Keywords: SCN: Suprachiasmatic Nuclei 2D-DIGE: 2-Dimensional-DIfference Gel Electrophoresis MS: Mass Spectrometry LC: Liquid Chromatography HPLC: High Performance Liquid Chromatography SILAC: Stable-Isotope Labelling by Amino acids in Cell culture circadian clock, proteomics, post-translational modifications, signaling

The circadian clock is an endogenous molecular timekeeping system that allows organisms to adjust their physiology and behavior to the time of day in an anticipatory fashion. In different organisms, the circadian clock coordinates physiology and metabolism through regulation of gene expression at the transcriptional and post-transcriptional levels. Until now, circadian gene expression studies have mostly focused primarily on transcriptomics approaches. This type of analyses revealed that most of protein-encoding genes show circadian expression in a tissue specific manner. During the last three decades, a long way has been travelled since the pioneering work on dinoflagellates and new advances in mass spectrometry offered new perspectives in the characterization of the circadian dynamics of the proteome. Altogether, these efforts highlighted that rhythmic protein oscillation is driven equally by gene transcription, post-transcriptional and post-translational regulations. The determination of the role of the circadian clock in these two levels of regulation appears to be the next major challenge in the field.

Introduction

The rotation of the earth around its own axis creates daily environmental changes such as fluctuation of light and temperature. To anticipate these variations, organisms developed a self-sustained timekeeping system, called the circadian clock (a word coined from Latin for circa and diem meaning "about a day"). This circadian clock controls metabolism and physiology through the coordination of behavioral and biochemical mechanisms including sleep, feeding rhythms, hormone release and digestive tract activity [START_REF] Reinke | Crosstalk between metabolism and circadian clocks[END_REF]. Because of the central role of the circadian clock in physiology, circadian dysfunction is associated with a broad range of pathologies including obesity, type 2 diabetes, non-alcoholic fatty liver disease (NAFLD) and neurological disorders [START_REF] Leng | Association between circadian rhythms and neurodegenerative diseases[END_REF][START_REF] Logan | Rhythms of life: circadian disruption and brain disorders across the lifespan[END_REF][START_REF] Mukherji | The Circadian Clock and Liver Function in Health and Disease[END_REF][START_REF] Stenvers | Circadian clocks and insulin resistance[END_REF][START_REF] Weger | At the Intersection of Microbiota and Circadian Clock: Are Sexual Dimorphism and Growth Hormones the Missing Link to Pathology?[END_REF]. It therefore appears of high importance to understand the mechanisms that are involved in the regulation of physiology by the circadian clock and the consequences of their disruption. The circadian clock system in mammals is organized in a hierarchical manner, with a central "master" clock located in the bilateral SCN of the hypothalamus. The SCN receive light input via photosensitive melanopsincontaining retinal ganglion cells and communicate with "slave" peripheral oscillators via humoral (e.g. glucocorticoids), neuronal (e.g. innervation by the autonomous nervous system) or systemic (e.g. timing of food intake or temperature changes) signals [START_REF] Hastings | Generation of circadian rhythms in the suprachiasmatic nucleus[END_REF] (Fig. 1).

The molecular circadian clock

Cell-autonomous circadian rhythms rely on a network of interlocked transcriptional-translational negative feedback loops. As a basic principle, the activation of a gene encoding a transcriptional repressor results in its later repression by its own protein product, whose instability allows the cycle to reinitiate. The activating loop is composed by a dimer of basic helix-loop-helix-Per-Arnt-Sim domain (bHLH-PAS) transcription factors composed of Brain and Muscle Arnt-Like protein-1 (BMAL1) and its partners Circadian Locomotor Output Cycles Kaput (CLOCK) and Neuronal PAS domain protein 2 (NPAS2). The first negative feedback loop includes Period (PER) and Cryptochome (CRY) whose expression is, in part, regulated by BMAL1 via binding to specific DNA elements called E-box-related motifs in their promoters. These proteins assemble into large macromolecular complexes that translocate into the nucleus and inhibit BMAL1 transcriptional activity. In parallel, a second feedback loop, sometimes called stabilizing loop, involves the nuclear receptors Retinoic acid-related Orphan Receptors (RORα, β and γ) and Reverse Erythroblastosis virus (REV-ERBα and β or NR1D1 and NR1D2), that respectively activate and repress Bmal1 expression by binding to response elements (RORE) present in the Bmal1 promoter. In addition, the circadian clock controls the rhythmic expression of the PARbZip transcription factors albumin D box-Binding Protein (DBP), Hepatic Leukemia Factor (HLF) and Thyrotroph Embryonic Factor (TEF), as well as their repressive and antiphasic counterpart E4 promoter-binding protein 4 (E4BP4) (also known as Nuclear factor interleukin 3 regulated (NFIL3)).

These factors binds to D-box elements in the promoter of their target genes and play an important role in the regulation of clock output genes involved in metabolism and physiology [START_REF] Gachon | Physiological function of PARbZip circadian clock-controlled transcription factors[END_REF]. Nevertheless, the simultaneous presence of BMAL1, REV-ERB/ROR and PARbZip binding sites in most of clock genes suggests a more complex regulation involving the three loops and the PARbZip factors simultaneously [START_REF] Bugge | Rev-erbα and Rev-erbβ coordinately protect the circadian clock and normal metabolic function[END_REF][START_REF] Cho | Regulation of circadian behaviour and metabolism by REV-ERB-α and REV-ERB-β[END_REF][START_REF] Koike | Transcriptional Architecture and Chromatin Landscape of the Core Circadian Clock in Mammals[END_REF][START_REF] Fang | Circadian Enhancers Coordinate Multiple Phases of Rhythmic Gene Transcription In Vivo[END_REF][START_REF] Yoshitane | Functional D-box sequences reset the circadian clock and drive mRNA rhythms[END_REF]. In addition, their combination is required for the generation of multiple phases of coherent rhythmic gene expression allowing the temporal transcriptional regulation of thousands of clock-controlled genes [START_REF] Takahashi | Transcriptional architecture of the mammalian circadian clock[END_REF] (Fig. 1).

Post-translational regulation in the regulation of the circadian clock

In response to daily changes in physiology, metabolism-controlled signaling pathways maintain homeostasis through feedback on the circadian clock [START_REF] Reinke | Crosstalk between metabolism and circadian clocks[END_REF]. This additional level of regulation involves the post-translational modifications of circadian clock proteins such as phosphorylation, ubiquitination, acetylation, O-GlcNacylation and SUMOylation. For example, the NAD + -dependent deacetylase SIRT1 interacts with CLOCK/BMAL1 and mediates BMAL1 deacetylation to modulate its transcriptional activity [START_REF] Nakahata | The NAD + -Dependent Deacetylase SIRT1 Modulates CLOCK-Mediated Chromatin Remodeling and Circadian Control[END_REF]. SIRT1 also promotes PER2 degradation via its deacetylation [START_REF] Asher | SIRT1 Regulates Circadian Clock Gene Expression through PER2 Deacetylation[END_REF]. CLOCK and BMAL1 are also regulated by ubiquination and SUMOylation [START_REF] Cardone | Circadian Clock Control by SUMOylation of BMAL1[END_REF][START_REF] Lee | Dual Modification of BMAL1 by SUMO2/3 and Ubiquitin Promotes Circadian Activation of the CLOCK/BMAL1 Complex[END_REF][START_REF] Li | O-GlcNAc Signaling Entrains the Circadian Clock by Inhibiting BMAL1/CLOCK Ubiquitination[END_REF].

Moreover, most of the core clock proteins are phosphoproteins and phosphorylation/dephosphorylation events play a key role in the regulation and fine-tuning of circadian rhythms. For instance, the phosphorylation of CLOCK and BMAL1 by insulin-regulated AKT kinase controls their nuclear accumulation and transcriptional activity [START_REF] Dang | Insulin post-transcriptionally modulates Bmal1 protein to affect the hepatic circadian clock[END_REF][START_REF] Luciano | CLOCK phosphorylation by AKT regulates its nuclear accumulation and circadian gene expression in peripheral tissues[END_REF]. Another example is the energy sensor 5'-AMP-activated protein kinase (AMPK) which directly phosphorylates CRY1 [START_REF] Lamia | AMPK Regulates the Circadian Clock by Cryptochrome Phosphorylation and Degradation[END_REF] and indirectly PER2 [START_REF] Um | Activation of 5′-AMP-activated Kinase with Diabetes Drug Metformin Induces Casein Kinase Iϵ (CKIϵ)-dependent Degradation of Clock Protein mPer2[END_REF]. In this way, AMPK promotes the degradation of the negative feedback loop components. PER2 degradation has also been shown to be regulated via coordinated phosphorylation by Casein Kinase 2 (CK2) and CK1ε [START_REF] Tsuchiya | Involvement of the Protein Kinase CK2 in the Regulation of Mammalian Circadian Rhythms[END_REF]. More details about the role of posttranscriptional and post-translational regulations in the circadian clock can be found in distinct reviews in the same issue.

Development of proteomics techniques: influence on circadian biology

During almost three decades, because of the amazing progress in transcriptomic techniques and the limits of proteomics technologies, most of the large-scale circadian gene expression studies focused on mRNA. These studies showed that the proportion of rhythmically expressed genes is estimated to span from 6% to 50% [START_REF] Koike | Transcriptional Architecture and Chromatin Landscape of the Core Circadian Clock in Mammals[END_REF][START_REF] Atger | Circadian and feeding rhythms differentially affect rhythmic mRNA transcription and translation in mouse liver[END_REF][START_REF] Hughes | Harmonics of Circadian Gene Transcription in Mammals[END_REF][START_REF] Hughes | Deep sequencing the circadian and diurnal transcriptome of Drosophila brain[END_REF][START_REF] Panda | Coordinated Transcription of Key Pathways in the Mouse by the Circadian Clock[END_REF][START_REF] Storch | Extensive and divergent circadian gene expression in liver and heart[END_REF][START_REF] Ueda | A transcription factor response element for gene expression during circadian night[END_REF][START_REF] Yeung | Transcription factor activity rhythms and tissue-specific chromatin interactions explain circadian gene expression across organs[END_REF][START_REF] Zhang | A circadian gene expression atlas in mammals: Implications for biology and medicine[END_REF]. The different model organisms, tissues or cell types used in these different studies explained this high variability, as well asthe numerous statistical methods and cut-offs values used for the analysis of the data.

Altogether, it is estimated that around half of the protein coding genes are oscillating in at least one tissue in mouse, a statement confirmed by a recent study [START_REF] Zhang | A circadian gene expression atlas in mammals: Implications for biology and medicine[END_REF]. Both feeding rhythms and the circadian clock contribute to the rhythmic regulation of gene expression [START_REF] Atger | Circadian and feeding rhythms differentially affect rhythmic mRNA transcription and translation in mouse liver[END_REF][START_REF] Greenwell | Rhythmic Food Intake Drives Rhythmic Gene Expression More Potently than the Hepatic Circadian Clock in Mice[END_REF]. Nevertheless, until recently, the knowledge about rhythmic regulation at the protein level remained scarce.

The pioneering circadian proteomic studies were based on 2D-DIGE followed by MS. This method separates proteins first by isoelectric focusing and then by the molecular mass. 2D-DIGE can enable the detection of 1000 to 2000 protein spots with high sensitivity but suffers from high technical variability. Albeit its limitations, 2D electrophoresis was nevertheless successful in describing the circadian translational control of protein synthesis in the luminescent unicellular dinoflagellates Gonyaulax [START_REF] Milos | Circadian control over synthesis of many Gonyaulax proteins is at a translational level[END_REF] and Lingulodinium polyedrum [START_REF] Akimoto | Biological rhythmicity in expressed proteins of the marine dinoflagellate Lingulodinium polyedrum demonstrated by chronological proteomics[END_REF], as well as other studies, including pioneering works from the Michael Hastings' laboratory [START_REF] Deery | Proteomic Analysis Reveals the Role of Synaptic Vesicle Cycling in Sustaining the Suprachiasmatic Circadian Clock[END_REF][START_REF] Reddy | Circadian Orchestration of the Hepatic Proteome[END_REF]. The more recent advances in shotgun proteomics using LC or HPLC allowed large-scale and more accurate protein identification and quantification. As a result, the development of high-throughput proteomics technologies provided a more extensive picture of the circadian and diurnally rhythmic proteome. These more comprehensive datasets combined with appropriate comparison with rhythmic transcriptomics data collected in similar conditions allowed the identification of new mechanisms underlying the regulation of rhythmic protein abundance that is dependent of protein synthesis, degradation and transport. The development of in vivo SILAC offered the most accurate technique particularly suitable for assessing low changes in amplitude [START_REF] Krüger | SILAC Mouse for Quantitative Proteomics Uncovers Kindlin-3 as an Essential Factor for Red Blood Cell Function[END_REF]. This technique allowed the characterization of the rhythmic proteome of mouse liver and SCN with an unprecedented coverage [START_REF] Chiang | The Proteomic Landscape of the Suprachiasmatic Nucleus Clock Reveals Large-Scale Coordination of Key Biological Processes[END_REF][START_REF] Mauvoisin | Circadian clock-dependent andindependent rhythmic proteomes implement distinct diurnal functions in mouse liver[END_REF][START_REF] Robles | In-Vivo Quantitative Proteomics Reveals a Key Contribution of Post-Transcriptional Mechanisms to the Circadian Regulation of Liver Metabolism[END_REF]. Other post-extraction protein labeling methods like TMT and iTRAQ have been also successfully used, as well as label free quantitative proteomics [START_REF] Ahmad | A perspective on proteomics in cell biology[END_REF] (Fig 2 ).

A retrospective of circadian proteomics in the central nervous system

Because of the importance of the SCN in the central regulation of circadian physiology, many efforts have been made to characterize the regulation of protein fluctuations in that tissue, as well as the changes caused by light. A first study examined the effect of light stimulation on the mouse SCN proteome using 2D-DIGE [START_REF] Fahrenkrug | Altered calmodulin response to light in the suprachiasmatic nucleus of PAC1 receptor knockout mice revealed by proteomic analysis[END_REF] (Fig. 3). Within the five protein spots showing a decreased expression after light stimulation, the authors identified Calmodulin, from which transcript expression levels were unaffected, suggesting a posttranscriptional regulation of this protein. The list of light-regulated SCN proteins was later extended to 387 [START_REF] Tian | Uncovering the Proteome Response of the Master Circadian Clock to Light Using an AutoProteome System[END_REF]. A deeper exploration of the mouse SCN rhythmic proteome was published in 2009 [START_REF] Deery | Proteomic Analysis Reveals the Role of Synaptic Vesicle Cycling in Sustaining the Suprachiasmatic Circadian Clock[END_REF]. Among the 871 protein spots consistently quantified across four time points, 115 (13%) displayed significant rhythmicity, the majority (72%) of them being encoded by non-rhythmic mRNA. The rhythmic SCN proteome was highly enriched in proteins implicated in vesicle trafficking and recycling, a process demonstrated by the authors to be important for circadian gene expression within the SCN [START_REF] Deery | Proteomic Analysis Reveals the Role of Synaptic Vesicle Cycling in Sustaining the Suprachiasmatic Circadian Clock[END_REF]. A recent SILAC-based high-throughput quantitative proteomic approach moved the characterization of the SCN rhythmic proteome to another dimension, enabling the quantification of 3275 proteins, 421 (one more time 13%) of them displaying a timeof-day dependent profile, with enrichment for proteins involved in mitochondrial oxidative phosphorylation [START_REF] Chiang | The Proteomic Landscape of the Suprachiasmatic Nucleus Clock Reveals Large-Scale Coordination of Key Biological Processes[END_REF]. As in previous studies, the majority (60%) of these rhythmic proteins were not encoded by rhythmic mRNAs. Additional analyses suggested the implication of miRNA (in particular miR-133a) in the regulation of the SCN proteome rhythmicity [START_REF] Chiang | The Proteomic Landscape of the Suprachiasmatic Nucleus Clock Reveals Large-Scale Coordination of Key Biological Processes[END_REF]. Of interest, another SILAC-based proteomic experiment performed on the SCN highlighted the implication of miR-132 and miR-122 in seasonal adaptation [START_REF] Mendoza-Viveros | miR-132/212 Modulates Seasonal Adaptation and Dendritic Morphology of the Central Circadian Clock[END_REF]. In addition to these studies, important efforts led to the characterization of peptides rhythmically expressed and released by the rat SCN [START_REF] Hatcher | Mass spectrometrybased discovery of circadian peptides[END_REF][START_REF] Lee | Endogenous Peptide Discovery of the Rat Circadian Clock: A FOCUSED STUDY OF THE SUPRACHIASMATIC NUCLEUS BY ULTRAHIGH PERFORMANCE TANDEM MASS SPECTROMETRY[END_REF][START_REF] Lee | Quantitative Peptidomics for Discovery of Circadian-Related Peptides from the Rat Suprachiasmatic Nucleus[END_REF]. While several of these secreted peptides have been shown to play an important role in the synchronization of central and peripheral clocks [START_REF] Hastings | Generation of circadian rhythms in the suprachiasmatic nucleus[END_REF], the circadian function of many of them remains unknown.

Because of its direct link with the SCN, the rhythmic proteome of the retina also attracted the interest of chronobiologists. Accordingly, a 2D-DIGE-based study characterized 415 retinal proteins, 11 of them showing a circadian profile [START_REF] Tsuji | Circadian proteomics of the mouse retina[END_REF]. These proteins were involved in vesicular transport, calcium-binding, protein degradation, RNA-binding and protein folding suggesting the implication of the circadian clock in neurotransmitter release and protein transport. More recently, the 2D-DIGE diurnal retinal proteome in wildtype (WT) and Crx knockout (KO) mice, which lack rods and cones, has been described [START_REF] Møller | Diurnal expression of proteins in the retina of the blind cone-rod homeobox (Crx -/-) mouse and the 129/Sv mouse: a proteomic study[END_REF]. Despite the deficiency in key proteins involved in phototransduction, Crx KO retina retained diurnal protein expression in enzymes involved in glucose metabolism, mitochondrial activity and in anti-oxidative functions. This rhythmic differential expression is likely generated by direct light input to the retina or by neighboring cells that kept a functional circadian clock. This observation suggests that the circadian clock is not present only in rods and cones but also in other cells of the retina [START_REF] Møller | Diurnal expression of proteins in the retina of the blind cone-rod homeobox (Crx -/-) mouse and the 129/Sv mouse: a proteomic study[END_REF].

A LC-MS approach was used to characterize the circadian murine hippocampal proteome and phosphoproteome [START_REF] Chiang | Phosphoproteome Profiling Reveals Circadian Clock Regulation of Posttranslational Modifications in the Murine Hippocampus[END_REF]. Among the detected phospho-sites, 5% oscillated in a circadian manner, with an enrichment at the end of the subjective day (CT10). Like in the SCN, most of these proteins were involved in synaptic function and cytoskeletal organization, which pointed out the role of the circadian clock in mediating anticipatory structural changes occurring in the hippocampus shortly after awakening [START_REF] Chiang | Phosphoproteome Profiling Reveals Circadian Clock Regulation of Posttranslational Modifications in the Murine Hippocampus[END_REF]. Elsewhere, a 2D-DIGE study of the rat superficial pineal gland showed significant differences in 60 protein spots between two time points: ZT6 and ZT18 [START_REF] Møller | Proteomic analysis of day-night variations in protein levels in the rat pineal gland[END_REF]. More recently, a similar approach in mouse cerebellum also revealed an important rhythmicity of proteins involved in mitochondrial metabolism and cytoskeletal organization [START_REF] Plumel | Circadian Analysis of the Mouse Cerebellum Proteome[END_REF].

In non-vertebrate models, a recent circadian study using HPLC-MS proteomics helped identifying new clock modifiers. Indeed, the description of the rhythmic proteome of the Drosophila head highlighted α-Catenin as a potential new player in the regulation of circadian rhythms [START_REF] Du | Diurnal protein oscillation profiles in Drosophila head[END_REF]. Moreover, targeted proteomics analysis in the antenna of Anopheles gambiae characterized the rhythmic expression of olfactory receptors in these sensatory organs that are associated with the rhythmic olfactory sensitivity of these insects [START_REF] Rund | Daily rhythms in antennal protein and olfactory sensitivity in the malaria mosquito Anopheles gambiae[END_REF].

Circadian proteomics in peripheral tissues

Circadian proteomics in peripheral organs mainly focused on mouse liver and was also spurred by the refinement of the technology, switching from 2D-DIGE to large-scale quantitative proteomics approaches.

The first breakthrough came from a 2D-DIGE study that allowed the quantification of 642 protein spots, of which 60 (9%) showed significant rhythmicity [START_REF] Reddy | Circadian Orchestration of the Hepatic Proteome[END_REF]. As observed in the SCN [START_REF] Deery | Proteomic Analysis Reveals the Role of Synaptic Vesicle Cycling in Sustaining the Suprachiasmatic Circadian Clock[END_REF], only a small fraction (43%) of rhythmic proteins are encoded by rhythmic mRNA, highlighting the importance of post-transcriptional regulation [START_REF] Reddy | Circadian Orchestration of the Hepatic Proteome[END_REF]. Following this pioneering work, in vivo SILAC high-throughput proteomics was used to characterize the diurnal mouse liver proteome at a larger scale. Two paralleled studies showed that among the 3000 quantified proteins, 6% presented a rhythmic accumulation pattern [START_REF] Mauvoisin | Circadian clock-dependent andindependent rhythmic proteomes implement distinct diurnal functions in mouse liver[END_REF][START_REF] Robles | In-Vivo Quantitative Proteomics Reveals a Key Contribution of Post-Transcriptional Mechanisms to the Circadian Regulation of Liver Metabolism[END_REF]. These rhythmic proteins preferentially accumulated in the middle of the light and dark phases. Again, only a part of the rhythmic proteome (50% in [START_REF] Mauvoisin | Circadian clock-dependent andindependent rhythmic proteomes implement distinct diurnal functions in mouse liver[END_REF] and 80% in [START_REF] Robles | In-Vivo Quantitative Proteomics Reveals a Key Contribution of Post-Transcriptional Mechanisms to the Circadian Regulation of Liver Metabolism[END_REF]) was encoded by rhythmic mRNA. Among these rhythmic proteins, those peaking during the light phase are mostly associated with lipid metabolism and fatty acid oxidation, whereas rhythmic proteins peaking during the dark phase were involved in glucose metabolism and liver detoxification. This rhythmic landscape illustrates the metabolic flexibility of the liver, being able to switch from fat to carbohydrates as carbon fuels between the light (fasting period) and dark phase (feeding period) transition. This metabolic flexibility is driven by the circadian clock since the rhythmicity is abolished in clock-deficient animals [START_REF] Mauvoisin | Circadian clock-dependent andindependent rhythmic proteomes implement distinct diurnal functions in mouse liver[END_REF]. In addition, metabolic flexibility is also effective in other peripheral organs like the heart. Indeed, the cardiac proteome of cardiomyocytes clock-mutant mice displays altered diurnal protein expression profiles of key metabolic enzymes [START_REF] Podobed | The Day/Night Proteome in the Murine Heart[END_REF].

In contrast, a second group of rhythmic proteins encoded by non-rhythmic mRNA is enriched in secreted proteins whose rhythms are highly correlated in clock-deficient animals [START_REF] Mauvoisin | Circadian clock-dependent andindependent rhythmic proteomes implement distinct diurnal functions in mouse liver[END_REF]. Additional experiments showed that feeding rhythms likely pace liver protein secretion, confirming the previously observed rhythmicity of circulating proteins with no connection with the corresponding transcript expression [START_REF] Martino | Diurnal protein expression in blood revealed by high throughput mass spectrometry proteomics and implications for translational medicine and body time of day[END_REF][START_REF] Scheving | Circadian fluctuation in plasma proteins of the rat[END_REF]. Of note, the impact of feeding/sleeping rhythms on rhythmic plasma proteins has also been shown in human [START_REF] Depner | Mistimed food intake and sleep alters 24-hour timeof-day patterns of the human plasma proteome[END_REF]. These observations implicate that around half of the rhythmic proteome is regulated at the post-transcriptional level.

In plants, a first iTRAQ-MS-based experiment in Arabidopsis leaves with only two time points showed that the correlation of mRNA and protein levels is limited. Indeed, most of the rhythmic transcripts encoded for non-rhythmic proteins [START_REF] Baerenfaller | Systems-based analysis of Arabidopsis leaf growth reveals adaptation to water deficit[END_REF]. A larger-scale LC-MS-based study in seeds corroborated this observation showing that only 35% of the rhythmic proteome, enriched for proteins involved in photosynthesis and chaperone activity, was encoded by rhythmic mRNA [START_REF] Choudhary | Circadian Profiling of the Arabidopsis Proteome Using 2D-DIGE[END_REF]. The significance of the circadian clock [START_REF] Graf | Parallel analysis of Arabidopsis circadian clock mutants reveals different scales of transcriptome and proteome regulation[END_REF]and post-transcriptional regulation, in particular mRNA translation [START_REF] Seaton | Photoperiodic control of the Arabidopsis proteome reveals a translational coincidence mechanism[END_REF], was later confirmed in the generation of the circadian proteome [START_REF] Graf | Parallel analysis of Arabidopsis circadian clock mutants reveals different scales of transcriptome and proteome regulation[END_REF][START_REF] Seaton | Photoperiodic control of the Arabidopsis proteome reveals a translational coincidence mechanism[END_REF]. More recently, interaction proteomics was used to characterize the circadian clock regulator GIGANTEA interactome, providing more insights into the importance of post-transcriptional regulation in the regulation of plant circadian clock [START_REF] Krahmer | Time-resolved interaction proteomics of the GIGANTEA protein under diurnal cycles in Arabidopsis[END_REF]. The key role of post-transcriptional regulation, notably mRNA translation, in driving proteome rhythmicity was also confirmed in Neurospora [START_REF] Hurley | Circadian Proteomic Analysis Uncovers Mechanisms of Post-Transcriptional Regulation in Metabolic Pathways[END_REF]. Finally, rhythmic proteomes of whole insect were characterized by 2D-DIGE in Drosophila [START_REF] Subramanian | Temporal regulation of proteome profile in the fruit fly, Drosophila melanogaster[END_REF] and by HPLC-MS in Anopheles Gambia [START_REF] Imrie | Genome annotation improvements from cross-phyla proteogenomics and time-of-day differences in malaria mosquito proteins using untargeted quantitative proteomics[END_REF] emphasizing the role of circadian rhythm in metabolism and muscular activity in insects.

Circadian proteomics at the sub-cellular level

Total protein extracts from plant or animal tissues constitute extremely complex protein mixtures. This high complexity makes difficult to achieve the detection and the quantification of proteins expressed at low level.

It is the case for example for transcription factors, including the core clock proteins, and other organellespecific proteins. A strategy to circumvent this problem and enhance mass spectrometry resolution is to perform organelle-specific quantitative proteomics. This approach was successfully applied to quantify the rhythmic mitochondrial proteome using LC-MS label-free quantitative proteomics. 38% of the mitochondrial proteins accumulated in a rhythmic fashion, most of them peaking during the early light phase [START_REF] Neufeld-Cohen | Circadian control of oscillations in mitochondrial rate-limiting enzymes and nutrient utilization by PERIOD proteins[END_REF]. 86% of these rhythmic mitochondrial proteins are encoded by rhythmic mRNA, however with very low phase correlation between proteins and transcripts. Among the mechanisms that could explain these rhythms, temporal regulation of mitochondrial protein transport via the TIM/TOM complex was suggested. This work highlighted the role of post-translational regulation orchestrated by the circadian clock and feeding rhythms in the regulation of key mitochondrial functions such as fatty acid oxidation important for metabolic flexibility [START_REF] Neufeld-Cohen | Circadian control of oscillations in mitochondrial rate-limiting enzymes and nutrient utilization by PERIOD proteins[END_REF]. Interestingly, similar observation were made with the 2D-DIGE analysis of mitochondria extracted from Arabidopsis shoots [START_REF] Lee | Diurnal Changes in Mitochondrial Function Reveal Daily Optimization of Light and Dark Respiratory Metabolism in Arabidopsis[END_REF]. This diurnal metabolic flexibility is also allowed by circadian clock-orchestrated mitochondrial dynamics that might contribute to the rhythmicity of the mitochondrial proteome [START_REF] Jacobi | Hepatic Bmal1 Regulates Rhythmic Mitochondrial Dynamics and Promotes Metabolic Fitness[END_REF][START_REF] Schmitt | Circadian Control of DRP1 Activity Regulates Mitochondrial Dynamics and Bioenergetics[END_REF].

An organelle purification approach was also used to characterize the nuclear proteome. Among the 4000 nuclear proteins quantified in mouse liver nuclei, more than 500 were highly rhythmic, including all the coreclock components and the clock-controlled transcription factors [START_REF] Wang | Nuclear Proteomics Uncovers Diurnal Regulatory Landscapes in Mouse Liver[END_REF]. Of note, these values were very similar to those obtained later by another group that used absolute quantification to monitor the temporal dynamics of circadian clock proteins [START_REF] Narumi | Mass spectrometrybased absolute quantification reveals rhythmic variation of mouse circadian clock proteins[END_REF], confirming the robustness of the in vivo SILAC LC-MS method. These rhythmic nuclear proteins were mainly controlled at the post-transcriptional level, a vast majority of them encoded by non-rhythmic mRNAs. Rhythmic nuclear transport of proteins complexes appeared to be the main regulator of the rhythmic nuclear proteome. These rhythmic proteins were involved in ribosome biogenesis and assembly [START_REF] Jouffe | The Circadian Clock Coordinates Ribosome Biogenesis[END_REF][START_REF] Sinturel | Diurnal Oscillations in Liver Mass and Cell Size Accompany Ribosome Assembly Cycles[END_REF], as well as DNA repair [START_REF] Sancar | Circadian clock control of the cellular response to DNA damage[END_REF] and transcriptional regulation. The quantification of the rhythmic nuclear accumulation of around 200 transcription factors and transcriptional co-regulators provided new insights into the diurnal regulation of transcription and its regulation by the circadian clock and feeding rhythms [START_REF] Wang | Nuclear Proteomics Uncovers Diurnal Regulatory Landscapes in Mouse Liver[END_REF]. Moreover, these results were recently corroborated and extended by a similar label free LC-MS nuclear proteomic study associated with a transcription factor DNA-binding activity-based proteomic analysis [START_REF] Wang | A proteomics landscape of circadian clock in mouse liver[END_REF]. A recent report assessing the rhythmic forebrain synaptic proteome by label free LC-MS confirmed the importance of post-transcriptional regulation. The rhythmic synaptic transcriptome and proteome rely on a functional circadian clock that post-transcriptionally control the localization of mRNA and protein [START_REF] Noya | The forebrain synaptic transcriptome is organized by clocks but its proteome is driven by sleep[END_REF].

Nevertheless, 22% of the rhythmic proteins are encoded by non-rhythmic mRNA. Surprisingly, while sleep deprivation has limited impact on the rhythmic mRNA accumulation, it completely disrupts the rhythmic proteome, showing the importance of the environment (e.g. ZT and sleep) in its regulation [START_REF] Noya | The forebrain synaptic transcriptome is organized by clocks but its proteome is driven by sleep[END_REF].

Rhythmic proteome at the cell-autonomous level

To date, most proteome dynamic analyses have been performed in animal tissues. However, the rhythmic proteome has also been studied at the cellular level. It is, of course, the case for unicellular models like green algae. A first 2D-DIGE study in Chlamydomonas reinhardtii allowed the characterization of two circadian proteins in this model [START_REF] Wagner | Functional proteomics of circadian expressed proteins from Chlamydomonas reinhardtii[END_REF]. More recent HPLC-MS analyses in Ostreococcus tauri allowed the characterization of more rhythmic proteins involved in starch metabolism but also in cell cycle and ribosome biogenesis [START_REF] Bihan | Shotgun proteomic analysis of the unicellular alga Ostreococcus tauri[END_REF]. A similar approach was used to study the time-dependent impact of Casein Kinase 2 (CK2) overexpression on the global proteome and phosphoproteome, giving new information about the role of CK2 in circadian physiology [START_REF] Bihan | Label-free quantitative analysis of the casein kinase 2-responsive phosphoproteome of the marine minimal model species Ostreococcus tauri[END_REF].

In addition to unicellular species, a few studies reported the use of cultured cells. A first TMT LC-MS study compared the proteomes of primary fibroblasts originating from WT and Bmal1 KO mice at two different time points. It allows the characterization of differentially expressed proteins involved in protein synthesis, vesicle trafficking and cytoskeletal organization that could explain the higher infectivity predisposition of Bmal1 KO cells by both Herpes and Influenza viruses [START_REF] Edgar | Cell autonomous regulation of herpes and influenza virus infection by the circadian clock[END_REF]. Using mouse primary fibroblasts and a higher time-resolution, an additional SILAC LC-MS study improved the description of the cell-intrinsic circadian proteome. This study also allowed the description of the circadian clock-controlled actin dynamics that impact wound healing including burn healing in human [START_REF] Hoyle | Circadian actin dynamics drive rhythmic fibroblast mobilization during wound healing[END_REF]. While the relationship between mRNA and protein levels were not analyzed in the aforementioned studies, more recent TMT HPLC-MC proteomics analysis in Drosophila, showing that 93% of the rhythmic proteome in circadian clock-deficient S2 cells was not encoded by rhythmic transcripts, reinforced the idea that transcriptional regulation has a limited impact on the rhythmic proteome [START_REF] Rey | Metabolic oscillations on the circadian time scale in Drosophila cells lacking clock genes[END_REF].

Regulation at the post-translational level

Phosphorylation is the best studied post-translational modifications to date and plays a major role in the regulation of molecular circadian clocks [START_REF] Hirano | The intricate dance of post-translational modifications in the rhythm of life[END_REF]. Therefore, chronobiologists were early attracted by the characterization of rhythmic phosphorylation using proteomics. Pioneering work applied SILAC proteomic to monitor the circadian phosphorylation dynamics of FREQUENCY (FRQ) in Neurospora crassa. This study enabled the characterization of the role of phosphorylation in the stability of FRQ and also its capacity to interact with its partners [START_REF] Baker | Quantitative Proteomics Reveals a Dynamic Interactome and Phase-Specific Phosphorylation in the Neurospora Circadian Clock[END_REF]. A similar approach recently mapped and described the role of phosphorylation in the regulation of White Collar-1 and 2 (WC-1 and WC-2), as well as their role in regulating the Neurospora circadian clock [START_REF] Wang | The Phospho-Code Determining Circadian Feedback Loop Closure and Output in Neurospora[END_REF].

The first large scale quantitative circadian LC-MS-based phospho-proteomic study was later performed in Arabidopsis thaliana. It shows that phosphorylation cycles were partly coordinated by the circadian clock and strongly influenced by environmental factors such as light [START_REF] Choudhary | Quantitative Circadian Phosphoproteomic Analysis of Arabidopsis Reveals Extensive Clock Control of Key Components in Physiological, Metabolic, and Signaling Pathways[END_REF]. This observation was exemplified by a second label free LC-MS study showing the importance of concerted protein phosphorylation and acetylation involved in key plant processes [START_REF] Uhrig | Diurnal changes in concerted plant protein phosphorylation and acetylation in Arabidopsis organs and seedlings[END_REF]. In the mouse liver, several signaling pathways were shown to be rhythmically activated by the circadian clock and feeding fasting cycles. Among them, the AMPK and Extracellular signal-Regulated Kinase (ERK) pathways are activated during the light phase (fasting period) [START_REF] Lamia | AMPK Regulates the Circadian Clock by Cryptochrome Phosphorylation and Degradation[END_REF][START_REF] Jouffe | The Circadian Clock Coordinates Ribosome Biogenesis[END_REF] whereas the AKT-mTOR pathway is activated during the dark phase (feeding period) [START_REF] Atger | Circadian and feeding rhythms differentially affect rhythmic mRNA transcription and translation in mouse liver[END_REF][START_REF] Jouffe | The Circadian Clock Coordinates Ribosome Biogenesis[END_REF]. The first label free LC-MS high-throughput phospho-proteomics characterization of rhythmic phosphorylation revealed that 25% of the liver phosphorylome was rhythmic [START_REF] Robles | Phosphorylation Is a Central Mechanism for Circadian Control of Metabolism and Physiology[END_REF]. These data confirmed the rhythmic activation of the aforementioned pathways and provided a global view on their impact on rhythmic liver metabolism and physiology. In addition, this study identified rhythmic phosphorylation sites on circadian clock proteins showing, for example, that CLOCK phosphorylation at Ser 446 and Ser 440/441 regulates its transcriptional activity [START_REF] Robles | Phosphorylation Is a Central Mechanism for Circadian Control of Metabolism and Physiology[END_REF]. A paralleled SILAC LC-MS nuclear phospho-proteomic experiment allowed the characterization of additional rhythmically activated kinases, mostly involved in cell cycle regulation. This rhythmic activation of cell cycle kinases could likely explain the observed rhythmic ploidy in mouse liver, with a peak of diploid bi-nucleated cells at the end of the light period [START_REF] Wang | Nuclear Proteomics Uncovers Diurnal Regulatory Landscapes in Mouse Liver[END_REF]. Finally, a recent circadian LC-MS phosphoproteome study focused on the murine synaptosome. Half of the synaptosomal phosphorylated proteins show at least one rhythmic phosphorylation site. The rhythms of these phosphorylated sites are almost completely disrupted during sleep deprivation, with the exception of phosphoproteins associated with synaptic integrity and function [START_REF] Brüning | Sleep-wake cycles drive daily dynamics of synaptic phosphorylation[END_REF]. This result emphasizes the importance systemic signals as the ones orchestrated by sleep in the regulation of rhythmic signaling pathways regulating the rhythmic synaptosomal phosphoproteome.

Besides phosphorylation, other protein modifications like lysine-acetylation show also a rhythmic pattern.

Protein deacetylation, in particular through the SIRT1 deacetylase, plays a critical role in circadian clock regulation in both SCN and peripheral tissues [START_REF] Nakahata | The NAD + -Dependent Deacetylase SIRT1 Modulates CLOCK-Mediated Chromatin Remodeling and Circadian Control[END_REF][START_REF] Asher | SIRT1 Regulates Circadian Clock Gene Expression through PER2 Deacetylation[END_REF][START_REF] Chang | SIRT1 Mediates Central Circadian Control in the SCN by a Mechanism that Decays with Aging[END_REF]. In addition, protein acetylation plays a key role in metabolism, in particular in mitochondria [START_REF] Menzies | Protein acetylation in metabolism -metabolites and cofactors[END_REF]. Characterization of the rhythmic acetylome appeared therefore of great interest and a first HPLC-MS circadian acetylo-proteomic study looked at the circadian acetylome in WT and Clock∆19-mutant animals. The 306 quantified acetylation sites present in 179 proteins were highly enriched in mitochondrial proteins. Moreover, 19 and 15 of these acetylation sites displayed a rhythmic pattern in WT and Clock∆19 mutant mice, respectively, with impact on liver metabolism [START_REF] Masri | Circadian acetylome reveals regulation of mitochondrial metabolic pathways[END_REF]. A more recent highthroughput SILAC LC-MS analysis quantified more than 1000 acetylated sites, of which 13% present a rhythmic pattern. Interestingly, rhythmically acetylated proteins showed subcellular localization-specific phases. Indeed, mitochondrial proteins were more acetylated during the day whereas cytoplasmic and nuclear proteins were more acetylated during the night [START_REF] Mauvoisin | Circadian and Feeding Rhythms Orchestrate the Diurnal Liver Acetylome[END_REF]. Mitochondrial protein were over-represented among the rhythmically acetylated proteins and their acetylations correlated with the activity of SIRT3, a mitochondrial NAD + dependent deacetylase [START_REF] Hebert | Calorie Restriction and SIRT3 Trigger Global Reprogramming of the Mitochondrial Protein Acetylome[END_REF][START_REF] Lombard | Mammalian Sir2 Homolog SIRT3 Regulates Global Mitochondrial Lysine Acetylation[END_REF]. NAD + synthesis is orchestrated by both feeding rhythms and the circadian clock through the NAD + salvage pathway and the nicotinamide riboside pathway [START_REF] Mauvoisin | Circadian and Feeding Rhythms Orchestrate the Diurnal Liver Acetylome[END_REF][START_REF] Nakahata | Circadian Control of the NAD + Salvage Pathway by CLOCK-SIRT1[END_REF][START_REF] Ramsey | Circadian Clock Feedback Cycle Through NAMPT-Mediated NAD + Biosynthesis[END_REF]. As a consequence, the diurnal acetylome relies on a functional circadian clock and affects important diurnal metabolic pathways in the mouse liver.

In addition to phosphorylation and acetylation, ubiquitination plays also a crucial role in the regulation of circadian physiology [START_REF] Hirano | The intricate dance of post-translational modifications in the rhythm of life[END_REF]. A recent LC-MS characterization of the ubiquitinome in clock-expressing cells of Drosophila heads gave new insights about the role of protein ubiquitination in the circadian clock regulation [START_REF] Szabó | Ubiquitylation Dynamics of the Clock Cell Proteome and TIMELESS during a Circadian Cycle[END_REF]. In mouse liver, rhythmic ubiquitination appeared to play an important role in the rhythmicity of several signaling pathways and transcription factors [START_REF] Wang | A proteomics landscape of circadian clock in mouse liver[END_REF]. Although not directly associated with ubiquitination, a recent LC-MS analysis of the rhythmic macroautophagic flux revealed a specific rhythmic degradation of proteasomal proteins, implicating a rhythmic proteasomal degradation of ubiquitinated proteins [START_REF] Ryzhikov | Diurnal Rhythms Spatially and Temporally Organize Autophagy[END_REF].

The repertoire of post-translational modifications is still growing and its temporal dynamics remains far from being fully characterized. For instance, besides acetylation, other metabolic-link lysine acylations also deserve temporal exploration because of their importance in metabolic sensing and regulation [START_REF] Ringel | Chemical and Physiological Features of Mitochondrial Acylation[END_REF] as well as their regulation by the molecular circadian clock [START_REF] Mauvoisin | Circadian and Feeding Rhythms Orchestrate the Diurnal Liver Acetylome[END_REF].

Discussion

Because of recent technical progress such as the possibility of multiplexing and getting a higher resolution, the interest in proteomics has increased in the last years in many research areas including chronobiology. A regular observation from the pioneering 2D-DIGE studies to the more recent high-throughput analyses has been the key implication of post-transcriptional and post-translational regulations in generating proteome rhythmicity. Indeed, in all studied models, rhythmic transcriptional regulation appeared to drive only a part (from 3% [START_REF] Rey | Metabolic oscillations on the circadian time scale in Drosophila cells lacking clock genes[END_REF] to 80% [START_REF] Robles | In-Vivo Quantitative Proteomics Reveals a Key Contribution of Post-Transcriptional Mechanisms to the Circadian Regulation of Liver Metabolism[END_REF]) of the rhythmic proteome. Rhythmic mRNA translation, protein degradation, protein transport and secretion appeared to be the main regulators of the rhythmic proteome.

One major caveat of the experiments described in the present review is the fact that only a few of them fulfilled the recommendations for the analysis of rhythmic data series and the optimization statistical power, namely at least 12 time points per cycle across 2 full cycles [START_REF] Hughes | Guidelines for Genome-Scale Analysis of Biological Rhythms[END_REF]. In addition, most of the time-resolved proteomic studies used only WT plant or animal models and there is a lack of similar data in clock-deficient models. This lack of data contributes to the difficulty to fully characterize the contribution of the circadian clock in these temporal regulations. Transcriptomics analyses of gene expression in clock-deficient animals improved significantly our understanding of the relative roles of feeding rhythm and the circadian clock in the generation of rhythmicity in peripheral organs such as the mouse liver [START_REF] Atger | Circadian and feeding rhythms differentially affect rhythmic mRNA transcription and translation in mouse liver[END_REF][START_REF] Greenwell | Rhythmic Food Intake Drives Rhythmic Gene Expression More Potently than the Hepatic Circadian Clock in Mice[END_REF][START_REF] Vollmers | Time of feeding and the intrinsic circadian clock drive rhythms in hepatic gene expression[END_REF]. Similar proteomics approaches will potentially identify new circadian clock and/or metabolism-associated pathways implicated in the rhythmic post-transcriptional regulation of the proteome. Only limited proteomic data is currently available in challenged conditions such as KO of clock genes or irregular light or feeding schedules. The available data indicate, for example, that liver protein secretion is controlled by feeding rhythms, with only little influence of the molecular circadian clock [START_REF] Mauvoisin | Circadian clock-dependent andindependent rhythmic proteomes implement distinct diurnal functions in mouse liver[END_REF]. The same observation is true for the part of the nuclear rhythmic proteome that is conserved in clock-deficient animals [START_REF] Wang | Nuclear Proteomics Uncovers Diurnal Regulatory Landscapes in Mouse Liver[END_REF]. Nonetheless, the low temporal resolution of KO data in these studies did not allow for a comprehensive evaluation of the circadian clock in the regulation of post-transcriptional processes that are involved in generating rhythms of protein abundance in the liver. To refine this assessment and get a clearer picture of the circadian regulation of physiology, future proteomic studies will be necessary, in the same way as transcriptomics works allowed the identification of the role of the clock in the generation of the rhythmic transcriptome in Drosophila [START_REF] Hughes | Deep sequencing the circadian and diurnal transcriptome of Drosophila brain[END_REF], mouse [START_REF] Vollmers | Time of feeding and the intrinsic circadian clock drive rhythms in hepatic gene expression[END_REF] and even human [START_REF] Perrin | Transcriptomic analyses reveal rhythmic and CLOCK-driven pathways in human skeletal muscle[END_REF]. The majority of the rhythmic genes are associated with diseases and are considered to be potential drug targets for precision chronotherapy in human [START_REF] Zhang | A circadian gene expression atlas in mammals: Implications for biology and medicine[END_REF]. Given the discrepancy between protein and mRNA rhythms, it is of utmost importance to precisely associate rhythmic gene expression with the corresponding dynamics of the proteome to develop efficient chronotherapeutic approaches [START_REF] Cederroth | Medicine in the Fourth Dimension[END_REF]. 
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 1 Figure 1: Hierarchical and molecular organization of the mammalian circadian clock Left: Hierarchical organization of the mammalian circadian clock: a "master" clock present in the SCN of the hypothalamus communicates timing with "slave" oscillators in peripheral organs via humoral, neuronal and systemic signals. Center and right: The mammalian molecular circadian clock: the activating loop composed of BMAL1 heterodimers activate the transcription of the negative feedback loop components encoded by the Per1-3 and Cry1-2 genes. PER and CRY assemble into large macromolecular complexes, translocate into the nucleus, remove BMAL1 heterodimers from the chromatin and, as a result, inhibit BMAL1 transcriptional activity. The stabilizing loop involves REV-ERB's and ROR nuclear receptors that compete for ROR elements located within the promoters of clock genes. Besides core circadian clock regulators, the clock-regulated PARbZip transcription factors DBP, HLF and TEF, and their repressive counterpart E4BP4, play key roles in clockregulated metabolic regulation. These interconnected loops generate multiple coordinated phases of rhythmic gene expression, allowing the temporal regulation of thousands of clock-controlled genes.
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 2 Figure 2: Quantitative MS approaches used in circadian proteomics studies Colors represent different experimental conditions. Stars indicate the steps of protein labelling. Combination of the samples allows the quantification of relative protein abundance in the different experimental conditions. Earlier labelling and samples combination diminish the risk of quantification errors due to inherent technical variations. **In the case of label free, the combination is performed post-data acquisition by computational treatment of the MS data.
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 3 Figure 3: Timeline of circadian/diurnal proteomic studies
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