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Coordinated Regulation of PPARγ Expression and Activity through Control of Chromatin Structure in Adipogenesis and Obesity

The nuclear receptor peroxisome proliferator-activated receptor gamma (PPARγ) is required for differentiation and function of mature adipocytes. Its expression is induced during adipogenesis where it plays a key role in establishing the transcriptome of terminally differentiated white fat cells. Here, we review findings indicating that PPARγ expression and activity are intricately regulated through control of chromatin structure. Hierarchical and combinatorial activation of transcription factors, noncoding RNAs, and chromatin remodelers allows for temporally controlled expression of PPARγ and its target genes through sequential chromatin remodelling. In obesity, these regulatory pathways may be altered and lead to modified PPARγ activity.

Introduction

Peroxisome proliferator-activated receptor gamma (PPARγ) is a transcription factor (TF) belonging to the superfamily of nuclear receptors. PPARγ has a well-established central role in differentiation and function of mature adipocytes [START_REF] Barak | PPARγ is required for placental, cardiac, and adipose tissue development[END_REF][START_REF] Imai | Peroxisome proliferator-activated receptor γ is required in mature white and brown adipocytes for their survival in the mouse[END_REF][START_REF] R O S E N | C / E B P α induces adipogenesis through PPARγ: a unified pathway[END_REF][START_REF] Sugii | PPARγ activation in adipocytes is sufficient for systemic insulin sensitization[END_REF][START_REF] Tontonoz | Stimulation of adipogenesis in fibroblasts by PPARγ2, a lipid-activated transcription factor[END_REF]. This nuclear receptor is activated by endogenous ligands such as nitrated linoleic acid or oxidized fatty acids (9-and 13-HODE), prostaglandin J2 as well as by various synthetic ligands, including the insulin sensitizers pioglitazone and rosiglitazone [START_REF] Schupp | Endogenous ligands for nuclear receptors: digging deeper[END_REF]. Indeed, activation of PPARγ by the thiazolidinediones (TZDs) pioglitazone or rosiglitazone improves insulin resistance associated with obesity and diabetes [START_REF] Tontonoz | Fat and beyond: the diverse biology of PPARγ[END_REF]. Recent studies suggest that this effect is mainly mediated through activation of PPARγ in adipocytes [START_REF] Sugii | PPARγ activation in adipocytes is sufficient for systemic insulin sensitization[END_REF][START_REF] Li | Adipocyte NCoR knockout decreases PPARγ phosphorylation and enhances PPARγ activity and insulin sensitivity[END_REF], although studies also suggest that macrophage [START_REF] Ev E N E R | M ac r o p h a g e PPARγ is required for normal skeletal muscle and hepatic insulin sensitivity and full antidiabetic effects of thiazolidinediones[END_REF]a n db r a i nP P A R γ [START_REF] Lu | Brain PPAR-γ promotes obesity and is required for the insuling-sensitizing effect of thiazolidinediones[END_REF] contributes to this therapeutic effect.

Transcriptional regulation in mammalian cells is intimately linked to the genomic organisation of the DNA in a highly dynamic chromatin structure. Indeed, chromatin intrinsically impedes transcription factor access to the DNA. This is illustrated by the finding that TFs bind to a highly limited number of potential response elements within the genome of eukaryotic cells [START_REF] Eeckhoute | Defining specificity of transcription factor regulatory activities[END_REF]. Typically, chromatin regions bound by TFs are devoid of nucleosomes since they can mask their DNA recognition motifs [START_REF] Valouev | Determinants of nucleosome organization in primary human cells[END_REF]. An additional layer of regulation is provided by epigenomic signatures including histone variant incorporation, histone posttranslational modifications as well as DNA (hydroxy)methylation. Transcriptional regulators and epigenetic modifications mutually regulate each other in order to achieve proper cell type and environment-specific usage of all functional DNA sites embedded within the genome [START_REF] Magnani | Pioneer factors: directing transcriptional regulators within the chromatin environment[END_REF][START_REF] Minard | Analysis of epigenetic alterations to chromatin during development[END_REF][START_REF] Zaret | Pioneer transcription factors: establishing competence for gene expression[END_REF]. Hence, transcriptional regulatory regions are characterized by different epigenetic signatures when inactive, poised, or active [START_REF] Ernst | Mapping and analysis of chromatin state dynamics in nine human cell types[END_REF][START_REF] Wang | Combinatorial patterns of histone acetylations and methylations in the human genome[END_REF].

In this context, results from several biochemical and genetic studies led to the concept that many transcription factors, including nuclear receptors, require presetting of the chromatin for binding to their response elements in the DNA sequence [START_REF] Magnani | Pioneer factors: directing transcriptional regulators within the chromatin environment[END_REF][START_REF] Zaret | Pioneer transcription factors: establishing competence for gene expression[END_REF]. This consists of preliminary remodelling of the chromatin landscape allowing subsequent TF binding. This process involves so-called pioneer factors that can be recruited to nucleosomal DNA. Such pioneer factors would be required to initiate chromatin remodelling and competency of enhancers that are subsequently used by TFs to mediate transcriptional regulatory signals. Strikingly, some TFs bearing these functions can remain associated with mitotic chromatin suggesting they could bookmark regulatory sites and represent "epigenetic cues" [START_REF] Magnani | Pioneer factors: directing transcriptional regulators within the chromatin environment[END_REF][START_REF] Zaret | Pioneer transcription factors: establishing competence for gene expression[END_REF].

During adipocyte differentiation, chromatin remodelling events take place to allow proper PPARγ expression and activity. We review here our current knowledge of an integrated control of PPARγ expression and function in adipocytes emphasizing the central role of chromatin remodelling.

Regulation of PPARγ Gene Expression in Adipocytes

2.1. Transcriptional Regulation of PPARγ. The study of adipogenesis and adipocyte functions has benefited from cellular models which can be easily manipulated in vitro [START_REF] Cristancho | Forming functional fat: a growing understanding of adipocyte differentiation[END_REF][START_REF] P O U L O S | C e l ll i n e models for differentiation: preadipocytes and adipocytes[END_REF]. Numerous studies made use of the mouse preadipocyte 3T3-L1 cell-line, which can adopt an adipocyte-like phenotype with lipid droplet accumulation upon stimulation with a cocktail of adipogenic inducers (isobutylmethylxanthine (IBMX), dexamethasone, and insulin). During this process, PPARγ expression is strongly induced. Two isoforms of PPARγ are encoded from alternative promoters in the mouse, namely, PPARγ1a n dP P A R γ2. While PPARγ1 is found in numerous tissues, PPARγ2 expression is mostly restricted to white and brown adipose tissues [START_REF] Escher | Rat PPARs: quantitative analysis in adult rat tissues and regulation in fasting and refeeding[END_REF]. PPARγ2p o ssesses 30 additional aminoacids, which renders the PPARγ aminoterminal transactivation domain more active [START_REF] Fajas | The organization, promoter analysis, and expression of the human PPARγ gene[END_REF][START_REF] Werman | Ligand-independent activation domain in the N terminus of peroxisome proliferator-activated receptor γ (PPARγ). Differential activity of PPARγ1 and -2 isoforms and influence of insulin[END_REF]. Thus, while both PPARγ isoforms can induce adipogenesis, PPARγ2 is thought to play a dominant role in this process [START_REF] Mueller | Genetic analysis of adipogenesis through peroxisome proliferator-activated receptor γ isoforms[END_REF][START_REF] Zhang | Selective disruption of PPARγ2 impairs the development of adipose tissue and insulin sensitivity[END_REF]. Very early during adipogenesis, the expression of ecotropic viral integration site 1 (Evi1), CCAAT/enhancer binding protein (C/EBP) β and C/EBPδ is induced [START_REF] Ishibashi | An Evi1-C/EBPβ complex controls peroxisome proliferator-activated receptor γ2 gene expression to initiate white fat cell differentiation[END_REF][START_REF] Yeh | Cascade regulation of terminal adipocyte differentiation by three members of the C/EBP family of leucine zipper proteins[END_REF]. This results in expression of low levels of the two PPARγ isoforms and of C/EBPα [START_REF] Ishibashi | An Evi1-C/EBPβ complex controls peroxisome proliferator-activated receptor γ2 gene expression to initiate white fat cell differentiation[END_REF][START_REF] Yeh | Cascade regulation of terminal adipocyte differentiation by three members of the C/EBP family of leucine zipper proteins[END_REF] maintained in a repressed state in preadipocytes by the transcriptional corepressor SMRT (silencing mediator of retinoic acid and thyroid hormone receptor) [START_REF] Raghav | Integrative genomics identifies the corepressor SMRT as a gatekeeper of adipogenesis through the transcription factors C/EBPβ and KAISO[END_REF]. PPARγ and C/EBPα can then induce each other's expression in a positive feedback loop promoting and maintaining the differentiated state of the adipocyte [START_REF] R O S E N | C / E B P α induces adipogenesis through PPARγ: a unified pathway[END_REF]. Interestingly, genomic profiling of PPARγ binding sites in adipocytes has revealed that it is present both at the PPARγ2 promoter and at potential enhancers in the vicinity or within its own gene [START_REF] Mikkelsen | Comparative epigenomic analysis of murine and human adipogenesis[END_REF][START_REF] Wakabayashi | The peroxisome proliferator-activated receptor γ/retinoid X receptor α heterodimer targets the histone modification enzyme PR-Set7/Setd8 gene and regulates adipogenesis through a positive feedback loop[END_REF]. Expression of PPARγ also requires the activity of the krüppel-like factors 5 and 15 (KLF5 and KLF15) secondarily to their induction by C/EBP transcription factors [START_REF] Mori | Role of krüppel-like factor 15 (KLF15) in transcriptional regulation of adipogenesis[END_REF][START_REF] Oishi | Krüppel-like transcription factor KLF5 is a key regulator of adipocyte differentiation[END_REF]. Additionally, the transcription factors nuclear family I (NFI) and nuclear factor E2-related factor 2 (Nrf2) regulate both C/EBPα and PPARγ during adipogenesis most probably through direct binding to the PPARγ1a n dP P A R γ2p r o m o t e r ,r e s p e c t i v e l y [START_REF] Pi | Deficiency in the nuclear factor E2-related factor-2 transcription factor results in impaired adipogenesis and protects against diet-induced obesity[END_REF][START_REF] Waki | Global mapping of cell type-specific open chromatin by FAIRE-seq reveals the regulatory role of the NFI family in adipocyte differentiation[END_REF]. Additionally, NFI could exert its activities through binding to enhancers within or near both genes [START_REF] Waki | Global mapping of cell type-specific open chromatin by FAIRE-seq reveals the regulatory role of the NFI family in adipocyte differentiation[END_REF].

Gene expression is induced by TFs and their cofactors through chromatin remodelling events triggered by cofactor enzymatic activities catalyzing histone and DNA modifications [START_REF] Magnani | Pioneer factors: directing transcriptional regulators within the chromatin environment[END_REF][START_REF] Minard | Analysis of epigenetic alterations to chromatin during development[END_REF][START_REF] Zaret | Pioneer transcription factors: establishing competence for gene expression[END_REF]. Indeed, the transcriptional activation of PPARγ during adipogenesis correlates with an epigenetic switch at the PPARγ gene. For instance, adipocyte differentiation is associated with a strong increase in levels of histone activation marks at the two PPARγ promoters. This includes acetylation of histone H3 lysine 27 (H3K27ac) and methylation of H3K4 (H3K4me2/3) and H4K20 (H4K20me1) [START_REF] Wakabayashi | The peroxisome proliferator-activated receptor γ/retinoid X receptor α heterodimer targets the histone modification enzyme PR-Set7/Setd8 gene and regulates adipogenesis through a positive feedback loop[END_REF][START_REF] Fujiki | Expression of the peroxisome proliferator activated receptor γ gene is repressed by DNA methylation in visceral adipose tissue of mouse models of diabetes[END_REF]. H3K27ac, which is catalyzed by the transcriptional coactivators CREB-binding protein (CBP) and p300 [START_REF] Tie | CBP-mediated acetylation of histone H3 lysine 27 antagonizes Drosophila Polycomb silencing[END_REF]and typically found at active transcriptional regulatory regions, also increases at enhancers within or near the PPARγ gene [START_REF] Mikkelsen | Comparative epigenomic analysis of murine and human adipogenesis[END_REF]. Activation of the PPARγ promoters is also associated with the removal of repressive marks including H3K9me2 and H3K27me3 [START_REF] Wang | Combinatorial patterns of histone acetylations and methylations in the human genome[END_REF][START_REF] Fujiki | Expression of the peroxisome proliferator activated receptor γ gene is repressed by DNA methylation in visceral adipose tissue of mouse models of diabetes[END_REF][START_REF] Eeckhoute | Cell-type selective chromatin remodeling defines the active subset of FOXA1bound enhancers[END_REF][START_REF] Noer | Histone H3 modifications associated with differentiation and long-term culture of mesenchymal adipose stem cells[END_REF]. The switch from methylation to acetylation at H3K27 could therefore represent a point of integration between activating and repressing signals. Concomitantly, demethylation of the PPARγ2p r omoter, which leads to the release of the transcriptional inhibitor methyl CpG-binding protein 2 (MeCP2), occurs gradually during differentiation paralleling the continuing rise in PPARγ2 mRNA expression [START_REF] Fujiki | Expression of the peroxisome proliferator activated receptor γ gene is repressed by DNA methylation in visceral adipose tissue of mouse models of diabetes[END_REF][START_REF] Sasai | Many paths to one goal? The proteins that recognize methylated DNA in eukaryotes[END_REF].

These epigenetic changes create an environment competent for gene induction. However, additional remodelling is required. Indeed, PPARγ promoters also undergo chromatin reconfiguration through the binding of the nucleosomeremodeling complex switch/sucrose non-fermentable (SWI/SNF) [START_REF] Salma | Temporal recruitment of transcription factors and SWI/SNF chromatin-remodeling enzymes during adipogenic induction of the peroxisome proliferator-activated receptor γ nuclear hormone receptor[END_REF]. SWI/SNF is required neither for epigenetic changes nor for general TF recruitment, but promotes transcription elongation [START_REF] Salma | Temporal recruitment of transcription factors and SWI/SNF chromatin-remodeling enzymes during adipogenic induction of the peroxisome proliferator-activated receptor γ nuclear hormone receptor[END_REF]. Hence, PPARγ induction is a multistep process in which sequential chromatin remodelling events eventually lead to the release of stalled RNA polymerase II. Control of transcription elongation through modulation of RNA polymerase II release from promoters has recently emerged as a central mechanism governing developmental gene expression [START_REF] Levine | Paused RNA polymerase II as a developmental checkpoint[END_REF]. Like developmental gene promoters in pluripotent cells [START_REF] Bernstein | A bivalent chromatin structure marks key developmental genes in embryonic stem cells[END_REF], the PPARγ1 promoter bears H3K4me3 in preadipocytes [START_REF] Mikkelsen | Comparative epigenomic analysis of murine and human adipogenesis[END_REF], which could facilitate its induction during differentiation [START_REF] Bernstein | A bivalent chromatin structure marks key developmental genes in embryonic stem cells[END_REF]. RNA polymerase II stalling is not a mere consequence of transcription regulation but is by itself an integral part of gene regulation by competing with nucleosomes at promoters and therefore setting the ground for induction [START_REF] Levine | Paused RNA polymerase II as a developmental checkpoint[END_REF][START_REF] Gilchrist | Pausing of RNA polymerase II disrupts DNA-specified nucleosome organization to enable precise gene regulation[END_REF]. Finally, release of stalled RNA polymerase II results in trimethylation of H3K36 within the PPARγ gene, a feature of actively transcribed regions (Figure 1) [START_REF] Mikkelsen | Comparative epigenomic analysis of murine and human adipogenesis[END_REF][START_REF] Rao | Dimethylation of histone H3 at lysine 36 demarcates regulatory and nonregulatory chromatin genome-wide[END_REF].

The function of adipose tissues is severely altered in obesity [START_REF] Sun | Adipose tissue remodeling and obesity[END_REF]. However, this does not stem from a reduced expression of PPARγ, which remains unchanged or increased in adipose tissues from obese rats, mice, and humans [START_REF] Gorla-Bajszczak | Expression of peroxisome proliferatoractivated receptors in lean and obese Zucker rats[END_REF][START_REF] Lefebvre | Proteasomal degradation of retinoid X receptor α reprograms transcriptional activity of PPARγ in obese mice and humans[END_REF][START_REF] Roldan | Obesity short-circuits stemness gene network in human adipose multipotent stem cells[END_REF][START_REF] Vidal-Puig | Peroxisome proliferator-activated receptor gene expression in human tissues: effects of obesity, weight loss, and regulation by insulin and glucocorticoids[END_REF]. Accordingly, knock-out of Nrf2 decreases PPARγ expression, impairs adipogenesis, and protects mice from obesity [START_REF] Pi | Deficiency in the nuclear factor E2-related factor-2 transcription factor results in impaired adipogenesis and protects against diet-induced obesity[END_REF]. Sustained expression of PPARγ in WAT of obese mice may involve a decrease in levels of the orphan nuclear receptor chicken ovalbumin upstream promoter transcription factor II (COUP-TFII), which represses transcription of the PPARγ gene by bringing SMRT and decreasing histone a c e t y l a t i o nl e v e l sa ti t sp r o m o t e r s [START_REF] Okamura | COUP-TFII acts downstream of Wnt/β-catenin signal to silence PPARγ gene expression and repress adipogenesis[END_REF]. Note however that COUP-TFII role in adipogenesis is still to be clarified since contradictory results have been reported [START_REF] Li | The nuclear orphan receptor COUP-TFII plays an essential role in adipogenesis, glucose homeostasis, and energy metabolism[END_REF][START_REF] Xu | The orphan nuclear receptor chicken ovalbumin upstream promoter-transcription factor II is a critical regulator of adipogenesis[END_REF]. In this context, perturbation of adipocyte functions in obesity might be linked essentially to modified rather than deficient PPARγ transcriptional regulatory activities as discussed hereafter. Alternatively, altered adipogenesis might be linked to the concomitant perturbed expression of other genes controlling adipocyte differentiation and functions such as genes of the Wnt, Notch, and Sonic Hedgehog signaling pathways [START_REF] Roldan | Obesity short-circuits stemness gene network in human adipose multipotent stem cells[END_REF]. On the contrary to what was observed in obesity, PPARγ expression is decreased in visceral adipose tissues of mouse models of diabetes (db/db), which may directly affect adipocyte differentiation and/or function. The authors showed that this decrease in PPARγ expression is linked to DNA methylation of its promoter [START_REF] Fujiki | Expression of the peroxisome proliferator activated receptor γ gene is repressed by DNA methylation in visceral adipose tissue of mouse models of diabetes[END_REF]. Interestingly, recent findings have highlighted a link between epigenetics and metabolism [START_REF] Katada | Connecting threads: epigenetics and metabolism[END_REF] showing that altered metabolism can lead to changes in activity of chromatin-modifying enzymes [START_REF] Pirola | Genomewide analysis distinguishes hyperglycemia regulated epigenetic signatures of primary vascular cells[END_REF][START_REF] Xiao | Inhibition of α-KG-dependent histone and DNA demethylases by fumarate and succinate that are accumulated in mutations of FH and SDH tumor suppressors[END_REF]. Whether and how this could participate in PPARγ abnormal expression in adipocytes remain to be investigated.

Posttranscriptional Regulation of PPARγ Gene Expression

in Adipocytes: Role of miRNA. Epigenomic transitions during adipogenesis often occur at regions distinct from promoters of annotated coding genes [START_REF] Mikkelsen | Comparative epigenomic analysis of murine and human adipogenesis[END_REF][START_REF] Waki | Global mapping of cell type-specific open chromatin by FAIRE-seq reveals the regulatory role of the NFI family in adipocyte differentiation[END_REF][START_REF] S I E R S B F K | E x t e n s i v ec h r omatin remodelling and establishment of transcription factor hotspots during early adipogenesis[END_REF]. While some of these regions have been defined as enhancers regulating these genes, others are most probably linked to modulation of noncoding RNA (ncRNA) expression. A growing body of evidence points to a major role for ncRNAs in the control of cellular differentiation. Among those are microRNAs (miRNAs), which are short (∼22 nucleotides) ncRNAs that posttranscriptionally repress gene expression [START_REF] Kaikkonen | Noncoding RNAs as regulators of gene expression and epigenetics[END_REF]. By pairing to partially complementary sites in target mRNAs, miRNAs trigger their degradation and/or repress their translation [START_REF] Bartel | MicroRNAs: target recognition and regulatory functions[END_REF]. Several miRNAs play key roles in the control of adipogenesis and adipocyte functions acting as pro-or antiadipogenic factors including miR-30 [START_REF] Zaragosi | Small RNA sequencing reveals miR-642a-3p as a novel adipocytespecific microRNA and miR-30 as a key regulator of human adipogenesis[END_REF], miR-21 [START_REF] Kim | MicroRNA 21 regulates the proliferation of human adipose tissue-derived mesenchymal stem cells and high-fat diet-induced obesity alters microRNA 21 expression in white adipose tissues[END_REF], and miR-637 [START_REF] Zhang | MiR-637 maintains the balance between adipocytes and osteoblasts by directly targeting Osterix[END_REF](forreview [START_REF] Hilton | MicroRNAs in adipose tissue: their role in adipogenesis and obesity[END_REF][START_REF] Romao | MicroRNA regulation in mammalian adipogenesis[END_REF]).

Among those, miR-27a/b [START_REF] Karbiener | microRNA miR-27b impairs human adipocyte differentiation and targets PPARγ[END_REF][START_REF] Kim | miR-27a is a negative regulator of adipocyte differentiation via suppressing PPARγ expression[END_REF][START_REF] Lin | A role of miR-27 in the regulation of adipogenesis[END_REF] and miR-130a/b [66] are negative regulators of terminal adipocyte differentiation. This inhibition of adipogenesis stems, at least in part, from their ability to prevent the transcriptional induction of PPARγ in preadipocytes. In line, expression of these miRNAs is downregulated during adipogenesis. Both miR-27a/b and miR-130a/b directly target the 3 ′ -untranslated region (3 ′ -UTR) of PPARγ [START_REF] Karbiener | microRNA miR-27b impairs human adipocyte differentiation and targets PPARγ[END_REF][START_REF] Kim | miR-27a is a negative regulator of adipocyte differentiation via suppressing PPARγ expression[END_REF][START_REF] Lee | miR-130 suppresses adipogenesis by inhibiting peroxisome proliferatoractivated receptor γ expression[END_REF]. Additionally, miR-130a/b could also recognize a sequence within the coding region of PPARγ [START_REF] Lee | miR-130 suppresses adipogenesis by inhibiting peroxisome proliferatoractivated receptor γ expression[END_REF].

Interestingly, in agreement with their negative effect on PPARγ expression observed in vitro, miR-130a/b expression correlates inversely with PPARγ expression and BMI (body mass index) in abdominal fat depots of female subjects [START_REF] Lee | miR-130 suppresses adipogenesis by inhibiting peroxisome proliferatoractivated receptor γ expression[END_REF]. On the other hand, in contrast to their opposite expression observed during adipogenesis in vitro, miR-27a/b and PPARγ are both increased in epididymal fat pads from obese mice (ob/ob) [START_REF] Lin | A role of miR-27 in the regulation of adipogenesis[END_REF]. Therefore, while these studies demonstrate that miR-130a/b play a key role in post-transcriptional regulation of PPARγ expression in adipogenesis and obesity, additional work is required to clarify the role of miR-27a/b in these processes.

The 5 ′ -a n d3 ′ -UTRs of PPARγ mRNA are relatively short (173 and 211 nucleotides long, resp.), which may exclude interaction with a large number of miRNAs [START_REF] Cheng | The relationship between the evolution of microRNA targets and the length of their UTRs[END_REF][START_REF] Wang | Computational inference of mRNA stability from histone modification and transcriptome profiles[END_REF]. However, since miRNAs can simultaneously target several mRNAs within defined gene networks [START_REF] Hsu | miRTar: an integrated system for identifying miRNA-target interactions in Human[END_REF], it would be interesting to analyze whether some additional miRNAs, among those regulating adipogenesis [START_REF] Romao | MicroRNA regulation in mammalian adipogenesis[END_REF], also target PPARγ. Additionally, some miRNAs controlling adipogenesis indirectly regulate PPARγ expression. For instance, miR-31 and miR-155 negatively impact on adipogenesis by directly targeting C/EBPα and C/EBPβ mRNA, respectively, which is secondarily associated with a decrease in PPARγ expression levels [START_REF] Liu | TNFα-induced up-regulation of miR-155 inhibits adipogenesis by down-regulating early adipogenic transcription factors[END_REF][START_REF] Sun | Characterization of function and regulation of miR-24-1 and miR-31[END_REF].

Chromatin-Based Regulation of

PPARγ Activity in Adipocytes [START_REF] S I E R S B F K | E x t e n s i v ec h r omatin remodelling and establishment of transcription factor hotspots during early adipogenesis[END_REF][START_REF] Lefterova | PPARγ and C/EBP factors orchestrate adipocyte biology via adjacent binding on a genome-wide scale[END_REF][START_REF] Nielsen | Genome-wide profiling of PPARγ:RXR and RNA polymerase II occupancy reveals temporal activation of distinct metabolic pathways and changes in RXR dimer composition during adipogenesis[END_REF]. Consequently, PPARγ binds to enhancers characterized by early nucleosome depletion and presence of histone posttranslational modifications typical of competent/active sites (methylation of histone H3 lysine 4 (H3K4me) and acetylation of histone H3 lysine 9 (H3K9ac)) [START_REF] Mikkelsen | Comparative epigenomic analysis of murine and human adipogenesis[END_REF][START_REF] Waki | Global mapping of cell type-specific open chromatin by FAIRE-seq reveals the regulatory role of the NFI family in adipocyte differentiation[END_REF]. These chromatin-based regulatory mechanisms are most probably involved in defining the adipocyte-specific PPARγ transcriptional activities. Indeed, cell type-specific PPARγ binding to chromatin and gene expression regulatory activities depend on different cell-specific collaborating TFs. For example, PPARγ is recruited to enhancers that bind the pioneer factor PU.1inmacrophages [START_REF] Lefterova | Cell-specific determinants of peroxisome proliferator-activated receptor γ function in adipocytes and macrophages[END_REF].

In addition to enhancers whose chromatin is preset early, PPARγ also binds to many enhancers where chromatin remodelling occurs during adipocyte differentiation [START_REF] S I E R S B F K | E x t e n s i v ec h r omatin remodelling and establishment of transcription factor hotspots during early adipogenesis[END_REF]. In this case, how PPARγ is directed to these regulatory regions and whether chromatin modifications precede or correlate with its recruitment are not clear yet.

Control of Chromatin Structure by PPARγ.

Even though recent studies highlight the need for chromatin presetting in the regulation of PPARγ transcriptional activities, PPARγ activation in turn also leads to additional posttranslational histone modifications. Indeed, PPARγ activation triggers an exchange of interacting cofactors from corepressors to coactivators. These complexes bear enzymatic activities targeting histone acetylation and methylation. For instance, adipogenic differentiation is linked to a shift from complexes containing histone deacetylase (HDAC) to complexes containing hisone acetyltransferase (HAT) activities [START_REF] Sugii | Epigenetic codes of PPARγ in metabolic disease[END_REF]. This exchange is observed during adipogenesis as well as upon activation of PPARγ with synthetic agonists leading, for example, to increased acetylation of H3K9 at enhancers [START_REF] Lefterova | Cell-specific determinants of peroxisome proliferator-activated receptor γ function in adipocytes and macrophages[END_REF]. It emerges therefore that the activity of PPARγdependent enhancers is controlled through sequential stages of chromatin remodelling linked to the hierarchical binding of TFs and cofactors. Chromatin remodelling at these enhancers also involves hydroxymethylation of cytosines through mechanisms that remain to be elucidated [START_REF] Sérandour | Dynamic hydroxymethylation of deoxyribonucleic acid marks differentiationassociated enhancers[END_REF].

Unlike enhancers whose accessibility is highly variable and cell-type specific, promoters generally lie in open and nucleosome free chromatin regardless of the cell type [START_REF] Bulger | Functional and mechanistic diversity of distal transcription enhancers[END_REF][START_REF] Ong | Enhancer function: new insights into the regulation of tissue-specific gene expression[END_REF]. However, promoters are controlled by epigenetic modifications that are partly different from those operating at enhancers [START_REF] Ong | Enhancer function: new insights into the regulation of tissue-specific gene expression[END_REF]. For instance, in addition to chromatin remodelling taking place at enhancers, gene activation during adipogenesis also involves modifications at their promoters. This includes methylation of H4K20 by the SET domain containing lysine methyltransferase 8 (Setd8), an enzyme whose expression is induced by PPARγ resulting in the activation of target gene promoters [START_REF] Wakabayashi | The peroxisome proliferator-activated receptor γ/retinoid X receptor α heterodimer targets the histone modification enzyme PR-Set7/Setd8 gene and regulates adipogenesis through a positive feedback loop[END_REF]. PPARγmediated gene activation during adipogenesis also requires the mediator complex [START_REF] Grøntved | MED14 tethers mediator to the N-terminal domain of peroxisome proliferator-activated receptor γ and is required for full transcriptional activity and adipogenesis[END_REF]. This complex not only serves as a platform for recruitment of general TFs and RNA polymerase II but can also recruit chromatin remodelers such as chromodomain helicase DNA-binding protein 1 (CHD1) [START_REF] Lin | Mediator coordinates PIC assembly with recruitment of CHD1[END_REF]. Altogether, these studies indicate that activation of PPARγ target genes involves a coordinated remodelling of chromatin at both enhancers and promoters. In this context, PPARγ-mediated regulation could involve a defined threedimensional organisation of chromatin allowing enhancers and promoters to interact, reminiscent of gene activation by other nuclear receptors such as the estrogen receptor α [START_REF] F U L L W O O D | A no e s t r o g e nreceptor-α-bound human chromatin interactome[END_REF][START_REF] Splinter | The complex transcription regulatory landscape of our genome: control in three dimensions[END_REF]. Importantly, PPARγ-bound enhancers could regulate the expression of coding genes important for adipocyte functions both directly and/or indirectly by modulating the levels of miRNAs that control adipogenesis including miR-103 [START_REF] John | Dataset integration identifies transcriptional regulation of microRNA genes by PPARγ in differentiating mouse 3T3-L1 adipocytes[END_REF][START_REF] Xie | MicroRNAs induced during adipogenesis that accelerate fat cell development are downregulated in obesity[END_REF]. Obesity leads to altered gene expression profiles in adipose tissue [START_REF] Guan | Adipose tissue gene expression profiling reveals distinct molecular pathways that define visceral adiposity in offspring of maternal proteinrestricted rats[END_REF][START_REF] Vohl | A survey of genes differentially expressed in subcutaneous and visceral adipose tissue in men[END_REF]. PPARγ transcriptional activity is exacerbated in obese compared to lean visceral WAT [START_REF] Lefebvre | Proteasomal degradation of retinoid X receptor α reprograms transcriptional activity of PPARγ in obese mice and humans[END_REF]. PPARγ binds to DNA as a heterodimer with RXR, a nuclear receptor subfamily consisting of the isotypes RXRα, β,andγ. Interestingly, RXRα protein expression levels are specifically downregulated in visceral white adipose tissue of obese mice and humans through proteasomal degradation. This leads to reduced proportions of the RXRα-PPARγ heterodimer and, as a result, to an increased sensitivity to PPARγ agonists, since the SMRT corepressor is more readily dismissed from the remaining RXRβ-PPARγ complex. Even though not formally demonstrated, the effect of RXRα on the interaction with SMRT most probably influences the chromatin structure resulting in a blunted response to PPARγ agonists due to enhanced interaction with HDACs [START_REF] Lefebvre | Proteasomal degradation of retinoid X receptor α reprograms transcriptional activity of PPARγ in obese mice and humans[END_REF]. In addition, the expression of Setd8, which is also increased in white adipose tissue of obese mice [START_REF] Wakabayashi | The peroxisome proliferator-activated receptor γ/retinoid X receptor α heterodimer targets the histone modification enzyme PR-Set7/Setd8 gene and regulates adipogenesis through a positive feedback loop[END_REF], may also participate in the strong PPARγ transcriptional response of adipocytes from obese subjects through increased histone methylation.

An Integrated View of PPARγ Regulation in Adipocytes

Taken as a whole, regulation of PPARγ expression and activity is a highly integrative process defining an adipogenic transcriptional network involving key cross-regulatory loops between its members (Figure 2). Epigenomic transitions during adipocyte differentiation allow for both temporallycontrolled induction of PPARγ expression and subsequent regulation of its target genes. Chromatin presetting is observed both at PPARγ and its target genes in preadipocytes and exploited to implement the adipogenic transcriptional program. This process is regulated by an intricate network of hierarchical and combinatorial transcriptional regulatory events. For instance, the transcription factor C/EBPβ plays a pioneer role early in the course of adipogenesis to induce expression of PPARγ, C/EBPα, and KLF5 and 15, which subsequently collaborate to maintain their own expression and activate adipogenic genes. Importantly, this activation requires presetting of chromatin at enhancers by C/EBPβ [START_REF] S I E R S B F K | E x t e n s i v ec h r omatin remodelling and establishment of transcription factor hotspots during early adipogenesis[END_REF]. Adipogenesis also involves inactivation of repressors, including miR-27a/b, which target both C/EBPα and PPARγ in preadipocytes [START_REF] Karbiener | microRNA miR-27b impairs human adipocyte differentiation and targets PPARγ[END_REF][START_REF] Kim | miR-27a is a negative regulator of adipocyte differentiation via suppressing PPARγ expression[END_REF][START_REF] Lin | A role of miR-27 in the regulation of adipogenesis[END_REF]. Among PPARγ target genes are chromatin remodelers including the histone methyltransferase Setd8 [START_REF] Wakabayashi | The peroxisome proliferator-activated receptor γ/retinoid X receptor α heterodimer targets the histone modification enzyme PR-Set7/Setd8 gene and regulates adipogenesis through a positive feedback loop[END_REF] and transducin-like enhancer of split 3 (TLE3) [START_REF] Villanueva | TLE3 is a dualfunction transcriptional coregulator of adipogenesis[END_REF]. Both factors are involved in a positive autoregulatory loop with PPARγ simultaneously maintaining its high level of expression and induction of target gene expression.

While TLE factors are known to have chromatin remodelling activities [START_REF] Holmes | Transducinlike enhancer protein 1 mediates estrogen receptor binding and transcriptional activity in breast cancer cells[END_REF][START_REF] Jennings | The Groucho/TLE/Grg family of transcriptional co-repressors[END_REF], how TLE3 induces gene expression in adipocytes has not yet been characterized. Overall, PPARγ in adipocytes is therefore controlled by an intricate network of transcriptional regulators that notably license the chromatin structure to allow for appropriate expression and activity of this nuclear receptor.

Concluding Remarks and Perspectives

We envision that future studies will extend the adipogenic transcriptional network by identifying additional transcriptional regulators and chromatin-associated events controlling PPARγ activities. In addition to a better definition of epigenetic marks involved in this process, studies aimed at identifying mechanisms required for long-range activities of PPARγ-bound enhancers are awaited. This will include a thorough description of the three-dimensional organisation of the chromatin during adipogenesis. Chromosome conformation capture (3C) and its derivatives are recent approaches that have refined our view of the genome spatial organisation and that may prove useful [START_REF] De Wit | A decade of 3C technologies: insights into nuclear organization[END_REF]. Taking into account the large diversity of newly discovered ncRNA species, the role of these RNAs in adipogenesis and control of PPARγ is likely at its infancy. Another major question regarding the control of PPARγ activity during adipogenesis relates to the identification of physiologically relevant endogenous ligands [START_REF] Schupp | Endogenous ligands for nuclear receptors: digging deeper[END_REF]. This also requires a better understanding of regulation of PPARγ activities by alternative mechanisms including notably posttranslational modifications [START_REF] Berrabah | Control of nuclear receptor activities in metabolism by posttranslational modifications[END_REF][START_REF] Choi | Antidiabetic actions of a non-agonist PPARγ ligand blocking Cdk5mediated phosphorylation[END_REF][START_REF] Dutchak | Fibroblast growth factor-21 regulates PPARγ activity and the antidiabetic actions of thiazolidinediones[END_REF][START_REF] Beekum | Posttranslational modifications of PPAR-γ: fine-tuning the metabolic master regulator[END_REF]. Finally, how these regulatory pathways are affected in pathophysiological conditions, such as obesity, will also deserve to be further addressed in order to improve PPARγ targeting strategies. In this context, we will need to better understand the consequences of metabolic perturbations on the enzymatic activities of chromatin modifiers and their consequences for gene transcriptional regulation [START_REF] Katada | Connecting threads: epigenetics and metabolism[END_REF]. 

Figure 1 :

 1 Figure 1: Chromatin-based regulation of PPARγ expression in adipogenesis. Schematic describing epigenomic events as well as sequential transcription factor binding involved in the regulation of PPARγ1/2 expression during adipogenesis. Expression of miR-27/130 targeting PPARγ is also indicated.

Figure 2 :

 2 Figure 2: Integrated regulation of PPARγ expression and activity in adipocytes. Schematic showing transcriptional regulators involved in control of PPARγ expression and activity in adipocytes. Green arrows, positive regulation; red bars, negative regulation. See text for further details.
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