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TRANSCRIPTIONAL REGULATION OF THE 11P15 MUCIN GENES. TOWARDS NEW BIOLOGICAL TOOLS IN HUMAN THERAPY, IN INFLAMMATORY DISEASES AND CANCER?

elements within promoters and introns), will most certainly lead to the use of mucin genes as molecular markers in cancer and molecular tools in human gene therapy, and to the synthesis of new therapeutic agents in inflammatory diseases of the epithelium.

ABSTRACT

Mucin production and secretion by specialized epithelial cells is a common mechanism used by mammals to protect the underlying mucosae against various injuries (pollutants, pathogens, pH). The expression of mucin genes is cell-and tissue-specific but is submitted to variations during cell differentiation, inflammatory process, and is altered during carcinogenesis. The molecular mechanisms responsible for the control of mucin transcription and expression are beginning to be understood as mucin gene promoters and regulatory regions are characterized. The four gel-forming mucin genes, MUC2-MUC5AC-MUC5B-MUC6, are clustered on the p15 arm of chromosome 11. Common regulatory mechanisms (PKA, PKC, PKG and Ca 2+ signaling, Sp1/Sp3) may account for the capability of mucous-secreting cells to express several mucin genes simultaneously. In response to an insult or during carcinogenesis, the normal pattern of expression is altered and results from specific answers of the cell by activating different intracellular signaling pathways. 11p15 mucin genes are regulated at the transcriptional level by proinflammatory cytokines (IL-1beta, IL-6, TNF-alpha), pleiotropic cytokines (IL-4, IL-13, IL-9), bacterial exoproduct (LPS), growth factors (EGF, TGF-alpha), lipid mediator (PAF), retinoids and hormones. To date, the only downstream cascade known to activate mucin gene transcription is the Src/Ras/MAPK/pp90 rsk cascade, which leads to the activation of the transcription factor NF-kappaB. Mucin gene transcription is also regulated by ATF-1, CREB and RAR-alpha transcription factors. Finally, repression of mucin transcription in cancer cells is under the control of the epigenetic mechanism of methylation. As transcriptional regulation of mucin genes begins to be unraveled, it becomes clear that many signaling pathways are involved. Our understanding of mucin gene transcriptional regulation, which awaits more data (identification of the signaling cascades and active cis-

INTRODUCTION

This review will focus on the regulation of expression of the human mucin genes MUC2, MUC5AC, MUC5B and MUC6 (1-3). These four genes are part of a mucin cluster long of 400 kb and located on the p15 short arm of the chromosome 11 (Figure 1) [START_REF] Pigny | Human mucin genes assigned to 11p15.5: identification and organization of a cluster of genes[END_REF]. They encode large secreted gel-forming mucins that contain transforming growth factor-(TGF)-beta-like domains in their C-terminal end [START_REF] Porchet | MUC genes: a superfamily of genes? Varied structures and expression patterns predict diverse and specific functions[END_REF] and have evolved from a common ancestor gene [START_REF] Desseyn | Evolutionary history of the 11p15 human mucin gene family[END_REF]. The other family of mucin genes (MUC1, MUC3, MUC4, MUC11, MUC12) encodes transmembrane mucins [START_REF] Gendler | Epithelial mucin genes[END_REF][START_REF] Williams | Two novel mucin genes down-regulated in colorectal cancer identified by differential display[END_REF]. Three of them, MUC3, MUC4 and MUC12 contain epidermal growth factor-(EGF)-like domains in their C-terminal end [START_REF] Williams | Two novel mucin genes down-regulated in colorectal cancer identified by differential display[END_REF][START_REF] Moniaux | Complete sequence of the human mucin gene MUC4: a putative cell membrane-associated mucin[END_REF]. The genomic organization of the 11p15 cluster depicted in our laboratory (4) in parallel with an extensive amount of studies about their expression in normal [START_REF] Audié | Expression of human mucin genes in respiratory, digestive, and reproductive tracts ascertained by in situ hybridization[END_REF] and pathological [START_REF] Audié | Mucin gene expression in the human endocervix[END_REF][START_REF] Buisine | Porchet: Aberrant expression of a human mucin gene (MUC5AC) in rectosigmoid villous adenoma[END_REF][START_REF] Vandenhaute | Mucin gene expression in biliary epithelial cells[END_REF][START_REF] Buisine | Abnormalities in mucin gene expression in Crohn's disease[END_REF][START_REF] Copin | From normal respiratory mucosa to epidermoid carcinoma: expression of human mucin genes[END_REF][START_REF] Guillem | Mucin gene expression and cell differentiation in human normal, premalignant and malignant esophagus[END_REF] tissues led us to hypothesize that these four genes, which are tightly regulated, may represent a new class of molecular markers in cancer and play important roles in epithelium tumorigenesis.

Mucin genes often show an altered expression during carcinogenesis (over-expression, repression, aberrant or neo-expression) [START_REF] Buisine | Porchet: Aberrant expression of a human mucin gene (MUC5AC) in rectosigmoid villous adenoma[END_REF][START_REF] Ho | Heterogeneity of mucin expression in normal and neoplastic tissues[END_REF][START_REF] Lesuffleur | Real: Mucins in normal and neoplastic human gastrointestinal tissues[END_REF] and abnormal expression has been correlated to poor prognosis of the tumor (invasiveness) [START_REF] Ho | Do mucins promote tumor cell metastasis?[END_REF]. Moreover, their early expression during mammalian development [START_REF] Buisine | Mucin gene expression in human embryonic and fetal intestine[END_REF][START_REF] Buisine | Developmental mucin gene expression in the human respiratory tract[END_REF][START_REF] Buisine | Developmental mucin gene expression in the gastroduodenal tract and accessory digestive glands. I. Stomach: A relationship to gastric carcinoma[END_REF][START_REF] Buisine | Developmental mucin gene expression in the gastroduodenal tract and accessory digestive glands. II. Duodenum and liver, gallbladder, and pancreas[END_REF] and their position in the 11p15 cluster correlated with their major territory of expression along the antero-posterior axis indicate that these genes may be important during human embryogenesis and the establishment of cell lineages derived from endoderm (Figure 2). However, most of these studies remained descriptive due to the techniques used (northernblotting, in situ hybridization) that only measure the steadystate levels of mRNAs, and to the absence of knowledge about the structure and molecular mechanisms underlying the transcriptional regulation of mucin gene promoters. This lack of information was frustrating as it is mandatory in order to (i) explain how 11p15 mucin genes are regulated, (ii) provide insights in the pathological processes characteristics of chronic diseases of the lung and gastrointestinal tract or in pathologies of the mucosal surfaces in general and therefrom allow scientists to eventually use mucin promoters as biological tools in human gene therapy or mucin genes as markers in diagnostic. An extensive amount of literature about the regulation of MUC1 exists [START_REF] Kufe | Characterization of cis-acting elements regulating transcription of the human DF3 breast carcinoma-associated antigen (MUC1) gene[END_REF][START_REF] Kovarik | Analysis of the tissue-specific promoter of the MUC1 gene[END_REF][START_REF] Kovarik | Two GC boxes (Sp1 sites) are involved in regulation of the activity of the epithelium-specific MUC1 promoter[END_REF][START_REF] Gaemers | A STAT-responsive element in the promoter of the episialin/MUC1 gene is involved in its overexpression in carcinoma cells[END_REF][START_REF] Li | The c-Src tyrosine kinase regulates signaling of the human DF3/MUC1 carcinoma-associated antigen with GSK3beta and beta-catenin[END_REF] and has already pointed out to important roles for this transmembrane mucin in tumorigenesis by promoting invasion and metastasis [START_REF] Spicer | Delayed mammary tumor progression in Muc-1 null mice[END_REF][START_REF] Hilkens | Is episialin/MUC1 involved in breast cancer progression?[END_REF]. It is at this time tested in trials in cancer immunotherapy [START_REF] Agrawal | The biological role of mucins in cellular interactions and immune regulation: prospects for cancer immunotherapy[END_REF][START_REF] Rughetti | Transfected human dendritic cells to induce antitumor immunity[END_REF]. So far, no data has been published on human MUC3, MUC4, MUC6, MUC11 and MUC12 promoters.

Yet, studies about the regulation of mucin secretion over the past 20 years has led to the identification of various stimuli allowing mucous-secreting cells possessing the appropriate receptors to activate intracellular transduction pathways and mediate mucin expression. Mucin secretion is as far as we know either basal (unregulated) or submitted to a tight regulation involving multiple receptor-mediated stimulatory pathways creating a complex interplay between the diverse pathways that lead to a specific response of the cell [START_REF] Forstner | Signal transduction, packaging and secretion of mucins[END_REF][START_REF] Marin | Update: pharmacology of airway secretion[END_REF][START_REF] Bradbury | Protein kinase-A-mediated secretion of mucin from human colonic epithelial cells[END_REF][START_REF] Fischer | Tumor necrosis factor-alpha stimulates mucin secretion and cyclic GMP production by guinea pig tracheal epithelial cells in vitro[END_REF]. The secretagogues known to induce mucin secretion via protein kinase A (PKA), PKC, PKG or Ca 2+ signaling pathways are listed in Table 1. Other studies dealing with mucin secretion in pathological states have shown that inflammatory mediators such as interleukin-(IL)-1beta [START_REF] Cohan | Interleukin-1 is a mucus secretagogue[END_REF], IL-6 [START_REF] Levine | Corticosteroids differentially regulate secretion of IL-6, IL-8, and GM-CSF by a human bronchial epithelial cell line[END_REF][START_REF] Martin | Airway epithelium as an effector of inflammation: molecular regulation of secondary mediators[END_REF] and tumor necrosis factor-(TNF)-alpha [START_REF] Levine | Tumor necrosis factor-alpha induces mucin hypersecretion and MUC-2 gene expression by human airway epithelial cells[END_REF] are responsible for goblet cell metaplasia and mucin hypersecretion in inflammatory diseases of the lung [START_REF] Adler | Interactions between respiratory epithelial cells and cytokines: relationships to lung inflammation[END_REF] and gastrointestinal tract [START_REF] Papadakis | Tumor necrosis factor: Biology and therapeutic inhibitors[END_REF].

When promoter structures of MUC2 [START_REF] Gum | Identification and characterization of the MUC2 (human intestinal mucin) gene 5'-flanking region: promoter activity in cultured cells[END_REF][START_REF] Velcich | Organization and regulatory aspects of the human intestinal mucin gene (MUC2) locus[END_REF], MUC5AC [START_REF] Li | Cloning of the amino-terminal and 5'-flanking region of the human MUC5AC mucin gene and transcriptional up-regulation by bacterial exoproducts[END_REF] and MUC5B [START_REF] Van Seuningen | Sequence of the 5'-flanking region and promoter activity of the human mucin gene MUC5B in different phenotypes of colon cancer cells[END_REF] were characterized, authors looked for signaling pathways and transcription factors known to be activated by these secretagogues, inflammatory mediators and growth factors to demonstrate whether or not mucin gene expression was regulated at the transcriptional level. The strategy was to transfect cells with mucin gene promoters fused to reporter genes, treat transfected cells with the mediators of interest and measure the effect on transcriptional activity. In parallel, DNAprotein interaction studies by gel-retardation (EMSA) allowed the identification of transcription factors and their cognate cis-elements within the promoter. The next step will be to use receptor analogs, specific antibodies against receptors or chemical inhibitors to identify the cascade(s) of events, from the interaction of the stimuli (ligand) with its cell receptor to the activation and translocation to the nucleus of the activated transcription factor, that will end up activating mucin gene transcription.

The structures of the promoters of three of the 11p15 mucin genes, that is MUC2, MUC5AC and MUC5B will be presented before describing the different stimuli and signaling pathways known, up to now, to regulate these genes. No data has been published regarding MUC6 promoter, so far. The implications in human pathophysiology (inflammatory diseases and cancer) will be discussed.

11P15 MUCIN GENE EXPRESSION IS CELL-AND TISSUE-SPECIFIC

In situ hybridization and northern-blotting studies performed in our group and others on normal tissues from different epithelial sources have shown that mucin gene expression is cell-and tissue-specific [START_REF] Porchet | MUC genes: a superfamily of genes? Varied structures and expression patterns predict diverse and specific functions[END_REF][START_REF] Audié | Expression of human mucin genes in respiratory, digestive, and reproductive tracts ascertained by in situ hybridization[END_REF][START_REF] Ho | Heterogeneity of mucin expression in normal and neoplastic tissues[END_REF][START_REF] Lesuffleur | Real: Mucins in normal and neoplastic human gastrointestinal tissues[END_REF]. In general, mucin-producing cells (goblet cells of the surface epithelium or mucous cells of the submucosal glands) express a panel of mucin genes and not one. Common mechanisms of regulation are most likely responsible for this simultaneous expression of several genes. 11p15 mucin Table 1. Mediators known to induce mucin expression/secretion.

Activators of phospholipase C (PLC)

After binding to a G-protein-associated receptor, PLC is activated and will lead to the formation of IP 3 or DAG. Consequent increase in intracellular Ca 2+ will then activate PKC.

-Cholinergic agonists (muscarinic receptors): methacholine, carbachol -Luminal ATP, UTP (P2 purinergic receptors) -ADP -Alpha 1 -adrenergic agonists (IP 3 ): Methoxamine, substance P -Neuropeptides: neurotensine, neuromedine N

Activators of adenylate cyclase (AC)

Activation of AC induces intracellular increase in cAMP used to phosphorylate and activate PKA.

-Neuropeptides: VIP -Cholera toxin -Prostaglandines E1, E2 et F2beta -Secretine -Beta-adrenergic analogs: isoproterenol -Other neuropeptides, cathecholamines -Biliary acids

Activators of guanylate cyclase (GC)

They induce intracellular increase of cGMP followed by activation of PKG.

-NO (nitric oxide) and NOS (nitric oxide species) -Lipid mediator: PAF

Inflammatory mediators

Mucin secretion is under the influence of inflammatory mediators and goblet cell hyperplasia is mediated by T cells.

-IL-1alpha, IL-1beta -Th2 cytokines: IL-4, IL-6, IL-9, IL-13 -Th1-Th2 cytokine: TNF-alpha -Th1 cytokine: IFN-gamma -MMS-68 (macrophage-derived protein 68) -C3a -Histamine -Elastase, cathepsin G, chymase -Free radicals, ROS (radical oxygen species)

Other mediators

These molecules are known to induce mucin secretion.

-Mustard oil -Vitamin A et retinoids -Bacteria and bacterial products: Pseudomonas aeruginosa, Helicobacter pylori, Entamoeba histolytica, Bordetella pertussis, LPS, rhamnolipids -Hormones: estrogen, T 3 -Glucocorticoids: dexamethasone, budenoside -Plasma-derived product: bradykinine -Tobacco-derived product: acrolein (aldehyde) -Pollutant: ROFA genes also show organ-specificity. In that case, they are often expressed as couples, one gene being expressed in surface epithelial goblet cells and the other one in mucous cells of the glands. For example in the respiratory tract, MUC5AC is the major mucin gene expressed in surface goblet cells whereas MUC5B is prominent in the mucous cells of the submucosal glands [START_REF] Copin | From normal respiratory mucosa to epidermoid carcinoma: expression of human mucin genes[END_REF]. In the stomach, MUC5AC is again present at the surface of the epithelium whereas MUC6 is found within the glands [START_REF] Buisine | Developmental mucin gene expression in the gastroduodenal tract and accessory digestive glands. I. Stomach: A relationship to gastric carcinoma[END_REF][START_REF] Ho | Expression cloning of gastric mucin complementary DNA and localization of mucin gene expression[END_REF][START_REF] Bartman | The MUC6 secretory mucin gene is expressed in a wide variety of epithelial tissues[END_REF].

On the other hand, in pathological states, the pattern of expression is altered, showing that the cell specifically responds to different signals and activates new intracellular signaling pathways that in the end may affect the cell phenotype. Altered expression has been described in lung [START_REF] Copin | From normal respiratory mucosa to epidermoid carcinoma: expression of human mucin genes[END_REF], esophagus [START_REF] Guillem | Mucin gene expression and cell differentiation in human normal, premalignant and malignant esophagus[END_REF], gastric [START_REF] Reis | Intestinal metaplasia of human stomach displays distinct patterns of mucin (MUC1, MUC2, MUC5AC, MUC6) expression[END_REF], colon [START_REF] Lesuffleur | Real: Mucins in normal and neoplastic human gastrointestinal tissues[END_REF] and pancreatic (50) carcinomas. Most interestingly, altered mucin gene expression varies during the different steps of carcinogenesis (metaplasia, preneoplasia, neoplasia). This has led to the hypothesis that mucin genes could be used as markers of tumor progression. For example, MUC5AC expression in rectosigmoid villous adenomas (RVAs) is postulated to be one of the early steps in a multi-stage process of tumorigenesis [START_REF] Buisine | Porchet: Aberrant expression of a human mucin gene (MUC5AC) in rectosigmoid villous adenoma[END_REF]. Repression of transcription is either due to the activation of inhibitory cis-elements in promoters, to epigenetic modifications of DNA (methylation) and/or histone acetylation. Methylation of MUC2 and MUC5B promoters was shown to occur in colon [START_REF] Hanski | MUC2 gene suppression in human colorectal carcinomas and their metastases: in vitro evidence of the modulatory role of DNA methylation[END_REF] and gastric cancer cells [START_REF] Perrais | Van Seuningen-Lempire: Aberrant expression of human mucin gene MUC5B in gastric carcinoma and cancer cells. Identification and regulation of a distal promoter[END_REF], respectively. That mechanism was postulated to be responsible for the loss of MUC2 and MUC5B expression in the corresponding nonmucinous carcinomatous tissues.

Why does a cell need to express different kind of mucins, is it only a phenomenon of redundancy or do they play different roles due to (i) their final destination (secreted or anchored in the membrane), (ii) their level of glycosylation and the antigenic motifs that will then be exposed to the immune system, bacteria, endothelial cells, or substratum (iii) the presence of EGF-like (MUC3, MUC4, MUC12) or TGF-beta-like (11p15 MUCs) domains in the C-terminal end of the proteins, that might display growth factor activity in an autocrine process where the epithelial cell would autoregulate the synthesis of its own pool of mucins? All these issues remain to be answered.

ORGANIZATION OF THE 11P15 MUCIN GENE CLUSTER

This cluster contains the four mucin genes MUC2, MUC5AC, MUC5B and MUC6. The MUC cluster is located on the p15 arm of the chromosome 11 [START_REF] Pigny | Human mucin genes assigned to 11p15.5: identification and organization of a cluster of genes[END_REF]. It is long of 400 kb, MUC6 is the most telomeric gene whereas MUC5B is at the centromeric end (Figure 1). The MUC cluster is located between the HRAS and IGF-II loci. MUC2, MUC5AC and MUC5B are transcribed in the same orientation (44) whereas MUC6's is opposite (53) (Figure 2). The 11p15 region is rich in CpG islands, in genes encoding tumor suppressor genes (WT1), growth factors (IGF-II) or oncogenes (HRAS) [START_REF] Redeker | An integrated physical map of 210 markers assigned to the short arm of human chromosome 11[END_REF][START_REF] Paris | Characterization of a 500-kb contig spanning the region between c-Ha-Ras and MUC2 on chromosome 11p15.5[END_REF] and genes submitted to imprinting [START_REF] Schwienbacher | Gain of imprinting at chromosome 11p15: A pathogenetic mechanism identified in human hepatocarcinomas[END_REF]. Most of the genes in that region are regulated by methylation in cancers [START_REF] Tycko | Epigenetic gene silencing in cancer[END_REF][START_REF] Jirtle | Genomic imprinting and environmental disease susceptibility[END_REF][START_REF] Baylin | DNA hypermethylation in tumorigenesis. Epigenetics joins genetics[END_REF] and not surprisingly, recent data regarding MUC genes have demonstrated that methylation is used by certain colon and gastric cancer cells to repress expression of MUC2 (51) and MUC5B (52) mucin genes, respectively.

STRUCTURES OF THE PROMOTERS OF MUC2, MUC5AC AND MUC5B

Structure of the promoter of MUC2

MUC2 is the major mucin expressed in normal colon [START_REF] Tytgat | Biosynthesis of human colonic mucin: Muc2 is the prominent secretory mucin[END_REF] and as such the structure and activity of its promoter, the first promoter of the 11p15 mucin genes to be characterized, were studied in colon cancer cells [START_REF] Gum | Identification and characterization of the MUC2 (human intestinal mucin) gene 5'-flanking region: promoter activity in cultured cells[END_REF][START_REF] Velcich | Organization and regulatory aspects of the human intestinal mucin gene (MUC2) locus[END_REF]. The promoter is characterized by the presence of a typical TATA box located 25 nucleotides upstream of the transcriptional start site and by a CACCC box that lies between bases -88/-80 (GenBank accession number: U67167) (Figure 3) [START_REF] Gum | Identification and characterization of the MUC2 (human intestinal mucin) gene 5'-flanking region: promoter activity in cultured cells[END_REF]. A short fragment at -91/-73 was shown to be essential for the basal activity of the promoter. The promoter region of MUC2 seems to be separated in an AT-rich region from bases -4000 to -8000, whereas downstream to -4000 the DNA sequence becomes GC-rich, to reach a maximum of 70%. The authors have noticed the presence of several repeated motifs like the tetranucleotide motif ATCC repeated 101 times or the pentanucleotide CCTGC that is repeated 26 times but so far no precise role was identified for these repeats [START_REF] Gum | Identification and characterization of the MUC2 (human intestinal mucin) gene 5'-flanking region: promoter activity in cultured cells[END_REF]. Recently, this group showed that cell-specific elements driving MUC2 expression in granular goblet cells of the colon are present within the bases -2864/+17 of the 5'-flanking region [START_REF] Gum | Goblet cell-specific expression mediated by the MUC2 mucin gene promoter in the intestine of transgenic mice[END_REF]. The presence of a CT-rich element, also found in ITF (intestinal trefoil peptide) promoter, that is activated by the transcription factor GCBP, a transcription factor specific of goblet cells, raises the question whether mucins and trefoil peptides could be not only co-expressed by the same cells but also co-regulated and consequently be essential markers of goblet cell differentiation. A second group working on MUC2 promoter has sequenced 12 kb of the 5'-flanking region (GenBank accession number: U68061) and showed that the first 848 bp upstream of the transcription start site account for the maximal activity of the promoter in colon cancer cells [START_REF] Velcich | Organization and regulatory aspects of the human intestinal mucin gene (MUC2) locus[END_REF]. The upstream region that flanks the TATA box contains numerous putative binding sites for activator protein-(AP)-1, AP-2, cAMP-responsive element binding protein (CREB), thyroid hormone (TR), C/EBP, Adh1 (CCCGG), HC3 (CCACCA) transcription factors and one E-box (at -1329, putative binding site for c-Myc) (44) (Figure 3). 

Structure of the promoter of MUC5AC

The promoter of MUC5AC also contains a TATA box located at -29/-23 upstream of the transcription initiation start site (45) (Figure 4). 1.6 kb of the 5'-flanking region has been published so far (GenBank accession number: AF016834). It is characterized by numerous binding sites for Sp1, AP-2, glucocorticoid receptor element (GRE), PEA3, and NF-kappaB transcription factors. One CACCC box, a motif that is known to be able to bind Sp1 and initiate transcription, was also found. MUC5AC promoter shows the typical organization of a promoter conferring cell-specific expression to the gene and authors mentioned that key cis-elements operate within 4 kb upstream of the transcription start site (45).

Structure of the promoter of MUC5B

This is the latest of the 11p15 mucin gene promoter that has been characterized. 4.5 kb upstream of the first transcription initiation site have been described so far (GenBank accession numbers: AJ011582 and AJ012453) (Figure 5). Two transcription units drive MUC5B expression. The proximal promoter is characterized by a TATA box (TACATAA) located at -32/-26 [START_REF] Van Seuningen | Sequence of the 5'-flanking region and promoter activity of the human mucin gene MUC5B in different phenotypes of colon cancer cells[END_REF][START_REF] Offner | The amino-terminal sequence of MUC5B contains conserved multifunctional D domains: implications for tissue-specific mucin functions[END_REF] and is under the control of the ubiquitous transcription factor Sp1 as well as methylation [START_REF] Perrais | Van Seuningen-Lempire: Aberrant expression of human mucin gene MUC5B in gastric carcinoma and cancer cells. Identification and regulation of a distal promoter[END_REF]. Transcription factor NF-kappaB and oncogenes c-Myc and N-Myc also bind to the proximal promoter [START_REF] Van Seuningen | Sequence of the 5'-flanking region and promoter activity of the human mucin gene MUC5B in different phenotypes of colon cancer cells[END_REF]. Studies in our group led to the characterization of a distal promoter also flanked by a TATA box (TAAATAAAA) and located 1.0 kb upstream of the proximal promoter [START_REF] Perrais | Van Seuningen-Lempire: Aberrant expression of human mucin gene MUC5B in gastric carcinoma and cancer cells. Identification and regulation of a distal promoter[END_REF]. A transcription initiation site was found downstream of the distal TATA box and displayed a strong activity in KATO-III gastric cancer cells. The up-regulation of that distal promoter is thought to be responsible for the high and aberrant expression of MUC5B in gastric carcinomas. The distal promoter, rich in activating transcription factor (ATF)/CREB cis-elements, is most likely under the control of this family of transcription factors.

It has been suggested that mucin genes may play important roles during development, in the establishment of cell lineages derived from endoderm [START_REF] Buisine | Developmental mucin gene expression in the gastroduodenal tract and accessory digestive glands. I. Stomach: A relationship to gastric carcinoma[END_REF][START_REF] Buisine | Developmental mucin gene expression in the gastroduodenal tract and accessory digestive glands. II. Duodenum and liver, gallbladder, and pancreas[END_REF]. Our hypothesis is that they may act as targets of transcription factors regulating respiratory (Hox, TTF-1, HNF-3, RARs, RXRs, c-Myc, N-Myc) [START_REF] Cardoso | Transcription factors and pattern formation in the developing lung[END_REF] and intestinal (Cdx-1, Cdx-2, HNF-1, HNF-3, HNF-4, GATA-4/5/6) (64, 65) cell differentiation during development. Putative binding sites for such factors have been found in the promoters of MUC2 (HNF-3, GATA-1), MUC5AC (HNF-1, GATA-1) (Van Seuningen I., unpublished results) and MUC5B (HNF-1, HNF-3, TTF-1, Hox, GATA-1, TGT3) [START_REF] Van Seuningen | Sequence of the 5'-flanking region and promoter activity of the human mucin gene MUC5B in different phenotypes of colon cancer cells[END_REF][START_REF] Perrais | Van Seuningen-Lempire: Aberrant expression of human mucin gene MUC5B in gastric carcinoma and cancer cells. Identification and regulation of a distal promoter[END_REF]. We already showed that c-Myc/N-Myc and GATA-1 bind to the promoter and the first intron of MUC5B, respectively [START_REF] Van Seuningen | Sequence of the 5'-flanking region and promoter activity of the human mucin gene MUC5B in different phenotypes of colon cancer cells[END_REF]. Functional studies in progress in our laboratory will provide new insights as to whether or not the putative ciselements are active during cell differentiation.

TRANSCRIPTIONAL REGULATION OF 11P15 MUCIN GENES BY EXOGENOUS FACTORS

Studies about mucin gene transcriptional regulation has benefited from earlier studies on mucin secretion that led to the identification of a large variety of secretagogues. It has also benefited from studies about mucin gene expression in normal and pathological tissues in which steady-state levels of mucin gene mRNAs were detected by northern-blotting, RT-PCR or in situ hybridization. In vitro (epithelial carcinoma cell lines and primary normal epithelial cells) and in vivo (pathogen-free mice and rats, transgenic and knock-out mice) models are now used to investigate mucin gene regulation by exogenous factors (secretagogues, inflammatory mediators, growth factors and other effectors known to affect mucin expression/secretion). Availability of human and rodents mucin gene promoters will now allow studies in the same models to identify the molecular mechanisms responsible for mucin gene transcriptional regulation.

Transcriptional regulation of MUC2

Since MUC2 is the major mucin expressed in colon [START_REF] Tytgat | Biosynthesis of human colonic mucin: Muc2 is the prominent secretory mucin[END_REF] and was shown to be over-expressed in colon cancer as well as other inflammatory diseases of the gastrointestinal tract (66), much studies have been conducted in gastric and colonic cancer cells. However, data is also available from respiratory cell lines in which MUC2 regulation was studied in parallel with that of MUC5AC.

Regulation in colon cancer cells

The first studies have focused on G-proteinassociated second mediators signaling pathways. Cells were stimulated with either forskolin (activator of PKA), A23187 (calcium ionophore), or 12-Otetradecanoylphorbol-13-acetate/phorbol 12-myristate 13acetate (TPA/PMA) (PKC activators) (Figure 6). Effects on transcription was either measured by northernblotting, RT-PCR or after transfecting cells with promoter constructs. In HT-29 colon cancer cells, MUC2 gene expression is activated by PKC-and PKA-dependent signal transduction pathways [START_REF] Velcich | Organization and regulatory aspects of the human intestinal mucin gene (MUC2) locus[END_REF]. However, run-off experiments suggested that MUC2 accumulation in these cells was rather due to post-transcriptional mechanisms [START_REF] Velcich | Regulated expression of an intestinal mucin gene in HT29 colonic carcinoma cells[END_REF]. It was suggested that TPA-induced-MUC2 mRNA accumulation was mediated via the transient induction of the AP-1 complex whereas forskolin induced post-translational modification of a pre-existing factor, most likely of the CREB/ATF family. In another study, the authors showed that TPA-and cAMP-responsiveness of MUC2 promoter was found in HeLa cells but not in colon cancer cells suggesting that AP-1 and AP-2 sites are inactive in these cells [START_REF] Velcich | Organization and regulatory aspects of the human intestinal mucin gene (MUC2) locus[END_REF]. In HM3 (68), T84 and HT-29/A1 (69) mucussecreting colon cancer cells, MUC2 and MUC5AC transcription was up-regulated by PKC whereas it had no effect on MUC5B and MUC6. In HT-29/A1 cells, MUC5B mRNA was even decreased after PMA treatment [START_REF] Hong | Induction of mucin gene expression in human colonic cell lines by PMA is dependent on PKCepsilon[END_REF]. Among the different isoforms of PKC, Ca 2+ -independent PKC-epsilon was shown to be responsible for the upregulation of MUC2 and MUC5AC in colon cancer cells [START_REF] Hong | Induction of mucin gene expression in human colonic cell lines by PMA is dependent on PKCepsilon[END_REF]. Gum et al. [START_REF] Gum | Identification and characterization of the MUC2 (human intestinal mucin) gene 5'-flanking region: promoter activity in cultured cells[END_REF] pointed out to a CACCC box that binds Sp1 and confers maximal activity in C1a mucussecreting colon cancer cells and that bases between -228/-171 conferred cell-specific activity to the promoter (Figure 3).

MUC2 is the prominent mucin in normal intestine and in colitis [START_REF] Tytgat | Biosynthesis of human colonic mucin: Muc2 is the prominent secretory mucin[END_REF]. In relation with ulcerative colitis (UC), Enss et al. [START_REF] Enss | Proinflammatory cytokines trigger MUC gene expression and mucin release in the intestinal cancer cell line LS180[END_REF] have looked at cytokine (IL-1, TNF-alpha and IL-6) effects on mucin mRNA levels in colonic LS180 mucus-secreting cancer cells. 40% of those cells contain intracellular mucin granules and MUC2 was shown to be up-regulated by the three cytokines. PKC appears as a good candidate as the signal transducer under these conditions as it is activated by these three pro-inflammatory cytokines. However, studies on MUC2 transcriptional regulation in gastric cells (in relation with MUC2 over-expression during intestinal metaplasia before gastric adenocarcinoma) and in colonic cells (in relation with the over-expression of MUC2 in colon adenocarcinoma and in inflammatory bowel diseases such as Crohn's disease (CD), UC, and RVA) remain sparse and ask for more detailed analyses in order to identify the cis-elements in the promoter and/or in introns that are recognized by transcription factors activated by IL-1, TNF-alpha and IL-6. Two recent studies, however, suggested that increased MUC2 detectability in UC and CD was due to post-transcriptional processing and that it was related to the inflammatory process [START_REF] Hanski | Defective post-transcriptional processing of MUC2 mucin in ulcerative colitis and in Crohn's disease increases detectability of the MUC2 protein core[END_REF][START_REF] Louvet | Transdermal nicotine decreases mucosal IL-8 expression but has no effect on mucin gene expression in ulcerative colitis[END_REF].

Many studies have led to the postulate that common regulatory pathways exist besides specific regulation of each mucin gene of the 11p15 cluster. The study by Enss et al. in LS180 cells (70) pointed out again to the complex regulatory mechanisms that may be responsible for the specific mucin gene profile of expression that is characteristic of a particular pathophysiological state of the cell. Cross-talk between different signaling pathways most likely occurs and contributes to the complexity of our understanding of mucin gene regulation. For example, in the normal colon MUC2 is the prominent mucin gene (60) whereas MUC5AC is not expressed [START_REF] Audié | Expression of human mucin genes in respiratory, digestive, and reproductive tracts ascertained by in situ hybridization[END_REF]. However they are frequently co-expressed in goblet cells in the presence of duodenal and colonic inflammation [START_REF] Shaoul | The pathogenesis of duodenal gastric metaplasia: the role of local goblet cell transformation[END_REF]. These two genes are also over-expressed in gastric metaplasia (MUC5AC) and intestinal metaplasia (MUC2), two inflammatory responses that precede later stages of carcinogenesis in colon and gastric cancers, respectively. Thus, there is pathological evidence for 11p15 mucin gene co-regulation by inflammatory mediators in intestinal cells. From Enss's study, one can hypothesize that the same signaling pathway is used by IL-1 to up-regulate MUC2 and MUC5AC, by IL-6 to induce MUC2, MUC5B and MUC6 and by TNF-alpha for MUC2 and MUC5B [START_REF] Enss | Proinflammatory cytokines trigger MUC gene expression and mucin release in the intestinal cancer cell line LS180[END_REF]. How does the cell discriminate between the numerous signaling pathways that lead to mucin gene activation? How does the selection occur within the MUC cluster to activate/repress one gene or another ? All these important issues remain to be addressed and await the characterization of the promoter of the fourth gene of the cluster, that is MUC6.

Regulation in lung cancer cells

MUC2 transcriptional regulation in lung cells has benefited from studies conducted by the group of Carol Basbaum, who has focused for these past few years on studying the influence of various mediators on mucin gene expression in cystic fibrosis (CF). They have demonstrated that lipopolysaccharide (LPS) secreted by Gram-negative Pseudomonas aeruginosa (PsE), a virulent bacterium that colonizes the lungs of CF patients and is associated with airway plugging due to over-production of mucins, activates the Src/Ras/MAPK/pp90 rsk signaling pathway. Activated NF-kappaB, then translocates to the nucleus and activates the transcription of MUC2 (Figure 7). These studies were the first ones to use specific chemical inhibitors (capable of inhibiting each step of the signaling cascade from the membrane-associated tyrosine kinases to the serine-threonine cytoplasmic kinases) and dominant negative mutants [START_REF] Li | Transcriptional activation of mucin by Pseudomonas aeruginosa lipopolysaccharide in the pathogenesis of cystic fibrosis lung disease[END_REF][START_REF] Li | Activation of NF-kappaB via a Srcdependent Ras-MAPK-pp90rsk pathway is required for Pseudomonas aeruginosa-induced mucin overproduction in epithelial cells[END_REF][START_REF] Basbaum | Control of mucin transcription by diverse injury-induced signaling pathways[END_REF]. Two PsE-sensitive cis-elements were identified by EMSA. A distal kappaB element (-1458/-1430) binds the transcription factor NF-kappaB (Figure 3) whereas the proximal enhancer (-343/-73) binds a nuclear factor yet to be identified [START_REF] Li | Activation of NF-kappaB via a Srcdependent Ras-MAPK-pp90rsk pathway is required for Pseudomonas aeruginosa-induced mucin overproduction in epithelial cells[END_REF][START_REF] Basbaum | Control of mucin transcription by diverse injury-induced signaling pathways[END_REF]. The same group widened their studies to other pathogens and showed that Gram-negative (Escherichia coli) and Gram-positive (Staphylococcus aureus, S. epidermidis, S. pyogenes) bacteria also activate MUC2 expression [START_REF] Dohrman | Mucin gene (MUC 2 and MUC 5AC) upregulation by Gram-positive and Gram-negative bacteria[END_REF]. However, the Gram-positive MUC2 response element is located further upstream in the promoter and does not contain a kappaB site [START_REF] Basbaum | Control of mucin transcription by diverse injury-induced signaling pathways[END_REF].

Among pro-inflammatory mediators, TNF-alpha [START_REF] Levine | Tumor necrosis factor-alpha induces mucin hypersecretion and MUC-2 gene expression by human airway epithelial cells[END_REF] and IL-1beta [START_REF] Kim | Regulation of IL-1beta-mediated MUC2 gene in NCI-H292 human airway epithelial cells[END_REF] have been shown to up-regulate MUC2 transcription in the lung mucoepidermoid NCI-H292 adenocarcinoma cell line. TNF-alpha also upregulates MUC2 expression in gastric cancer cells [START_REF] Cornberg | Variation of human mucin gene expression in gastric cancer cell lines and gastric mucous cell primary cultures[END_REF]. Most interestingly, Kim et al. showed that budenoside (a glucocorticoid) inhibited the IL-1beta-mediated MUC2 upregulation [START_REF] Kim | Regulation of IL-1beta-mediated MUC2 gene in NCI-H292 human airway epithelial cells[END_REF]. Glucocorticoids are at this time, efficiently used to decrease mucus hypersecretion in nasal and lung inflammatory airways. It is postulated that they do so by inhibiting IL-1beta-mediated mucin gene up-regulation. To these studies, in which mRNA content was measured by RT-PCR and transcriptional regulation was either confirmed by run-on assays, or by the use of the protein synthesis inhibitor cycloheximide and transcription inhibitor actinomycin D, it will be necessary in the future to identify and localize active cis-elements in the promoter and/or introns of MUC2 and the intracellular signaling events activated by IL-1beta and TNF-alpha. 

Transcriptional regulation of MUC5AC

MUC5AC being one of the major mucin gene expressed in the lung (goblets cells of the surface epithelium), much of the work has focused on its regulation by T-helper-(Th)-1-and Th2-associated inflammatory mediators (TNF-alpha, IL-1beta, IL-4, IL-9, IL-13), bacterial exoproduct (LPS), oxidants (nitric oxide, NO), pollutants, cigarette smoke, retinoids and growth factors involved in inflammatory diseases of the lung as well as lung cancer (Figures 4 and8). It will be however important to look at signaling pathways activated by other environmental factors that are known to ensure an efficient response in immune and inflammatory lung diseases. Nuclear factors to be looked at are NF-kappaB, AP-1, NF-IL6, NF-AT, GR, CREB, GATA and STAT (80).

Regulation by inflammatory mediators

Studies in IL-4 transgenic mice showed that IL-4 induces MUC5AC transcription in non-ciliated cells followed by MUC5AC mucin protein synthesis [START_REF] Temann | A novel role for murine IL-4 in vivo: Induction of MUC5AC gene expression and mucin hypersecretion[END_REF]. At this time, the authors do not know whether this occurs via (i) direct up-regulation of MUC5AC transcription by IL-4 via the STAT signaling pathway, (ii) via an IL-4-activated second mediator that then activates MUC5AC transcription, (iii) or whether MUC5AC up-regulation is a consequence of the IL-4-mediated metaplastic transformation of nonciliated cells into goblet cells. These authors also showed that IL-4 does not up-regulate MUC2 transcription and that other transgenic mice models (IL-6, IL-11 and IL-5) did not induce mucin over-production [START_REF] Temann | A novel role for murine IL-4 in vivo: Induction of MUC5AC gene expression and mucin hypersecretion[END_REF]. Another study conducted in vitro (NCI-H292 cells) and in vivo (pathogenfree mice) showed that IL-4 directly induces goblet cell metaplasia. However, direct effect on MUC2 and MUC5AC transcription could not be proved and remains to be studied in this model [START_REF] Dabbagh | IL-4 induces mucin gene expression and goblet cell metaplasia in vitro and in vitro[END_REF]. Authors had no explanation as to why, in vitro, MUC2 mRNA content was higher after IL-4 treatment when MUC5AC mRNA level was unchanged, whereas opposite effects were observed in vivo (increase of MUC5AC mRNA and no effect on MUC2). Lipid metabolites have also been implicated in leukocyte trafficking, in airway hyperactivity and mucus secretion. Among them, 15-lipoxygenase (15-LO) metabolites were shown to stimulate mucin secretion (83, 84) when 15-LO expression is activated by IL-4 in A549 lung carcinoma cells [START_REF] Brinkmann | Eicosanoids and other bioactive lipids in cancer, inflammation and radiation injury II[END_REF]. The group of Nettesheim tried to link IL-4-mediated mucus secretion to IL-4-mediated 15-LO expression [START_REF] Jayawickreme | Regulation of 15-lipoxygenase expression and mucus secretion by IL-4 in human bronchial epithelial cells[END_REF]. For that they chose the wellcharacterized model of normal human tracheobronchial epithelial cells (NHTBE) described by Gray et al. [START_REF] Gray | Mucociliary differentiation of serially passaged normal human tracheobronchial epithelial cells[END_REF] that allow studies about differentiation of these cells into a mucociliary epithelium. Surprisingly enough, IL-4 treatment of NHTBE cells did not lead to an increase in mucin secretion but to a decrease. Moreover, MUC5AC and MUC5B transcription was also inhibited. To explain the discrepancy with previous studies that had showed a positive effect of IL-4 on mucin secretion and expression [START_REF] Temann | A novel role for murine IL-4 in vivo: Induction of MUC5AC gene expression and mucin hypersecretion[END_REF][START_REF] Marom | Human airway monohydroxyeicosatetranoic acid generation and mucus release[END_REF][START_REF] Adler | Plateletactivating factor provokes release of mucin-like glycoproteins from guinea pig respiratory epithelial cells via a lipoxygenase-dependent mechanism[END_REF], they speculated that it was due to the experimental model used. It would be either an indirect effect of IL-4 on immune cells and IgE production (81), due to the presence of mesenchymal and inflammatory cells in bronchial explants [START_REF] Marom | Human airway monohydroxyeicosatetranoic acid generation and mucus release[END_REF] or to the difference between human and guinea pig tracheobronchial cells in responding to 15-LO [START_REF] Adler | Plateletactivating factor provokes release of mucin-like glycoproteins from guinea pig respiratory epithelial cells via a lipoxygenase-dependent mechanism[END_REF]. Studies about IL-4 effects on mucin gene promoter activity may provide an explanation to these discrepant results and show whether or not IL-4 has a direct effect on mucin gene transcription. Because IL-4R and IL-13R heterodimerize with the same kind of receptors (gamma c chain) (Figure 8) and consequently induce the same intracellular signaling pathways (88), it will be of interest to look at IL-13 effects on mucin gene regulation as well. A recent study performed in pathogen-free mice, which contain only few, if any, mucus-producing cells, showed that IL-13-challenged animals presented a goblet cell metaplasia and an increase in MUC5AC expression both at the mRNA and protein level; no effect was seen on MUC2 expression [START_REF] Alimam | Rose: Muc-5/5ac mucin messenger RNA and protein expression is a marker of goblet cell metaplasia in murine airways[END_REF].

A few other studies have been conducted about lipid mediators effect on 11p15 mucin gene regulation. In inflammatory airway diseases, prevalent lipid mediators include prostaglandins, leukotriens, hydroxyeicosatetraenoic acids (HETEs) and platelet-activating factor (PAF). These lipid mediators are produced both by infiltrating inflammatory cells and epithelial cells in response to a number of stimuli. They, in turn, act as primary or secondary mediators of airway inflammation [START_REF] Martin | Airway epithelium as an effector of inflammation: molecular regulation of secondary mediators[END_REF]. In the lung, primary inflammatory mediators include interferongamma (IFN-gamma) and TNF-alpha, which in turn can provoke production of secondary mediators by epithelial cells, including lipid mediators, cytokines (IL-6, IL-8, GM-CSF, IGF-I), reactive oxygen (superoxide anion radical, hydroxyl radical, hydrogen peroxide) and nitrogen (NO, and peroxynitrite) species. These secondary mediators because they further affect pathophysiological alterations such as hypersecretion of mucus and increased inflammation are regarded as potent actors in the pathogenesis of respiratory diseases such as asthma and chronic bronchitis. IL-6 for instance has direct effect on epithelial cells by increasing secretion of mucus (most likely preformed mucus stocked in granules of goblet cells) and steady-state level of MUC2 mRNA [START_REF] Levine | Corticosteroids differentially regulate secretion of IL-6, IL-8, and GM-CSF by a human bronchial epithelial cell line[END_REF]. The latter study performed in guinea pigs and rats confirmed the fact that PAF induces goblet cell hyperplasia and MUC5AC expression [START_REF] Lou | Platelet-activating factor induces goblet cell hyperplasia and mucin gene expression in airways[END_REF]. PAF effect on cell hyperplasia was potentiated by pro-inflammatory cytokine TNF-alpha, however TNF-alpha itself had no effect on MUC5AC expression.

In summary, there is strong evidence for PAFinduced goblet cell hyperplasia and mucin secretion during inflammatory diseases of the airways. PAF-mediated upregulation of MUC5AC could be under the control of PKC signaling pathway via activation of phospholipase C (PLC) and production of diacylglycerol (DAG) and inositoltriphosphate (IP 3 ) (Figure 6). However, PAF could also induce mucin secretion via activation of PLA 2 , formation of arachidonic acid and consequently production of eicosanoids, by lipoxygenase and cycloxygenase, that are potent mucin secretagogues. The PKC isoform involved in PAF-mediated mucin secretion remains to be identified. PKC-zeta isoform was found to be translocated to the membrane after PAF treatment but no correlation was made with induction of mucin expression/secretion [START_REF] Larivée | Platelet-activating factor induces airway mucin release via activation of protein kinase C: Evidence for translocation of protein kinase C to membranes[END_REF]. PAF effects during the inflammatory reaction could be potentiated by inflammatory mediators such as TNF-alpha, IL-1beta and LPS because they are known to inhibit PAF acetylhydrolase that is the enzyme responsible for the breakdown of PAF [START_REF] Narahara | Effects of endotoxins and cytokines on the secretion of platelet-activating factoracetylhydrolase by human decidual macrophages[END_REF]. IL-4, IL-13 and PAF thus can be considered as potent mediators of inflammation in the airways and contribute to airway plugging and increase morbidity and mortality associated with asthma, bronchitis and CF. MUC5AC seems to be the major mucin gene targeted during goblet cell hyperplasia and metaplasia in the lung. Studies of its regulation at the molecular level will certainly be encouraged and needed to elucidate the mechanisms underlying human airway remodeling and prove relevant to the successful treatment of asthma and inflammatory diseases of the lung.

Interleukin-9 (IL-9), another Th2-associated cytokine, is also able to activate mucin gene expression and mucin production (Figure 8). In the first study, IL-9 was shown to stimulate MUC5AC transcription but only accounted for 50-60% of the mucin-stimulating activity of lung fluids in allergic airway disease, thus leaving room for other inflammatory mediators [START_REF] Longphre | Allergen-induced IL-9 directly stimulates mucin transcription in respiratory epithelial cells[END_REF]. Based on their results and those from other authors, IL-8, IL-5 and IL-13, which failed to activate MUC5AC transcription in in vitro assays, were eliminated. Longphre et al. proposed it could be IL-4. In another study, MUC2 and MUC5AC up-regulation by IL-9 was shown in vivo in transgenic mice whereas Th1associated cytokine IFN-gamma failed to induce them [START_REF] Louahed | Interleukin-9 upregulates mucus expression in the airways[END_REF]. They confirmed their in vivo studies by in vitro experiments in the mucoepidermoid NCI-H292 cell line.

Other inflammatory mediators that have been shown to increase MUC5AC transcription, include LPS [START_REF] Li | Transcriptional activation of mucin by Pseudomonas aeruginosa lipopolysaccharide in the pathogenesis of cystic fibrosis lung disease[END_REF] and human neutrophil elastase (HNE) [START_REF] Voynow | Neutrophil elastase increases MUC5AC mRNA and protein expression in respiratory epithelial cells[END_REF]. In that work, authors showed that active HNE increases MUC5AC mRNA level by enhancing mRNA stability both in A549 lung adenocarcinoma and NHTBE cells. That phenomenon was restricted to serine-proteases. Goblet cell metaplasia and increase in production/secretion of MUC5AC by HNE was then shown to be mediated by the induction of reactive oxygen species (ROS) [START_REF] Fischer | Neutrophil elastase induces MUC5AC messenger RNA expression by an oxidantdependent mechanism[END_REF]. It remains to be demonstrated whether ROS are responsible for the increase of MUC5AC mRNA stability following increase of intracellular oxidant stress by HNE, by identifying the downstream events triggered by ROS. Now that several pro-inflammatory cytokines have emerged (IL-1beta, IL-4, IL-9, IL-13, TNF-alpha) as pro-mucin agents, it is time to turn to intracellular signaling and decipher the cascade of events that leads to mucin gene transcription up-regulation. Several pathways will have to be investigated in relation with the cytokine of interest and its involvement in human pathology (Figure 8). IL-1beta triggers the mitogen-activated protein kinase (MAPK) cascade and activation of NF-kappaB. The SAPK/JNK signaling pathway will also have to be closely studied as IL-1 and TNF-alpha activate this cascade. IL-4, IL-13, IL-9, and IL-6 bind to their specific receptor which in turns heterodimerizes with gamma c chain or gp130 molecule to activate intracellular signaling. The Janus activated kinase/signal transducers and activator of transcription (JAK/STAT) pathway seems to be of great interest as IL-6, IL-13 and IL-4 (97) trigger STAT1 and STAT6 and IL-9 effect on hematopoietic cells activates that pathway as well (98).

Regulation via EGF-receptor (EGF-R) signaling

Besides inflammatory mediators, growth factors could be involved in goblet-cell production because hypersecretory diseases are associated with abnormal epithelial cell growth and differentiation and epithelium wounding leads to repair and remodeling processes [START_REF] Davies | The epidermal growth factor receptor and its ligand family: their potential role in repair and remodelling in asthma[END_REF]. The group of Nadel postulated that EGF and its receptor EGF-R could be a good candidate. In airways, EGF-R is expressed in fetus, where it is involved in cell proliferation, branching, morphogenesis and epithelial cell differentiation (100). Its expression is sparse in the adult lung but is expressed in lung tumors, asthma and is up-regulated by the pro-inflammatory cytokine TNF-alpha. This group chose to study that pathway both in vitro with the NCI-H292 mucoepidermoid cell line which expresses MUC5AC and in vivo with pathogen-free rats because they have few, if any, goblet cells. They successively showed that activation of EGF-R tyrosine kinase by its ligands (EGF, TGF-alpha) leads to the synthesis of MUC5AC mRNA and protein in vitro and MUC5AC mucin production and goblet cell metaplasia in vivo. In vitro, this phenomenon was potentiated by TNF-alpha (101). Oxidative stress (H 2 O 2 , supernatant of activated neutrophils) induced MUC5AC mRNA and protein up-regulation in NCI-H292 cells. Using specific inhibitors, the authors demonstrated that this occurred via a ligand-independent EGF-R activation that leads to the activation of the MAPK kinase (MEK)-p44/42 MAPK signal transduction pathway (102) (Figure 4). These results led them to study the effect of cigarette smoke, agarose plug instillation on goblet cell hyperplasia and MUC5AC up-regulation by EGF-R (103, 104). The same mechanism of MUC5AC induction exists in nasal polyps (105). In the three studies, they confirmed the use of EGF-R signaling pathway to induce mucin expression and mucus production. Their studies certainly provide new strategies for therapy in airway hypersecretory diseases in which one should try to efficiently and selectively inhibit EGF-R signaling pathway to reduce/prevent mucin hypersecretion.

Acrolein, an irritant present in tobacco smoke, also increases MUC5AC mRNA level in NCI-H292 cells (106). Inflammatory mediators (PGE 2 , 15-HETE, TNFalpha) and phorbol ester (PMA) that are released after exposure to acrolein in acute and chronic airway inflammation increased MUC5AC mRNA levels in these cells. On the contrary, MUC5B mRNA levels were unchanged. That phenomenon was associated with chronic monocytic inflammation during which macrophage accumulation augments acrolein-induced MUC5AC synthesis and secretion (107). MUC2 on the other hand is not affected by acrolein exposure. Air pollution is known to induce airway mucus hypersecretion and increase susceptibility to infection. A particular interest in residual oil fly ash (ROFA), a PM10 particle pollutant, has led Longphre and co-authors to study its effect on mucin gene expression. Again MUC5AC mRNA levels increased after ROFA exposure and was shown to go through a phosphotyrosine-dependent pathway (108). IL-13 up-regulates MUC5AC expression after binding to its specific receptor (IL-13R) [START_REF] Alimam | Rose: Muc-5/5ac mucin messenger RNA and protein expression is a marker of goblet cell metaplasia in murine airways[END_REF]. However, IL-13-mediated mucin expression/secretion and goblet cell metaplasia in airways also occurs via activation of EGF-R signaling pathway. IL-13 would be responsible for leukocyte recruitment to the inflammatory site via activation of IL-8 chemoattractant expression (109). TNFalpha and oxygen free radicals released by neutrophils would activate EGF-R expression and EGF-R tyrosine kinase phosphorylation, respectively, resulting in mucin (MUC5AC) production. Thus IL-13 appears to be able to activate two signaling pathways (JAK/STAT or MAPK) depending on which receptor it interacts with (IL-13R or EGF-R) after being stimulated during inflammation (88, 109) (Figures 4 and8).

Transcriptional regulation of MUC5B

Regulation of the promoter

The promoter of MUC5B contains active cellspecific cis-elements that confer maximal activity of the gene in LS174T mucus-secreting colon cancer cells. The promoter is inactive in Caco-2 enterocytes and HT-29 STD undifferentiated colon cancer cells [START_REF] Van Seuningen | Sequence of the 5'-flanking region and promoter activity of the human mucin gene MUC5B in different phenotypes of colon cancer cells[END_REF]. The minimal fragments that confer maximal activity of the proximal and distal promoters cover bases -223/-1 and -1329/-1117, respectively (Figure 5). The proximal promoter is under the control of Sp1 and methylation. The distal promoter binds Sp1 and ATF/CREB factors and is transactivated by CREB [START_REF] Perrais | Van Seuningen-Lempire: Aberrant expression of human mucin gene MUC5B in gastric carcinoma and cancer cells. Identification and regulation of a distal promoter[END_REF]. Those are known to be activated by the cAMP signaling pathway (110) as well as the p38 MAPK . However, preliminary data suggest that AP-1 complex, composed Jun homodimers or Jun/Fos heterodimers, may also form heterodimers with ATF/CREB as PMA, a potent activator of PKC, was able to significantly induce MUC5B activity in MUC5B-expressing gastric and colonic cancer cells [START_REF] Van Seuningen | Sequence of the 5'-flanking region and promoter activity of the human mucin gene MUC5B in different phenotypes of colon cancer cells[END_REF][START_REF] Perrais | Van Seuningen-Lempire: Aberrant expression of human mucin gene MUC5B in gastric carcinoma and cancer cells. Identification and regulation of a distal promoter[END_REF].

Roles of intron 1 and intron 36 in MUC5B regulation

Having sequenced the genomic DNA encompassing MUC5B mucin gene, we looked into potential regulatory regions in the first introns as well as in the 3' region of the gene. The first intron is 2.5 kb long, which is rather large, and most interestingly possesses a GA-rich cluster of eight 11-bp-long DNA motifs (GGGGAGGGGCT) repeated in tandem [START_REF] Van Seuningen | Sequence of the 5'-flanking region and promoter activity of the human mucin gene MUC5B in different phenotypes of colon cancer cells[END_REF]. This cluster binds and is transactivated by Sp1 and thus represents another important regulatory region. The first intron appears to certainly have important roles in regulating MUC5B expression as we also showed that GATA-1 and AP-2 transcription factors bind to their cognate ciselements (Figure 5).

We also studied the so-called intron 36 (the 37 th in order), located approximately 30 kb downstream of the first ATG, because it contains a striking feature made of 8 GC-rich DNA stretches long of 59 bp, each containing a GC box (GGGCGG), repeated in tandem (111). By the means of EMSA and southwestern-blotting we showed that Sp1 and a 42 kDa nuclear factor named NF1-MUC5B, yet to be identified, bind to intron 36 (112). Later, 5 allelic forms (3, 4, 5, 7 and 8 repeats) of intron 36 were found in humans (113) but they have no transactivating effect on MUC5B promoter activity (Van Seuningen I., unpublished results). They could be involved in MUC5B mRNA stabilization as it was shown for other genes containing such repeats in their 3'end (114).

11p15 mucin gene regulation during mucous cell differentiation

Another class of molecules has drawn attention in regard with mucin gene regulation as they are involved in cell differentiation and cell growth (115). Retinoids (analogs of vitamin A), as it is, are indeed essential for normal development and in the lung they control the development and maintenance of mucociliary differentiation of the airway epithelium which lines the conducting airways. The effects of all-trans-retinoic acid on mucin gene expression was studied in NHTBE cells, before and after differentiation of the stratified epithelium into a mucous-secreting epithelium. Those studies conducted by the group of Nettesheim led to the demonstration that 11p15 mucin genes are sequentially activated (MUC2, MUC5AC then MUC5B) during restoration of the mucous-secreting phenotype (116). MUC2 activation at 24 h was correlated with the appearance of mucous cells. Then, MUC5AC was activated at 48 h and finally MUC5B up-regulation at 72 h coincided with mucin secretion (Figure 9). Among the large family of retinoid receptors (retinoic acid receptors, RARs, and retinoid X receptors, RXRs), RAR-alpha was the major retinoid receptor to both induce mucin gene expression and mucous cell differentiation. RAR-gamma also, but not as efficiently, induced mucin gene expression (117). RARs and RXRs interact with RARE elements in the promoters of target genes (118). These elements have not been identified in MUC gene promoters yet. Another study in NHTBE cells confirmed the up-regulation of MUC5B by retinoic acid (119). Thyroid hormone T 3 also regulates the transcriptional activity of multitude of genes through nuclear receptors (118). Very recently, retinoid-dependent expression and transcription of MUC5AC was shown to be inhibited by T 3 whereas MUC5B was much less affected (120). This mechanism of down-regulation is thought to occur through T 3 -mediated repression of retinoid receptor levels and RXR-RAR/RARE complex formation. 

11p15 mucin gene regulation by glucocorticoids and hormones

Only a few studies have looked at the effects of glucocorticoids on mucin gene expression even though they are extensively used to treat inflammatory and fibrotic pulmonary and non-pulmonary disorders. Surprisingly, dexamethasone moderatly increased steady-state level of MUC5AC in endometrial cells (121), whereas in NCI-H292 lung cells, MUC2 and MUC5AC expression was downregulated as expected (122). Budenoside, another glucocorticoid, also inhibits IL-1-mediated-MUC2 upregulation in NCI-H292 lung cells [START_REF] Basbaum | Control of mucin transcription by diverse injury-induced signaling pathways[END_REF]. Numerous putative binding sites for glucocorticoid receptor were found within the promoters of MUC2, MUC5AC and MUC5B, which is in favor of a regulatory role for glucocorticoids in 11p15 mucin expression at the transcriptional level (Van Seuningen I., unpublished results).

Mucin gene expression is also altered in pathologies of the endocervical epithelium. MUC5AC, MUC5B and MUC6 are expressed in the normal endocervical epithelium [START_REF] Audié | Mucin gene expression in the human endocervix[END_REF]123). MUC5B and MUC4, a transmembrane mucin [START_REF] Moniaux | Complete sequence of the human mucin gene MUC4: a putative cell membrane-associated mucin[END_REF], are the major mucins and their levels are inversely related to progesterone levels. MUC5B is up-regulated at midcycle which suggests a potential role in sperm transit to uterus (124). MUC5AC mRNA is upregulated by estrogen but not by progesterone (121). Progesterone on the other hand inhibits MUC5AC upregulation by estrogen. The mechanisms that govern this anti-estrogen effect are unknown. Growth factors and cytokines are thought to play a central role in differentiation and regeneration of human uterine endometrium (125). Relationships between hormonal regulation, nuclear hormone receptors (126) and mucin gene regulation have yet to be studied and will be of great interest in pathologies related to sperm migration and reproductive processes.

TRANSCRIPTIONAL REGULATION OF 11P15 MUCIN GENES BY THE SP-FAMILY OF TRANSCRIPTION FACTORS

The ubiquitous transcription factor Sp1 appears to be essential in the regulation of 11p15 mucin genes. It has indeed been shown to bind and transactivates MUC2 (43, 127), MUC5AC and MUC5B [START_REF] Van Seuningen | Sequence of the 5'-flanking region and promoter activity of the human mucin gene MUC5B in different phenotypes of colon cancer cells[END_REF]. These results are however not very surprising since 11p15 mucin gene promoters present a high content in GC, GT and CACCC boxes, all known to bind Sp1. It also confirms the fact that the presence of a high content of CpG islands in the 11p15 where the MUC cluster is located, may also be under the control of Sp1 as it is known that Sp1 interferes with CpG island methylation by regulating the methyl-CpG-binding protein 2 (MeCP2) gene (128). Sp1, initially thought as a regulator of housekeeping genes, is in fact involved in the activation of many genes that are tissue-specific, cell-cycle regulated, under hormonal control and development patterning. This is explained by the fact that all these genes contain in their promoters GC boxes (GGGGCGGGG) and the related GT/CACCC box (GGTGTGGGG) that are elements required for their appropriate expression (129). GC-rich repeats have been found in MUC2 promoter [START_REF] Gum | Identification and characterization of the MUC2 (human intestinal mucin) gene 5'-flanking region: promoter activity in cultured cells[END_REF], in MUC5B promoter and first intron [START_REF] Van Seuningen | Sequence of the 5'-flanking region and promoter activity of the human mucin gene MUC5B in different phenotypes of colon cancer cells[END_REF]. This kind of organization in promoters allows Sp1 to act synergistically by binding to multiple GC boxes to activate transcription. It is however still unknown whether Sp1 activates mucin gene promoters by forming homotypic interactions leading to multimeric complexes or by heterotypic interactions with different classes of nuclear proteins such as TATA-binding protein (TBP), or TBP-associated factors (dTAFII110/hTAFII130 or hTAFII55).

Sp3, another member of the Sp-family of transcription factors that is also ubiquitously expressed, may interfere with 11p15 mucin gene regulation as it is coexpressed with Sp1. It is known to recognize and bind to the same binding sites as Sp1. More likely, its role in activating or inhibiting Sp1-mediated target gene regulation depends on the Sp1/Sp3 ratio within the cell (129). Another class of transcription factors of the zinc-finger family is to be closely regarded as important regulators of mucin gene expression as well, as they preferentially bind the GT/CACCC box. It is the Krüppel-like family of transcription factors (XKLFs) (130). In that regard, we have found a few putative binding sites for GKLF (gut-enriched Krüppel-like factor) in the promoter of MUC5B (46).

REPRESSION OF 11P15 MUCIN GENES BY METHYLATION. CONSEQUENCES DURING EARLY DEVELOPMENT AND TUMORIGENESIS

When gathering recent data concerning 11p15 mucin gene chromosomal localization, regulation and promoter structures, it appears that strong evidence is in favor of the involvement of methylation in the regulation of 11p15 mucin gene expression during early mammalian development and carcinogenesis as (i) they contain a high amount of GC-rich motifs in their promoters, (ii) Sp1 and Sp3 bind and transactivate MUC2, MUC5AC and MUC5B, (iii) the 11p15 region contains a high density of CpG islands, (iv) they display an altered expression pattern in cancers, during neoplastic transformation and progression, (v) they are expressed early during mammalian development, and finally (vi) they are repressed by methylation in cancer cell lines and tissues. This area of research is very exciting and opens new avenues into the biological roles of mucin genes during these essential biological processes of the cell. GC and GT boxes involved in the regulation of 11p15 mucin genes have already been identified, yet an extensive amount of work need to be performed in order to better correlate 11p15 mucin gene repression by methylation with (i) cell development and differentiation, (ii) imprinting and loss of heterozygoty of other genes located in the 11p15 region and (iii) correlate these results with epithelial cell dysfunctionment during carcinogenesis [START_REF] Tycko | Epigenetic gene silencing in cancer[END_REF][START_REF] Jirtle | Genomic imprinting and environmental disease susceptibility[END_REF][START_REF] Baylin | DNA hypermethylation in tumorigenesis. Epigenetics joins genetics[END_REF].

Our results in AGS and KATO-III gastric cancer cells demonstrate that the four 11p15 mucin genes are specifically repressed by methylation (Figure 10). MUC6 and MUC2 and to a lower extent MUC5AC are repressed by methylation in KATO-III cells whereas MUC5B is not. In AGS cells, only MUC2 and MUC5B are repressed by methylation [START_REF] Perrais | Van Seuningen-Lempire: Aberrant expression of human mucin gene MUC5B in gastric carcinoma and cancer cells. Identification and regulation of a distal promoter[END_REF]. The profile of 11p15 mucin gene repression by methylation was shown to be different in other cell lines that we have tested. Further studies are now needed to explain what is going on at the molecular level within the cluster. 

PERSPECTIVE

In conclusion, studies about the regulation of 11p15 mucin gene expression have shown, up to now, that they are regulated at the transcriptional level by: -Transcription factors that include:

-ubiquitous transcription factors Sp1 and Sp3, -NF-kappaB, ATF-1, CREB, RAR-alpha, RARgamma, -Exogenous factors that include:

-pro-inflammatory cytokines: IL-1beta, TNFalpha, IL-9, -pleiotropic Th2-associated cytokines: IL-4, IL-13, IL-6, -growth factors: EGF, TGF-alpha, -bacterial and lipid mediators: LPS, PAF, 15-HETE, PGE 2 , -retinoids: all-trans retinoic acid, -hormones: estrogen, T 3 , -glucocorticoids: dexamethasone, budenoside, -Intracellular signaling pathways that control mucin gene transcription involve activation of:

-PKA: ATF/CREB, AP-2, -PKC: Sp1, NF-kappaB, AP-1, -PKG, -Ca 2+ -dependent kinases, -Src/Ras/MAPK/pp90 rsk : NF-kappaB, -p42/44 MAPK: via binding to EGF-R.

Most likely other mediators, known to induce mucin secretion or yet to be characterized, participate in the regulation of 11p15 mucin genes at the transcriptional level and will have to be investigated (TGF-beta/Smads, IFNgamma/JAKs/STATs and TNF-alpha/TRAFs signaling pathways) (134-139). Finally, the biological significance of 11p15 mucin gene repression by methylation during development and tumorigenesis (140, 141) will have to be addressed.

Availability of the promoters of three of the 11p15 mucin genes (MUC2, MUC5AC and MUC5B) will help in defining which regions of the promoters are involved in the expression of the gene as well as identify the cis-elements recognized by the transcription factors. One must not forget the role of intronic regions, especially the first introns that are rather large and present GC-rich regions (MUC5B) in the regulation. It will be of great interest to isolate and characterize the promoter of the fourth 11p15 mucin gene, MUC6, in order to (i) be able to demonstrate whether or not co-regulation of these genes occurs and (ii) understand the regulation of the whole cluster (presence of a locus control region?).

The deciphering of the regulation of mucin gene expression during cell differentiation and proliferation or during the development is mandatory in order to (i) move on to new therapeutic approaches in which mucin gene promoters could be used to direct drugs to target cells (142), (ii) use mucin genes in DNA microarray studies as potential tumor markers and prognostic indicators or (iii) use them as new therapeutic targets in inflammatory diseases of the epithelium (anti-EGF-R, anti-TNF-alpha and anti-NF-kappaB therapies) [START_REF] Davies | The epidermal growth factor receptor and its ligand family: their potential role in repair and remodelling in asthma[END_REF](143)(144)(145)(146). The biological significance of mucin gene expression variations in human pathophysiology of mucosal surfaces will also help those working on establishing the biological functions of mucins. Gene disruption in mice that is a powerful tool for obtaining such information will be very helpful in that regard.
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 1 Figure 1. Position of the MUC cluster within the 11p15.5 region.

Figure 2 .

 2 Figure 2. Correlation between the position of the 11p15 mucin genes within the cluster and their major expression territory along the antero-posterior axis.

Figure 3 .

 3 Figure 3. Schematic representation of the promoter of MUC2 and identified cis-elements.

Figure 4 .

 4 Figure 4. Schematic representation of the promoter of MUC5AC. Putative binding sites for transcription factors are shown as well as stimuli and signaling pathways that up-regulate MUC5AC transcription.

Figure 5 .

 5 Figure 5. Schematic representation of the promoters of MUC5B and introns 1 and 36. Identified cis-elements are shown.

Figure 6 .

 6 Figure 6. Cross-talk between PKA, PKC and MAPK intracellular signaling pathways. Relationships with 11p15 mucin gene transcription.

Figure 7 .

 7 Figure 7. LPS-mediated up-regulation of MUC2 and MUC5AC in lung epithelial cells goes through Ras/MAPK/pp90rsk pathway (from ref. 75).

Figure 8 .

 8 Figure 8. Mediators (growth factors and cytokines) and downstream intracellular signaling pathways involved in the regulation of 11p15 mucin gene transcription.

Figure 9 .

 9 Figure 9. Restoration of mucous phenotype by retinoic acid induces sequential activation of MUC2, MUC5AC and MUC5B expression (from ref. 116).

Figure 10 .

 10 Figure 10. 11p15 mucin genes are regulated by methylation in KATO-III and AGS gastric cancer cells. MUC6, MUC2, MUC5AC and MUC5B RT-PCR on cDNAs prepared from total RNAs extracted from untreated-and 5aza-2'-deoxycytidine-treated cells. Sp1 binding is not affected by methylation of the cytosine in the CpG sequence but on the contrary seems to be essential for inhibiting methylation to occur (131). On the other hand, methylation of the outer C ( m Cp m CpG) in the CpCpG sequence prevents Sp1 binding (132). This mechanism could thus contribute to the high level of methylation of CG-rich domains in MUC promoters and CpG islands of the 11p15 region often observed in tumor cells. Unlike Sp1, CREB (133) and AP-2 transcription factors binding to CpG sites are affected by methylation. Since we showed that MUC2, MUC5AC and MUC5B bind and are co-transactivated by CREB/ATF transcription factors (Van Seuningen I., unpublished results), it will be of interest to demonstrate whether methylation of the cytosine in the TGA m CGTCA affects CREB activity on 11p15 mucin gene transcription.
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