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HIGHLIGHTS

-Twenty proteins were identified as being potential novel hepatic FXR targets.

-Many of the potential FXR targets have a role in regulating mitochondrial function.

-Microarray analysis was made for a comparison of protein amounts with mRNA levels.

-Six of the proteins found by 2D-DIGE seem to be regulated only at the protein level.

A C C E P T E D M A N U S C R I P T A C C E P T E D M A N U S C R I P T

INTRODUCTION

Nuclear receptors (NRs) are important pharmacological targets for treatment of a number of diseases, including cancer and metabolic disorders [START_REF] Mangelsdorf | The nuclear receptor superfamily: the second decade[END_REF]. Great efforts are made to find substances that are specific to a NR subtype or that affect only certain aspects of the NR function [START_REF] Chawla | Nuclear receptors and lipid physiology: opening the X-files[END_REF]. To understand all the effects and possible side effects of NR activation or repression it is fundamental to find the NR targets. Since NRs are transcription factors, it is natural to look for tissue specific expression patterns and their target genes by gene expression profiling [3,[START_REF] Bookout | Anatomical profiling of nuclear receptor expression reveals a hierarchical transcriptional network[END_REF]. A lot of information has been gained from such studies. However, bearing in mind the diverse ways of regulation of RNAs and proteins, including the effects of microRNAs on mRNA translation and degradation, maybe a proteomics approach should be applied as well. Indeed, during the last few years several

NRs have been shown to affect microRNA expression, thereby modulating protein levels [START_REF] Di Leva | MicroRNA cluster 221-222 and estrogen receptor alpha interactions in breast cancer[END_REF][START_REF] Yamagata | Maturation of microRNA is hormonally regulated by a nuclear receptor[END_REF][START_REF] Rainer | Glucocorticoid-regulated microRNAs and mirtrons in acute lymphoblastic leukemia[END_REF][START_REF] Lee | A pathway involving farnesoid X receptor and small heterodimer partner positively regulates hepatic sirtuin 1 levels via microRNA-34a inhibition[END_REF][START_REF] Song | Transcriptional mechanism for the paired miR-433 and miR-127 genes by nuclear receptors SHP and ERRgamma[END_REF][START_REF] Wang | MicroRNAs181 regulate the expression of p27Kip1 in human myeloid leukemia cells induced to differentiate by 1,25dihydroxyvitamin D3[END_REF].

The farnesoid X receptor (FXR), the main regulator of bile acid (BA) homeostasis [START_REF] Parks | Bile acids: natural ligands for an orphan nuclear receptor[END_REF][START_REF] Makishima | Identification of a nuclear receptor for bile acids[END_REF][START_REF] Wang | Endogenous bile acids are ligands for the nuclear receptor FXR/BAR[END_REF], also regulates cholesterol, lipid and glucose metabolism [START_REF] Modica | Nuclear bile acid receptor FXR as pharmacological target: are we there yet?[END_REF]. The importance of FXR for the metabolic homeostasis in the gut-liver axis has been revealed in whole body and tissue specific FXR loss-of-function (FXR -/-) mouse models [START_REF] Sinal | Targeted disruption of the nuclear receptor FXR/BAR impairs bile acid and lipid homeostasis[END_REF][START_REF] Kok | Enterohepatic circulation of bile salts in farnesoid X receptordeficient mice: efficient intestinal bile salt absorption in the absence of ileal bile acidbinding protein[END_REF][START_REF] Kim | Differential regulation of bile acid homeostasis by the farnesoid X receptor in liver and intestine[END_REF]. Furthermore, FXR has been shown to play a role in processes such as liver regeneration [START_REF] Huang | Nuclear receptor-dependent bile acid signaling is required for normal liver regeneration[END_REF], carcinogenesis [START_REF] Yang | Spontaneous development of liver tumors in the absence of the bile acid receptor farnesoid X receptor[END_REF][START_REF] Kim | Spontaneous hepatocarcinogenesis in farnesoid X receptor-null mice[END_REF][START_REF] Modica | Nuclear bile acid receptor FXR protects against intestinal tumorigenesis[END_REF], inflammation and bacterial overgrowth in the intestine [START_REF] Inagaki | Regulation of antibacterial defense in the small intestine by the nuclear bile acid receptor[END_REF][START_REF] Lorenzo-Zuniga | Oral bile acids reduce bacterial overgrowth, bacterial translocation, and endotoxemia in cirrhotic rats[END_REF]. There are therapeutic potentials for selective FXR modulators in diseases such as the metabolic syndrome, diabetes, gallstone disease, hypertriglyceridemia, steato-hepatitis and colon cancer [START_REF] Modica | Nuclear bile acid receptor FXR as pharmacological target: are we there yet?[END_REF][START_REF] Modica | Nuclear bile acid receptor FXR protects against intestinal tumorigenesis[END_REF]. A recent study of genomic FXR binding in mouse liver and intestine suggests a greater number of FXR target genes than is known thus far [START_REF] Thomas | Genome-wide tissuespecific farnesoid X receptor binding in mouse liver and intestine[END_REF]. Also a high degree of tissue-specific binding was revealed, where only 11 per cent of the binding sites were shared between the tissues, indicating a high degree of tissue-specific effects of FXR activation. The hepatic FXR target genes found up till now encode proteins involved in BA, lipid and glucose metabolism as well as in the detoxification of xenobiotics [START_REF] Fiorucci | Targeting farnesoid X receptor for liver and metabolic disorders[END_REF]. In a recent study FXR has also been shown to inhibit the expression of a microRNA, miR-34a [START_REF] Lee | A pathway involving farnesoid X receptor and small heterodimer partner positively regulates hepatic sirtuin 1 levels via microRNA-34a inhibition[END_REF].

To find hepatic FXR targets we used, for the first time, a proteomics approach with mice treated with the potent FXR ligand 6-ethyl chenodeoxycholic acid (6-ECDCA or INT-747) [START_REF] Pellicciari | 6alpha-ethyl-chenodeoxycholic acid (6-ECDCA), a potent and selective FXR agonist endowed with anticholestatic activity[END_REF]. In addition, a microarray assay was carried out to examine if the differences found in the proteomics assay reflected differences at the mRNA level.

MATERIAL AND METHODS

Animals and treatments

Ten weeks old wild type C57BL/6J male mice and FXR -/-C57BL/6J male mice were treated with 10 mg/kg/day INT-747 (Intercept Pharmaceuticals) or only the vehicle, 1% methylcellulose, by gavages for at least three days. The animals were fasted over night and given their last gavages three hours before the sacrifice. The liver samples were snap-frozen in liquid nitrogen and kept at -80C until used. The Ethical Committee of the Consorzio Mario Negri Sud approved this experimental set-up, which was also certified by the Italian Ministry of Health according with internationally accepted guidelines for the animal care.

Proteomic analysis

Liver protein extraction for proteomic analysis

Individual mouse liver samples were ground into powder under liquid nitrogen, dissolved in a buffer containing 5 M urea, 2 M thiourea, 2% (w/v) CHAPS, 2% (w/v) Zwittergent 3-10 detergent (Calbiochem, Merck Biosciences, Darmstadt, Germany) 50 mM DTT (Sigma Aldrich, Milano, Italy) and protease inhibitor cocktail set III (Calbiochem). After a centrifugation at 100,000 g for 30 min at 12C the pellets were discarded and the supernatants taken as the cytosol fraction. The protein content was determined by ETTAN™ procedure, using a protein assay kit from GE Healthcare (Chalfont St. Giles, Bucks, UK). Images were visualized using the pharos-FX imager from Bio-Rad. The gels were scanned using a 488 nm laser and an emission filter of 530 nm BP (band Pass) 40, a 532 nm laser and an emission filter of 695 nm DF (discriminating filter) 50, a 635 nm laser and 695 nm DF 55 emission filter to acquire the Cy2, Cy3, and Cy5 image respectively. All gels were scanned at 200 µm resolution.

Two

Images were then processed using the PD-Quest software (Bio-Rad) protocol. Protein spots were matched and gels were normalized using the internal standard present in all gels.

An overall total of around 1500 protein spots were visualized in the present study and a p-value < 0.05 (Student's t-test) was considered statistically significant. Only the spots showing at least a twofold difference were further analyzed.

Protein identification by MALDI-TOF MS analysis

An additional gel was made using 300µg of total protein pooled from each of the five vehicle and INT-747 samples analyzed run under conditions identical to the analytical gels except that the proteins were unlabeled (non DIGE). Selected protein spots were in situ digested and analyzed by MALDI-TOF MS. Briefly, protein bands were excised from SDS-PAGE and after washing, cysteins were reduced with DTT and alkylated with iodoacetamide. Gels were digested in situ by incubation with sequencing-grade trypsin (Promega, Madison, WI, USA) in 40 mM ammonium bicarbonate under slight shaking on a thermomixer at 37C over night [START_REF] Shevchenko | Evaluation of the efficiency of in-gel digestion of proteins by peptide isotopic labeling and MALDI mass spectrometry[END_REF]. The reaction was oxidation of methionine; 50-100 ppm peptide mass tolerance. Proteins listed as significant matches in MASCOT were considered when a threshold score allowing a p<0.05 was achieved.

Western blot analysis

Western blot analysis was performed on pooled mouse liver samples, five in each group, processed as described above. Total proteins were quantified by ETTAN™ procedure, using a protein assay kit from GE Healthcare (Chalfont St. Giles, Bucks, UK).

For one-dimensional (1-DE) gel electrophoresis, samples of cytosol fractions were dissolved in SDS sample buffer, composed of 12.5 mM Tris-HCl, pH 6.8, 1% SDS, 10% glycerol, 0.025% bromophenol blue, boiled for 10 min, and applied to 12.5% (w/v) SDS-PAGE. Following 1-DE separation, proteins were transferred to nitrocellulose and after transfer, the nitrocellulose blots were checked by Ponceau red staining to ensure an homogeneous transfer efficency .

The blots were then probed with a primary antibody anti-GSTM1 (kindly provided by Dr. B. according to the manufacturer. Protein abundance was quantified by densitometric analysis, with Quantity ONE software (Bio-Rad) and the results normalized against β-Actin.

Real-Time quantitative PCR (RT-qPCR)

Total RNA was extracted using QIAzol (Qiagen) and the integrity of the RNA was assessed on a formadelhyde gel. cDNA was synthesized from total RNA by High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) after DNase I treatment using the DNA-free Kit from Ambion. Relative amounts of Shp and cyclophilin mRNA were obtained on a 7500 Fast Real-Time PCR System machine (Applied Biosystems) using Power CYBR Green (Applied Biosystems). Shp mRNA levels were normalized to the amounts of cyclophilin mRNA. The primers used are available upon request.

Microarray

Expression profiling was performed using the Illumina Mouse MG-6 V2 BeadArray Expression with biological duplicates for each treatment and animal genotype. The RNA integrity was assessed using the BioRad Experion System. Amplification was made with 500 ng of total RNA using the Illumina TotalPrep RNA Amplification kit (Ambion). The quantity and quality of biotin-UTP incorporated cRNA was also assessed using the BioRad Experion System. 1.5 µg amplified cRNA from each sample was hybridized to the arrays according to the manufacturer guidelines. The data was analyzed using the GenomeStudio software.

RESULTS

In a 2D-DIGE assay, comparing hepatic protein samples from INT-747 with vehicle treated mice, 19 spots were more than two-fold different in protein levels (Fig. 1A, Tables S1 andS2). For seven spots the amount of protein was higher in the INT-747 samples compared to vehicle, while in the rest it was reduced by the FXR ligand treatment. The proteins in the spots were identified by MALDI-TOF MS (Table 1). In spot 8302 two different proteins were found, argininosuccinate synthase and 3-ketoacylCoA thiolase. It is therefore unclear which protein, or if possibly both were down regulated in response to the FXR activation. In this study we also compared hepatic samples from FXR -/-mice, treated with the semi-synthetic bile acid INT-747 or vehicle, and no differences in protein amounts could be detected for any of the proteins in Table 1 (data not shown). This comparison was made as an objective control for non-FXR mediated effects that could relate to the weak agonistic effect of INT-747 on the membrane TGR5 receptor [START_REF] Pellicciari | Nongenomic actions of bile acids. Synthesis and preliminary characterization of 23-and 6,23-alkyl-substituted bile acid derivatives as selective modulators for the G-protein coupled receptor TGR5[END_REF].

For four of the proteins, ATP synthase, annexin A5, the laminin receptor and glutathione Stransferase, the differences in protein levels were verified by the use of Western blot (Fig. 1B). All four proteins showed a similar regulation as were seen by DIGE, but with a lower fold difference.

This indicated a successful outcome of the proteomics analysis but even so, the results for the other proteins in Table 1 should be confirmed by Western blot to be considered as true FXR targets. All in all, 20 different proteins were identified as being potential novel FXR targets in the proteomic analysis and four of these were verified as bona fide FXR targets by Western blot., Subsequently, a microarray assay was carried out on hepatic samples from wild type and FXR -/-mice treated with INT-747 or vehicle to examine if the differences found in the proteomics assay reflected differences at the mRNA level. To ascertain FXR activation by the INT-747 treatment, the mRNA levels of the known FXR target gene Nr0b2, also called Shp, encoding the orphan NR small heterodimer partner (SHP), were assessed by RT-qPCR (Fig. S1). Samples with a high Shp mRNA expression after INT-747 treatment were chosen for the subsequent array experiment. Sequences corresponding to the pyruvate carboxylase (Pcx), regucalcin (Rgn), ribosomal protein SA (Rpsa) and sarcosine dehydrogenase (Sardh) genes (equivalent to the protein spots 4712, 202, 301 and 5702, respectively) yielded signals on the arrays that were below background levels, and were therefore considered as not detectable (Table 1). Comparing the array results of INT-747 treated with vehicle treated mice, no differences of at least 1.5-fold could be detected for the genes encoding the proteins identified as FXR targets in the proteomic analysis. In the comparison of wild type with FXR Finally, the microarray results for four of the genes, corresponding to the FXR targets corroborated by Western blot (Atp5a1, Anxa5, Rpsa and Gstm1), were verified by RT-qPCR showing a very good correlation with the microarray data (Fig. 1C), with the exception of Rpsa/Lamr which was not detectable in the microarray analysis.

SUMMARY AND CONCLUSIONS

Gene expression analysis has been the method of choice to identify NR targets. Very few studies of proteomic analysis of NR targets have been published thus far. However, considering regulatory mechanisms acting directly on the protein level, such as the effects of microRNAs, proteomics could be of great importance also for the NR field. In fact, in the present study, none of the proteins found to be potential FXR targets in the proteomics assay have previously been shown to be regulated by FXR. One of the most striking features of the protein list generated by our proteomics assay is the great number of mitochondrial proteins, indicating a novel and substantial impact of FXR activation on mitochondrial function in the liver. Another noticeable feature is the number of proteins involved in the urea cycle and metabolism of amino groups.

Two of the proteins verified as bona fide FXR targets have been implicated in hepatocellular carcinoma (HCC), the laminin receptor and glutathione-S transferase. The laminin receptor is an extracellular matrix glycoprotein involved in a wide variety of biological processes such as cell adhesion, differentiation, migration and metastasis. Increased levels of the laminin receptor have been correlated to HCC [START_REF] Ding | Proteome analysis of hepatocellular carcinoma cell strains, MHCC97-H and MHCC97-L, with different metastasis potentials[END_REF][START_REF] Zheng | The relationship between 67KD laminin receptor expression and metastasis of hepatocellular carcinoma[END_REF][START_REF] Xu | Expression profiling suggested a regulatory role of liver-enriched transcription factors in human hepatocellular carcinoma[END_REF]. For glutathione S-transferase, an enzyme detoxifying electrophilic compounds by conjugating them with glutathione, null mutations have been linked with an increase in a number of cancers, including HCC when combined with alcohol intake [START_REF] White | Genetic variants of glutathione Stransferase as possible risk factors for hepatocellular carcinoma: a HuGE systematic review and meta-analysis[END_REF][START_REF] Covolo | Alcohol dehydrogenase 3, glutathione S-transferase M1 and T1 polymorphisms, alcohol consumption and hepatocellular carcinoma (Italy)[END_REF]. ATP synthase subunit alpha is a part of the mitochondrial ATP synthase that catalyzes ATP synthesis and involvement of FXR activation in the oxidative phosphorylative process has not been shown before.

Also ATP synthase has been shown to be connected with liver cancer. Yamada et. al found increased levels of ATP synthase in hepatoblastomas as compared to normal liver tissue [START_REF] Yamada | Expression profiling and differential screening between hepatoblastomas and the corresponding normal livers: identification of high expression of the PLK1 oncogene as a poor-prognostic indicator of hepatoblastomas[END_REF].

Annexin A5 is a calcium-dependent phospholipid binding protein inhibiting phospholipase A2 and protein kinase C, and is widely used as a marker for apoptosis. Future studies should focus on dissecting the translational relevance of the present data in terms of in vivo metabolic pathways.

At least six of the proteins found in the proteomics assay seem to be regulated at a posttranscriptional level. It is possible, or perhaps even likely, that other proteins in Table 1 are posttranscriptionally regulated since the criteria we set to discover differences in mRNA amounts were at a low stringency. The comparison between the wild type mice treated or not with the FXR agonist did not reveal any differences at the mRNA level for the proteins in Table 1, even at a fold difference of 1.5. In fact, none of the mRNAs showed a difference greater than 1.2. Only the comparison between the wild type and FXR -/-mice showed differences in mRNA amounts.

However, the comparison between wild type and FXR -/-animals is a more artificial set-up, relating to the presence and absence of FXR, rather than the actual activation of the receptor. Moreover, the INT-747 samples used for the microarray were selected for a high FXR activation by assessing the mRNA levels of the FXR target gene Shp, to ascertain the identification of FXR targets regulated on the mRNA level. Selecting samples with a high Shp induction created a bias towards finding transcriptionally regulated FXR targets, which could mean an incidence of false positives. Thus, the absence of differences in mRNA levels, in the INT-747 versus vehicle treated wild type mice, for the proteins identified as novel targets, in those selected samples, further increases the value of our finding. Recently a microRNA, miR-34a, was shown to be inhibited by FXR [START_REF] Lee | A pathway involving farnesoid X receptor and small heterodimer partner positively regulates hepatic sirtuin 1 levels via microRNA-34a inhibition[END_REF] suggesting one possible mechanism for the post-translational regulation of FXR targets. The FXR induced protein SHP was shown to interact with p53, thereby inactivating the transactivation of the miR-34a

promoter, leading to an increase in Sirtuin 1.

In conclusion, we could find novel FXR targets by a proteomic approach. Since at least six of these were indicated to be post-transcriptionally regulated, these potential FXR targets could not have been found by gene expression techniques. Our laboratory is currently investigating the physiological relevance of the new FXR target pathways in different in vivo models. The knowledge of the FXR driven regulatory pathways is of great importance since soon a novel FXR ligand will probably enter the clinic. Perhaps more importantly, our study provides the impetus to include proteomic analysis for the identification of novel targets of transcription factors, such as NRs. 
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Fig. 1

 1 Fig.1 Identification of potential FXR targets. A) Hepatic cytosolic protein samples from wild type

Fig.S1 mRNA

  Fig.S1 mRNA expression of the FXR target gene Shp. Hepatic RNA samples from wild type mice treated with INT-747 or vehicle and FXR -/-mice treated with INT-747 were assessed for Shp

  The less stringent 1.5-fold criteria still leaves six genes that were not considered differentially expressed, suggesting different amounts of protein after FXR ligand treatment due to other regulatory mechanisms beside effects on transcription. These sequences correspond to the

	genes arginase (Arg1), ATP synthase, H+ transporting, mitochondrial F1 complex, alpha subunit 1
	(Atp5a1), carbamoyl-phosphate synthetase 1(Cps1), heat shock protein 8 (Hspa8), malate
	dehydrogenase 2 (Mdh2) and tubulin, alpha 1C (Tuba1c/Tuba6) (equivalent to protein spots
	5206/5207, 8408, 5811, 1613, 9208 and 408, respectively).
	-/-mice, both INT-747 treated, four mRNAs turned out at
	least 2-fold different; annexin A5 (Anxa5), glutamate dehydrogenase 1 (Glud1), glutathione S-
	transferase, mu 1 (Gstm1) and 4-hydroxyphenylpyruvic acid dioxygenase (Hpd) (corresponding to
	protein spots 108, 6408, 8106 and 6304 respectively). Ten mRNAs differed at least 1.5-fold, adding

acetyl-Coenzyme A acyltransferase 2 (Acaa2), argininosuccinate synthetase 1 (Ass1), catalase (Cat), glutamate oxaloacetate transaminase 2 (Got2), ornithine aminotransferase (Oat) and sulfite oxidase (Suox) (equivalent to protein spots 8302, 8302, 8401, 9207, 3304 and 2405 respectively) to the list.
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Table1. Proteomics quotients for the identification of potential FXR targets along with corresponding mRNA quotients.