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Abstract:

 Transcriptional regulation of genes involved in fatty acid metabolism is considered the major long-term regulatory mechanism controlling lipid homeostasis. By means of this mechanism, transcription factors, nutrients, hormones and epigenetics control not only fatty acid metabolism, but also many metabolic pathways and cellular functions at the molecular level. The regulation of the expression of many genes at the level of their transcription has already been analyzed. This review focuses on the transcriptional control of two genes involved in fatty acid biosynthesis and oxidation: the citrate carrier (CIC) and the carnitine/ acylcarnitine/carrier (CAC), which are members of the mitochondrial carrier gene family, SLC25. The contribution of tissue-specific and less tissue-specific transcription factors in activating or repressing CIC and CAC gene expression is discussed. The interaction with drugs of some transcription factors, such as PPAR and FOXA1, and how this interaction can be an attractive therapeutic approach, has also been evaluated. Moreover, the mechanism by which the expression of the CIC and CAC genes is modulated by coordinated responses to hormonal and nutritional changes and to epigenetics is highlighted.
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1. Introduction

The regulation of metabolism occurs through different types of mechanisms: short-term mechanisms involving allosteric control and post- transcriptional modifications, and long-term control by transcriptional regulation. Allosteric control triggers the binding of an activating/de-activating substrate to a key enzyme. The post-transcriptional modifications (phosphorylation, glycosylation, proteolytic cleavage, etc.) shift the equilibrium between the active and inactive forms of an enzyme. Longer time control involves transcriptional regulation that affects the expression levels of key proteins. It requires specific signals to be transduced to the nucleus where defined sets of genes are targeted. Thus, understanding the transcriptional control of metabolism requires the detailed knowledge of events upstream of transcriptional activity—i.e., the molecular mechanisms by which transcriptional factors operate—and events downstream of transcriptional activity, which depend on the set of genes that are targeted and how further signals are generated to reach the dynamic equilibrium of homeostasis [1].

Virtually all transcription factor families are involved in gene regulation. Some of them play a crucial role in the control of gene expression involved in a specific pathway. For example, SREBPs, C/EBPs, and members of the nuclear receptor family are particularly active regulators of the genes involved in fatty acid and cholesterol biosynthesis [2,3,4]. Transcriptional regulation of the fatty acid β-oxidation pathway has been dominated by the major role of PPARα [5].

Metabolic pathways are often located in different cellular compartments and need to be linked through translocation of solutes across membranes. Mitochondrial carriers provide a link between mitochondria and cytosol by facilitating the flux of different metabolites, nucleotides, and coenzymes through the inner mitochondrial membrane [6,7,8]. Until now, 53 mitochondrial carriers have been identified on the human genome a nd more than half have been functionally characterized [6,7,8]. Although they play a crucial role in intermediary metabolism, only a few of them have been studied transcriptionally to some extent: the adenine nucleotide carrier [9,10,11,12,13], the uncoupling proteins [14,15,16,17,18,19], and the phosphate carrier [20] genes. Recently, the citrate carrier (CIC), encoded by SLC25A1, and the carnitine/acylcarnitine carrier (CAC), encoded by SLC25A20, have also been transcriptionally studied. CIC exports citrate from the mitochondrion to the cytosol, where it is cleaved by ATP-citrate lyase to oxaloacetate (OAA) and acetyl-CoA, which is used for fatty acid and sterol biosynthesis. OAA produced in the cytosol by citrate lyase is reduced to malate, which is converted to pyruvate via the malic enzyme with production of cytosolic NADPH plus H+ (necessary for fatty acid, and sterol synthesis) (Figure 1) [7]. As a component of the carnitine cycle, together with carnitine-palmitoyltransferase I and II (CPT-I and CPT-II), CAC catalyzes the transport of acylcarnitines (produced by CPT-1 as acyl-CoA) into mitochondria in exchange for free internal carnitine. In the mitochondrial matrix, CPT-II allows for transfer of the fatty acyl-units from carnitine to the matrix CoA, thus producing intramitochondrial acyl-CoAs which are oxidized by the enzymes of the β-oxidation pathway (Figure 1) [7]. Transcriptional regulation of the CIC and CAC genes is particularly important, since fatty acids affect a large number of cellular systems and functions. Furthermore, fatty acids are considered the major source of energy for the organism; as components of phospholipids, they play a structural role in cellular membranes and fatty acid-derived small bioactive molecules, such as arachidonic acid and other intracellular messengers, and have a crucial role in signaling pathways [21].

Figure 1. Role of CIC and CAC in fatty acid biosynthesis and β-oxidation, respectively Abbreviations: CPT-I, carnitine-palmitoyltransferase 1; CPT-II, carnitine-palmitoyltransferase 2; CIC, citrate carrier; CAC, carnitine/acylcarnitine carrier.
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This review is focused on the molecular aspects of the transcriptional regulation of the CIC and CAC genes, mainly in humans. The role of transcriptional factors, hormonal and nutritional factors, and epigenetic mechanisms are highlighted in the context of fatty acid metabolism and tissue expression.





2. CIC Gene Transcriptional Regulation

The human CIC gene, localized on chromosome 22q11.21 [22], spans over 2.8 kb of human DNA and is divided into eight exons [23]. CIC mRNA and protein levels are high in liver, pancreas, and kidney, but low or absent in brain, heart, skeletal muscle, placenta, and lung [24].

The human CIC gene core promoter region lacks canonical TATA and CAAT boxes and presents the typical initiator element (Inr) containing the transcriptional start site, CCATAATT, identical to the consensus sequence Py-Py-A-N-T/A-PyPy. According to the database (http://dbtss.hgc.jp/index.html) of the transcriptional start site, adenine at position −89 bp, inside the Inr element, and the ATG codon upstream, the transcription start site is found in 16 of 20 5’-oligocapping clones. Furthermore, the sequence 5’-GGACC-3’ is located in a region from −33 to −38 bp upstream ATG, as is consistent with the consensus sequence of the downstream core promoter element (DPE). Moreover, the core promoter is embedded in a CpG island and shows the configuration of a typical CpG island promoter [25].

The 5’ regulatory region contains numerous binding sites for a variety of transcription factors acting as activators or repressors (Figure 2). The following have been tested functionally: Sp1, FOXA1, SREBP-1, NF-kB, and ZNF224. In the following sections, we will attempt to summarize the results of these studies and describe the regulatory roles that different transcription factors play in CIC gene expression.

Figure 2. Structural organization of the human CIC gene proximal promoter. The basal elements (BRE and DPE), positive and negative responsive sequences, as well as their cognate transcription factors are indicated. Histones involved in epigenetic regulation are depicted as cylinders.
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2.1. Activators

Sp1. Seven consensus Sp1-binding sequences embedded in a CpG island, located between −299 and 10 bp (Figure 2), have been found in the CIC gene promoter. Five of them, located at positions −299/290, −206/−197, −162/−153, −137/−128, and 109/−100 bp, are functionally active, as demonstrated by EMSA and transfection experiments [26]. Sp1-binding activity depends on the methylation status of the Sp1-binding sequence. Transfection experiments performed in HepG2 cells with a construct containing the methylated CpG region demonstrate a marked decrease in luciferase (LUC) activity as compared to the activity of cells transfected with unmethylated construct. Moreover, ChIP analysis revealed that Sp1 binds to the CIC proximal promoter only in HepG2, whereas no binding was observed in SK-N-SH cells [26], in agreement with the active role performed by CIC in liver. However, since Sp1 is a universally expressed transcription factor [27], it is likely that it acts in concert with other transcription factors to activate CIC gene expression.

FOXA1. An active FOXA site is present at position –1098/–1088 bp that acts as a strong activator of CIC gene expression (Figure 2) [28]. Transfection experiments with pGL3 basic-LUC vector containing the FOXA1 bp region of the CIC gene promoter revealed an increase in LUC activity. Modulation of FOXA1 levels by overexpression and silencing experiments determines a significant increase and decrease in CIC transcript and protein, respectively. FOXA1 belongs to the forkhead box transcription factors, which also include FOXA2 and FOXA3, and which also play a major role in carbohydrate and lipid metabolism and the differentiation of pancreas, liver, lung, and gut [29]. In particular, FOXA1 plays a specific role in hormonal regulation since it induces glucagon gene expression and insulin secretion in pancreatic cells. Some studies highlighted a relationship between insulin secretion and FOXA1 in INS-1 cells [30,31]. Joseph et al. [32] demonstrated an involvement of CIC in insulin secretion, and Iacobazzi et al. [28] demonstrated the key role performed by FOXA1 gene silencing in the inhibition of glucose-stimulated insulin secretion. In fact, CIC gene silencing, as well as FOXA1 silencing, inhibit glucose-stimulated insulin secretion in INS-1 cells without affecting the cytosolic ATP/ADP ratio.

Recently, it has been reported that the atypical antipsychotic drug clozapine increases CIC gene expression through up-regulation of FOXA1 in INS-1 and other cells [33]. In INS-1 cells, this effect is only exerted at a basal glucose concentration with a concomitant increase of insulin release. The mechanism of this finding is a matter of debate. Sasaki et al. [34] suggested an impairment of the TCA (tricarboxylic acids) cycle in mitochondria through inhibition of clozapine with a subsequent reduction of Krebs cycle metabolites, such as citrate, that act as signals/second messengers in insulin secretion. Interestingly, however, the abnormal insulin secretion under basal conditions is completely abolished by FOXA1 silencing in INS-1 cells treated with clozapine [33].

SREBP-1a. An active SREBP-1a (sterol responsive element binding protein) is present in the CIC gene promoter at position –1696/–1686 bp (Figure 2) [35]. SREBP-1a belongs to the basic helix–loop–helix leucine zipper transcription factors, along with SREBP-1c and SREBP-2. These factors regulate transcription of target genes, whose products play key roles in lipid metabolism [36]. In agreement with the reported role performed by SREBPs in the activation of genes involved in fatty acid biosynthesis [37], SREBP-1a activates CIC gene expression in HepG2 cells. It is known that lipogenic enzymes are coordinately regulated at the transcriptional level during starvation and the induction by nutrients [38,39]. Starvation decreases SREBP-1 gene expression and, consequently, the downstream regulated genes [40]. Polyunsaturated fatty acids (PUFAs) (docohexanoic and arachidonic acids) down-regulate CIC gene expression at the transcriptional and translational level. Since both glucose and insulin are required for the production of fatty acids via induction of hepatic lipogenic enzymes, some lines of evidence suggest that the role of glucose and insulin in this action is mediated by induction of SREBP-1c [41,42]. Up-regulation of the CIC gene by insulin is in line with this finding, although a different SREBP isoform, SREBP-1a, is involved. Insulin activates SREBP-1a gene transcription through phosphatidylinositol 3-kinase (PI 3-kinase) and the Akt-dependent pathway. In fact, the increase of CIC expression is abolished by the presence of LY-294002, an inhibitor of PI 3-kinase, which blocks the insulin-induced phosphorylation pathway [43].

NF-kB. Two specific binding elements for NF-kB (nuclear factor-kB) are present in the CIC gene promoter at −1314/−1305 bp and −414/−405 bp, respectively [44]. The NF-kB binding site activity was proven in the context of CIC involvement in the inflammation pathway. Infantino et al. [44] demonstrated that bacterial lipopolysaccharide (LPS)-induced macrophages greatly activate CIC gene expression through NF-kB, compared to undifferentiated monocytes. Using either siRNA to decrease the amount of CIC or the CIC inhibitor benzene-1,2,3-tricarboxylate (BTA), it was demonstrated that the LPS-induced increase of nitric oxide (NO), ROS and prostaglandins was reduced. These data indicate that CIC is critical for these LPS responses, and the most plausible explanation is that citrate must be transported by CIC into the cytosol for the production of NO, ROS and prostaglandins during inflammation. In fact, an increase of acetyl-CoA derived from CIC-exported citrate is needed to synthesize fatty acids and their derivatives, such as prostaglandins, and to supply NADPH + H+ , which is required for the production of inflammatory mediators, such as NO and ROS.

This somewhat unexpected role for CIC in LPS action adds to the growing literature on the role of metabolism in the regulation of signaling in inflammation [45]. However, the mechanism by which CIC transcription is regulated in inflammation needs further investigation, because apart from NF-kB, other transcriptional factors may be involved in CIC gene transcriptional activation.

PPARα/γ. CIC expression is regulated also by peroxysome proliferator-activated receptor (PPAR) alpha and gamma in rat hepatocytes (BRL-3A) and adipocytes (3T3-L1), respectively [46]. WY-14,643 and rosiglitazone, agonists of PPARα and PPARγ, respectively, greatly increase the expression of CIC. By utilizing LUC activity measurements, gel shift, and ChIP experiments, an active PPRE site was identified in the rat CIC gene promoter at position –625 bp [46]. Moreover, CIC gene expression increases during differentiation of adipocytes, most likely through an involvement of PPARγ.



2.2. Repressors

ZNF224. By affinity chromatography and mass spectrometry, a zinc finger protein, ZNF224, that binds to the −595/−569 bp sequence in the CIC gene promoter, was identified in HepG2 cells (Figure 2) [47]. This promoter element displays a pronounced repression of CIC transcription, as it strongly decreases LUC transgene expression activity in transfected HepG2 cells. In contrast, ZNF224 silencing markedly activates LUC reporter activity in HEK293 cells transfected with the LUC vector harboring the −595/−569 bp region. Moreover, it exhibits highly specific protein-binding activity in the presence of HepG2 nuclear extracts, as shown by site-directed mutagenesis within the −595/−569 bp sequence. ZNF224 belongs to the Krüppel-like zinc finger family of transcriptional factors that are involved in cell differentiation, cell proliferation, morphogenesis and are expressed during embryonic development [48]. ZNF224 contains a Krüppel-associated box (KRAB) domain, which represses transcription depending on specific interaction with the KAP-1 co-repressor molecule. It was demonstrated that Kap1 binds to KRAB domains as an oligomer, functioning as a scaffold to recruit histone deacetylases [49].

The presence of negative regulatory elements in the CIC gene promoter is thought to be important to determine timing of transcription during development. ZNF224 and the CIC gene reveal a different pattern of expression: ZNF224 is present in small amounts in adult tissues and at very high levels in fetal tissues [49], whereas the CIC gene is expressed in small amounts in fetal liver and kidney as compared to the same adult tissues. This different regulation may be related to the fact that, in the fetus, fatty acid biosynthesis occurs at very low levels because the placenta is relatively permeable to free fatty acids, especially PUFAs. Maternal plasma triglycerides are taken up by the placenta where their intracellular hydrolysis facilitates the diffusion of fatty acids to the fetus [50]. By contrast, in advanced gestation, there is a gradual shift to de novo synthesis with an increase in CIC expression needed to transport the acetyl-CoA unit as a citrate outside mitochondria for fatty acid synthesis. Moreover, low expression of CIC in fetal tissue is also due to the higher concentration of PUFAs in fetal blood with respect to that of the mother. In fact, the human placenta membrane contains a fatty acid-binding protein, which selectively transports PUFAs [51]. In tissues such as brain, about half of total lipid content is composed of long-chain unsaturated fatty acids, of which arachidonic and docosahexaenoic acids are metabolically more important. PUFAs repress CIC gene expression via the SREBP-1 transcription factor [35]. It is not excluded that the CIC negative regulatory element ZNF224 is part of a more intricate DNA–protein interaction that plays a role in modulating CIC mRNA in fetal life.



2.3. Epigenetic Mechanisms Regulating CIC Expression

As mentioned in the description of the role performed by Sp1, CpG methylation is a key factor in regulating CIC gene expression (Figure 2) [26]. Epigenetic regulation was demonstrated on different cell lines, HepG2, HEK293 and SK-N-SH, which express different amounts of CIC in relation to fatty acid biosynthesis activity. In hepatic cell lines, the CIC gene CpG island is hypomethylated and thus associated to Sp1, while histones are acetylated. This finding is based on the observation that CIC expression was affected neither by treatment with 5-Azacitidine (5-AzaC), an inhibitor of DNA methyltransferase, nor by treatment with tricostatin (TSA), an inhibitor of histone deacetylase. A CIC repressed status is present in neuroblastoma cells. ChIP assay revealed that CpG island methylation and H3 histone deacetylation inhibit the binding of Sp1. In these cells, demethylation of promoter due to exposure to 5-AzaC activates expression of CIC by 50%. However, simple demethylation is not sufficient to promote maximal expression, as long as chromatin condensation persists. Maximal induction of expression of the CIC gene in SK-N-SH cells requires the synergistic action of TSA and 5-AzaC, supporting the concept that alteration of the chromatin structure is necessary for the DNA demethylation process. This different regulation most likely reflects the metabolic role of CIC in different cells. In HepG2, CIC plays an important role in fatty acid metabolismand requires constant activation. By contrast, CIC is not so important to the metabolism of neuroblastoma cells and is therefore silenced by the epigenetic mechanism and other mechanisms and factors not yet identifed.



2.4. Hormones Regulating CIC Expression

Two hormones are implicated in the control of CIC expression. One such hormone is insulin, an anabolic hormone that controls blood glucose levels and energy homeostasis and is involved in the pathology of metabolic disorders. Studies performed by Kaplan demonstrated that diabetic rats show reduced CIC activity, whereas the general mitochondrial function is not altered [52]. The reduced CIC activity observed in the diabetic state can be ascribed to either transcriptional or post-transcriptional CIC gene regulation [53]. Treatment of diabetic rats with insulin reverses the reduction of CIC activity [54]. In agreement with this finding, insulin increases human CIC gene expression in the HepG2 cell line through involvement of SREBP-1 [35], and CIC plays a regulatory role in glucose-stimulated insulin secretion [32].

Another hormone that influences CIC expression is 3,3’,5-triiodo-L-thyronine (T3) that mantains lipid homeostasis via its effect on gene expression in target organs, mainly in liver and adipose tissue. CIC activity, mRNA and protein are enhanced in hyperthyroidism and reduced significantly during starvation [55]. Change in CIC expression is due to the action of an unidentified cis-acting element, most likely located on exon 8, which inhibits the splicing process [56]. In the context of lipid metabolism, T3 increases the expression of several genes involved in hepatic lipogenesis, including fatty acid synthase, acyl-CoA synthase, fatty acid transporter protein, and malic enzyme [57]. T3 also induces the transcription of genes involved in fatty acid oxidation, such as lipoprotein lipase, fatty acid-binding protein [57], and CPT-1 [58].




3. CAC Gene Transcriptional Regulation

The CAC gene is located on chromosome 3p21.31 [59]. It spans about 42 kb and is split into nine exons with the translation start site in exon 1 [60]. The CAC gene is differently expressed in human tissues. High levels of transcripts are found in liver, heart and skeletal muscle, where β-oxidation is essential for energy production; much lower levels are observed in other tissues, such as brain, placenta, kidney, pancreas and lung [61].

The human CAC core promoter region revealed the absence of the TATA box element and the presence of the TFB II recognition element (BRE) at −81/−75 bp and of the DPE (AGTGAC) at −18/−13 bp. These elements allow binding of the general transcription factors. The proximal promoter revealed the presence of binding sites for different transcription factors. The following factors, acting as activators, have been functionally tested: PPARα, Sp1, FOXA2, SRC-3, and ERR (Figure 3).

Figure 3. The effect of statins, fibrates and retinoic acid on the PPARα and RXRα-induced CAC gene expression. The binding of fibrates to PPARα, the activation by statins through the Rho-signaling pathway and the binding of retinoic acid to the dimer PPARα-RXRα are shown. The positions of the consensus sequences for FOXA2, Sp1, PPARα, BRE, and DPE in the CAC gene proximal promoter are also indicated.



[image: Biology 02 00284 g003 1024]








3.1. Activators

PPARα. An active binding site for PPARα is present in the CAC gene promoter at position −99/−80 bp (Figure 3) [62]. The promoter activity of the CAC gene PPRE was proven by transfecting HepG2 cells with the pGL3 basic-LUC vector containing the –334/+3 bp region of the CAC gene. Mutations in the PPARα binding sites abolished CAC activation. In agreement with the role performed in the fatty acid catabolism pathway, PPARα is also a strong activator of CAC gene expression. It is known that PPARα., a member of the nuclear receptor super family of ligand-activated transcription factors, has a central role in the regulation of many genes involved in cellular fatty acid uptake and oxidation and provides a molecular link between the major pathways of energy metabolism [63]. The role of PPARα in fatty acid β-oxidation is highlighted by the observation that fasting results in an enhanced load of fatty acids in the liver to be used as an energy source [5].

CAC expression is further increased by hypolipidemic drugs such as statins, fibrates and 9-cis-retinoic acid [62]. HepG2 cells transfected with the wild-type PPRE-containing the pGL3 basic construct and incubated with GW7647 and/or fluvastatin exhibited an increase in LUC activity. Co-treatment of cells with both drugs triggered a synergistic rise in LUC activity by 304%. 9-Cis-retinoic acid increased CAC gene promoter activity only in the presence of wild-type PPRE as compared to control. Combination treatment with GW7647 and 9-cis-retinoic acid resulted in a still greater stimulation of gene reporter activity [62]. These drugs act according to different mechanisms. Fibrates exert their effect by binding to PPARα [64], statins by inhibiting the Rho-signaling pathway [65], and retinoic acid by activating PPRE when bound to the PPARα–RXRα heterodimer [66]. Finally, the PKA pathway also activates CAC gene expression. In HepG2 cells transfected with wild-type PPRE-containing the pGL3 basic construct and treated with forskolin, alone or in combination with GW7647, gene reporter activity was increased by 49% and 138%, respectively. These findings are particularly important because patients affected by CAC deficiency, who present a mild phenotype with some residual activity [67,68,69,70,71], might benefit from treatment with statins and fibrates acting via stimulation of CAC gene expression.

Sp1 and FOXA2. The CAC gene proximal promoter also contains two binding sites for Sp1 and FOXA2 at positions −232/−2248 bp and −300/−290 bp, respectively [72]. The role of the FOXA and Sp1 sites in the regulation of CAC gene expression was investigated in HepG2, HEK293 and SK-N-SH cell lines. Transfection of these cells with a construct containing the CAC promoter region from −334/+3 bp upstream of the LUC gene-coding sequence showed that HepG2 cells exhibit a much higher gene reporter activity than HEK293 and SK-N-SH cells. Consistently, HepG2 cells exhibited a higher level of CAC transcript and CAC protein than the other two cell types. ChIP experiments indicated that both FOXA2 and Sp1 in HepG2 cells, and only Sp1 in HEK293 and SK-N-SH cells, are bound to the CAC proximal promoter. This finding indicates that, in the context of fatty acid β-oxidation, Sp1 alone is not sufficient to activate the transcriptional machinery efficiently in liver, and that a liver-specific factor is needed for a high activation of the CAC gene expression.

FOXA2 is a liver- and pancreas-specific transcriptional factor essential for glucose and lipid homeostasis [73]. Other genes encoding hepatic enzymes involved in metabolism during fasting and energy deprivation are transcriptionally regulated by FOXA2. Among these enzymes are CPT-1, hydroxyacyl-CoA dehydrogenase and lipoprotein lipase (lipid catabolism), phosphoenolpyruvate carboxykinase and glucose-6-phosphatase (gluconeogenesis), and hydroxy-3-methylglutaryl-CoA synthase 1 (ketogenesis) [74]. The presence of FOXA2 in liver could explain, at least in part, the differences in CAC expression levels between liver and other tissues [61]. However, it may be that other transcriptional factors, not yet identified, contribute to an efficient activation of the transcriptional machinery.

SRC-3. Using a comprehensive metabolomics-based analysis, it was found that steroid receptor coactivator-3 (SRC-3) [75], but not SRC-1 and SRC-2, is necessary for the proper transport and metabolism of long-chain fatty acids through a specific regulation of CAC gene expression [76]. The metabolomics analysis was confirmed by transfection experiments. A LUC construct containing the mouse CAC proximal promoter (−995/+133 bp) induced a robust activation of LUC activity in the muscle cell line, C2C12. Furthermore, ChIP performed in vitro on C2C12 cells and in vivo using skeletal muscle isolated from SRC-3+/+ and SRC-3−/− mice demonstrated that SRC-3 is bound to the CAC promoter. Mice lacking SRC-3 show a marked deficiency in CAC expression, which is accompanied by phenotypes that mimic the clinical symptoms of CAC deficiency in humans [77]. Metabolomics analysis of plasma from SRC-3+/+ and SRC-3−/− mice demonstrated that SRC-3 knock-out causes an increase in the level of 15 amino acids and an elevation of the urea cycle intermediates ornithine, citrulline, and arginine, together with an elevation of urea cycle enzymes. SRC-3−/− mice also display a variety of cardiac abnormalities. Interestingly, loss of SRC-3 conferred no alterations in 12 other genes essential for fatty acid β-oxidation and ketogenesis, thereby suggesting that CAC is a specific target for SRC-3, at least in mouse muscle. Moreover, SRC-3−/− mice display increased insulin sensitivity, as determined by the hyperinsulinemic/euglycemic clamp, which has been reported in other cases of impaired fatty acid oxidation [78].

Because SRC-3 ablation mimics all clinical symptoms of CAC deficiency, it is possible to hypothesize a dysfunctional mutation in the SRC-3 gene in patients who present symptoms of CAC deficiency but harbor no pathogenic mutation in the CAC gene. To test this hypothesis, York et al. [76] analyzed 24 patients who exhibited CAC deficient-like symptoms, but failed to show any mutations in the CAC gene. In these patients, analysis of the SRC-3 coding region and flanking intron regions revealed no deleterious mutation, although some patients revealed heterozygous missense variations of unknown clinical significance. Although a number of studies have identified metabolic roles for SRC-3 in glycogenolysis, gluconeogenesis, dietary fat absorption and lipid storage [75], its new role as a key transcriptional activator of the CAC gene may contribute to understanding some unexplained disorders of lipid homeostasis.

ERR. An active consensus sequence for the estrogen-related receptor (ERR) is present in the mouse CAC proximal promoter 808 bp upstream of the transcription start site [79]. This sequence binds ERRα both in vitro and in vivo, as shown by gel shift and ChIP assays. However, ERRα alone is insufficient to activate CAC gene expression since nuclear receptor activity depends on the presence of co-regulatory proteins, such as the members of the PGC-1 co-activator family [80]. In fact, C2C12 myoblast infection with adenovirus expressing ERRα and PGC-1α or 1β showed that CAC gene activation is only evident in the presence of PGC-1α or 1β, co-activators of ERRα. An inverse agonist of ERRα, XTC790, specifically blocks CAC activation by PGC-1β, but not 1α, in C2C12 cells. All these data are consistent with previous results obtained by analyzing the effect of ERRα loss on global gene expression in heart, including genes involved in fatty acid metabolism [81]. In fact, loss of ERRα function causes CAC down-regulation in SAOS2 cells [81], and ERR silencing by siRNA reduces expression of genes up-regulated by PGC-1α, such as CAC [81].




4. Regulation of CIC and CAC Expression by Fatty Acids

Fatty acids, PUFAs in particular, are well-characterized nutrients that control and regulate gene expression [82]. The mechanism by which they affect gene expression is complex and involves multiple processes. For example, PUFAs regulate two groups of transcriptional factors, PPAR and SREBP receptors, that are critical for modulating the expression of genes controlling both systemic and tissue-specific lipid homeostasis [83]. While PUFAs activate β-oxidation, they reduce SREBP gene expression and, hence, inhibit expression of related genes. In fact, lipogenic enzymes, such as acetyl-CoA carboxylase and fatty acid synthase, are strongly reduced by a diet enriched with PUFAs of the n-6 or n-3 series [84]. In line with this finding, CIC gene expression is decreased by the presence of PUFAs (docosahexaenoic acid or arachidonic acid), but is unaffected by monounsaturated (oleic acid) or saturated (palmitic acid) fatty acids in HepG2 cells and hepatocytes [35]. Experiments performed using rats fed with PUFA-enriched diets confirm the same specificity [84]. The mechanism of this specificity is not clear. However, a PUFA response region is present in the rat CIC gene promoter [85] and PUFAs cause a reduction of the rate of CIC gene transcription through an inhibition of the splicing process [86].

Interestingly, dietary fat composition also affects CAC activity and expression [87]. PUFAs of the n-3 series increase CAC activity and expression, whereas monounsaturated fatty acids decrease both CAC activity and expression. No effect was observed with PUFAs of the n-6 series and saturated fatty acids. Modulation of CAC expression is ascribed to transcriptional and post-transcriptional events [88]. In fact, real-time and nuclear run-on experiments showed that the transcriptional rate of the CAC gene increases by about 60% in the nuclei of n-3 PUFA-treated rats compared to control. Conversely, post-transcriptional events, most likely concerning CAC mRNA splicing, determined a decrease of CAC gene expression.

Finally, PUFAs control not only lipid metabolism but also inflammatory factors and cellular events in cardiomyocytes and vascular endothelial cells [87,89]. Because PUFAs suppress the nuclear levels of NF-kB in several model systems [90], it is likely that they control the expression of a subset of NF-kB-regulated genes, including the CIC gene, whose role in inflammation has been recently assessed [35].



5. Conclusions

After their identification [91,92,93,94,95,96,97], CIC and CAC have been extensively studied using different approaches. Heterologous expression in yeast and Escherichia coli, site-directed mutagenesis, reconstitution of the recombinant proteins in phospholipid vesicles, and molecular labeling have allowed the characterization of biochemical properties and structure-function relationships of CIC and CAC in various organisms and tissues [98,99,100,101,102,103,104,105,106,107,108,109,110,111,112,113,114,115]. These studies contributed to elucidating their role as recognized members of the mitochondrial carrier family in fatty acid metabolism. More recently, molecular biology techniques have advanced our understanding of the transcriptional regulation of the CIC and CAC genes. In this review, we have summarized the present knowledge concerning the molecular mechanisms by which the expression of the human CIC and CAC genes are regulated in the context of fatty acid metabolism. The data available confirm the view that fatty acid β-oxidation is mainly controlled by PPARα and, in part, by PGC-1α or 1β, PPARα and ERR activators. Aside from PPARα, CAC gene expression is also regulated by the general factor Sp1, the specific factors FOXA2 and SRC-3, and possibly by other factors not yet identified. Concerning the activation of CAC expression in muscle by SRC-3, but not of other genes essential for β-oxidation and ketogenesis, it remains to be seen whether the activation is tissue specific and whether SRC-3 exerts this effect by interacting with other transcriptional factors. Compared to CAC, the transcriptional regulation of the CIC gene is more diversified, because not only are known lipogenic regulatory factors involved, but also other factors not strictly related to fatty acid metabolism, such as NF-kΒ and FOXA1, thereby indicating that CIC plays a role in other cellular functions and processes besides fatty acid biosynthesis. Recently, evidence has emerged that CIC is a determining factor in tumorigenesis because CIC levels are increased in cancers and its inhibition has anti-tumor activity [116]. The complex interplay between oncogenic signaling and lipid metabolism highlights the importance of a more in-depth understanding of lipid metabolism alterations. CIC is also implicated in LPS-stimulated inflammation [44]. Future research will have to clarify whether pro-inflammatory stimuli such as TNF-α and interleukins up-regulate CIC expression. It will also be interesting to investigate whether the transcriptional activation of CIC is relevant in acute inflammation, which has a beneficial effect against infection and injury, and/or in chronic inflammation, a common feature of various diseases, including neurodegenerative disorders and rheumatoid arthritis. Another interesting aspect of CIC transcriptional regulation, i.e., its activation by PPARα, warrants some comments. The up-regulation of CIC gene expression by PPARα seems contradictory, because PPARα is the master regulator of β-oxidation enzymes. However, several facts must be considered: (i) PPARα responds to changes in both exogenous (dietary) and newly synthesized fat; (ii) certain fatty acids are more effective activators of PPARα than others. For example, monounsaturated oleic acid has no effect on PPARα expression, docosahexaenoic acid is a weak activator whereas eicosapentaenoic acid a strong activator; and (iii) the enzymes involved in the synthesis of PUFAs are regulated by dietary fat. It is likely that the regulation of CIC expression by PPARα is highly controlled by fatty acid cell content. In general, many basic issues remain to be elucidated concerning the functional diversity and the regulatory mechanisms that generate or interconvert different lipids, in addition to the molecular details about how specific fatty acids affect transcriptional factors.

Although definite progress in the study of the regulation of CIC and CAC gene expression has been achieved in the last few years, not all aspects are completely understood. Full comprehension of the mechanisms regulating CIC and CAC gene expression in different species, tissues, metabolic and hormonal states, and stress conditions will help to better understand the role of CIC and CAC in intermediary metabolism and fatty acid metabolism. Moreover, knowledge of the mechanisms by which different factors control CIC and CAC gene expression may provide insight into the development of new therapeutic strategies for an improved management of whole-body lipid metabolism.






Acknowledgments

This work was supported by grants from the Ministero dell’Università e della Ricerca (MIUR), the National Research Council (CNR), the Center of Excellence in Genomics (CEGBA), Apulia Region, the Universities of Basilicata and Bari “Aldo Moro,” and the Italian Human Proteome Net no. RBRN07BMCT_009(MIUR).



References and Notes


	1. 
Desvergne, B.; Liliane, M.; Wahali, W. Transcriptional regulation of metabolism. Physiol. Rev. 2006, 86, 465–514. [Google Scholar] [CrossRef]

	2. 
Shimano, H.; Horton, J.D.; Hammer, R.E.; Shimomura, I.; Brown, M.S.; Goldstein, J.L. Overproduction of cholesterol and fatty acids causes massive liver enlargement in transgenic mice expressing truncated SREBP-1a. J. Clin. Invest. 1996, 98, 1575–1584. [Google Scholar] [CrossRef]

	3. 
Horton, J.D.; Shimomura, I. Sterol regulatory element-binding proteins: Activators of cholesterol and fatty acid biosynthesis. Curr. Opin. Lipidol. 1999, 10, 143–150. [Google Scholar] [CrossRef]

	4. 
Siu, F.; Chen, C.; Zhong, C.; Kilberg, M.S. CCAAT/enhancer-binding protein-beta is a mediator of the nutrient-sensing response pathway that activates the human asparagine synthetase gene. J. Biol. Chem. 2001, 276, 48100–48107. [Google Scholar]

	5. 
Kersten, S.; Seydoux, J.; Peters, J.M.; Gonzalez, F.J.; Desvergne, B.; Wahli, W. Peroxisome proliferator-activated receptor alpha mediates the adaptive response to fasting. J. Clin. Invest. 1999, 103, 1489–1498. [Google Scholar] [CrossRef]

	6. 
Palmieri, F. Mitochondrial carrier proteins. FEBS Lett. 1994, 346, 48–54. [Google Scholar] [CrossRef]

	7. 
Palmieri, F. The mitochondrial transporter family (SLC25): Physiological and pathological implications. Pflugers. Arch. 2004, 447, 689–709. [Google Scholar] [CrossRef]

	8. 
Palmieri, F. The mitochondrial transporter family (SLC25): Identification, properties and physiopathology. Mol. Aspects Med. 2012. [Google Scholar] [CrossRef]

	9. 
Li, K.; Hodge, J.A.; Wallace, D.C. OXBOX, a positive transcriptional element of the heart-skeletal muscle ADP/ATP translocator gene. J. Biol. Chem. 1990, 265, 20585–20588. [Google Scholar]

	10. 
Li, R.; Hodny, Z.; Luciakova, K.; Barath, P.; Nelson, B.D. Sp1 activates and inhibits transcription from separate elements in the proximal promoter of the human adenine nucleotide translocase 2 (ANT2) gene. J. Biol. Chem. 1996, 27, 18925–18930. [Google Scholar]

	11. 
Barath, P.; Poliakova, D.; Luciakova, K.; Nelson, B.D. Identification of NF1 as silencer protein of the human adenine nucleotide translocase-2 gene. Eur. J. Biochem. 2004, 271, 1781–1788. [Google Scholar] [CrossRef]

	12. 
Luciakova, K.; Barath, P.; Poliakova, D.; Persson, A.; Nelson, B.D. Repression of the human adenine nucleotide translocase-2 gene in growth-arrested human diploid cells: the role of nuclear factor-1. J. Biol. Chem. 2003, 278, 30624–30633. [Google Scholar]

	13. 
Kehoe, S.M.; Oka, M.; Hankowski, K.E.; Reichert, N.; Garcia, S.; McCarrey, J.R.; Gaubatz, S.; Terada, N. A conserved E2F6-binding element in murine meiosis-specific gene promoters. Biol. Reprod. 2008, 79, 921–930. [Google Scholar] [CrossRef]

	14. 
Medvedev, A.V.; Snedden, S.K.; Raimbault, S.; Ricquier, D.; Collins, S. Transcriptional regulation of the mouse uncoupling protein-2 gene. Double E-box motif is required for peroxisome proliferator-activated receptor-gamma-dependent activation. J. Biol. Chem. 2001, 276, 10817–10823. [Google Scholar]

	15. 
Yubero, P.; Manchado, C.; Cassard-Doulcier, M.; Mampel, T.; Viñas, O.; Iglesias, R.; Giralt, M.; Villarroya, F. CCAAT/enhancer binding proteins a and b are transcriptiona activators of the brown fat uncoupling protein gene promoter. Biochem. Biophys. Res. Commun. 1994, 198, 653–659. [Google Scholar] [CrossRef]

	16. 
Kozak, U.C.; Kopecky, J.; Teisinger, J.; Enerback, S.; Boyer, B.; Kozak, L.P. An upstream enhancer regulating brow-fat- specific expression of the mitochondrial uncoupling protein gene. Mol. Cell. Biol. 1994, 14, 59–67. [Google Scholar]

	17. 
Sluse, F.E.; Jarmuszkiewicz, W.; Navet, R.; Douette, P.; Mathy, G.; Sluse-Goffart, C.M. MitochondrialUCPs: New insights into regulation and impact. Biochim. Biophys. Acta 2006, 1757, 480–485. [Google Scholar] [CrossRef]

	18. 
Yonezawa, T.; Kurata, R.; Hosomichi, K.; Kono, A.; Kimura, M.; Inoko, H. Nutritional and hormonal regulation of uncoupling protein 2. IUBMB Life 2009, 61, 1123–1131. [Google Scholar] [CrossRef]

	19. 
Bugge, A.; Siersbaek, M.; Madsen, M.S.; Göndör, A.; Rougier, C.; Mandrup, S. A novel intronic peroxisome proliferator-activated receptor gamma enhancer in the uncoupling protein (UCP) 3 gene as a regulator of both UCP2 and -3 expression in adipocytes. J. Biol. Chem. 2010, 285, 1731–1737. [Google Scholar]

	20. 
Iacobazzi, V.; Infantino, V.; Costanzo, P.; Izzo, P.; Palmieri, F. Functional analysis of the promoter of the mitochondrial phosphate carrier human gene: Identification of activator and repressor elements and their transcription factors. Biochem. J. 2005, 391, 613–621. [Google Scholar] [CrossRef]

	21. 
Pegorier, J.P.; Le May, C.; Girard, J. Control of Gene Expression by Fatty Acids. J. Nutr. 2004, 134, 2444S–2449S. [Google Scholar]

	22. 
Heisterkamp, N.; Mulder, M.P.; Langeveld, A.; ten Hoeve, J.; Wang, Z.; Roe, B.A.; Groffen, J. Localization of the human mitochondrial citrate transporter protein gene tochromosome22Q11 in the DiGeorge syndrome critical region. Genomics 1995, 29, 451–456. [Google Scholar] [CrossRef]

	23. 
Iacobazzi, V.; Lauria, G.; Palmieri, F. Organization and sequence of the human gene for the mitochondrial citrate transport protein. DNA Seq. 1997, 7, 127–139. [Google Scholar]

	24. 
Huizing, M.; Ruitenbeek, W.; van den Heuvel, L.P.; Dolce, V.; Iacobazzi, V.; Smeitink, J.A.; Palmieri, F.; Trijbels, J.M. Human mitochondrial transmembrane metabolite carriers: tissue distribution and its implication for mitochondrial disorders. J. Bioenerg Biomembr. 1998, 30, 277–284. [Google Scholar] [CrossRef]

	25. 
Quina, A.S.; Buschbeck, M.; Di Croce, L. Chromatin structure and epigenetics. Biochem. Pharmacol. 2006, 72, 1563–1569. [Google Scholar] [CrossRef]

	26. 
Iacobazzi, V.; Infantino, V.; Palmieri, F. Epigenetic mechanisms and Sp1 regulate mitochondrial citrate carrier gene expression. Biochem. Biophys. Res. Commun. 2008, 376, 15–20. [Google Scholar] [CrossRef]

	27. 
Suske, G. The Sp-family of transcription factors. Gene 1999, 238, 291–300. [Google Scholar] [CrossRef]

	28. 
Iacobazzi, V.; Infantino, V.; Bisaccia, F.; Castegna, A.; Palmieri, F. Role of FOXA in mitochondrial citrate carrier gene expression and insulin secretion. Biochem. Biophys. Res. Commun. 2009, 385, 220–224. [Google Scholar] [CrossRef]

	29. 
Friedman, J.R.; Kaestner, K.H. The Foxa family of transcription factors in development and metabolism. Cell Mol. Life Sci. 2006, 63, 2317–2328. [Google Scholar] [CrossRef]

	30. 
Shih, D.Q.; Navas, M.A.; Kuwajima, S.; Duncan, S.A.; Stoffel, M. Impaired glucose homeostasis and neonatal mortality in hepatocyte nuclear factor 3alpha-deficient mice. Proc. Natl. Acad. Sci. USA 1999, 96, 10152–10157. [Google Scholar] [CrossRef]

	31. 
Vatamaniuk, M.Z.; Gupta, R.K.; Lantz, K.A.; Doliba, N.M.; Matschinsky, F.M.; Kaestner, K.H. Foxa1-deficient mice exhibit impaired insulin secretion due to uncoupled oxidative phosphorylation. Diabetes 2006, 55, 2730–2736. [Google Scholar] [CrossRef]

	32. 
Joseph, J.; Jensen, M.; Ilkayeva, O.; Palmieri, F.; Alárcon, C.; Rhodes, C.; Newgard, C. The mitochondrial citrate/isocitrate carrier plays a regulatory role in glucose stimulated insulin secretion. J. Biol. Chem. 2006, 281, 35624–35632. [Google Scholar]

	33. 
Menga, A.; Infantino, V.; Iacobazzi, F.; Convertini, P.; Palmieri, F.; Iacobazzi, V. Insight into mechanism of in vitro insulin secretion increase induced by antipsychotic clozapine: Role of FOXA1 and mitochondrial citrate carrier. Eur. Neuropsychopharmacol. 2012. in press. [Google Scholar]

	34. 
Sasaki, N.; Iwase, M.; Uchizono, Y.; Nakamura, U.; Imoto, H.; Abe, S.; Iida, M. The atypical antipsychotic clozapine impairs insulin secretion by inhibiting glucose metabolism and distal steps in rat pancreatic islets. Diabetologia 2006, 49, 2930–2938. [Google Scholar] [CrossRef]

	35. 
Infantino, V.; Iacobazzi, V.; De Santis, F.; Mastrapasqua, M.; Palmieri, F. Transcription of the mitochondrial citrate carrier gene: Role of SREBP-1, upregulation by insulin and downregulation by PUFA. Biochem. Biophys. Res. Commun. 2007, 356, 249–254. [Google Scholar] [CrossRef]

	36. 
Osborne, T. F Sterol regulatory element-binding proteins (SREBPs): Key regulators of nutritional homeostasis and insulin action. J. Biol. Chem. 2000, 275, 32379–32382. [Google Scholar] [CrossRef]

	37. 
Horton, J.D.; Shimomura, I.; Brown, M.S.; Hammer, R.E.; Goldstein, J.L.; Shimano, H. Activation of cholesterol synthesis in preference to fatty acid synthesis in liver and adipose tissue of transgenic mice overproducing sterol regulatory element-binding protein-2. J. Clin. Invest. 1998, 101, 2331–2339. [Google Scholar] [CrossRef]

	38. 
Goodridge, A.G. Dietary regulation of gene expression: enzymes involved in carbohydrate and lipid metabolism. Annu. Rev. Nutr. 1987, 7, 157–185. [Google Scholar] [CrossRef]

	39. 
Hillgartner, F.B.; Salati, L.M.; Goodridge, A.G. Physiological and molecular mechanisms involved in nutritional regulation of fatty acid synthesis. Physiol. Rev. 1995, 75, 47–76. [Google Scholar]

	40. 
Zhang, Y.; Hillgartner, F.B. Starvation and feeding a high-carbohydrate, low-fat diet regulate the expression sterol regulatory element-binding protein-1 in chickens. J. Nutr. 2004, 134, 2205–2210. [Google Scholar]

	41. 
Shimomura, I.; Bashmakov, Y.; Ikemoto, S.; Horton, J.D.; Brown, M.S.; Goldstein, J.L. Insulin selectively increases SREBP-1c mRNA in the livers of rats with streptozotocin-induced diabetes. Proc. Natl. Acad. Sci. USA 1999, 96, 13656–13661. [Google Scholar] [CrossRef]

	42. 
Foretz, M.; Guichard, C.; Ferré, P.; Foufelle, F. Sterol regulatory element binding protein-1c is a major mediator of insulin action on the hepatic expression of glucokinase and lipogenesis-related genes. Proc. Natl. Acad. Sci. 1999, 96, 12737–12740. [Google Scholar]

	43. 
Carrillo, J.J.; Ibares, B.; Esteban-Gamboa, A.; Feliu, J.E. Involvement of both phosphatidylinositol 3-kinase and p44/p42 mitogenactivated protein kinase pathways in the short-term regulation of pyruvate kinase L by insulin. Endocrinology 2001, 142, 1057–1064. [Google Scholar] [CrossRef]

	44. 
Infantino, V.; Convertini, P.; Cucci, L.; Panaro, M.A.; Di Noia, M.A.; Calvello, R.; Palmieri, F.; Iacobazzi, V. The mitochondrial citrate carrier: A new player in inflammation. Biochem. J. 2011, 438, 433–436. [Google Scholar]

	45. 
O'Neill, L.A. A critical role forcitratemetabolism inLPSsignalling. Biochem. J. 2011, 438, 5–6. [Google Scholar]

	46. 
Damiano, F.; Gnoni, G.V.; Siculella, L. Citrate carrier promoter is target of peroxisome proliferator-activated receptor alpha and gamma in hepatocytes and adipocytes. Int J. Biochem. Cell. Biol. 2012, 44, 659–668. [Google Scholar] [CrossRef]

	47. 
Iacobazzi, V.; Infantino, V.; Convertini, P.; Vozza, A.; Agrimi, G.; Palmieri, F. Transcription of the mitochondrial citrate carrier gene: identification of a silencer and its binding protein ZNF224. Biochem. Biophys. Res. Commun. 2009, 386, 186–191. [Google Scholar] [CrossRef]

	48. 
Urrutia, R. KRAB-containing zinc-finger repressor proteins. Genome Biol. 2003, 4, 231. [Google Scholar] [CrossRef]

	49. 
Friedman, J.R.; Fredericks, W.J.; Jensen, D.E.; Speicher, D.W.; Huang, X.P.; Neilson, E.G.; Rauscher, F.J. KAP-1, a novel corepressor for the highly conserved KRAB repression domain. Genes Dev. 1996, 10, 2067–2078. [Google Scholar] [CrossRef]

	50. 
Herrera, E.; Amusquivar, E. Lipid metabolism in the fetus and the newborn. Diabetes Metab. Res. Rev. 2000, 16, 202–210. [Google Scholar] [CrossRef]

	51. 
Van Aerde, J.E.; Feldman, M.; Clandinin, M.T. Fetal and Neonatal Physiology, 2nd; Polin, R.A., Fox, W.W., Eds.; Elsevier Health Sciences: Philadelphia, PA, USA, 1998; pp. 458–477. [Google Scholar]

	52. 
Kaplan, R.S.; Oliveira, D.L.; Wilson, G.L. Streptozotocin-induced alterations in the levels of functional mitochondrial anion transport proteins. Arch. Biochem. Biophys. 1990, 280, 1811–1891. [Google Scholar]

	53. 
Damiano, F.; Mercuri, E.; Stanca, E.; Gnoni, G.V.; Siculella, L. Streptozotocin-induced diabetes affects in rat liver citrate carrier gene expression by transcriptional and posttranscriptional mechanisms. Int. J. Biochem. Cell. Biol. 2011, 43, 1621–1629. [Google Scholar] [CrossRef]

	54. 
Kaplan, R.S.; Mayor, J.A.; Blackwell, R.; Maughon, R.H.; Wilson, G.L. The effect of insulin supplementation on diabetes-induced alterations in the extractable levels of functional mitochondrial anion transport proteins. Arch. Biochem Biophys. 1991, 287, 305–311. [Google Scholar] [CrossRef]

	55. 
Giudetti, A.M.; Leo, M.; Siculella, L.; Gnoni, G.V. Hypothyroidism down-regulates mitochondrial citrate carrier activity and expression in rat liver. Biochim. Biophys Acta. 2006, 1761, 484–491. [Google Scholar] [CrossRef]

	56. 
Siculella, L.; Sabetta, S.; Giudetti, A.M.; Gnoni, G.V. Hypothyroidism reduces tricarboxylate carrier activity and expression in rat liver mitochondria by reducing nuclear transcription rate and splicing efficiency. J. Biol. Chem. 2006, 281, 19072–19080. [Google Scholar] [CrossRef]

	57. 
Flores-Morales, A.; Gullberg, H.; Fernandez, L.; Ståhlberg, N.; Lee, N.H.; Vennström, B.; Norstedt, G. Patterns of liver gene expression governed by TRbeta. Mol. Endocrinol. 2002, 16, 1257–1260. [Google Scholar] [CrossRef]

	58. 
Mynatt, R.L.; Park, E.A.; Thorngate, F.E.; Das, H.K.; Cook, G.A. Changes in carnitine palmitoyltransferase-I mRNA abundance produced by hyperthyroidism and hypothyroidism parallel changes in activity. Biochem. Biophys. Res. Commun. 1994, 201, 932–937. [Google Scholar] [CrossRef]

	59. 
Viggiano, L.; Iacobazzi, V.; Marzella, R.; Cassano, C.; Rocchi, M.; Palmieri, F. Assignment of the carnitine/acylcarnitine translocase gene (CACT) to human chromosome band 3p21.31 by in situ hybridization. Cytogenet. Cell. Genet. 1997, 79, 62–63. [Google Scholar] [CrossRef]

	60. 
Iacobazzi, V.; Naglieri, M.A.; Stanley, C.A.; Wanders, R.J.; Palmieri, F. The structure and organization of the human carnitine/acylcarnitine translocase (CACT) gene. Biochem. Biophys. Res. Commun. 1998, 252, 770–774. [Google Scholar] [CrossRef]

	61. 
Huizing, M.; Iacobazzi, V.; Ijlst, L.; Savelkoul, P.; Ruitenbeek, W.; van den Heuvel, L.; Indiveri, C.; Smeitink, J.; Trijbels, F.; Wanders, R.; Palmieri, F. Cloning of the human carnitine–acylcarnitine carrier cDNA and identification of the molecular defect in a patient. Am. J. Hum. Genet. 1997, 61, 1239–1245. [Google Scholar] [CrossRef]

	62. 
Iacobazzi, V.; Convertini, P.; Infantino, V.; Scarcia, P.; Todisco, S.; Palmieri, F. Statins, fibrates and retinoic acid upregulate mitochondrial acylcarnitine carrier gene expression. Biochem. Biophys. Res. Commun. 2009, 388, 643–647. [Google Scholar] [CrossRef]

	63. 
Xu, H.E.; Lambert, M.H.; Montana, V.G.; Plunket, K.D.; Moore, L.B.; Collins, J.L.; Oplinger, J.A.; Kliewer, S.A.; Gampe, R.T., Jr.; McKee, D.D.; Moore, J.T.; Willson, T.M. Structural determinants of ligand binding selectivity between the peroxisome proliferator-activated receptors. Proc. Natl. Acad. Sci. 2001, 98, 13919–13924. [Google Scholar]

	64. 
Peters, J.M.; Hennuyer, N.; Staels, B.; Fruchart, J.C.; Fievet, C.; Gonzalez, F.J.; Auwerx, J. Alterations in lipoprotein metabolism in peroxisome proliferator-activated receptor alpha-deficient mice. J. Biol. Chem. 1997, 272, 27307–27312. [Google Scholar]

	65. 
Martin, G.; Duez, H.; Blanquart, C.; Berezowski, V.; Poulain, P.; Fruchart, J.C.; Najib-Fruchart, J.; Glineur, C.; Staels, B. Statin-induced inhibition of the Rho-signaling pathway activates PPARalpha and induces HDL apoA-I. J. Clin. Invest. 2001, 107, 1423–1432. [Google Scholar] [CrossRef]

	66. 
Kliewer, S.A.; Lehmann, J.M.; Willson, T.M. Orphan nuclear receptors: shifting endocrinology into reverse. Science 1999, 284, 757–760. [Google Scholar] [CrossRef]

	67. 
Dionisi-Vici, C.; Garavaglia, B.; Bartuli, A.; Invernizzi, F.; DiDonato, S.; Sabetta, G.; Kahler, S.G.; Millington, D.S. Carnitine–acylcarnitine translocase deficiency: Benign course without cardiac involvement. Pediatr. Res. 1995, 37, 147. [Google Scholar]

	68. 
Olpin, S.E.; Bonham, J.R.; Downing, M.; Manning, N.J.; Pollitt, R.J.; Sharrard, M.J.; Tanner, M.S. Carnitine–acylcarnitine translocase deficiency- a mild phenotype. J. Inherit. Metab. Dis. 1997, 20, 714–715. [Google Scholar] [CrossRef]

	69. 
Morris, A.A.; Olpin, S.E.; Brivet, M.; Turnbull, D.M.; Jones, R.A.; Leonard, J.V. A patient with carnitine–acylcarnitine translocase deficiency with a mild Phenotype. J. Pediatr. 1998, 132, 514–516. [Google Scholar] [CrossRef]

	70. 
Lopriore, E.; Gemke, R.J.; Verhoeven, N.M.; Jakobs, C.; Wanders, R.J.; Roeleveld-Versteeg, A.B. Carnitine–acylcarnitine translocase deficiency: Phenotype, residual enzyme activity and outcome. Eur. J. Pediatr. 2001, 160, 101–104. [Google Scholar] [CrossRef]

	71. 
Iacobazzi, V.; Invernizzi, F.; Baratta, S.; Pons, R.; Chung, W.; Garavaglia, B.; Dionisi-Vici, C.; Ribes, A.; Parini, R.; Huertas, M.D.; Roldan, S.; Lauria, G.; Palmieri, F.; Taroni, F. Molecular and functional analysis of SLC25A20 mutations causing carnitine–acylcarnitine translocase deficiency. Hum. Mutat. 2004, 24, 312–320. [Google Scholar] [CrossRef]

	72. 
Convertini, P.; Infantino, V.; Bisaccia, F.; Palmieri, F.; Iacobazzi, V. Role of FOXA and Sp1 in mitochondrial acylcarnitine carrier gene expression in different cell lines. Biochem. Biophys. Res. Commun. 2011, 404, 376–381. [Google Scholar] [CrossRef]

	73. 
Wolfrum, C.; Asilmaz, E.; Luca, E.; Friedman, J.M.; Stoffel, M. Foxa2 regulates lipid metabolism and ketogenesis in the liver during fasting and in diabetes. Nature 2004, 432, 1027–1032. [Google Scholar] [CrossRef]

	74. 
Silva, J.P.; von Meyenn, F.; Howell, J.; Thorens, B.; Wolfrum, C.; Stoffel, M. Regulation of adaptive behaviour during fasting by hypothalamic Foxa2. Nature 2009, 462, 646–650. [Google Scholar] [CrossRef]

	75. 
York, B.; O'Malley, B.W. Steroid receptor coactivator (SRC) family: Masters of systems biology. J. Biol. Chem. 2010, 285, 38743–38750. [Google Scholar] [CrossRef]

	76. 
York, B.; Reineke, E.L.; Sagen, J.V.; Nikolai, B.C.; Zhou, S.; Louet, J.F.; Chopra, A.R.; Chen, X.; Reed, G.; Noebels, J.; Adesina, A.M.; Yu, H.; Wong, L.J.; Tsimelzon, A.; Hilsenbeck, S.; Stevens, R.D.; Wenner, B.R.; Ilkayeva, O.; Xu, J.; Newgard, C.B.; O'Malley, B.W. Ablation of steroid receptor coactivator-3 resembles the human CACT metabolic myopathy. Cell Metab. 2012, 15, 752–763. [Google Scholar] [CrossRef]

	77. 
Indiveri, C.; Iacobazzi, V.; Tonazzi, A.; Giangregorio, N.; Infantino, V.; Convertini, P.; Console, L.; Palmieri, F. The mitochondrial carnitine/acylcarnitine carrier: function, structure and physiopathology. Mol. Aspects Med. 2011, 32, 223–233. [Google Scholar] [CrossRef]

	78. 
Koves, T.R.; Ussher, J.R.; Noland, R.C.; Slentz, D.; Mosedale, M.; Ilkayeva, O.; Bain, J.; Stevens, R.; Dyck, J.R.; Newgard, C.B.; Lopaschuk, G.D.; Muoio, D.M. Mitochondrial overload and incomplete fatty acid oxidation contribute to skeletal muscle insulin resistance. Cell Metab. 2008, 7, 45–56. [Google Scholar] [CrossRef]

	79. 
Gacias, M.; Pérez-Martí, A.; Pujol-Vidal, M.; Marrero, P.F.; Haro, D.; Relat, J. PGC-1β regulates mouse carnitine–acylcarnitine translocase through estrogen-related receptor α. Biochem. Biophys. Res. Commun. 2012, 423, 838–843. [Google Scholar] [CrossRef]

	80. 
Schreiber, S.N.; Emter, R.; Hock, M.B.; Knutti, D.; Cardenas, J.; Podvinec, M.; Oakeley, E.J.; Kralli, A. The estrogen-related receptor alpha (ERRalpha) functions in PPARgamma coactivator 1alpha (PGC-1alpha)-induced mitochondrial biogenesis. Proc. Natl. Acad. Sci. USA 2004, 101, 6472–6477. [Google Scholar]

	81. 
Dufour, C.R.; Wilson, B.J.; Huss, J.M.; Kelly, D.P.; Alaynick, W.A.; Downes, M.; Evans, R.M.; Blanchette, M.; Giguère, V. Genome-wide orchestration of cardiac functions by the orphan nuclear receptors ERRalpha and gamma. Cell Metab. 2007, 5, 345–356. [Google Scholar] [CrossRef]

	82. 
Jump, D.B.; Botolin, D.; Wang, Y.; Xu, J.; Christian, B.; Demeure, O. Fatty acid regulation of hepatic gene transcription. J. Nutr. 2005, 135, 2503–2506. [Google Scholar]

	83. 
Clarke, S.D.; Jump, D.B. Dietary polyunsaturated fatty acid regulation of gene transcription. Annu. Rev. Nutr. 1994, 14, 83–98. [Google Scholar] [CrossRef]

	84. 
Ferramosca, A.; Conte, A.; Burri, L.; Berge, K.; De Nuccio, F.; Giudetti, A.M. A krill oil supplemented diet suppresses hepatic steatosis in high-fat fed rats. PLoS One 2012, 7, e38797. [Google Scholar]

	85. 
Damiano, F.; Gnoni, G.V.; Siculella, L. Functional analysis of rat livercitratecarrier promoter: differential responsiveness to polyunsaturated fatty acids. Biochem. J. 2009, 417, 561–571. [Google Scholar] [CrossRef]

	86. 
Siculella, L.; Sabetta, S.; Damiano, F.; Giudetti, A.M.; Gnoni, G.V. Different dietary fatty acids have dissimilar effects on activity and gene expression of mitochondrial tricarboxylate carrier in rat liver. FEBS Lett. 2004, 578, 280–284. [Google Scholar] [CrossRef]

	87. 
Jump, D.B.; Depner, C.M.; Tripathy, S. Omega-3 Fatty Acid Supplementation and Cardiovascular Disease. J. Lipid Res. 2012, 309, 27. [Google Scholar]

	88. 
Priore, P.; Stanca, E.; Gnoni, G.V.; Siculella, L. Dietary fat types differently modulate the activity and expression of mitochondrial carnitine/acylcarnitine translocase in rat liver. Biochim. Biophys. Acta 2012, 1821, 1341–1349. [Google Scholar] [CrossRef]

	89. 
Chen, W.; Esselman, W.J.; Jump, D.B.; Busik, J.V. Anti-inflammatory effect of docosahexaenoic acid on cytokine induced adhesion molecule expression in human retinal vascular endothelial cells. Invest. Ophthalmol. Vis. Sci. 2005, 46, 4342–4347. [Google Scholar] [CrossRef]

	90. 
Schumann, J.; Fuhrmann, H. Impairment of NFkappaB activity by unsaturated fatty acids. Int. Immunopharmacol. 2010, 10, 978–984. [Google Scholar] [CrossRef]

	91. 
Bisaccia, F.; De Palma, A.; Palmieri, F. Identification and purification of the tricarboxylate carrier from rat liver mitochondria. Biochim. Biophys. Acta. 1989, 977, 171–176. [Google Scholar] [CrossRef]

	92. 
Kaplan, R.S.; Mayor, J.A.; Wood, D.O. The mitochondrial tricarboxylate transport protein. cDNA cloning, primary structure, and comparison with other mitochondrial transport proteins. J. Biol. Chem. 1993, 268, 13682–13690. [Google Scholar]

	93. 
Kaplan, R.S.; Mayor, J.A.; Gremse, D.A.; Wood, D.O. High level expression and characterization of the mitochondrialcitratetransport protein from theyeastSaccharomyces cerevisiae. J. Biol. Chem. 1995, 270, 4108–4110. [Google Scholar]

	94. 
Indiveri, C.; Tonazzi, A.; Palmieri, F. Identification andpurificationof thecarnitinecarrier from rat liver mitochondria. Biochim. Biophys. Acta. 1990, 1020, 81–86. [Google Scholar] [CrossRef]

	95. 
Indiveri, C.; Iacobazzi, V.; Giangregorio, N.; Palmieri, F. The mitochondrialcarnitinecarrier protein: cDNA cloning, primary structure and comparison with other mitochondrial transport proteins. Biochem. J. 1997, 321, 713–719. [Google Scholar]

	96. 
Palmieri, L.; Lasorsa, F.M.; Iacobazzi, V.; Runswick, M.J.; Palmieri, F.; Walker, J.E. Identification of the mitochondrial carnitine carrier in Saccharomyces cerevisiae. FEBS Lett. 1999, 462, 472–476. [Google Scholar] [CrossRef]

	97. 
Indiveri, C.; Iacobazzi, V.; Giangregorio, N.; Palmieri, F. Bacterial overexpression, purification and reconstitution of the carnitine/acylcarnitine carrier from rat liver mitochondria. Biochemical. Biophys. Res. Commun. 1998, 249, 589–594. [Google Scholar] [CrossRef]

	98. 
Indiveri, C.; Tonazzi, A.; Prezioso, G.; Palmieri, F. Kinetic characterization of the reconstituted carnitine carrier from rat liver mitochondria. Biochim. Biophys. Acta. 1991, 1065, 231–238. [Google Scholar] [CrossRef]

	99. 
Indiveri, C.; Tonazzi, A.; Palmieri, F. Characterization of the unidirectional transport of carnitine catalyzed by the reconstituted carnitine carrier from rat liver mitochondria. Biochim. Biophys. Acta. 1991, 1069, 110–116. [Google Scholar] [CrossRef]

	100. 
Indiveri, C.; Tonazzi, A.; Palmieri, F. The reconstituted carnitine carrier from rat liver mitochondria. Evidence for a transport mechanism different from that of the other mitochondrial translocators. Biochim. Biophys. Acta 1994, 1189, 65–73. [Google Scholar] [CrossRef]

	101. 
Indiveri, C.; Giangregorio, N.; Iacobazzi, V.; Palmieri, F. Site-directed mutagenesis and chemical modification of the six native cysteine residues of the rat mitochondrial carnitine carrier: implications for the role of cysteine-136. Biochemistry 2002, 41, 8649–8656. [Google Scholar] [CrossRef]

	102. 
Tonazzi, A.; Giangregorio, N.; Indiveri, C.; Palmieri, F. Identification by site-directed mutagenesis and chemical modification of three vicinal cysteine residues in rat mitochondrial carnitine/acylcarnitine transporter. J. Biol. Chem. 2005, 280, 19607–19612. [Google Scholar] [CrossRef]

	103. 
Giangregorio, N.; Tonazzi, A.; Indiveri, C.; Palmieri, F. Conformation-dependent accessibility of Cys-136 and Cys-155 of the mitochondrial rat carnitine/acylcarnitine carrier to membrane-impermeable SH reagents. Biochim. Biophys. Acta. 2007, 1767, 1331–1339. [Google Scholar] [CrossRef]

	104. 
de Lucas, J.R.; Indiveri, C.; Tonazzi, A.; Perez, P.; Giangregorio, N.; Iacobazzi, V.; Palmieri, F. Functional characterisation of residues within the carnitine/acylcarnitine translocase RX2PANAAXF distinct motif. Mol. Membr Biol. 2008, 25, 152–163. [Google Scholar] [CrossRef]

	105. 
Tonazzi, A.; Giangregorio, N.; Indiveri, C.; Palmieri, F. Site-directed mutagenesis of the His residues of the rat mitochondrial carnitine/acylcarnitine carrier: implications for the role of His-29 in the transport pathway. Biochim. Biophys. Acta 2009, 1787, 1009–1015. [Google Scholar] [CrossRef]

	106. 
Giangregorio, N.; Tonazzi, A.; Console, L.; Indiveri, C.; Palmieri, F. Site-directed mutagenesis of charged amino acids of the human mitochondrial carnitine/acylcarnitine carrier: Insight into the molecular mechanism of transport. Biochim. Biophys. Acta 2010, 1797, 839–845. [Google Scholar] [CrossRef]

	107. 
Tonazzi, A.; Console, L.; Giangregorio, N.; Indiveri, C.; Palmieri, F. Identification by site-directed mutagenesis of a hydrophobic binding site of the mitochondrial carnitine/acylcarnitine carrier involved in the interaction with acyl groups. Biochim. Biophys. Acta 2012, 1817, 697–704. [Google Scholar] [CrossRef]

	108. 
Xu, Y.; Kakhniashvili, D.A.; Gremse, D.A.; Wood, D.O.; Mayor, J.A.; Walters, D.E.; Kaplan, R.S. The yeast mitochondrial citrate transport protein. Probing the roles of cysteines. J. Biol. Chem. 2000, 275, 7117–7124. [Google Scholar]

	109. 
Kaplan, R.S.; Mayor, J.A.; Brauer, D.; Kotaria, R.; Walters, D.E.; Dean, A.M. The yeast mitochondrial citrate protein. Probing the secondary structure of transmembrane domain IV and identification of residues that likely coprise a portion of the citrate translocation pathway. J. Biol. Chem. 2000, 275, 12009–12016. [Google Scholar]

	110. 
Kaplan, R.S.; Mayor, J.A.; Kotaria, R.; Walters, D.E.; McHaourab, H.S. The yeast mitochondrial citrate transport protein: Determination of secondary structure and solvent accessibility of transmembrane domain IV using site-directed spin labeling. Biochemistry 2000, 39, 9157–9163. [Google Scholar] [CrossRef]

	111. 
Ma., C.; Kotaria, R.; Mayor, J.A.; Eriks, L.R.; Dean, A.M.; Walters, D.E.; Kaplan, R.S. The mitochondrial citrate transport protein: probing the secondary structure of transmembrane domain III, identification of residues that likely comprise a portion of the citrate transport pathway, and development of a model for the putative TMDIII-TMDIII' interface. J. Biol. Chem. 2004, 279, 1533–1540. [Google Scholar]

	112. 
Ma, C.; Kotaria, R.; Mayor, J.A.; Remani, S.; Walters, D.E.; Kaplan, R.S. The yeast mitochondrial citrate transport protein: characterization of transmembrane domain III residue involvement in substrate translocation. J. Biol. Chem. 2005, 280, 2331–2340. [Google Scholar]

	113. 
Ma, C.; Remani, S.; Sun, J.; Kotaria, R.; Mayor, J.A.; Walters, D.E.; Kaplan, R.S. Identification of the substrate binding sites within the yeast mitochondrial citrate transport protein. J. Biol. Chem. 2007, 282, 17210–17220. [Google Scholar]

	114. 
Aluvila, S.; Sun, J.; Harrison, D.H.; Walters, D.E.; Kaplan, R.S. Inhibitors of the mitochondrial citrate transport protein: Validation of the role of substrate binding residues and discovery of the first purely competitive inhibitor. Mol. Pharmacol. 2010, 77, 26–34. [Google Scholar] [CrossRef]

	115. 
Aluvila, S.; Kotaria, R.; Sun, J.; Mayor, J.A.; Walters, D.E.; Harrison, D.H.; Kaplan, R.S. The yeast mitochondrial citrate transport protein: Molecular determinants of its substrate specificity. J. Biol. Chem. 2010, 285, 27314–27326. [Google Scholar]

	116. 
Catalina-Rodriguez, O.; Kolukula, V.K.; Tomita, Y.; Preet, A.; Palmieri, F.; Wellstein, A.; Byers, S.; Giaccia, A.J.; Glasgow, E.; Albanese, C.; Avantaggiati, M.L. The mitochondrial citrate transporter, CIC, is essential for mitochondrial homeostasis. Oncotarget 2012, 3, 1220–1235. [Google Scholar]





© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







nav.xhtml


  biology-02-00284


  
    		
      biology-02-00284
    


  




  





media/file0.png
. cic pnwate NADPH+H*
e — — '\< Iy
O CAC — ~ NADP* 1
o |

N

\ 1
\ s acetyl-CoA

|
acyl-CoA
acylcarnitine

\ e
CPT- e -

e fattyacids

C acylcarnitine
@ CPT-II co i






media/file1.png
// \ Epigentic regulation
clozapine
1 D!

-1696/-1686 13141305 -1098/-1086 -595/-569 -414/-405 -299/-95 -38/-33





media/file2.png
-300/-290 -237/-227 -99/-81 -80-/75 -18/-13





