5). We found that, in N-CoR-deficient
cells, neither LRH-1 nor LXR activation could inhibit
cytokine-mediated expression of endogenous haptoglobin
(Fig. 5A) or exogenous haptoglobin promoter–luciferase
reporter activity (Fig. 5B). These results were consistent,
in the case of LXRs, with N-CoR depletion studies in
macrophages (Ghisletti et al. 2007). Surprisingly, similar
results were observed in GPS2-depleted cells (Fig. 5A,B),

suggesting an additional requirement of GPS2 in either
recruiting the corepressor complex to inflammatory pro-
moters (repression), or preventing corepressor complex
dissociation by recruiting LRH-1 or LXRs (transrepression).
These possibilities were investigated further by ChIP

assays from cells treated under the same experimental
conditions (Fig. 5C). While knockdown of GPS2 did not
affect the recruitment of N-CoR and HDAC3 onto the
haptoglobin promoter in the absence of cytokine stimu-
lation, interleukin treatment induced clearance of N-CoR
and HDAC3 in GPS2-deficient cells. In contrast, N-CoR
depletion resulted in removal of the corepressor complex
already in the absence of cytokine stimulation. These
combined results suggest that repression of proinflam-
matory gene expression and the mechanisms that trigger
proteasomal corepressor complex removal upon stimula-
tion do not depend on GPS2, but require N-CoR. It was,
however, intriguing to observe that, in GPS2-deficient
hepatocytes, LRH-1 (Fig. 5C, top panel) or LXRs (Fig. 5C,
bottom panel) were no longer recruited onto the hapto-
globin promoter, and thus are not capable of inhibiting
corepressor complex dissociation. Lack of receptor re-
cruitment was also demonstrated in the N-CoR-deficient
cells, consistent with the absence of the corepressor
complex under all conditions.
To further investigate the potential role of GPS2 in

recruiting SUMO-NRs to the promoter-bound N-CoR
complex, we performed rescue experiments by expressing
HA-tagged GPS2 derivatives in hepatocytes upon siRNA-
mediated depletion of endogenous GPS2 (Fig. 5D). The
assays revealed that HA-GPS2 wild type (amino acids
1–327) and, surprisingly, HA-GPS2 N (amino acids 1–105)
could restore the recruitment of LRH-1 or LXR onto the
haptoglobin promoter under inflammatory conditions. In
contrast, expression of a HA-GPS2 derivative that lacks
the N-terminal repressor/N-CoR-binding domain (Zhang
et al. 2002), but contains the C-terminal interaction
domain (amino acids 100–327) with LRH-1 (Sanyal et al.
2007) and LXRs (Jakobsson et al. 2009), failed to restore
recruitment of these receptors. This indicates that GPS2
interactions with N-CoR are necessary to recruit NRs
to the complex, and that the previously identified NR
interaction domain is insufficient for targeting these NRs
under inflammatory conditions.
In conclusion, these results suggest that GPS2 and

N-CoR are required for distinct steps during derepression
of inflammatory genes, and that GPS2 could be the link
between ligand-activated NRs and the N-CoR complex to
mediate transrepression.

GPS2 functions as the SUMO-NR sensor
of the transrepression complex

Our demonstration that GPS2, in addition to N-CoR, was
required for both LRH-1 and LXRb to inhibit hepatic APR
gene expression, together with the obvious requirement
of receptor SUMOylation, raised the question of whether
these two observations are mechanistically linked to
each other. Considering that transrepression targeting
might involve as yet unrecognized interaction features
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of GPS2 with SUMOylated NRs, we noticed that the
predicted N-terminal coiled-coil domain (Zhang et al.
2002) revealed some similarities; i.e., patterns of hydro-
phobic residues with acidic regions adjacent (Fig. 6A)
to recently identified SUMO-interacting motifs (SIMs)
(Kerscher 2007; Ouyang et al. 2009).
Various in vitro assays were carried out to confirm the

functional relevance of these implications. First, we dem-
onstrate using purified proteins that the GPS2N terminus
(amino acids 1–105) could indeed bind directly to GST-
SUMO-1 or GST-SUMO-2 fusion proteins (Fig. 6B). Sec-
ond, specific binding was verified using SUMO-2 agarose,
with in vitro translated 35S-labeled GPS2 and SUMO pro-
tease 1 (SuPr1) for comparison (Fig. 6C; Supplemental Fig.
S11A). In these experiments, peptides corresponding to the
characterized SIM of the corepressor CoREST1 (Ouyang
et al. 2009) or to shorter parts of the GPS2 SUMO-binding
domain (amino acids 61–94) were inefficient in competing
for binding, suggesting the SUMO-binding surface of GPS2
to be distinct from andmore complex than those of classic
short SIM peptide motifs. Third, specific interactions
could also be detected in mammalian cells by coimmuno-
precipitation of HA-taggedGPS2 andMyc-tagged SUMO-1
or SUMO-2, respectively (Fig. 6D). Fourth, while dele-
tion of the GPS2 SUMO-binding domain (amino acids
61–94) reduced or abolished interactions in coimmuno-
precipitation or pull-down assays (Fig. 6E; Supplemental

Fig. S11A,C,D), mutations of key hydrophobic residues
(Fig. 6A) that distantly conform to the SIM consensus had
little effect on the in vitro interactions (Supplemental Fig.
S11B,C,E). This suggests that the entire domain, rather
than individual SIMs, determines SUMO-dependent in-
teractions of GPS2. Fifth, coimmunoprecipitations from
cell extracts expressing LXRb or LRH-1 together with
Myc-tagged SUMO revealed specific precipitation of LXRb–
SUMO-2 or LRH-1–SUMO-1 by GPS2 (Fig. 6G,I). Deletion
of GPS2 SUMO binding (amino acids 61–94) reduced but
did not abolish NR interactions of GPS2, consistent with
the contribution of a separate C-terminal NR-binding
domain to these in vitro interactions (Fig. 6G). Inclusion
of HDAC4 in the interaction assays revealed the exis-
tence of complexes consisting of LXRb–SUMO-2,
HDAC4, and GPS2 in solution (Fig. 6F), consistent with
our above-described ChIP data and with the suspected
role of HDAC4 in triggering SUMO-2 modification of
LXRs (Ghisletti et al. 2007). Sixth, purified GST-GPS2-N
(amino acids 1–105) interacted with an in vitro translated
SUMO-1–LRH-1 fusion protein as well as with LRH-1
wild type, suggesting an additional binding site for both
modified and free LRH-1 within the GPS2 N terminus
(Fig. 6H).
Complications for the analysis and interpretation of

GPS2-dependent SUMO (and SUMO-NR) targeting arise
from the fact that the same GPS2 N-terminal region

Figure 5. APR transrepression by LRH-1 and
LXR requires GPS2. (A,B) siRNA depletion of
N-CoR or GPS2 abolishes transrepression of
haptoglobin expression (A) and haptoglobin re-
porter gene activity (B) in Huh7 cells. Cells were
transfected with siRNA according to figure, and
were treated with DMSO or agonists for 24 h and
10 nM IL1b + IL6 for 3 h. Data are represented as
mean6 SD of triplicate experiments. (C) GPS2 is
required for transrepression of the haptoglobin

promoter by LRH-1 (top panel) and LXR (bottom
panel). (D) Mapping of the GPS2 ‘‘transrepres-
sion’’ domain. Huh7 cells expressing siRNA
targeting GPS2 were transfected with different
HA-GPS2 derivatives (wild type, 1–105, and 100–
327). Recruitment of LRH-1 and LXR to the
haptoglobin promoter was analyzed by ChIP.
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mediates interactions with N-CoR (Zhang et al. 2002).
Thus, we asked whether it is possible to separate N-CoR
binding fromNR-SUMO recruitment. We performed ChIP
rescue experiments using GPS2 wild type and mutants,
and this time analyzed GW3965-dependent recruitment of
LXR, GPS2, and N-CoR in both the presence or absence of
cytokine stimulation on the haptoglobin promoter. The
key results for LXR (Fig. 7A) were as follows: (1) Co-
occupancy of all three proteins was observed only in the
presence of cytokines andGW3965 in cells expressing HA-
GPS2 wild type, while none of the GPS2 mutants could
rescue endogenous GPS2 depletion. This suggests that all
mutants were deficient in either N-CoR binding and/or
NR-SUMO targeting. (2) Analysis in the absence of cyto-
kine stimulation demonstrated that one GPS2 mutant
(L76,77,79R) could be recruited to the N-CoR complex.
Thus, in this case, the lack of LXR recruitment upon
cytokine stimulationwas likely to be a direct consequence

of abolished interactions with SUMOylated LXR, and not
due to defective N-CoR binding. To further support this
assumption, we analyzed the corecruitment of GPS2 wild
type and derivatives with N-CoR at the LXR-regulated
ABCA1 promoter (Jakobsson et al. 2009). Unlike at APR
promoters, ABCA1 transcription is repressed by GPS2–
N-CoR complexes in the absence of LXR ligand activa-
tion, likely to be independent of SUMOylation. Intrigu-
ingly, GPS2 (L76,77,79R) was capable of rescuing GPS2
deficiency, and was corecruited together with N-CoR to
the LXRE of ABCA1 (Fig. 7B).
Similar results were observed with LRH-1 on the

haptoglobin promoter (Supplemental Fig. S12A,B), sup-
porting the relevance of the above findings for the in vivo
situation. However, attempts to reconstitute the differ-
ences between GPS2 wild type and (L76,77,79R) in
vitro were not satisfactory. For example, mutation of
(L76,77,79R) in the context of GST-GPS2 N (amino acids

Figure 6. GPS2 interacts with SUMO and
SUMOylated LRH-1 or LXRb. (A) Sche-
matic structure of human GPS2 and muta-
tions within the N-terminal transrepression
domain. (B) Purified recombinant HIS-GPS2
(amino acids 1–105) was incubated with
purified GST, GST-SUMO-1, or GST-
SUMO-2 protein. Precipitated GPS2 was
visualized using HIS antibody. (C) Agarose-
SUMO-2 was incubated with 35S-labeled
GPS2 or SUMO protease 1 (SuPr1) and
GPS2 or RCOR peptides as indicated. Pro-
teins were separated by SDS-PAGE and
detected using autoradiography. (D) Lysates
from HeLa cells transfected with Myc-
SUMO-1 or Myc-SUMO-2 and HA-GPS2
were immunoprecipitated using HA or
Myc antibodies. Precipitates were sub-
jected to Western blot as indicated. (E)
Lysates from Cos-7 cells transfected with
Myc-SUMO-1 or Myc-SUMO-2 and HA-
GPS2 derivatives (wild type and D61–94)
were immunoprecipitated using Myc anti-
body. Precipitates were subjected to West-
ern blot using HA antibody. (F) Lysates
from Cos-7 cells transfected with Myc-
SUMO-2, Myc-HDAC4, Flag-LXRb, and
HA-GPS2 were immunoprecipitated using
Flag antibody. Precipitates were subjected
to Western blot using HA and Myc anti-
bodies. (G) Lysates from Cos-7 cells trans-
fected with Myc-SUMO-2, Flag-LXRb, and
HA-GPS2 derivatives (wild type and D61–
94) were immunoprecipitated using HA
antibody. Precipitates were subjected to
Western blot using Flag and Myc anti-
bodies. (H) GST or GST-GPS2-N (amino
acids 1–105) were bound to gluthathione
sepharose and incubated with 35S-labeled
LRH-1 and SUMO-1–LRH-1 for 2 h. Pro-
teins were separated by SDS-PAGE and
detected using autoradiography. (I) Lysates

from Cos-7 cells transfected with Myc-SUMO-1, HA-GPS2, and Myc-LRH-1 (wild type or K224R) were immunoprecipitated using HA
antibody. Precipitates were subjected to Western blot using LRH-1 antibody.
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1–105) did not abolish the interactions with in vitro
translated LRH-1 wild type or SUMO-1–LRH-1 (Sup-
plemental Fig. S11E; data not shown). This points at
the existence of additional specificity determinants—
such as the GPS2 C terminus, N-CoR, or TBLs—that
may allosterically modulate interactions within the
GPS2 N terminus. Collectively, these data suggest that
the GPS2 coiled-coil domain encompassing amino acids
61–94 is responsible for mediating interactions between
LRH-1/LXR and N-CoR, and that it is possible to separate
N-CoR binding from NR-SUMO recruitment by muta-
tion of distinct hydrophobic GPS2 surface residues.
Our data suggested that transrepression by LRH-1,

similar to LXR (Ghisletti et al. 2007; this study), follows
a two-step mechanism: (1) ligand- and SUMO-dependent
NR docking to the corepressor complex via GPS2, and (2)
inhibition of complex dismissal upon cytokine stimula-
tion. We therefore finally asked whether these two steps
can be separated, and wanted, in particular, to address the
specificity of SUMO-dependent NR docking in step 1.
ChIP analysis of LRH-1 and SUMO derivatives—including
SUMO fusion proteins to LRH-1 and GFP, and LRH-1
(amino acids 1–267) lacking the LBD but retaining the
SUMO acceptor Lys K224—revealed the following (Fig.
7C): (1) SUMO fusion could overcome the ligand re-

quirement for LRH-1 SUMOylation and did mimic acti-
vated SUMO–LRH-1 in both steps; i.e., docking occurred
without cytokine treatment and corepressor release was
inhibited upon stimulation (Fig. 7C, top panel; Supple-
mental Fig. S12E,F). (2) Deletion of the LBD abolished the
functionality of LRH-1 in both steps, but docking of this
derivative could be rescued by coexpression of SUMO-1,
presumably by overcoming the ligand dependence of
LRH-1 SUMOylation and restoring corepressor docking
via GPS2 (Fig. 7C, bottom panel). (3) SUMO fusions to
GFP could not substitute for LRH-1 because they were
not capable of docking (Supplemental Fig. S12C,D). These
results indicate that efficient docking of SUMOylated
LRH-1 to the GPS2 complex requires both SUMO and the
receptor, thereby highlighting the NR selectivity of the
SUMO-dependent transrepression mechanism.

Discussion

LRH-1 and LXRb: key regulators of the hepatic APR,
drug targets for anti-atherogenic strategies?

In the present study, we demonstrate that selective
activation of LRH-1 and LXRb by synthetic ligands
represses cytokine-mediated APR gene expression in

Figure 7. In vivo characterization of transrepres-
sion domains in GPS2 and LRH-1. (A,B) Mapping
of the GPS2 transrepression domain. Huh7 cells,
depleted for GPS2 by siRNA, were transfected
with different HA-GPS2 derivatives and treated
with DMSO, GR8470 (10 mM), or GW3965 (2 mM)
for 24 h and 10 nM IL1b + IL6 for 1 h. Re-
cruitment of LXR, N-CoR, and GPS2 (HA) to
the haptoglobin (A) and ABCA1 (B) promoters
were analyzed by ChIP. (C) Mapping of the LRH-1
transrepression domain. The LRH-1 LBD is re-
quired to prevent the degradation of the N-CoR
complex from the APR promoter. Huh7 cells were
transfected with Myc-LRH-1 wild type, Myc-
LRH-1 DLBD, or Myc-SUMO–1-LRH-1 and
treated with DMSO or GR8470 (10 mM) (top
panel), or cotransfected with GFP-SUMO-1 (bot-
tom panel) for 24 h. Cells were treated with 10 nM
IL1b + IL6 for 1 h. Recruitment of Myc-tagged
LRH-1 derivatives, N-CoR, SUMO-1, and GPS2 to
the haptoglobin promoter was analyzed by ChIP.
(D) LRH-1 transrepression at APR promoters can
be dissected into two separate steps. (Step 1)
Ligand- and SUMO-dependent ‘‘docking’’ to the
corepressor complex via GPS2. (Step 2) LRH-1-
dependent inhibition of corepressor complex deg-
radation.
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human hepatocytes and in mice. Our results imply that
appropriate activation of LRH-1 or LXRbmight be pivotal
to the body’s systemic response by suppressing multiple
inflammatory APR pathways. They suggest the APR as
a hitherto unrecognized transrepression pathway of met-
abolic NR action in liver that should encourage receptor-
selective pharmacological strategies.
In the case of LXRs, recent development has put

forward drug strategies that selectively activate, or in-
hibit, one of the two subtypes. This was necessary since
LXRa activation by synthetic ligands increases plasma
trigylceride levels, an independent risk factor of cardio-
vascular disease, due to hepatic lipogenesis (Schultz et al.
2000). Consequently, LXRb-selective agonists are be-
lieved to offer promising pharmacological intervention
to improve reverse cholesterol transport without affect-
ing hepatic lipogenesis. That such strategies are feasible
is supported by findings in LXRa/apoE-deficient mice,
where selective ligand activation of LXRb reversed
atherosclerosis development, probably due to the repres-
sion of proinflammatory gene expression in macrophages
(Bradley et al. 2007). Furthermore, N-acylthiadiazolines
have been described as a new class of LXRb-selective
agonists, which induce ABCA1-dependent cholesterol
efflux in macrophages without activating lipogenesis in
liver (Molteni et al. 2007). Notable is the recent identifi-
cation of transrepression-selective LXRb compounds
that act anti-inflammatorily in macrophages (Chao et al.
2008). These examples, together with our demonstration
of LXRb selectivity in the hepatic APR, suggest that it
might be possible to develop compounds with improved
subtype and pathway selectivity.
In the case of LRH-1, it has been unclear whether or not

this receptor can be used for pharmacological develop-
ment. Recently, synthetic ligands have been identified
that bind with high affinity to human (not mouse) LRH-1,
and work agonistically by stimulating LRH-1-mediated
expression of its target gene, SHP, in human hepatoma
cells (Whitby et al. 2006). Our demonstration that activa-
tion of LRH-1 by this compound can potently inhibit
inflammatory APR gene expression therefore substantially
extends the repertoire of LRH-1 ligand action in liver.
APR modulation via selective activation of LRH-1

and/or LXRb transrepression pathways, linked to the
N-CoR/GPS2 corepressor complex,may be complementary
or even add to previously identified areas of LXR action.
It is important to consider consequences and benefits
of pharmacological APR inhibition with regard to human
diseases. During infection and inflammation, biosynthe-
sis of APPs alters the composition of HDL particles (e.g.,
depletion of ApoA1 and enrichment of haptoglobin and
SAA) to generate acute-phase HDL, which is believed to
be proatherogenic (Navab et al. 2005). Acute-phase HDL
may not protect against LDL oxidation, and thereby
cannot reduce macrophage foam cell formation. In addi-
tion, epidemiologic studies have demonstrated a greater
risk of coronary artery disease in subjects with high levels
of APPs such as CRP and SAA (Chait et al. 2005). Thus,
the selective activation of LRH-1/LXRb transrepression
pathways to reduce the production of hepatic APPs could

lead to the discovery of new classes of synthetic ligands to
treat inflammatory diseases.

SUMOylation appears to be a common feature
of diverse anti-inflammatory NR cross-talk pathways

SUMOylation of NRs such as PPARg, LXRs, and NURR1
has only recently been linked to unique mechanisms
of anti-inflammatory transrepression in macrophages,
microglia, and astrocytes (Pascual et al. 2005; Ghisletti
et al. 2007, 2009; Saijo et al. 2009). Here, we show that the
repressive action of LXRb in liver, as in macrophages, is
associated with the SUMO-2/3 pathway, and we demon-
strate that the LRH-1 transrepression pathway in liver,
similar to the PPARg pathway in macrophages, is de-
pendent on SUMO-1. We note that PPARg and LRH-1 are
modified by SUMO-1 at acceptor lysine(s) within the
consensus sequence cKxE, while LXRb and Nurr1 are
modified by SUMO-2/3 at nonconsensus sites. Thus, it is
possible that different NRs use alternative strategies to
ensure signal or ligand-dependent SUMO modification
despite divergent primary sequences.
The availability of SUMO-1 KO mice (Zhang et al.

2008) enabled us to investigate the importance of SUMO-1
pathways in the regulation of the hepatic inflammatory
APR response. We demonstrate here for the first time
a crucial and nonredundant role of SUMO-1 in the control
of inflammatory processes in vivo. The observed exacer-
bated inflammatory response in the SUMO-1-deficient
mice is likely a result, at least in part, of reduced anti-
inflammatory activity of LRH-1, similar to that seen in
LRH-1 heterozygote mice (Venteclef et al. 2006). An
obvious question for future research is to determine the
extent to which loss of SUMO-1-dependent LRH-1 trans-
repression would modulate SUMO-2/3-dependent LXR
transrepression in vivo. Interestingly, at least in inter-
feron-stimulated brain astrocytes, both LXR subypes can
also be differentially modified (Lee et al. 2009).
Another key finding of our study is that RXR appears to

be excluded from the LXR transrepression complex. Inter-
ference with RXR heterodimerization by SUMOylation
is conceivable, since putative conjugation sites, including
K410, which is unique to LXRb, are located near the
dimerization surface. An intriguing consequence would
be that SUMOylated LXRs cannot be recruited anymore
to classic metabolic target genes. Interestingly, LRH-1
does not form RXR heterodimers, and thus presumably
uses another molecular strategy to increase pools of
transrepression-competent SUMOylated receptors. Per-
haps, the exclusion of SUMOylated NRs from classic
activation pathways could be necessary to ensure that
limiting pools of modified NRs can be effective in
triggering transrepression pathways.

GPS2 acts as an anchor between SUMOylated
NRs and the N-CoR complex and is critical
for transrepression

We demonstrate here that GPS2 acts as a necessary
bridging and SUMO-sensing component of anti-inflam-
matory NR transrepression in the liver APR. GPS2 was

Venteclef et al.

392 GENES & DEVELOPMENT

 Cold Spring Harbor Laboratory Press on August 23, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


identified originally as a stoichiometric subunit of the
conserved N-CoR corepressor complex, along with addi-
tional exchangeable factors such as TBLR1/TBL1 (Zhang
et al. 2002). Subsequent work has described GPS2 as
a direct NR-binding protein capable of executing context-
specific roles in regulating gene expression governing
hepatic cholesterol metabolism (Sanyal et al. 2007) and
ABCG1-dependent cholesterol efflux from macrophages
(Jakobsson et al. 2009). Thus, our study extends the
actions of GPS2 to hepatic transrepression and clarifies
the molecular mechanism by which SUMOylated re-
ceptors interact with the N-CoR complex.
We propose the following molecular model (Fig. 8):

Ligand activation increases cellular levels of SUMOylated
NRs via either receptor stabilization (LRH-1) or confor-
mational changes facilitating SUMOylation (LXRb). Sub-
sequently, SUMOylated NRs interact with GPS2, a pro-
cess that may involve additional modifying components
(e.g., protein modifiers or post-translational modifica-
tions). Intriguingly, so far, GPS2 is the only known sub-
unit of the N-CoR complex that is capable of recognizing
the ligand-activated NR conformation. Therefore, for the
in vivo situation, it is reasonable to propose that it is this
unique capability of GPS2 to recognize ‘‘free’’ (i.e., non-
SUMOylated, liganded) NRs, that may predispose GPS2-
NR complexes to rapidly enter the SUMO-dependent
transrepression pathway in response to reversible
SUMOylation cycles.
We provide further evidence that GPS2-dependent NR-

SUMO ‘‘docking’’ (the first cytokine-independent step in
transrepression) is not sufficient to inhibit corepressor
complex degradation (the second step in transrepression)
in response to inflammatory stimuli. This second step
appears to be a specific feature of NRs, but not of any
SUMOylated protein, to interfere with the ubiquitin-
mediated protesomal degradation. Since TBL factors,
the F-box components of involved ubiquitin ligase com-
plexes, also bind to GPS2 (Zhang et al. 2002), it remains

an open issue to what extent GPS2 interactions influence
TBL-dependent degradation processes.
Considering the molecular features of GPS2 action, we

suspect broader roles of GPS2 in anti-inflammatory
pathways in additional tissues and cell types. Indeed,
we found that GPS2 is equally required for SUMO-
dependent LXR transrepression in human macrophages
(N Venteclef and E Treuter, unpubl.). As these pathways
connect metabolism and inflammation, their molecular
mechanisms are of immense relevance for the under-
standing and pharmacological management of metabolic
syndrome diseases such as obesity, diabetes, and athero-
sclerosis. Future research, including the generation of
tissue-specific mouse models, will be necessary to fully
establish the role of GPS2 in modulating metabolic
transactivation by LRH-1 (Sanyal et al. 2007) and LXRs
(Jakobsson et al. 2009), as well as anti-inflammatory
transrepression by these NRs (this study).

Materials and methods

Plasmid constructs

The human haptoglobin promoter construct, Flag-LXR con-
structs, and HA-GPS2 derivatives have been described previ-
ously (Venteclef et al. 2006; Sanyal et al. 2007; Jakobsson et al.
2009). Derivatives of human GPS2 and LXRs were generated
using standard cloning techniques and the QuickChange site-
directed mutagenesis kit (Stratagene). GST-SUMO constructs
were provided by J. Palvimo, GFP-SUMO constructs were pro-
vided by H. Shih, and LRH-1 constructs and Flag-SuPr1 were
provided by I. Talianidis. A detailed description of all constructs
is available on request.

Antibodies

Antibodies against LXRs (Jakobsson et al. 2009) and LRH-1
(Chalkiadaki and Talianidis 2005) were produced as described
previously. SUMO-1 (sc-9060), HDAC4 (sc6298), TAB2 (sc-
20756), HDAC1 (sc-11418), and PPARa (sc-9000) antibodies were

Figure 8. Suggested roles of GPS2, LRH-1, and LXRb in
the transrepression of hepatic APR. Treatment with
agonists either induces specific SUMOylation of LXRb or
increases the levels of SUMOylated LRH-1. SUMOylated
LXRb or LRH-1 interacts with GPS2, thereby associating
with the N-CoR complex and preventing its dissociation
in an inflammatory state. Considered is the involvement
of additional modulators (MOD) of GPS2 interactions.
Furthermore, as a result of the anti-inflammatory trans-
repression, LXR and LRH-1 inhibit the production of
APPs during inflammation and infection, thereby poten-
tially reducing the biosynthesis of proatherogenic acute-
phase HDL. (APO) Apolipoproteins (e.g., APOAI).
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from Santa Cruz Biotechnologies; SMRT (#06-891) and N-CoR
(#23750) antibodies were from Upstate Biotechnologies; and the
SUMO-2/3 (M114-3) antibody was from MBL. The sources of all
other antibodies used in this study were described previously
(Jakobsson et al. 2009).

Animal models

Experimental protocols were approved by Karolinska Institutet
Animal Care and by the University of Helsinki Review Board for
animal experiments. The LXRab KO mouse model has been
described previously (Alberti et al. 2001; Jakobsson et al. 2009).
C57Bl/6J and KO mice (females, 10 wk old) were fed a chow diet
and treated with GW3965 (30 mg/kg per day) for 4 d. Then the
mice received an intraperitoneal injection of LPS (2 mg/kg) for
2.5 h. The generation of SUMO-1 KO mice has been described
previously (Zhang et al. 2008). Wild-type and SUMO-1 KO mice
(males, 10 wk old) were fed with chow diet and received an
intraperitoneal injection of LPS (10 mg/kg) for 6 h. The liver was
quickly removed, frozen in liquid nitrogen, and used for RNA
extraction and ChIP assays.

Mammalian cell cultures

Huh7, Cos-7, and HeLa cells were cultured in Dulbecco’s
modified Eagle’s medium (high glucose; Invitrogen) containing
10% (v/v) fetal bovine serum (Saveen Werner AB), 100 U/mL
penicillin, and 100 mg/mL streptomycin (Invitrogen). Primary
hepatocytes were isolated and cultured as described previously
(Sanyal et al. 2007).

DNA transfections and luciferase reporter assays

For reporter assays, Huh7 cells were seeded in 24-well plates and
transfected with indicated constructs and luciferase reporter the
following day. Luciferase and b-galactosidase activities were
measured using luciferine and ATP reagents (BioThema) and
a Galacto-Star kit (Tropix), respectively, in a microplate lumin-
ometer (Thermo Electron Corp.). All transfections were per-
formed using FuGENE 6 transfection reagent (Roche) according
to the manufacturer’s instructions.

siRNA transfections

Huh7 cells were transfected using 20 ng of control siRNA
(siCTL), siRNA against hGPS2, hN-CoR, hLXRa, and hLXRb
(SMARTpool and single siRNAs, Dharmacon); and SUMO-1
(sc-29498) and SUMO-2/3 (sc-37167) (Santa Cruz Biotechnol-
ogies) according to the manufacturer’s instructions.

qRT–PCR

RNAwas isolated using EZNA RNA kit (Omega Biotek) accord-
ing to the manufacturer’s protocol. cDNA synthesis was per-
formed using SuperScript II RT (Invitrogen) with random hexam-
ers. mRNA expression was quantified on an Applied Biosystems
7500 instrument by using the SYBR green technology. Data were
analyzed with the comparative CTmethod, using 18S as internal
control.

Specific primer sequences are available on request.

ChIP assays

ChIP assays were performed essentially as described previously
(Jakobsson et al. 2009). Quantification of the precipitated DNA
regions was performed by PCR and qPCR. PCR amplification

was performed using human and mouse haptoglobin and SAA,
human PAI-1, mouse CRP, mouse SHP, and mouse CYP7A1

primer pairs as follows: human haptoglobin (59-GCCTGGGC
AACAGGAGTGAAA-39 and 59-CTTGGTTGGTCTTGCCTCT
GG-39), mouse haptoglobin (59-GAGCCAGTACAAGAGTCC
CA-39 and 59-CTGTGTTGCACAACGTCTC), human SAA (59-
GCACAACTGGGATAA-39 and 59-ATCTGTGCTGTAGCT-39),
mouse SAA (59-ACTGCTACAGCACAGAAAAC-39 and 59-CTA
TGGGTGTAGGTGAGAGGA-39), human PAI-1 (59-ACACATG
CCTCAGCAAGTCC-39 and 59-TCTTCTTGACAGCGCTCT
TG-39), mouse CRP (59-GAGCTAGGCCAAGTGGAGCC-39
and 59-AGTCCTGGAACGCTTGCCTC-39), mouse SHP (59-CA
GCCTGGGTTAATGACCCT-39 and 59-ATGCATACACGCT
GACCCTG-39), mouse CYP7A1 (59-AGGGACAGACCTTCGG
CTTA-39 and 39-TGGGTGACCAGAGCAAACAC-59).

Coimmunoprecipitations

HeLa, Huh7, or Cos-7 cells were transfected with indicated con-
structs. Cells were lysed in NP-40 lysis buffer containing 50 mM
Tris (pH 7.7), 150 mM NaCl, 1 mM EDTA, 1% NP-40, protease
inhibitors, and 10 mM NEM (in the case of SUMO immuno-
precipitations), subjected to immunoprecipitation (0.2% NP-40
Buffer) using indicated antibodies and Protein A Sepharose (GE
Healthcare) for 2–3 h at 4°C, washed three times for 5 min, and
subjected to Western blot analysis as indicated.

GST pull-down assays

GST, GST-SUMO-1, GST-SUMO-2, GST-GPS2-N (amino acids
1–105 wild type, L76,77,79R), and His-GPS2-N (amino acids 1–105
wild type) were bacterially expressed and purified using Gluta-
thione Sepharose 4B (GE Healthcare). GST proteins were mixed,
as indicated, with His-GPS2-N (amino acids 1–105) or [35S]-
methionine-labeled proteins (GPS2 wild type, GPS2D61–94,
SuPr1, LRH-1, SUMO-1–LRH-1) in pull-down buffer containing
PBS, 0.1% Tween 20, and 1% BSA (Sanyal et al. 2007), and
rotated for 2 h at 4°C. Glutathione Sepahrose 4B beads were
added and rotated for 1 h at 4°C. Beads were washed three times
for 10 min, and bound proteins were eluted with SDS sample
buffer and subjected toWestern blot analysis or autoradiography,
respectively. For competition assays, peptides were prebound for
1 h before adding in vitro translated proteins. SIM peptides
(Genscript) were as follows: GPS2-63–82, EETKEQILKLEEKL
LALQEE; GPS2-81–100, EEKHQLFLQLKKVLHEEEKR; RCOR1-
258–277, EDELEEANGNNPIDIEVDQN (Ouyang et al. 2009).
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