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SUMMARY

The association between hyper-inflammatory states and numerous diseases is widely recognized,
but our understanding of the molecular strategies that have evolved to prevent uncontrolled
activation of inflammatory responses remains incomplete. Here, we report a critical, non-
transcriptional role of GPS2 as a guardian against hyperstimulation of the TNFa-induced gene
program. GPS2 cytoplasmic actions are required to specifically modulate RIP1 ubiquitylation and
JINK activation by inhibiting TRAF2/Ubcl3 enzymatic activity. /n vivorelevance of GPS2 anti-
inflammatory roleis confirmed by inhibition of TNFa target genes in macrophages and by
improved insulin signaling in the adipose tissue of aP2-GPS2transgenic mice. As the non-
transcriptional role is complemented by GPS2 functioning as positive and negative cofactor for
nuclear receptors, /n vivo overexpression also results in elevated circulating level of Resistin and
development of hepatic steatosis. Together, these studies define GPS2 as a molecular guardian
required for precise control of inflammatory responsesinvolved in immunity and homeostasis.

INTRODUCTION

Preventing the hyper-stimulation of inflammatory responses is akey requirement for normal
homeostasis, which can be achieved by different strategies, including regulating the
production of inflammatory cytokines, restricting the response to basal stimuli and ensuring
the proper termination of the activated signaling cascade. Excessive or prolonged activation
of pro-inflammatory signaling pathways has been implicated in the pathogenesis of severa
human diseases including autoimmune disorders, neurodegenerative diseases and cancer
(Amor et al., 2010; Grivennikov et a., 2010). Chronic inflammation has also been linked
with obesity, insulin resistance and development of Type 2 Diabetes and convincing
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evidences have indicated that local production of pro-inflammatory cytokines, including
TNFa, leads to the disruption of the insulin response in adipose tissue and peripheral organs
(Hotamidligil, 2006; Lee and Pratley, 2005). Pro-inflammatory signals, together with
elevated levels of FFA and ROS, activate a series of stress-induced serine kinases, including
JINK, and IKKB, which play akey role in the development of insulin resistance as indicated
by the improvement in insulin sensitivity associated with their chemical inhibition or with
the genetic disruption of INK (Hirosumi et al., 2002; Sabio and Davis, 2010).

Activation of INK and IKKp kinases in response to inflammatory stimuli is achieved viathe
coordinated actions of alarge number of signaling proteins and enzymatic activities. In the
case of TNFa, trimerization of liganded TNFR1 leads to the formation of a membrane-
associated complex including TRADD, TRAF2, RIP1 and clAPL/2, with one TRAF2 trimer
required for the recruitment of each cl AP2 molecule (Chen and Goeddel, 2002; Zheng et al.,
2010). Overall, the enzymatic activities of TRAF2, clAP1 and Ubc13 are together required
for the polyubiquitination of RIP1, which was initially thought to act as a general scaffold
for the assembly of TAKL/TABL/TAB2 and IKKa/IKKB/NEMO complexes. However, this
simple model has been recently revised, and in the emerging picture, thereis a significant
separation between the activation of INK and IKK in terms of the adaptor proteins, the
enzymatic activities and the type of ubiquitin chains utilized in the activation cascade
(Bianchi and Meier, 2009; Deribe et a., 2010; Liu and Chen, 2010). Because of the
importance of avoiding uncontrolled stimulation of inflammatory responses, each of the
signaling steps has to be tightly regulated. While some inhibitory strategies have been
uncovered, including factors such as A20 (TNFAIP3) and CYLD that negatively regulate
the ubiquitylation status of key signaling molecules (Bhoj and Chen, 2009; Sun, 2008), the
full extent of the cell's ability to control inflammatory responses at the molecular level is
still incompletely understood.

G-protein pathway suppressor 2 (GPS2) is asmall, ubiquitous protein that was originally
identified while screening for suppressors of Ras activation in the yeast pheromone response
pathway (Spain et a., 1996). While GPS2 role in transcriptional regulation has been
indicated by several studies reporting its interactions with a series of transcriptional
regulators (Jakobsson et a., 2009; Lee et al., 2006; Pan et a., 2008; Peng et al., 2000; Peng
et a., 2001; Sanydl et al., 2007), aclear understanding of GPS2 function is still strikingly
incomplete. Intriguingly, in many cases GPS2 was suggested to act as a coactivator, whereas
biochemically it wasidentified as an intrinsic component of a major transcriptional repressor
complexes, the NCoR/SMRT nuclear receptor corepressor complex (Zhang et al., 2002).

Here, we have further contributed to the understanding of the positive and negative
transcriptional roles of GPS2, while also uncovering a critical non-nuclear role for GPS2 in
inhibiting the pro-inflammatory TNFa pathway. This reflects an unexpected, non-
transcriptional function, with GPS2 being required for inhibiting the enzymatic activity of
key components of the ubiquitin conjugating machinery in the TNFR1 signaling cascade.
Consistent with these findings, overexpression of GPS2 impaired the activation of pro-
inflammatory responses, both /n vitroand /in vivoin adipose tissue and macrophages, by
specifically inhibiting JNK activation.

GPS2 interacts with the TRAF/Ubc13 K63 ubiquitylation machinery

While previous studies identified GPS2 as a transcriptional cofactor and indicated that it
could mediate both gene repression and activation, GPS2 initial discovery ayeast genetic
screen for revertants of Ras activation and its ability to inhibit INK activation (Spain et al.,
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1996; Zhang et al., 2002), suggested the additional possibility of acritical, non-
transcriptional role in the regulation of signaling pathways.

To investigate a potential role of GPS2 in the regulation of pro-inflammatory signals, we
first examined transcriptional activation of alLacZ reporter gene driven by the TNFa-
responsive CoxZ2 promoter, finding that knockdown of GPS2 by siRNA microinjection was
sufficient to induce gene activation (Fig 1A). However, basal activation of the Cox2
promoter in cells microinjected with siGPS2 was rescued by JNK specific inhibitor
SP600125 (Fig 1A), suggesting that the transcriptional output of GPS2 downregulation
might be dependent on the global activation of INK in the cell. Also, SSIRNA-dependent
downregulation of GPS2 proved to be sufficient to induce basal activation of INK in the
cytoplasm, and to promote a stronger activation in response to TNFa, asindicated by
western blotting with an antibody specific for phospho-JNK (Fig 1B), whereas
overexpression of HA-GPS2 inhibited the cytoplasmic activation of INK upon TNFa
treatment (Fig 1C). Importantly, the hypothesis of a non-transcriptional role for GPS2 in the
regulation of INK activation was consistent with GPS2 localization both to the cell nucleus
and cytoplasm. (Supplement Fig S1).

To identify GPS2 interacting partners that could provide insights into GPS2 regulation of
JINK activity, we performed a yeast-two-hybrid assay and discovered an unexpected
interaction between GPS2, used as bait, and the E2 ubiquitinconjugating enzyme Ubc13
responsible for making K63-branched ubiquitin chains in response to the activation of
various inflammatory receptors, including TNFa receptor (Fukushimaet al., 2007). Direct
interaction between GPS2 and Ubc13 was confirmed by coimmunoprecipitation in 293T
cells (Fig 1D, 1E) and by GST pull down (Fig 1F). Interestingly, the endogenous co-1P
revealed apreferential binding between GPS2 and the activated form of Ubcl13 bound to
ubiquitin (Fig 1E). Mapping identified a direct binding between Ubc13 and a central
fragment of GPS2 corresponding to aa 155-212 (Fig 1F). Unexpectedly, strong, direct
interaction was al so observed between GPS2 and members of the TRAF family, which
include several E3 ligases working together with Ubc13 in the activation of the
inflammatory signaling cascades (Wertz and Dixit, 2009). Coimmunoprecipitation assays
showed interaction between GPS2, TRAF1, TRAF2 and TRAF6 (Fig 1G and 1H), and in
GST pull downs deletion mutants indicated that the N’ terminal fragment of GPS2 (1-155)
interacted directly with the TRAFC domain of TRAF2 and TRAF6 (Fig 11, 1J). To verify
whether Ubc13 could interact with both GPS2 and the E3 ligase at the same time we made a
GSTUbc13 affinity column and loaded it with 293T cellular extracts. Asindicated by
immunaoblotsin Fig 1K, Ubc13 could easily pull down together GPS2, TRAF2 and the E2
ubiquitin conjugating cofactor Uev1A. A summary of the interactions identified and the
protein surfaces required for such interactionsis provided in Fig 1L.

GPS2 regulates the activation of TNFR1 in response to TNFa

In mammalian cells, TNFa binds to two receptors: TNFR1, which is ubiquitously expressed,
and TNFR2, expression of which isrestricted to cells of the immune system. Depending on
the complexes assembled upon ligand binding, TNFR1 can activate pro-survival aswell as
pro-apoptotic pathways, with pro-survival pathways being activated by the assembling of a
membrane complex, including the ligand-bound receptor, the adaptor protein TRADD, the
ubiquitylation machinery composed by the E2 conjugating enzyme Ubc13, the E3 ligases
TRAF2 and clAPL/2 and their target protein RIP1 (Silke and Brink, 2009; Wertz and Dixit,
2009). Because of the unexpected interaction uncovered between GPS2, Ubc13 and TRAF2,
we elected to investigate whether the anti-inflammatory role of GPS2 might be mediated by
itsintervention in these early steps of TNFa signaling.
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First, we investigated GPS2 recruitment to the TNFR1 complex, confirming that
endogenous GPS2 would bind to the receptor within minutes of TNFa treatment, in an
NCoR-independent manner, whereas transiently overexpressed HA-GPS2 would bind to the
receptor even in the unstimulated cells (Supplemental Fig S2A). Because TNFR1-bound
GPS2 was rapidly poly-ubiquitylated upon TNFa stimulation (Supplemental Fig S2B), we
tested whether GPS2 could be modified by Ubc13/TRAF2 using an /7 vitro ubiquitylation
assay. While GPS2 was not poly-ubiquitylated in this assay (Supplemental Fig S2C), we
found that TRAF2/Ubc13-dependent poly-ubiquitylation was greatly inhibited by GPS2 (Fig
2A). In particular the inhibition seemed to be specific for TRAF2-dependent ubiquitylation
as the short ubiquitin chains assembled by the E2 conjugating complex a one were not
affected (Fig 2A), and no changes were observed in the interaction between Ubcl3 and its
coenzyme Uev1A (Supplemental Fig S2D, S2E). Regulation of TRAF2 enzymatic activity
by GPS2 was also observed within the activated TNFR1 complex, with TRAF2 auto-
ubiquitylation being highly impaired by GPS2 overexpression, or increased with GPS2
downregulation (Fig 2B). TRAF2 recruitment to the receptor, on the contrary, was not
affected either by GPS2 overexpression or downregulation (Fig 2C), suggesting that GPS2
does not affect complex formation, but isimportant to keep an inhibitory control over
TRAF2 enzymatic activity.

Next, we investigated the TNFa-dependent poly-ubiquitylation of RIP1, akey target of
TRAF2 activity, which isrequired for the activation of INK. While RIP1 poly-
ubiquitylation was observed within minutes of TNFa stimulation in the control sample,
RIP1 modification was ailmost completely inhibited by GPS2 overexpression, similarly to
when TRAR2 itself isdeleted (Fig 2D). Conversely, RIP1 poly-ubiquitylation was increased
in cells transfected with SSGPS2 (Fig 2D). Consistent with the observation that unmodified
RIP1 is associated with proapoptotic cellular responses (Vandenabeele et al.), we found that
the accumulation of the unmodified form of RIP1 protein observed with GPS2
overexpression (Fig 2E) correlates with an increase formation of the RIP/FADD/CASP3
complex (Supplemental Fig S2F). Consequently, TNFa.-induced apoptosis was highly
increased in cells overexpressing GPS2, asindicated by the presence of markers of mature
apoptosisincluding cleaved PARPL and cleaved Caspase 3 (Supplemental Fig S2G).

Recent studies performed to clarify the enzymology of RIP1 post-translational modifications
have indicated that RIP1 may not be directly poly-ubiquitylated by TRAF2, but rather by
another E3 ligase which isrecruited in a TRAF2-dependent manner, namely clAP1
(Bertrand et a., 2008; Mahoney et al., 2008; Varfolomeev et al., 2008; Vince et a., 2009).
In agreement with the lack of RIP1 polyubiquitylation, cl AP1 recruitment was also
abrogated in presence of GPS2 overexpression (Fig 2F). Conversely, GPS2 downregulation
by ssIRNA induced a significant increase in the amount of cl AP1 recruited upon TNFa
treatment (Fig 2F). Because these data implicated an inhibitory role for GPS2 on TRAF2
post-translational modification that affected the correct recruitment of clAPL, we further
investigated the interaction between TRAF2 and clAP1 by GST pull down. Asindicated in
Fig 2G, astrong direct interaction was observed between in vitro translated TRAF2 and
GST-clAPL, with aclear enrichment in the poly-ubiquitylated fraction of TRAF2 bound to
clAPL. Under these conditions, we al so observed direct interaction between clAP1 and
GPS2, finding that increasing the amount of GPS2 in the reaction did not displace the
binding of TRAF2 to clAP1 (Fig 2G). Together these results indicate that GPS2 is hot an
alosteric inhibitor of the formation of this complex, but rather plays arole in modulating the
posttranslational modifications of TRAF2. Indeed, the interaction between TRAF2 and
clAP1 was less easily detected using GST-TRAF2 expressed in bacteria and therefore not
modified by ubiquitin (Data not shown). Interestingly, the ability of GPS2 to regulate
TRAF2-clAP1 interaction was not restricted at the receptor level, as we could observe a
global decrease in cl AP1 interaction with TRAF2 by co-immunoprecipitation in cytoplasmic
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extracts (Fig 2H). Because a cytosolic cl APL/2-TRAF2-TRAF3 complex is known to be
required for maintaining negative regulation of the NFxB non-canonical pathway
(Vallabhapurapu et al., 2008; Zarnegar et al., 2008), we investigated the role of GPS2 in the
regulation of this pathway as well. In keeping with its ability to abrogate TRAF2-clAP1
interaction, we found that GPS2 overexpression was sufficient to produce basal activation of
the non-canonical pathway, as indicated by processing of the p100/p52 subunits (Fig 21).

GPS2 inhibitory role is specific for INK activation

A key remaining question was whether the entire TNFa signaling pathway was dependent
on GPS2 regulation. Interestingly, numerous reports have suggested that the Ubc13/TRAF2
complex and the K63-ubiquitylation activity are required for INK activation, but
dispensable for the other arms of TNFa signaling (Habelhah et a., 2004; Y amamoto et al.,
2006; Zhang et al., 2010). And, the participation of RIPL itself to TNFa-induced activation
of NFxB has been questioned (Wong et a., 2009). To investigate the breadth of the effect of
GPS2 overexpression, we looked at the activation of various downstream effectors of TNFa
signaling. As expected, INK activation was inhibited, as indicated by a decreasein P-
JINK1/2 (Fig 2J), but neither downregulation of the IKK pathway, asindicated by |«B
protein degradation, nor loss of activation of p38, as indicated by immunoblotting for P-p38,
were observed (Fig 2J). Thus, these results confirmed a very specific role for GPS2 in
modul ating the machinery responsible for the activation of INK and its downstream
signaling events.

Hyperactivation of a pro-inflammatory transcriptional program in absence of GPS2

To further test the relevance of this non-transcriptional role of GPS2 for the downstream
effect of TNFa signaling, we investigated the activation of the pro-inflammatory gene
transcription program in response to GPS2 depletion or overexpression. We first examined
the regulation of two well-known TNFa targets, /L8and 7TNFa. While basal repression was
not affected by GPS2 downregulation, a significant increase in gene activation could be
observed in response to TNFa treatment (Fig 3A). The specificity of this effect was
confirmed by rescuing the downregulation of human GPS2 with the overexpression of its
murine isoform (Supplemental Fig S3A). To broaden our investigation, we performed
RNA-sequencing in 293T cells, untreated or treated with TNFa for 6h, and expression of
genes upregulated in response to TNFa were then compared between siCTL - and siGPS2-
transfected cells. As shown in Fig 3B, alarge number of genes were found further
upregulated with siGPS2, and GO term analysis of these genes indicated significant
enrichment in categories, like cytokine activity, cell adhesion and motility, inflammatory
and immune responses, that are characteristic of TNFaresponse (Table S1). Thus, this
genome wide analysis confirmed that loss of GPS2 causes a large increase in the pro-
inflammatory response to TNFa.. Conversely, overexpression of GPS2 in transient
transfection was sufficient to significantly inhibit the activation of several TNFa target
genes, including VCAM1, /L 8and NFKB/A. The inhibition was also observed in the cases
of CCL20and CXCL 10, which had not shown a significant increase in activation in the
RNA-seq with st GPSZ, possibly because they were already maximally upregulated (Fig 3C
and Table S1). Interestingly, the expression of GPS2 itself showed the expected kinetics for
an endogenous inhibitor of TNFa signaling, with GPS2 expression being downregul ated
upon treatment with TNFa (Supplemental Fig S3B).

Being GPS2 a component of the NCoR/SMRT corepressor complex, thisincrease in gene
expression could be interpreted as aresult of derepression alone or as a combined effect of
transcriptional and non-transcriptional roles of GPS2. To distinguish between these two
possibilities, we first tested whether removal of GPS2 from downregulated promoters could
induce gene activation based on dismissal of the NCoR/SMRT co-repressors. Indeed, ChIP
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analysis of the /L 8 promoter indicated that both NCoR and TBL 1 were dismissed in cells
transfected with st GPS2 (Fig 3D). However, this could still alternatively represent either the
cause or a consequence of gene activation. To formally adjudicate thisissue, we performed
ChlIP-Sequencing analysis for determining the genome-wide localization of GPS2, either
alone or with the other components of the complex. The objective was to distinguish
between the alternative possibilities that local actions of GPS2 were exclusively responsible
for keeping the genes from being upregulated, or that GPS2 non-transcriptional role was
also important in determining the transcriptional regulation of genes that were not directly
repressed by GPS2 and NCoR. ChlP-Seq experiments performed for GPS2, NCoR and
TBL1 reveded, as might have been expected, a high level of co-localization among these
factors, confirming that alarge transcriptional program is regulated by the NCoR/TBL 1/
GPS2 complex (Fig 3E and Supplement Fig S4). However, there was an equally large
number of locations where GPS2 was recruited independently of the NCoR complex (Fig
3E and Supplemental Fig $4), possibly via some of the transcription factors that can
directly bind to GPS2, including p53 and the nuclear receptors LXR, HNF4 and FXR (Peng
et a., 2001; Sanyadl et al., 2007). Indeed, the differential motif analysis showed a more
significant enrichment in the NR motifs (including LXRE, PPARE, RXRE, ERE, and ARE)
for the GPS2 single peaks, while the common peaks were more significantly enriched in
other motifsincluding those for NRF1, Spl, ETS, CTCF, and Y'Y 1. Consistent with this
motif analysis, we also found that the overlapping NCoR/TBL 1/GPS2 peaks were enriched
in promoter regions (almost 40% versus the 15-20% of the single components), while
intergenic and intronic regions were enriched among GPS2-alone peaks (Supplemental Fig
). ChIP-Seqg analysis for NCoR binding in presence of siGPS?was performed in the same
cells, indicating a dramatic loss of NCoR binding with a decrease in more than 50% of peaks
(Fig 3F). Surprisingly, when the NCoR peaks, divided among peaks that were “lost” or
“maintained” without GPS2, were overlapped with the GPS2 hinding locations, we found
that only ~20% of the “lost” NCoR peaks were originally marked by the presence of GPS2.
An even dlightly higher ratio, (~30%) was observed for the NCoR peaks that were
maintained with sSiGPS2 (Fig 3F). While these results together do not exclude the
importance of GPS2 as a transcriptional coregulator, they do indicate that the strong
upregulation of pro-inflammatory genes observed in presence of siGPS2 is not caused solely
by alocal effect on regulated promoters, but rather by the removal of aglobal inhibitory
effect.

GPS2 anti-inflammatory role is required for PPARy-dependent differentiation of adipocytes

The nuclear receptor corepressors NCoR and SMRT have been previously associated with
the transcriptional repression mediated by PPARy and an increase in adipogenic
differentiation was observed in 3T3-L1 cells depleted of NCoR/SMRT (Yu et a., 2005).
However, when we tested the physiological relevance of GPS2 in the same model of
differentiation, we found that GPS2-depleted cells were unable to fully differentiate into
adipocytes (Fig 4A). Hence, the adipogenic conversion of 3T3-L1 provided a powerful
experimental system in which we could differentiate between the transcriptional and the
nontranscriptional role of GPS2. Because inflammatory signals are known to exert critical
negative regulation on the differentiation process during the early stages of adipogenesis
(Xu et a., 1999; Ruan et al., 2002; Cawthorn and Sethi, 2008), we reasoned that the
adipogenic differention in 3T3-L 1 cells treated with SIGPS2 may be blocked because the
TNFa signaling pathway was improperly activated. Indeed, the downregulation of TRAF2,
akey mediator of TNFR1 signaling, was sufficient to rescue the adipogenic differentiation
of GPS2-depleted cells, as indicated by fat droplets accumulation and Red Oil staining (Fig
4A). Also, when comparing the effects of TNFa treatment with the effect of depleting cells
of GPS2 using specific SIRNA, we generally observed avery similar phenotype in respect to
the misregulation of key early genes such as CHOPand c- Myc (data not shown). Similarly,
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in both cells transfected with siGPS2 and treated with TNFa,, we could observe a
pronounced inhibition of the expression of PPARy2 itself (Fig 4B, 4C), which prevented
further differentiation of cells depleted of GPS2, thus impairing expression of markers of
mature adipogenic differentiation, including aP2/FABP4 (Fig 4C). Interestingly, GPS2
expression was found to be increased during the first few hours of differentiation, prior to
PPARyZ2expression, and the increase in GPS2 expression was abrogated when cells were
stimulated with TNFa (Fig 4B). Finally, we tested whether we could rescue the inhibition of
PPARyZexpression in 3T3-L1 cells treated with sSiGPS2 by specifically inhibiting INK. As
shown in Fig 4D, inhibition of INK activity with the specific inhibitor SP600125 was
sufficient to fully restore PPARYy expression after three days of differentiation. Thus, these
results independently confirm that the non-transcriptional role of GPS2 is required during
the early stages of differentiation to prevent undesired activation of inflammatory signals
and to guarantee the correct upregulation of PPARy, linking the effects on INK activation to
gene transcriptional events.

The anti-inflammatory role of GPS2 is important to protect aP2-GPS2 transgenic mice from
HFD-induced development of insulin resistance in adipose tissue

The next question was whether the overexpression of GPS2 could keep pro-inflammatory
pathways under negative regulation /n vivo, in a situation where having a reduced
inflammatory response could be beneficial for the organism. To this end, we generated aP2-
GPS2 transgenic mice in which HA-GPS2 expression in adipose tissue is driven by the aP2/
FABP4 enhancer region (Ross et al., 1990)(Fig 5A, 5B). Initial examination of these mice
indicated that a significant reduction in the activation of INK1/2 could be seen in the
adipose tissue (Fig 5C), thus confirming the inhibitory role of GPS2. In addition, aP2-GPS2
mice consistently exhibited a dightly higher expression of PRPARy2and some of its target
genes such as aP2and Adiponectin (Supplemental Fig S5A), consistent with the
observations made in preadipocytes, where GPs2downregulation caused a reduction in the
expression level of PPARy2, and with the fact that inflammatory stimuli can
transcriptionally downregulate PPARy 2 (Zhang et a., 1996). Theincrease in PPARYy
expression was very limited though, and did not trandate in a significant increase in the size
of the adipose mass nor in total body weight (Supplemental Fig S5B and data not shown).

As expected, because of the aP2 expression pattern, we found GPS2 being overexpressed
not only in the white and brown adipose tissue (WAT and BAT), but also in macrophages
(Fig 5B). We, therefore, took advantage of the macrophage system and showed that GPS2
overexpression was sufficient to abrogate the activation of two major TNFa targets, /L-128
(/L 12p40) and Mcp-1 (CCL 2)(Ghidletti et a., 2009). Thiswas equally observed in bone
marrow-derived macrophages (Fig 5D) and in thioglycollate-induced macrophages (data not
shown), indicating that GPS2 plays an important inhibitory role on the activation of the
TNFa signaling pathway /n vivo. Interestingly, a strong inhibition was also observed in the
macrophages response to L PS stimulation (Supplemental Fig S5C), suggesting that GPS2
may regulate Ubc13/TRAF enzymatic activity during the activation of TLR receptors as
well.

Next, we investigated whether GPS2 could play a protective role against the activation of
pro-inflammatory pathways in a condition of diet-induced obesity, which are known to
significantly contribute to the development of insulin resistance. For this purpose, wild-type
and transgenic littermates were compared after >12 weeks of high-fat diet (HFD), whereas
control animals from the same litter were kept on alow-fat diet (LFD). Consistent with the
inhibition of JNK activity, serine phosphorylation of IRS1 was found significantly decreased
and phosphorylation of PPARy2 on Ser82 was aso diminished in the WAT of aP2-GPS2
mice (Fig 5E). As aresult, asignificant improvement in the activation of the insulin
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pathway was observed in the adipose tissue of the HFD-fed transgenic mice, with a
significant increase in IRS1 phosphorylation on Tyrosine residues (Fig 5F), and the
activation of AKT being rescued to the same level of the control micein LFD (Fig 5G).
Conversely, no changes were observed in the liver, where GPS2 was not overexpressed (Fig
5G). In addition, the expression of pro-inflammatory cytokines characteristically associated
with obesity-induced insulin resistance, such as /L 6and Mc¢p1, was markedly decreased in
the obese transgenic mice when compared with their wild-type counterparts (Fig 5H).
Conversely, the expression level of adiponectin, an insulin sensitizer adipokine secreted by
the adipose tissue, was repressed in the wild-type mice in HFD, but rescued in the GPS2
transgenic mice to levels similar to the lean mice (Fig 5H). The insulin-induced activation of
the adipose-specific phospholipase AdPLA, akey enzymeto inhibit lipolysisin response to
feeding (Jaworski et a., 2009), was a so rescued in the obese transgenic mice (Fig 5H).
Together these results indicate that GPS2 overexpression in the fat and macrophages of diet-
induced obese mice impairs pro-inflammatory responses, resulting into an improvement in
activation of the insulin signaling pathway in the adipose tissue to levels comparable to lean
mice. However, the aP2-GPS2mice did not show the expected improvement in global
insulin sensitivity, as indicated by glucose tolerance and insulin tolerance tests (Fig 51).

Resistin overexpression and hepatic steatosis in aP2-GPS2 transgenic mice

In addition to this rather surprising result, GPS2 transgenic animals exhibited fatty livers,
not only in diet-induced obese animal, but even when the mice were kept under alow fat
diet. (Fig 6A). In HFD-fed mice, where the HFD aone is sufficient to induce mild steatosis
in the wild type mice, GPS2 overexpression also strongly augmented the fatty liver
phenotype (Fig 6A). Because the non-alcoholic fatty liver is often characterized by the
development of hepatic inflammation, while GPS2 overexpression had proven to have an
anti-inflammatory effect we investigated whether the hepatic steatosis would progressto
steatohepatitis in the GPS2 transgenic mice, finding a significant decrease in the expression
of the markers of macrophages activation, f4/80and CD14 (Fig 6B). This suggested that
GPS2 overexpression was driving two opposite effects — an increase in hepatic steatosis and
overall insulin resistance, while still maintaining repression of the inflammatory responses.
As GPS2 expression was specifically driven in the adipose and macrophage tissues, and not
in the liver, we investigated the possibility that adipokines secreted from the WAT were
responsible for the hepatic phenotype. In this regard, resistin was originally identified as an
adipocyte-specific secreted factor associated with obesity and insulin resistance (Steppan et
al., 2001) and found to be downregulated by TZDs and by TNFa.(Fasshauer et al., 2001;
Steppan et a., 2001). Moreover, elevated levels of resistin are associated with fatty liver,
apoB secretion and increase in hepatocyte lipid content, while loss of resistin ameliorates
hepatic steatosis in obese mice (Costandi et al., 2011; Singhal et a., 2008). Interestingly, we
found extremely elevated levels of resistin in the plasma of GPS2transgenic mice compared
to their wild-type littermates (Fig 6C) and a significant increase in the expression of resistin
in the adipose tissue, the main secreting organ in mice (Fig 6D). Consistent with the resistin
upregulation and with the lack of improvement in glucose tolerance, we also observed
downregulation of GLUT4 expression in the muscle of the aP2-GPS2 mice (Fig 6E).

To confirm that GPS2 was primarily responsible for the increase in resistin expression, we
tested /n vitro, in 3T3-L1 cells, the effect of transient overexpression of GPS2. As indicated
in Fig 6F, we observed a significant increase in resistin expression at the mRNA level,
which was not dependent on the inhibition of INK activity. Because this result suggested
that GPS2 overexpression was not modulating resistin expression by inhibiting the TNFa./
JINK pathway, we considered the alternative hypothesis of a transcriptional effect. In
addition to its participation in the NCoR corepressor complex, GPS2 has also been recently
described as atranscriptional coactivator for a series a nuclear receptors including FXR,
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SHP, HNF4 and LXR (Jakobsson et a., 2009; Sanyal et al., 2007). Similarly, we found that
GPS2 could aso directly interact with PPARy (Fig 6G) and participate in mediating its
transcriptional activity, asindicated by the loss in the activation of the PPARy-dependent
Aox3 promoter on GPS2 knock-down. Importantly, in this case GPS2 was removed by
specific SSIRNA transfection only after several days of differentiation to ensure that PPARy
expression would not be affected (Fig 6H). Although PPARy can repress resistin when
activated by TDZs in mature adipocytes, the fat-specific expression of resistin during
adipogenesis is positively regulated by PPARy together with C/EBP factors (Tomaru et al.,
2009), suggesting that overexpression of GPS2 may directly upregulate resistin expression
by participating to a transcriptional activating complex with PPARy and other transcription
factors. Indeed, ChlP analysis performed in differentiating 3T3-L 1 on the resistin promoter,
where previous genome-wide analysis had indicated the presence of a strong PPARy
binding site (Lefterovaet al., 2010; Mikkelsen et al.), confirmed GPS2 recruitement together
with PPARy (Fig 6l). Together these results indicate that GPS2 overexpression in the aP2-
GPS2 mice causes a significant increase in Resistin expression, possibly because of adirect
effect on PPARy-mediated transcriptional regulation in the adipose tissue, which explain the
development of fatty liver and the lack of improvement in systemic insulin sensitivity. In
conclusion, GPS2 is required to mediate both non-transcriptional and transcriptional effects
that are important to regulate inflammatory and metabolic responses, as indicated by the
complex phenotype of the aP2-GPS2mice.

DISCUSSION

GPS2 non-transcriptional anti-inflammatory role

The importance of maintaining a strict control on the inflammatory responses is emphasized
by the large numbers of studiesthat, over the past 20 years, have provided convincing
linkage between inflammation and numerous chronic illnesses, including atherosclerosis,
cancer, diabetes, and neurodegenerative disease (Amor et a., 2010; Grivennikov et al.,
2010; Hotamidligil, 2006; Lee and Pratley, 2005). In this manuscript, we have described an
unexpected cytoplasmic function of the transcriptional cofactor GPS2 in the regulation of
TNFR1 signaling and provided the initial evidence that GPS2 is a key component, both /n
vivoand in vitro, of the endogenous intracellular mechanisms responsible for preventing the
uncontrolled activation of inflammatory gene programs. Intriguingly, a growing number of
cofactors have lately been reported of playing non-transcriptional functions that, while
mechanistically distinct, complement their rolesin transcriptional regulation. Thisis
consistent with the idea that cells can exploit the specific ahilities of each factor by using
them in different contexts. In the transmission of inflammatory signaling, this strategy has
been adopted several times: Ubc13, for example, is an essential component of inflammatory
receptors signaling, but its ubiquitin-conjugating enzymatic activity is also required in the
nucleus, where Ubc13 functions as a chromatin modifying factor for DNA damage-induced
ubiquitylation of histone H2A (Huen et al., 2007; Mailand et al., 2007). A similar dual
strategy for GPs2 has emerged here, with this small protein being required for modulating
the TNFR1 signaling complex at the plasma membrane, while also acting as a
transcriptional cofactor in the nucleus.

Recent reports have indicated that the activation of the different signaling pathways
activated in response to TNFR1 stimulation are distinctly regulated by specific
ubiquitylation events and by the formation of different types of ubiquitin chains. The
presence of Ubcl3, the assembly of K63-ubiquitin chains and the integrity of the TRAF2
RING domain are al required for the activation of JINK, but they seem dispensable for the
activation of IKK and NFxB, for which the formation of K48- and linear-ubiquitin chainsis
instead required (Bianchi and Meier, 2009; Habelhah, 2010). Our data are consistent with
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this specificity, with GPS2 inhibition of TRAF2/Ubc13 enzymatic activity trandating into a
significant decrease of INK activation without affecting TNFa-induced stimulation of the
NFxB canonical pathway, which may be important to avoid the deleterious effects of
prolonged INK activation, while ensuring that the prosurvival NFxB signaling pathway is
not affected.

A remaining question is how the endogenous GPS2 is regulated during normal inflammatory
responses. Transcriptional downregulation is certainly used to modulate the levels of GPS2
expression upon TNFa-induced activation (as shown in Fig 4B and Supplemental Fig S3B),
but an additional level of regulation must exist to rapidly eliminate the inhibitory checkpoint
when the inflammatory signal isfirst received from the cell, as the signaling complexes need
to be available for afast response. Interestingly, upon TNFa stimulation, GPS2 isitself
post-translationally regulated by ubiquitylation and we would specul ate that this step may be
important to release the inhibition on TRAF2/Ubc13. Indeed, we found that only avery
limited fraction of the overexpressed GPS2 protein is modified by ubiquitylation, suggesting
that its strong inhibitory effect could be due to the inability of the cell to regulate its activity
as for the endogenous protein. Further studies will be required to completely understand
how the post-translational modifications of GPS2 can affect the regulation of TNFR
signaling.

In Vivo Roles of GPS2

To determine the physiological importance of the anti-inflammatory role of GPS2 /n vivo
we generated transgenic mice overexpressing GPS2 in macrophages and adipose tissues.
The strong inhibitory effect of GPS2 overexpression on pro-inflammatory pathways was
recapitulated /n vivoin macrophages where a limited increase in GPS2 expression level was
sufficient to induce a significant impairment in the cell ability to respond to TNFa and LPS
stimulation. Also, in the white adipose tissue of GPS2 transgenic mice we observed a
significant improvement in the ability to respond to insulin stimulation, as indicated by the
activation of different mediators of insulin signaling, by a decrease in the production of
cytokines, and by significant increase in the expression of Adlponectinin the obese aP2-
GPS2 mice. Significantly, overexpressing GPS2 was not sufficient to recapitulate the
phenotypes observed in other mice models, in which directly suppressing INK expression or
activity in the adipose tissue fully rescued HFD-induced insulin resistance and glucose
intolerance at the whole body level (Sabio et al., 2008; Zhang et a., 2011). However, we
believe that this “apparent” contradiction reflects the complementary effects of GPS2
overexpression at the transcriptional and the non-transcriptional level. Thus, while the anti-
inflammatory role of GPS2 in WAT and macrophages would dictate a positive effect on
insulin sensitivity, the profound increase in circulating levels of Resistin in plasma, dueto
higher Resistin gene expression, correlates with the hepatic phenotype and with a decrease
in glucose uptake that are normally observed in mouse models of insulin resistance. In this
light, it isintriguing that while the aP2-GPS2 mice presented hepatic steatosis even under
low dietary fat conditions, they did not develop steatohepatitis, as usually observed in the
progression of the non-alcohoalic liver disease (NAFLD). As JNK activity in hematopoietic
cellsisrequired for the progression to steatohepatitis and fibrosis (Kodama et al., 2009), we
are tempted to speculate that considering the interplay between GPS2 anti-inflammatory role
in macrophages and its ability to regulate resistin expression in WAT iscritical to fully
understand the resulting phenotype.

Finally, whereas the mgjor finding in this manuscript is the identification of an unexpected
cytosolic role for GPS2 in the regulation of ubiquitin signaling, the results of this study does
not diminish the importance of the roles played by GPS2 as a nuclear transcriptional
cofactor and actualy provide an /n vivovalidation of their relevance by identifying Resistin
as adirect target of GPS2 transcriptional regulation in the adipose tissue.
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GPS2 as a transcriptional cofactor

From a biochemical point of view, we have mapped GPS2 chromatin binding genome-wide
and revealed alarge number of regulatory regions where GPS2 is recruited to chromatin
either as a component of the NCoR corepressor complex or by itself. Thisis consistent with
the emerging picture that GPS2 can work as a coactivator as well as a corepressor for
nuclear receptors and other transcription factors. In the case of nuclear receptors, GPS2 was
reported to be recruited either indirectly viathe corepressors or directly by the receptor
(Jakobsson et al., 2009; Sanyal et a., 2007). Our data indicate that both strategies are
important in the regulation of PPARYy transcriptional activity, even though the most striking
effect in this study was the almost complete loss of PPA Ry expression upon GPS2
downregulation due to early activation of the TNFa signaling pathway. Thus, we believe
that the regulation of PPARy exemplifies how cells can use the same factor, in this case
GPS2, to regulate a biological output by acting at different levels and in different cellular
compartments. GPS2 cytosolic actions are indeed important in differentiating adipocytes to
keep the TNFa pro-inflammatory pathway under negative regulation, therefore allowing
PPARy expression and avoiding inhibition of PPARY transcriptional activity by JNK-
dependent phosphorylation, while in the nucleus GPS2 modifies PPARy transcriptional
regulation acting both as a corepressor within the NCoR complex, and also as a dedicated
coactivator.

In conclusion, this study has uncovered an unexpected and hopefully important strategy that
serves as a guardian function to prevent cells from unleashing a hyper-inflammatory
response to TNFa signaling. The pivotal role of GPS2 acting at the level of the plasma
membrane to control a central inflammatory signaling pathway, in concert with its nuclear
roles, uncovers a bi-functional strategy for normal cellular and metabolic regulation, with
intriguing implications for metabolic diseases.

EXPERIMENTAL PROCEDURES

Generation of transgenic mice and metabolic studies

GPS2 was expressed under regulation of the aP2 promoter region (Dr. Kahn, Addgene
plasmid 11424). In the diet-induced obesity studies pairs of same sex mice were fed high fat
diet (HFD, 45% of caloriesfrom fat, D12451; Research Diets) or low fat diet (LFD, 15% of
calories from fat, D12450B; Research Diets) up to 20 weeks. To measure insulin sensitivity,
mice were injected with insulin (Humulin-R, 0.75u/kg body weight) and tissues harvested
30 min later for protein and RNA extraction.

In vitro ubiquitination and protein interaction assays

Ubiquitination assays were carried out with bacterially purified TRAF2 and GPS2,
recombinant E1 and E2. See Supplemental Information for details on protein purification
and immunoprecipitation techniques.

RNA-Sequencing and ChIP-sequencing

For preparation of RNA-seq samples 293T cells were subjected to standard RNA isolation
and libraries were constructed with RNA-Seq Sample Preparation kit (Illumina) prior to
deep sequencing on a Solexa Genome Analyzer 11. Image analysis and base calling were
done by using Illumina Pipeline, using Ibis for improved base calling (Kircher et al., 2009).
Similarly, for ChlP-Seq sample preparation 293T cells were subjected to standard ChlP
followed by library preparation and sequencing. Description of bicinformatic analysisisin
the Supplementa Information.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. GPS2 interacts with the K63 ubiquitylation machinery
(A) Single cell microinjection of Cox2-LacZ reporter with GPS2 siRNA and JNK inhibitor
SP600125. All graphic datais +/- SD, * indicates P<0.05 (B, C) Western blot (WB) for P-
JNK in 293T cytoplasmic extracts. (D) Co-immunoprecipitation (co-IP) of HA-GPS2/Myc-
Ubcl3in 293T cells (left panel), and Flag-TRAF6/Myc-Ubcl3 as positive control (right
panel). (E) Endogenous co-IP between GPS2 and Ubc13 in 293T cells using a protein A/G

column with chemically crosslinked GPS2 antibody. (F) Mapping of direct interaction
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between GPS2 and Ubc13 by GST pull-down. (G) Co-IP of HA-GPS2 with Flag-TRAF1
and Flag-TRAF2. (H) Co-IP of HA-GPS2 with Flag-TRAF®6. (1) GST pull down mapping of
GPS2-TRAF2 interaction. (J) Interaction between GPS2 and the TRAFC domain of TRAF6
(upper panel) and TRAF2 (bottom panel) (K) GST-Ubc13 affinity column loaded with 293T
cellular extracts: Ubc13 interaction with Uevla, Traf2 and GPS2. (L) Schematic model of
the interaction surfaces between GPS2, Ubc13 and Traf2. * indicates an aspecific band.
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Figure 2. TNFa-dependent activation of TNFR1 isregulated by GPS2

(A) GPS2 inhibits TRAF2 enzymatic activity in /n vitro ubiquitination assay with
recombinant E1, recombinant E2 (Ubc13/Uev1a) and bacterially expressed and purified E3
(TRAF2). (B) Polyubiquitylation of TRAF2 bound to TNFR1 in TNFa-stimulated 293T
with SSGPS2/HAGPS2. (C) No changes are observed in TRAF2 binding to TNFR1 when
GPS2 is down- or up-regulated. (D) Poly-ubiquitylated RIP1 as immunoprecipitated with
TNFR1 from cells transfected with SiICTL, S TRAF2, HA-GPS2 (left panel) or siGPS2 (right
panel). (E) Accumulation of unmodified RIP1 bound to TNFR1 with GPS2 overexpression.
(F) CIAP1 binding to TNFR1 isregulated GPS2 in co-IP. (G) GST pull down for clAP1-
TRAF2 interaction in presence of increasing amount of GPS2. (H) Co-IP between TRAF2
and clAP1in 293T cytoplasmatic extracts. (1) Increase of p100/p52 processing in GPS2
overexpressing cells by WB. (J) INK, NFkB, p38 activation measured by P-INK, 1kB and
P-p38 blot. * indicates an aspecific band
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Figure 3. Role of GPS2 in the regulation of pro-inflammatory gene network program

(A) gPCR analysisof /L8 TNFa and GPS2 genes expression in 293T cells treated with
TNFa. (B) RNAseq in 293T cells transfected with SICTL or siGPS2. Heat map indicates the
fold changes upon 6h TNFa treatment for al the genes that are further upregulated when
comparing siGPS2 and siCTL (Ratio between RPKM values >1.4) (C) qPCR analysis of
GPSZ, VCAM1, IL8 NFKBIA, CCL20, CXCL 10genes expression upon GPS2
downregulation or overexpression. (D) ChIP for NCoR, TBL1 and GPS2 on the /L&
promoter. (E) NCoR, GPS2, TBL 1 ChlPseq. Heat map representations of the location of
NCoR and TBL 1 peaks within a +/-1kb region surrounding the center of GPS2 peaks with
overlapping peaks for NCoR/TBLL/GPS2 (Cluster I) or GPS2 peaks alone (Cluster 11, see
Venn diagram in Supplemental Fig $4). (F) NCoR ChlPseq: Venn diagram showing
overlapping between the NCoR peaks in 293T cellswith SiGPS2 or sSiICTL (left); graph
showing the percentage of NCoR peaks that overlaps with GPS2 peaks (right). The NCoR
peaks are divided between peaks that are lost or maintained with siGPS2 and in both cases
the overlapping is about 20-30%. Y ellow bars represent the percentage of NCoR peaks
overlapping with GPS2 binding, blue bars represent the percentage of NCoR peaks that do
not overlap with GPS2. All graphic datais +/- SD, * if P<0.05, ** if P<0.01.
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Figure4. GPS2isrequired for PPARg-dependent adipogenesis

(A) Oil Red O staining of 3T3-L1 after 7 days of differentiation: downregulation of TRAF2
rescues the siGPS2 phenotype. (B) gPCR anaysis of PPARy2and GPS2genes expression
in 3T3-L1 cells at various stages of differentiation. (C) Downregulation of PPARy by
GPS2: gPCR analysis of PPARy2and aP2expression (left), PPARy and GPS2 protein level
(right) (D) Loss of PPARy2and aP2upregulation upon siGPS2 is rescued by JNK inhibitor
SP600125. All graphic datais +/- SD, * if P<0.05, ** if P<0.01.
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Figure5. GPS2 anti-inflammatory rolein the aP2-GPS2 mice

(A) gPCRs for endogenous GPS2 and for HA tagged overexpressed form confirming
expression in the WAT of ap2-GPS2 mice. Spleen is shown as a negative control. (B) gPCR
confirming GPS2 is aso overexpressed in BAT and macrophages (M) but not in liver. (C)
P-INK activation in the adipose tissue is inhibited in transgenic mice. (D) gPCR in bone
marrow-derived macrophages: loss of /L 12band mcpl upregulation by TNFa. (E) WB
showing a decrease in serine phosphorylation of IRS1 and PPARy. (F) Increasein tyrosine
phosphorylation of IRSL as indicated by immunoprecipitation of IRS1 followed by blot
against P-Tyr. (G) Marked increase in AKT phosphorylation in the WAT from obese
transgenic mice, no changesin theliver. (H) gPCR analysis of inflammatory cytokines,
Adliponectinand AdPLA inthe WAT of obese wt and transgenic mice. (1) Glucose Tolerant
Test (GTT, left panel) and Insulin Tolerant Test (ITT, right panel) showing no difference in
serum glucose levels, after glucose or insulin peritoneal injection, between HFD-fed
transgenic and wt mice. All graphic datais+/- SD, * if P<0.05, ** if P<0.01, *** if
P<0.001.
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Figure 6. Hepatic steatosis and elevated Resistin levelsin aP2-GPS2 mice

(A) Oil Red O staining on liver sections: increasein lipid droplets accumulation in aP2-
GPS2 mice. (B) gPCR analysis of macrophages markers 7480, CD11band CD14in adipose
and liver tissue. (C) Elevated level of Resistin in the plasma of GPS2 transgenic mice by
WB (D) Increase in Resstingene expression by gPCR in WAT. (E) Down-regulation of
GLUT4 expression by gPCR in muscle. (F) gPCR analysisin 3T3-L1 cells: Resistinup-
regulation by HA-GPS2 is independent of INK. (G) Interaction between GPS2 and PPARy
by GST pull down. (H) PPARY protein level is unchaged when GPS2 is downregul ated
after differentiation (right); PPARy-dependent Aox3-LacZ reporter assay in single cell
microinjection. (1) ChlP with GPS2 and PPARy on Resistin promoter. All graphic datais
+/- SD, * if P<0.05, ** if P<0.01, *** if P<0.001.
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Figure 7. Model of GPS2 functionsin the inhibition of INK activity

Schematic of an adipocyte cell with large red lipid droplets, indicating that overexpressed
GPS2 binds to TRAF2 and Ubc13 at the level of the TNFR1 membrane complex and
inhibits their enzymatic activity. Recruitment of clAPL is also inhibited, resulting in specific
downregulation of JNK activity while the canonical NFxB pathway is not affected.
Inhibition of INK activation ameliorates insulin signaling, with IRS1 being correctly
phosphorylated on Tyr residues in response to insulin stimulation and with the activation of
the AKT kinase leading to correct upregulation of insulin target genes (i.e. AdPLA).
Conversely, inhibition of the inflammatory response leads to downregulation of the
expression of pro-inflammatory cytokines. GPS2 anti-inflammatory role contributes also to
license PPARY transcriptional activity by preventing PPA Ry 2 downregulation and
inhibiting INK -dependent phosphorylation of PPARy, whereas GPS2 recruitment to
regulatory units isimportant for PPARy-mediated transcriptional activation.
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