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    It is a great pleasure to write the Foreword for the manuscript “Mucins – potential regulators of cell functions” prepared by internationally known scientists Drs. Joseph Z. Zaretsky and Daniel H. Wreschner. It is a very comprehensive publication providing an excellent insight into the properties and functions of mucin glycopoteins. In recent years, major breakthroughs have taken place in the field. Significant progress has been made in understanding of structure and biosynthesis of mucins as well as in prediction and identification of their functions. Although a lot of literature is available that covers various aspects of mucin studies, there is an obvious requirement for a complete comprehensive analysis of recently obtained data which could change previous knowledge of the biological role of mucins. Such book is indeed the need of the hour. The book covers not only general concepts but also presents details which help to understand the role of mucins in human development, cell differentiation and defense, innate immunity and regulation of cell functions. The authors have taken efforts to focus attention on basic as well as advanced aspects of the research of secreted mucins. All aspects of the mucin problems are presented in a straightforward fashion, with insightful sifting and appraisal of evidences, and in a logical and scientific manner that would help beginners and experts alike to enjoy reading and simplify understanding. The book would be very useful not only for the “muciners”, as Isabelle Van Seunengen called researches studying mucins, but also for biologists working in adjacent sections of the life sciences. It is useful as a handbook containing comprehensive information on structure and properties of both gel-forming and soluble mucins. It would serve also as an excellent reference book for students and investigators interested in molecular biology, biochemistry, immunology, genetics, embryology, histology and clinical medicine. I strongly recommend the book to students and researchers studying the rapidly progressing branch of modern biology - “mucinology”. I am confident that essential new ideas presented in the book would stimulate further studies in this important area.
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    Mucus is a viscous colloid gel developed in the course of evolution by live systems as one of the major instruments of cell defense. Mucus protects cells from mechanical and chemical stresses, hydrates cells and organisms, lubricates epithelial surfaces, and enables exchange of water, chemicals, metabolites, nutrients, gases, odorants, hormones and gametes. It has the ability to trap and immobilize pathogens and small particles before they come into contact with epithelial surfaces. These important functions are determined by the properties of specific glycoproteins known as mucins.




    The term “mucin” was coined for large multifunctional glycoproteins that are secreted by epithelial cells into extracellular space and have specific structural domains that perform specific functions. This group of mucin glycoproteins is called “secreted mucins” in contrast to non-secreted “membrane-bound mucins”. Research in the past several years has shown that secreted mucins are polyvalent proteins involved in multiple cell processes, with active roles in maintenance of homeostasis under physiological conditions and development of disease under pathological conditions.




    The past three decades have witnessed the rapid development of a new area of science called mucinology – the study of the properties and functions of mucins. The rapid advances in this field are reflected by the number of articles published on the subject at various times in the past 30 years: 180 papers from 1980 to 1982, some 700 from 1989 to 1990, and more than 2200 articles between 2010 and 2011. The latest monograph on mucins appeared in 2008, and already the field has burgeoned with a wealth of new data waiting to be analyzed and integrated. This book is meant to meet this need.




    A total of 21 mucin genes have been cloned and sequenced and their polypeptide products studied to varying extents. The secreted mucins are encoded by 8 of these genes and 13 other encode the membrane-bound mucins. The secreted mucins are the subject of this book: five are gel-forming (MUC2, MUC5AC, MUC5B, MUC6 and MUC19) and three are soluble (MUC7, MUC8 and MUC9).




    As follows from the title of the book, the properties and functions of the gel-forming and soluble mucins and the corresponding genes attest to their multifunctional character. Functions that have been discovered and documented to date, so called overt functions, are described in detail. Another whole set of potential functions, the covert functions, hinted at by indirect evidence, mainly bioinformatics data, and await experimental verification. They too are addressed.




    The 13 chapters of the book are collected into four parts. The first part (Chapters 1-3) presents the general characteristics of mucins and mucin classification (Chapter 1), a comparison of secreted and membrane-bound mucin properties (Chapter 2), and the structural and evolutionary aspects of the secreted mucins (Chapter 3). The second part (Chapters 4-8) presents detailed information about the structure, and the biochemical, biophysical and genetic properties of the gel-forming mucins and the corresponding genes, including their promoters and regulatory mechanisms: MUC2 (Chapter 4), MUC5AC (Chapter 5), MUC5B (Chapter 6), MUC6 (Chapter 7) and MUC19 (Chapter 8). Also described is the expression of these genes at transcriptome and proteome levels under physiological conditions, including embryonic and fetal development, and in pathology. The third part of the book (Chapters 9-11) covers the properties and expression of genes encoding the soluble mucins MUC7 (Chapter 9), MUC8 (Chapter 10) and MUC9 (Chapter 11), including the structure and biochemical properties of individual glycoproteins comprising this group of mucins. In the fourth part, the overt and covert functions of the gel-forming and soluble mucins are analyzed. Chapter 12 contains information about experimentally-proven mucin functions and the involvement of the secreted mucins in the fundamental processes of cell physiology and pathology, including oncogenesis. Chapter 13 summarizes bioinformatics data that point to the potential of the secreted mucin glycoproteins to interact with various protein partners and thereby contribute to the regulation of cell functions.
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      Abstract




      Mucus, a viscous colloid gel, is an important element of cell defense developed in the course of evolution by live systems. Mucins, the main components of mucus, are glycoproteins characterized by specific structure and functions. Two subfamilies of the large mucin superfamily have been identified: secreted mucin glycoproteins and membrane-bound mucins. The secreted mucins are further subdivided into two groups: insoluble gel-forming mucins and soluble mucins. All gel-forming mucins share several features, such as specific domain structures, glycosylation patterns and biosynthetic pathways that differ from those of the membrane-bound mucins. Several classifications of the mucin glycoproteins have been proposed, but no one is universal. Further studies of the mucins are needed for development of an appropriate classification system.
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      1.1.. Mucus: properties, role in evolution and functions




      Mucus, a viscous colloid gel, has been developed in the course of evolution by live systems as one of the ingenious instruments of cell defense. It protects cells from mechanical and chemical stresses, hydrates cells and organisms, lubricates epithelial surfaces, and filters nutrients. Mucus is a dynamic semi-permeable barrier that enables exchange of water, chemicals, metabolites, nutrients, gases, odorants, and interaction of hormones and gametes. At the same time it is impermeable to most pathogens under physiological conditions. The functions and “characteristics of mucus gel may vary from one organism to another, from one tissue to another, and even within a tissue may vary depending on the physiological conditions” [1].




      In primitive organisms like gastropod mollusk (class Gastropoda), the mucus serves a protection function, facilitates movement, and participates in communication. Fish mucus is known to contain many biologically active peptides and proteins that enable several biological functions such as respiration, ionic and osmotic regulation, reproduction, excretion, disease resistance, communication, parental feeding, and nest building [2-8]. In vertebrates, mucus covers all mucous membranes, especially the epithelial surfaces. In mammals, it protects epithelial cells of the respiratory, gastrointestinal, urogenital, visual, and auditory systems; in amphibians, mucus film covers the epidermis, and in fish, protects the gills. It is a key component of innate defense against pathogens such as bacteria, viruses and fungi [9, 10].




      Mucus has evolved to have robust barrier mechanisms that trap and immobilize pathogens and small particles before they come into contact with epithelial surfaces [11]. Epithelial cells constantly secret mucus. The thickness of the mucus “blanket” is determined by the balance between the rate of mucus secretion and the rate of its degradation or shedding. Under physiological conditions, mucus must be movable. Cilia, located on the surface of epithelial cells, can transport the mucus if it possesses appropriate viscoelasticity: it has to be high enough to prevent gravitational flow but low enough to enable rapid ciliary transport and clearance [11, 12]. The mucus viscoelasticity depends strongly on mucins, gigantic glycoprotein molecules that determine the biophysical and biochemical properties of mucus and fulfill, or at least, participate in, most mucus-mediated functions. Many other factors also contribute to mucus viscoelasticity, including secreted lipids, trefoil proteins, non-mucin glycoproteins as well as salts and pH [13].




      

        



        1.2.. Mucins: general characteristics




        As pointed out by Theodoropoulos et al. [14], it is important to differentiate the term “mucus”, which refers to an aggregate secretion consisting of water, ions, inorganic salts, cell debris, and various peptides and proteins, from the term “mucin”, which refers to specific glycoprotein molecules within this mucous secretion. Historically, the term “mucin” was coined in reference to large multifunctional glycoproteins secreted by epithelial cells into extracellular space and characterized by the presence of specific structural domains that fulfill specific functions [15]. This group of mucus glycoproteins is called “secreted mucins” in contrast to non-secreted “membrane-bound mucins”. Physically, molecules of the secreted mucins look like “long flexible strings”, the central region(s) of which are densely coated with negatively charged glycans of different lengths. The glycosylated and highly hydrophilic regions of secreted mucins are separated by relatively hydrophobic non-glycosylated regions, so called “naked” regions [11]. The presence of the alternating hydrophobic and hydrophilic regions in the mucin structure determines flexibility of the molecule. The ability of secreted mucins to form elastic gel is associated with the cysteine residues present in the cysteine-rich domains that are involved in disulfide-bound formation between different mucin molecules. This mechanism is responsible for the occurrence of the gigantic macromolecular gel-forming polymers. The mucin-based gel is able to trap and immobilize pathogens, particles, and nutrients. One of the main functions of secreted mucins – lubrication of the epithelial surfaces – is also associated with their ability to develop dynamic gel structures. Among the known secreted mucins, five belong to a structurally homogeneous group of insoluble gel-forming mucins while the three others belong to a group of soluble mucins.




        As noted above, in addition to secreted mucins, there is a group of mucin glycoproteins tethered to the cell membrane – the so-called “membrane-bound mucins”. These mucins also function as cell “defenders”, but fulfill many other functions as well, including epithelial cell renewal, differentiation, signal transduction, cell adhesion and intercellular communications. The typical membrane-bound mucin contains three structurally and functionally different elements: N-terminal extracellular domain, transmembrane region, and C-terminal intracellular cytoplasmic domain. The extracellular part of the molecule functions as a sensor of extracellular insults, and also participates in intercellular communications, and cell adhesion and repulsion. The functions of the transmembrane domain have not been delineated, as opposed to the cytoplasmic region of the membrane-bound mucin, which has been extensively studied. It participates in multiple signal transduction pathways, thereby exerting control over numerous cell functions and homeostatic parameters. Most of the membrane-bound mucins are cell receptors: they accept extracellular signals and transfer them inside the cell where they activate various intracellular processes.




        Under physiological conditions, both the secreted and membrane-bound mucins exhibit highly coordinated organ-, tissue- and cell-specific expression. However, environmental factors that affect cellular integrity may cause alterations in “mucin homeostasis” resulting in the development of pathological states such as cancer and inflammation. Therefore, as pointed out by Andrianifahanana et al. [15], “it is crucial to comprehend the underlying basis of molecular mechanisms controlling mucin production in order to design and implement adequate therapeutic strategies for combating these diseases”.


      




      

        



        1.3.. Mucin classification




        The simplest mucin classification divides them into two main groups: secreted and membrane-bound mucins. So far, a total of 21 human mucins have been identified and “more are likely awaiting discovery” [15]. The group of secreted mucins contains 8 mucin glycoproteins, and the group of membrane-bound mucins contains 13 mucins (Fig. 1). Although mucins have being studied for many decades, “there is still no clear definition of a “mucin” and the increasing number of genes with the symbol MUC is unfortunately not helping” [16]. Thus, the classification of mucins is not straightforward and has been a subject of many discussions [17-22]. The difficulty in assigning a newly discovered mucin protein to a specific mucin group has led to a large group of so-called mucin-like proteins.




        Many investigators define “mucin” as a glycoprotein molecule whose central polymorphic domain contains a variable number of tandem repeats (VNTR) enriched in proline, threonine and serine residues heavily glycosylated with O-glycans of different lengths [14, 19]. According to Chaturverdi et al. [23], these features are “a hallmark of the mucin family”. Although this definition appears to be widely accepted by the scientific community [20, 24, 25], it does not take into consideration many of the structural features found in the mucin glycoproteins isolated from different species. While the symbol “MUC” has been assigned to mucin genes in accordance with the definition, many genes encoding O-glycoproteins containing VNTR have been given this designation, but “only some of these genes encode true mucins while others encode non-mucin adhesion O-glycoproteins” [21]. Several classifications of mucin proteins have been suggested, but none meets all the criteria. Rose and Voynow [22] suggested defining mucin as a glycoprotein containing tandem repeat (TR) domain(s) enriched in proline, threonine and serine residues, whereas protein molecules with significant amounts of O-glycosylated serine and threonine, but without TR, would be defined as mucin-like glycoproteins. According to these criteria, three genes, MUC14, MUC15 and MUC18, designated in GenBank as mucins, should be attributed to a group of mucin-like proteins as they do not contain TR although they do have numerous serine and threonine residues [26].




        
[image: ]


Figure 1)




        Mucin glycoprotein classification (based on the data reported in [17-23]).




        The problems with mucin classification are associated not only with the interpretation of the TR and O-glycosylation patterns [26-29], but also with the ambiguity of some domains found in mucins. For instance, several domains considered typical for mucins – SEA, VWC, VWD, CYS, EGF, NIDO and AMOP – are found in non-mucin proteins as well. On the other hand, some mucins do not contain domain(s) present in other members of the mucin family [30-34]. The evolutionary histories of the domains found in mucins are not clear in many cases. Some mucins have evolved from different ancestors while others have a common progenitor [35], making it difficult in some cases to explain the presence or absence of a particular domain in a particular mucin molecule. For example, the membrane-bound MUC4 mucin has no SEA domain, which is characteristic of all other membrane-tethered mucins. One could assume that MUC4 gene originated from the SEA domain-containing ancestor common to all membrane-bound mucins, but in the course of evolution the domain was lost by the MUC4 gene. On the other hand, the absence of the SEA domain in the MUC4 gene may indicate that this mucin originated from a unique ancestor not common to other membrane-bound mucins. This possibility is strengthened by the finding that MUC4 mucin has EGF, NIDO, AMOP and VWD domains not present in MUC1, MUC16 and other membrane-bound mucins [35].




        As pointed out by Duraisamy et al. [35], “in contrast to most protein families, MUC family members are grouped according to a biophysical structure rather than having evolved from common ancestral genes”. These and other authors emphasize that “classifying all mucins in one gene family is not justified because of the lack of common sequence homology” [17, 35]. Duraisamy et al. [35] suggested an alternative approach to classification of the MUC family: phylogenic analysis based on sequence homology.




        Several attempts had been made to classify mucins. In the HUGO classification [36], 17 proteins were assigned to mucin family (MUC genes) [13], although, according to Lang et al. [19], “this family contains proteins that differ considerably”. The Mucin Database constructed by Mucin Biology Group (University of Gothenberg) [37] contains 21 mucin genes identified in human, most but not all of which were also found in mouse and rat, and some in chicken. This database also includes genes coding for mucins isolated from fish (Takifugu and Zebrafish), frog (Xenopus tropicalis), fly (Drosophila melanogaster), ascidian (Cione intestinalis), lancelet (Branchiostoma floridae), worm (Ceanorhabditis elegans), and sea urchin (Strongylocentrotus purpuratus). It should be noted that although this classification takes into consideration most of the known mucin genes, it does not contain mucin and “mucin-like” genes discovered in recent years, including mucins identified in yeast (Saccharomyces cerevisiae) [38] and in protozoan and metazoan parasites [14, 39, 40].




        In summary, more studies based on phylogenic analysis of nucleotide and amino acid sequences as well as comparison of domain composition and structural and functional pecularities are needed to better understand the origin of the mucin genes and to create an appropriate classification for this group of glycoproteins.
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      Abstract




      Two main subfamilies of the mucin glycoproteins have been identified: secreted and membrane-bound. The secreted mucins can be further divided into insoluble gel-forming mucins, including MUC2, MUC5AC, MUC5B, MUC6 and MUC19, and soluble mucins, including MUC7, MUC8 and MUC9. Evolutionary studies showed that the gel-forming mucins are more ancient than the membrane-bound mucins. The evolutionary separation of these two subfamilies is partially reflected in the chromosomal localization of the genes encoding each of mucins. The differences between secreted and membrane-bound mucins are also reflected in the composition of their structural domains, in biosynthesis of their precursors and in posttranslational modifications. Despite some differences, the common features of mucin glycoproteins, such as the structure of the mucin specific domain with its tandem repeats and associated functions, relate them to the same protein family.
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      2.1.. Mucin Genes




      Based on their evolution, structure, biosynthesis, cell topology and functions, mucins were divided into two main groups: secreted and membrane-bound. The secreted mucins can be further classified as gel-forming or soluble (non-gel-forming) [1-9]. The gel-forming mucins are large glycoproteins encoded by the MUC2, MUC5AC, MUC5B, MUC6 and MUC19 genes [9]; the soluble non-gel-forming mucins – only three identified to date – are encoded by the MUC7, MUC8 and MUC9 genes [10]. The group of membrane-bound mucins includes glycoproteins produced by the MUC1, MUC3A, MUC3B, MUC4, MUC11-18, MUC20 and MUC21 genes [11-13]. Mucins are multifunctional proteins that are involved in defense shields, cell communication network and signal transduction systems. Being important constituents of saliva, they play a special role in speech [4, 9, 11, 13].




      

        



        2.2.. Evolution of Secreted and Membrane-Bound Mucins




        The different evolutionary ages of the gel-forming and membrane-bound mucins suggest different evolutionary histories. While the gel-forming mucins have been found in very primitive life systems, membrane-bound mucins occurred late in evolution and are observed only in vertebrates. Moreover, expression of a relatively young gene, MUC1, is detected only in mammals [5, 14]. According to the current view, the origin of gel-forming mucins can be traced to lower Metazoa such as N. vectensis [5]. Gel-forming mucins and mucin-related proteins were identified in a variety of organisms belonging to different evolutionary branches: in lower animals such as C. intestinalis, B. floridae and S. purpurants (Chordata class), as well as in vertebrates including insects, fishes, amphibians, birds, and mammals [5]. The evolutionary distribution of the gel-forming and membrane-bound mucin glycoproteins is illustrated in Fig. 1.




        As it emerges from the Fig. 1, gel-forming mucin related proteins are found in organisms with radial symmetry such as N. Vectensis (sea anemone), in the members of Ehinoderma such as S. Purpuratus (sea urchin) and in the members of Cephalo- and Urochordata [examples C. intestinalis (tunicate) and B. floridae (lancelot), respectively]. Gel-forming mucins MUC2 and MUC5 have been found in Actinopterygii (D.Rerio (fish)), Amphibia [X. Tropicalis (frog)), Aves [G. galus (chicken)) and Mammalia (Homo sapiens (human being) and Mus Musculus (rodent)). The MUC6 mucin was also detected in Amphibia (X. Tropicalis (frog)), Aves (G. galus (chicken)) and Mammalia (Homo sapiens (human being) and Mus Musculus (rodent)), but not in Actinopterygii, while gel-forming mucin MUC19 has been found till now only in Mammalia (Homo sapiens (human being) and Mus Musculus (rodent)). It has to be noted that MUC19 was identified only recently and more bioinformatics and experimental research are needed to study its association with the representatives of different evolutionary branches.
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Figure 1)




        Evolution of the gel-forming and membrane-bound mucins (based on the data reported in [1-9, 14]).




        The membrane-bound mucins, which appeared later in evolution than gel-forming mucins, are a heterogeneous collection of subgroups with different genetic backgrounds. The MUC1 mucin is found only in mammals, although genetically it demonstrates connection to the gel-forming mucin MUC5B detected at the early stages of evolution [14]. Duraisamy et al. [14] established that the HSPG2 gene, encoding a large single-chain polypeptide found in mammals, amphibians, fishes, insects, worms and sea urchins, is an ancestor of a cluster of membrane-bound mucin-coding genes including MUC1, MUC3, MUC12, MUC13 and MUC17. MUC3 evolved from MUC13 and branched to MUC12 and MUC17. The MUC4 mucin has two evolutionary ancestors: one is shared with the nidogen protein and the other one is genetically close to the Sushi-domain-containing protein [14]. These ancestors differ from those of MUC1 and MUC16. The MUC16 evolved from the agrin gene and represents a member of a separate evolutionary group [14].




        The evolutionary histories of the gel-forming and membrane-bound mucins are reflected in their different molecular and biochemical properties. For instance, alternative splicing, a relatively new evolutionary mechanism ensuring biological diversity, is actively utilized for production of the membrane-bound mucins [15-27] but is rarely exploited by the more ancient gel-forming mucins [23-25]. The following is a review of other features that differentiate the gel-forming and membrane-bound mucins.


      




      

        



        2.3.. Chromosomal Clustering of Mucin Genes




        Genetic analysis has shown that at least some of the gel-forming and membrane-bound mucin genes tend to cluster distribution [28-30]. For example, four of the five gel-forming genes – MUC6, MUC2, MUC5AC and MUC5B – are clustered on human chromosome 11p15 (Fig. 2). Their mouse orthologs tend to cluster on the syntenic mouse chromosome 7 F5 [28-30]. In contrast to these mucin genes, MUC19, the fifth member of the gel-forming mucin group, is not part of 11p15 cluster: in human, it is located on chromosome 12q12, and in mouse on chromosome 15 E3 [30-32].
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Figure 2)




        Chromosomal localization of the mucin genes (based on data extracted from [28-30, 33-37]).




        Two conserved clusters of membrane-bound mucin loci are present in human and mouse. The first one, comprised of MUC3A, MUC3B, MUC11, MUC12 and MUC17, is located on human chromosome 7q22 [33-37]. Among these human genes, only MUC3 has an ortholog in mice, Muc3, which was identified at syntenic mouse chromosome 5G2. Interestingly, the mouse Muc3 exhibits a higher degree of sequence homology with the rat Muc3 and chimpanzee Muc17 genes than with the human genes MUC3A, MUC3B, MUC11 and MUC12 that constitute one cluster [10]. Two other membrane-bound mucin genes, MUC4 and MUC20, make up the second cluster found in human on chromosome 3q29 and in mouse on the syntenic chromosome 16B2 [10, 26, 38]. The rest of the membrane-bound mucin genes – MUC1, MUC13, MUC14, MUC15, MUC16, MUC18 and MUC21 – are distributed separately on human chromosomes 1q21, 3q13.3, 4q24, 11p14.3, 19q13.2, 11q23.3 and 6, respectively. Their mouse orthologs are located on syntenic mouse chromosomes 3F1, 16B2, 3G3, 2E3, 9A2 and 9A5.2, respectively [10, 39-43]. MUC17 was found on chromosome 6 in human, although its precise location on the chromosome has not been established and its mouse ortholog has not been detected.




        No cluster distribution was found in the soluble mucin genes. The genes comprising this group, MUC7, MUC8 and MUC9, are located on chromosomes 4q13.3, 12q24.3 and 1p13, respectively [44-46].




        The cluster distribution of some of the mucin genes may indicate a common evolutionary history and/or common mechanisms of transcriptional regulation. Dispersion of other mucin genes between different chromosomes may reflect non-related origin of these genes.


      




      

        



        2.4.. Structure of Mucin Glycoproteins




        A mucin glycoprotein is made up of 15-20% polypeptide component and 80% carbohydrates, mostly O-linked glycans [1, 47]. N-glycans also appear in all the mucins studied, although in much smaller proportions [48-52]. Structurally, the polypeptide backbone of a mucin molecule can be divided into three regions: N-terminal, central and C-terminal. The N- and C-terminal regions are sparsely O-glycosylated, while the central region is heavily glycosylated with O-glycans attached to the serine and threonine residues, the most abundant amino acids of the tandemly repeated (TR) sequences [47]. The central region is also called “mucin” domain.




        

          



          2.4.1.. Structure of Gel-Forming Mucins




          The N- and C-terminal regions of gel-forming and membrane-bound mucins have major structural differences. The N-terminal region of the gel-forming mucins contain cysteine-rich D1-, D2-, D’- and D3-domains, similar to the corresponding domains of von Willebrand factor (Fig. 3).




          The C-terminal region of the gel-forming mucins contains a cystine-knot (CK) domain [47, 53-58]. Although D-domains and CK-domain are the main sources of cysteine residues involved in the formation of disulfide bonds, some of the gel-forming mucins also contain “multiple copies of “naked” cysteine-enriched domains (CYS-domains) that interrupt or are adjacent to the mucin domains” [59, 60]. The cysteine residues of the CK- domain are involved in dimerization of the monomeric mucin molecules by forming disulfide-bond linkage between monomers; the cysteine residues of D1-D3 domains participate in the next stage of mucin polymerization [47]. Interestingly, the CYS- domains are implicated in reversible mucin-mucin interactions that play a central role in changing mucus viscoelastic properties by transforming a globular mucin structure into a fibrous web. The changing of physico-chemical properties of cervical mucus during the menstrual cycle is an example of such transition mediated by MUC5B gel-forming mucin [61].
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Figure 3)




          Domain structure of a pro-gel-forming mucin and von Willebrand factor (data extracted from [47, 53-58]; A – von Willebrand factor, B- pro-gel-forming mucin).




          The presence of the CK structure in the gel-forming mucins links them to a superfamily of proteins containing cystine-knot. This superfamily includes numerous proteins, including TGFβ, PDGF-like proteins, glycoprotein hormones, Norrie disease protein, von Willebrand factor, bone morphogenetic protein antagonists, slit-like protein, etc. As noted by Vitt et al. [58], “phylogenic analysis revealed the ancient evolution of these proteins and the relationship between hormones (e.g. TGFβ) and extracellular matrix proteins (e.g. mucins). The cystine-knots are absent in the unicellular yeast genome but present in nematode, fly, and higher species, indicating that the cystine knot structure evolved in extracellular signaling molecules of multicellular organisms”. The presence of CK in gel-forming mucin molecules suggests that these mucins may fulfill signaling functions in addition to participation in mechanical defense and lubrication.




          In contrast to gel-forming mucins, membrane-bound mucins do not contain cysteine-rich D- and CYS-domains or CK motifs, which probably accounts for their not forming multimers as gel-forming mucins do. Of note, all membrane-bound mucins except MUC1 and MUC16 contain cysteine-rich EGF-domains, which mean they could potentially form disulfide-bond linkage. In addition to EGF-domains, MUC4 mucin contains a cysteine-rich AMOP-domain. The ability of these domains to create disulfide-bridges is sufficient to form only homo- and/or hetherodimers but not multimers [62, 63].




          The central part of a gel-forming mucin is defined as the “mucin domain” (Fig. 3). It consists of one or more tandem repeat-containing regions, flanked by and/or interspersed with the “naked” CYS-subdomains [7, 64-68]. The tandem repeats are abundant in proline, threonine and serine residues, giving this domain the name of PTS-domain. Because the number of tandem repeats in a mucin domain is a matter of allele-specific polymorphism, this region is also called VNTR (variable number of tandem repeats) domain. Many studies have shown that serine and threonine residues of the PTS-domain are heavily O-glycosylated [69-71]. The impact of O-glycans on the physico-chemical properties and functions of mucins is difficult to overestimate: it extends and stiffens the mucin molecule [72], resulting in the large volume mucin occupies in solution, which is important for the formation of the defensive mucus gel [13, 73].


        




        

          



          2.4.2.. Structure of the Membrane-Bound Mucins




          While D-, PTS- and CK-domains can be considered the hallmarks of the gel-forming mucins, the PTS-, SEA-, TM- (transmembrane) and CT- (cytoplasmic) domains are the hallmarks of the membrane-bound mucins. These domains facilitate multiple specific functions.




          Structurally, the most simply organized membrane-bound mucin is MUC1, which contains canonical PTS-, SEA-, TM- and CT-domains. Qualitatively, but not quantitatively, the same domain composition is observed in MUC16, but while the MUC1 molecule contains only one SEA-domain, the MUC16 glycoprotein contains 16 such modules [41, 74]. The precise domain structure of other membrane-bound mucins will be discussed in the second volume of this series. We describe here only the general structure of these proteins.




          The PTS-domain of a membrane-bound mucin exhibits the same biochemical characteristics as the corresponding domain of the gel-forming mucins. However, although this domain is a part of membrane-bound molecule, in some membrane-bound mucins (e.g. MUC1, MUC4), it can also be secreted into medium by shedding the extracellular part of the molecule (α-subunit) that is non-covalently bound to the rest of membrane-tethered mucin molecule (β-subunit) [2, 75].




          The uniqueness of the SEA-domain is its ability to undergo auto-proteolysis. As pointed out by Cone [76], “the SEA-domain appears to have evolved to break apart in response to mechanical stress, shedding the mucin without disrupting the membrane”. The SEA self-cleave generates two non-equal subunits, α and β, which form a heterodimer by non-covalent bonds [20, 75] that supply a well-regulated tensile breaking strength [76]. As a heterodimer, the subunits fulfill important and complex functions of communication between extra- and intra-cellular compartments. However, after separation of the two subunits and shedding of α-subunit, they may function autonomously. Two hydrophobic regions on the external surface of the SEA-domain that may interact with other proteins or other hydrophobic molecules [76] further increase the multifunctionality of the originally synthesized molecule.




          The ectodomain (α-subunit) of the membrane-tethered mucin is responsible mainly for extracellular functions [14, 77, 78], whereas the β-subunit, consisting mainly of transmembrane and cytoplasmic domains, is an important player in intracellular processes, where it functions as a scaffold for various signaling molecules and regulators [11, 20, 79]. The cytoplasmic domain of the membrane-bound mucins contains a number of potential tyrosine and serine phosphorylation sites. By phosphorylating specific sites, the cytoplasmic domain acquires the ability to interact with different molecules and become an active participant in basic cell processes [11, 20, 80]. The cytoplasmic domain of a membrane-bound mucin appears to be a crossroads of numerous intracellular signaling pathways. The ability of membrane-bound mucins to connect different pathways and direct signaling to specific molecular substrates is yet another indication of the enormous multifunctionality of these molecules.


        


      




      

        



        2.5.. SIMILARITIES AND DIFFERENCES IN BIOSYNTHESIS OF GEL-FORMING AND MEMBRANE-BOUND MUCINS




        

          



          2.5.1.. Biosynthesis of Mucin Polypeptide Precursors




          Biosynthesis of both gel-forming and membrane-bound mucins occurs on polyribosomes in the endoplasmic reticulum. Early studies established that less than 1 minute is necessary for synthesis of the full length polypeptide precursors of the gel-forming mucins [69, 81]. The dimers of the MUC2, MUC5AC and MUC6 mucins occur in the rough endoplasmic reticulum within the first 30 min of biosynthesis, whereas the first dimmers of the MUC5B mucin take about 4 hours to form [51, 52, 69]. The next stage of the gel-forming mucin biosynthesis, N-glycosylation, is likely to occur co-translationally [81]. N-glycans were shown to be necessary for efficient oligomerization [51, 52]. Moreover, the N-glycans expressed on mucin molecules interact with chaperones, calnexin and calreticulin, which modulate mucin biosynthesis during the folding and oligomerization stages in the endoplasmic reticulum [82, 83]. O-glycosylation of the mucin precursor occurs within the first hour of protein core biosynthesis after apomucin dimerization. It has been shown that N-glycosylation, C-mannosylation, folding, and dimerization of the primary peptide occur in endoplasmic reticulum, while O-glycosylation, sulphation, oligomerization and proteolysis of immature mucin molecules take place during their transit through the Golgi complex. Importantly, apomucins lacking N-glycans are degraded in the endoplasmic reticulum and cannot be transported to the Golgi apparatus [82, 84].




          Like in the gel-forming mucins, the membrane-bound mucin apoproteins are also synthesized rapidly within the first several minutes of biosynthesis. The nascent polypeptide chain undergoes co-translational self-cleavage followed by non-covalent binding of the N-terminal α-subunit and the C-terminal β-subunit of the peptide precursor. In all membrane-bound mucins except the MUC4, the auto-cleavage proteolysis takes place at the SEA-domain [75, 85-88]. Interestingly, N-glycosylation plays an important role in this reaction, evidenced by the finding that N-glycosylation pattern of the SEA-domain of the rodent Muc3 constitutes a control point for modulation of the proteolytic cleavage targeted to the SEA-module [49]. After the relatively short phase of apomucin biosynthesis and initial structural rearrangements, both gel-forming and membrane-bound mucins undergo a relatively long process of protein core glycosylation.


        




        

          



          2.5.2.. Glycosylation of Mucin Polypeptide Backbone




          Despite the structural differences between secreted and membrane-bound mucins, they share the following common features in the glycosylation of their core backbones. N-linked core glycosylation is the first event in the addition of sugar moieties to polypeptide chains, a process that occurs co-translationally in the lumen of the endoplasmic reticulum. The sequence, Asn-X-Ser/Thr, where X can be any amino acid except proline [82, 89], is the N-glycosylation target common for the gel-forming and membrane-bound mucins. N-glycans are responsible for appropriate folding of the newly synthesized polypeptide molecules. In the membrane-bound mucins, N-glycans also control apical cell membrane targeting [50]. In secreted gel-forming mucins, N-linked oligosaccharides play a role in the disulphide-dependent dimerization [51, 52, 69, 90]. Usually, the N-glycan structures of membrane-bound mucins are represented by the sialylated hybrid-type N-glycans [89, 91, 92]. The chemical content of N-glycosides of secreted mucins has not been fully identified [4].




          O-glycosylation of serine and threonine residues is one of the characteristic steps in biosynthesis of both the secreted and membrane-bound mucins. The incorporation of O-linked oligosaccharides into secreted gel-forming mucins begins after the completion of N-glycosylation and dimer formations [51, 52, 82, 93]. Initial O-glycosylation of gel-forming mucins takes place in the cis-Golgi compartments [94, 95]. The main O-glycosylation process occurs in the medial-Golgi and comes to completion in trans-Golgi cisterns [93, 96]. The fully glycosylated, mature mucin molecules are stored in the secretory granules for further release into extracellular environment in response to mucin secretagogues [4, 97].




          In membrane-bound mucins, the initial O-glycosylation occurs in trans-Golgi. Then, partially glycosylated molecules shuttle between the Golgi compartments and the cell membrane until O-glycosylation is completed by addition of sialic acid residues. The resultant mature mucin molecule is then re-translocated to the cell apical membrane where it fulfills its native receptor function [98, 99].


        




        

          



          2.5.3.. Proteolytic Modifications of Gel-Forming and Membrane-Bound Mucins




          One of the important steps in biosynthesis of both the secreted and membrane-bound mucins is proteolytic modification of immature precursors. However, the nature of the proteolytic reactions involved in processing and maturation of secreted and membrane-tethered mucins is different. Most of the membrane-bound mucins undergo auto-catalytic proteolysis in the SEA-domain that yields two unequal subunits, which, as noted above, develop heterodimers by non-covalent bonds [75, 86, 87]. In addition to auto-cleavage, the membrane-bound mucins undergo proteolysis by metallo-proteases and γ-secretase that results in release of the ectodomain and mobilization of the cytoplasmic tail, respectively. These proteolytic reactions are crucial for activation of the membrane-bound mucin-mediated signal transduction functions [100, 101].




          Proteolytic events involved in processing the gel-forming mucins are associated with N- and C-terminal regions of the mucin molecules. The C-terminal cleavage is formed by an auto-catalytic mechanism triggered by low pH in the late secretory pathway. The cleavage site is located in the D4-domain between the Asp and Pro residues in the GD^PH sequence [102]. The cleavage produces a new C-terminus that has the potential to link the cleaved mucin to other proteins [102, 103]. Remarkably, the GDPH sequence is found not only in the gel-forming mucins but in other mucins and non-mucin proteins as well [104, 105]; on the other hand, of the gel-forming mucins, only MUC2 and MUC5AC, but not MUC5B and MUC6, have the GDPH sequence at their C-terminal regions [102]. Nevertheless, although the GDPH site was not found in the MUC5B protein, the C-terminal cleavage of this mucin was also described [106].




          It appears that the GDPH sequence-associated cleavage is an important step in the processing of many proteins. Notably, the GDPH sequences are found in human and rat MUC4 mucins, the only membrane-bound mucins that do not have the SEA domain responsible for auto-cleavage in other membrane-bound mucins. It is likely that in the absence of the SEA-domain, its function is carried out by the GDPH sequence. This possibility is strengthened by the finding that two subunits of the MUC4 mucin were produced by auto-cleavage of the Asp-Pro bond at the GD^PH site [107, 108]. Thus, proteolytic modifications of gel-forming mucins and membrane-bound mucins have some features in common. Because the gel-forming mucins are more ancient than membrane-bound mucins in evolution terms [5, 14], cleavage at the GDPH site appears to be an older mechanism than SEA-domain mediated proteolysis.




          As noted above, the N-terminally located D1-D3 domains of MUC2, MUC5AC and MUC5B mucins display a high degree of similarity with corresponding domains of the von Willibrand factor [53, 109, 110]. This similarity is reflected also in proteolytic processing of the two entities associated with the N-terminal region. Some gel-forming mucins undergo proteolytic cleavage at the N-terminal D’-domain followed by a second cleavage at the D3-domain [109, 111].




          The analysis of the main structural features and potential functions of the gel-forming and membrane-bound mucins further attests to their multistructurality and multifunctionality. This chapter focused on the main structural and functional aspects of gel-forming and membrane-bound mucins The next chapters of this volume will focus on the secreted mucins, with special attention to their potentials as regulators of cell functions.
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      Abstract




      The group of secreted mucins has eight members: five genes encode the gel-forming mucins (MUC2, MUC5AC, MUC5B, MUC6 and MUC19) and three genes encode the soluble mucins (MUC7, MUC8 and MUC9). Gel-forming mucins share structural and evolutionary features with von Willibrand Factor. Soluble mucins differ from gel-forming mucins in that the former all do not have the von Willibrand Factor specific domains while mucin specific tandem repeat-containing domain is a common feature of all secreted mucins. Genes encoding the soluble mucins are located at different chromosomes, whereas all gel-forming mucin genes except MUC19 are clustered on chromosome locus 11p15.5 and the MUC19 gene is located on chromosome 12. Structural aspects and functions of the secreted mucins are discussed.
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      3.1.. General characteristics




      The group of secreted mucins contains eight glycoproteins: five gel-forming mucins and three soluble (non-gel-forming) mucins Fig. (1).
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Figure 1)




      Classification of the secreted mucins (the data reported in [3-12]).




      These glycoproteins play various important roles in normal cell physiology and pathology. They form a protective mucus barrier between epithelia and harmful exogenous agents that threaten the lumen of the respiratory, gastrointestinal and genitourinary tracts as well as of the visual and auditory systems [1]. Secreted mucins determine structure and rheological properties of the mucus gel and mucosal fluids. Defense of the underlying epithelial cells is thought to be the main function of the gel-forming and soluble mucins, although careful comparison of their structural characteristics with those of other proteins suggests additional functions [2] (see Chapters 12 and 13).




      The soluble mucins are differed from the gel-forming mucins in many aspects. The only structural feature common to both the gel-forming and soluble mucins is the presence of the mucin specific VNTR-containing domain rich in highly glycosylated serine and threonine residues. Functionally, soluble mucins differ from gel-forming mucins. Of note, the soluble mucins also differ from each other whereas the gel-forming mucins have many features in common.




      

        



        3.2.. Gel-forming mucins: structure, chromosomal localization and evolution




        The molecular structures of all gel-forming mucins are essentially the same and exhibit similarity to the von Willebrand factor (vWF) and have common evolutionary and regulatory mechanisms [3-12]. Like vWF, the N-terminal region of the gel-forming mucins consists of four D-domains: three (D1, D2 and D3) full-length vWF D-domains and one (D’) truncated. D’ is located between D2- and D3-domains, as follows: D1-D2-D’-D3. The central part of the gel-forming mucin molecule has a domain containing variable numbers of tandem repeats of different lengths that are enriched in proline, serine and threonine. The C-terminal regions of these molecules are similar, but not identical, to the C-terminus of the vWF, and contain the D4-, B- and C-domains and the CK-module [4, 6] Fig. (2).




        The basic composition and order of the main domains in the vWF and in the MUC2, MUC5AC and MUC5B mucins are the same. The only difference is in the central region, where the vWF molecule contains three A-domains (A1-A2-A3) and the molecules of gel-forming mucins have the non-identical mucin domains instead of A-domains. In addition to the structural elements described, there are several CYS-subdomains in both vWF and gel-forming mucins, differing in number and position in each mucin. It should be noted that, in contrast to the MUC2, MUC5AC and MUC5B mucins, MUC6 and MUC19 contain neither the D4- nor the B-domains Fig. (2). MUC6 also differs from other gel-forming genes by chromosomal orientation [13].




        
[image: ]


Figure 2)




        Domain structure of the gel-forming mucins and von Willebrand factor (vWF) (based on the data reported in [3-12]).




        The structural similarity of the gel-forming mucin polypeptides suggests a definite order of events during their evolution. However, the MUC6 and MUC19 genes introduce some disorder in this tidy organized evolution. These two genes exhibit different phylogenetic pathways from the evolutionary route of other gel-forming mucins, although there is a definite degree of similarity between all gel-forming mucin genes, including MUC6 and MUC19. On the one hand, the N-termini of the MUC6 and MUC19 genes are similar to those of other gel-forming mucin genes and the vWF gene. On the other hand, the C-termini of MUC6 and MUC19 are partially alike but markedly different from the C-terminal regions of the MUC2, MUC5AC and MUC5B genes and the vWF gene [9, 12]. In contrast to the other gel-forming mucin genes, which are located on the 11th chromosome as a cluster, the human MUC19 gene resides at chromosome locus 12q12, close to the vWF gene (12p13), and the MUC6 gene, structurally very similar to MUC19, is an integral part of the 11p15.5 cluster [12] Fig. (3).
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Figure 3)




        Chromosomal localization of vWF, SMGC and gel-forming mucin genes (based on the data reported in [5, 12]).




        Despite the above-mentioned differences, the gel-forming mucins have a common evolutionary history that is partially reflected in the cluster-type distribution of their genes: four out of five gel-forming mucin genes – MUC6, MUC2, MUC5AC and MUC5B – are located on the same chromosome locus (11p15.5 locus in human, and 7 F5 locus in mouse) [5]. This cluster organization implies common evolution from the ancestral gene by gene duplication mechanisms. Indeed, computational and phylogenic analyses performed by Desseyn et al. [6] point to the evolutionary history of the human MUC6, MUC2, MUC5AC and MUC5B mucin genes from an ancestral gene common to the vWF gene. The recent studies by Lang et al. [7] confirmed observations made by others [6, 8] regarding the origin of the gel-forming mucin genes. The genomic organization of mouse mucin genes is similar to their human homologs, pointing to the high degree of evolutionary conservation. This conservation is reflected not only at the genomic level, but can also be seen at the transcriptome and proteome levels [9-11].




        Interestingly, Chen and co-workers [12] consider the MUC19 gene evolutionarily much closer to MUC2, MUC5AC and MUC5B than to MUC6, although MUC6, as mentioned above, belongs to the same chromosomal cluster as MUC2, MUC5AC and MUC5B [13]. According to these authors [12], “MUC19 shares a similar ancestor with the other gel-forming mucins and branched out evolutionarily later than MUC6” Fig. (4). In contrast to Chen et al. [12], Kawahara and Nishida [14] found that MUC19 is an ortholog of the fish spiggin gene, pointing to a common ancestor gene. This finding suggests that MUC19 shares the common ancestor gene with the fish spiggin genes, but not with the gel-forming genes – a finding that underscores the peculiarity of the evolution of the MUC19 gene.




        The difference between the MUC19 gene and other gel-forming mucin genes is seen also at the transcriptional level. In mouse, fusion of Smgc with Muc19 genes, occurred during evolution, resulted in common regulation of transcription of both genes followed by developmentally regulated splicing. The Smgc/Muc19 gene is composed of 60 exons: the Smgc protein is encoded by exons 1-18 while the Muc19 transcript incorporates exon 1 and then skips to exons 19-60 [9, 15].




        The structural characteristics and evolutionary history as well as biochemical properties and functional activities of the gel-forming mucins are disucced in Chapters 4-8.
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Figure 4)




        Evolution of the gel-forming genes (based on the data reported in [6, 12, 14]).


      




      

        



        3.3.. Soluble mucins: structural and functional characteristics




        While the group of soluble mucins is small, it consists of highly multifunctional glycoproteins that play important roles in both cell physiology and pathology. Despite the importance of their functions, these proteins have been studied much less than gel-forming mucins, and some aspects of their structure and functions can only be outlined.




        In contrast to gel-forming mucin genes, most of which are located at chromosome locus 11p15.5 as a cluster, the genes encoding soluble mucins reside on different chromosomes. MUC7 is located at chromosome locus 4q13, MUC8 at chromosome locus 12q24.3, and MUC9 at chromosome locus 1p13. This distribution suggests the absence of evolutionary relationship between them.




        

          



          3.3.1.. Mucin MUC7




          The MUC7 gene encodes a small, soluble salivary protein consisting of 377 amino acid residues, part of which are highly glycosylated and contains variable amounts of fucose and sialic acid [16-23]. Analysis of the MUC7 mucin amino acid sequence revealed five distinct structural domains in this apomucin molecule: 1) N-terminal histatin-like domain, 2) moderately glycosylated proline-rich domain, 3) highly glycosylated tandem repeat-containing domain, 4) mouse Muc1 and human MUC2-like domains, and 5) C-terminal leucine zipper-containing module [22]. The presence in the human MUC7 gene of sequences homologous to the sequences of the mouse membrane-bound mucin Muc1 gene and human gel-forming MUC2 gene indicates a possible crossing point in their evolutionary histories [22]. Importantly, each domain of the MUC7 mucin possesses its own biological function(s), pointing to the multifunctionality of this mucin [24, 25].




          As follows from its name, the histatin-like domain expresses candidacidal activity [26-33]. The proline moiety of the second domain assists in extending the structure of the MUC7 mucin, contributing to its role in defense of epithelial surfaces. The central mucin-like domain fulfills several mucin-specific functions including lubrication and hydration. The C-terminal domains are apparently involved in self-association of mucin polypeptide important for protective barrier function [24].




          The mechanisms controlling transcription of the MUC7 gene have not been extensively studied, but several transcription factor binding sites have been identified in the promoter region of the MUC7 gene, including cis-elements specific for NFκB, c/EBPβ, FOXD3, Oct, TCF11 and STATs [16, 34]. Various cytokines as well as growth factors and bacterial lipopolysaccharides have been shown to up-regulate expression of MUC7 [35-38], indicating the involvement of diverse signaling pathways in the regulation of MUC7 transcription [38].




          The MUC7 mucin plays important roles in both normal cell physiology and pathology. It was thought to be involved in clearance of bacteria, viruses and fungi in the oral cavity and to aid in mastication, speech and swallowing. It has been shown to fulfill “sanitary inspection” of the oral cavity by preventing oral infections, participate in mastication, food bolus formation and speaking [16, 25, 33, 39-42]. It lubricates oral surfaces, protects them from mechanical and chemical damage, and participates in formation of impermeable defensive barrier [25, 43-48]. Recently, MUC7 expression was detected also in the respiratory and genitourinary tracts, in the lachrymal gland, and in the middle ear epithelium [35, 41-43]. It is expressed in inflamed airways [49, 50], in bladder cancer [43, 51], in pyelonephritic kidney [52], and in ampullary carcinoma [53]. Taken together, these findings show that MUC7 mucin is an important player in many fundamental physiological processes maintaining cell homeostasis and in the pathogenesis of various diseases.


        




        

          



          3.3.2.. Mucin MUC8




          The MUC8 mucin is one of the less studied members of the mucin superfamily. Some unique features are however taking shape. Like all other mucins, MUC8 contains a mucin-specific domain characterized by a variable number of tandem repeats. While all other mucins contain only one type of a consensus repeat, the MUC8 polypeptide contains two types: one composed of 13 amino acids and another of 41 amino acids [54].




          Under physiological conditions, MUC8 gene is widely expressed in many epithelial tissues, ranging from the airways [54, 55] to the stomach [56], the male and female reproductive tract [57, 58], and the middle ear [59]. It serves as a specific marker of ciliated cell differentiation [60]. In pathology, it has been implicated in the pathogenesis of mucus hypersecretion in chronic airway inflammatory diseases [61], and in the pathogenesis of ampullary and endometrial carcinomas [53, 58]. The “immune-type” agglutination of motile sperm is also thought to be induced by MUC8 specific antibodies [58]. These sporadic investigations give an idea of the functional activity of the MUC8 mucin; clearly, more systemic studies are needed to gain further insight into the functional aspects of the MUC8 glycoprotein.




          The few studies on the mechanisms responsible for regulation of MUC8 transcription have established that inflammatory mediators such as TNFα, IL-1β, IL-4, LPS and PAF up-regulate MUC8 expression [61-66], whereas suppressors of cytokine signaling (SOCS) may inhibit transcriptional activity of the gene [67]. Several transcription factors have been implicated in MUC8 gene regulation, among which CREB and AP2α appear to be of particular importance [61, 68-71].




          Taken together, the available information shows that in spite of the important contribution of MUC8 mucin to normal cell physiology (differentiation of ciliated cells) and pathology (airway inflammation [54, 55, 60, 62, 72], endometrial cancer [58]), study of its molecular, biochemical and physiological characteristics is still at the very beginning. More research is needed to elucidate the main parameters of this apparently important mucin glycoprotein.


        




        

          



          3.3.3.. Mucin MUC9




          The glycoprotein MUC9 is the third soluble mucin. It differs from MUC7 and MUC8 in several ways. The MUC9 mucin is a relatively large epithelial glycoprotein containing, like other mucins, numerous tandem repeats that are highly O-glycosylated at the threonine and serine residues [73-77]. However, unlike the other mucins, MUC9 belongs simultaneously to two different protein families: the mucin family and the family of 18 glycosyl hydrolases [78]. In addition to a mucin-specific domain, it contains a chitinase (glycosyl hydrolase)-specific domain [79-82]. While MUC9 does not express chitinase activity, which has been lost during evolution as a result of mutation(s) [81], the presence of a chitinase domain in the MUC9 structure may indicate a common ancestor for the two genes [83].




          In contrast to the widely expressed MUC7 and MUC8 mucins, the expression of MUC9 glycoprotein is restricted mainly to the epithelial cells of the oviduct. Thus, the MUC9 mucin is also known as the oviductal glycoprotein 1, or oviductin [80]. In accordance with this name, it was considered to be expressed exclusively in the oviductal microenvironment [76, 77, 84] until its expression was recently and unexpectedly detected in the middle ear epithelium [41, 85]. The MUC9 mucin is an active and important participant in the processes of biological reproduction [76, 77, 86-90]. It interacts directly with oocytes, spermatozoa and embryos [80, 91] – interactions that have positive effects on sperm mobility and viability, capacitation, sperm-ovum binding, ovum penetration, fertilization and early embryo development [76, 80, 86, 88, 89, 92-97]. MUC9 acts both on the surface of gametes and intracellularly [2, 98, 99], and defends gametes and embryos against maternal immune attack [100]. The multiple amino acid motifs present in the MUC9 polypeptide, which allow interactions of the MUC9 molecule with a number of partner-proteins, may enlist the MUC9 to various intracellular signaling pathways [2].




          In summary, three glycoproteins, MUC7, MUC8 and MUC9, comprising a group of soluble mucins, share very few features at the structural and functional levels, but are unified into one group thanks to the presence of mucin domains in their structures, the ability to stay in a soluble form, and the power to provide cells with defense against mechanical and chemical stresses, infections and immunological attacks. These properties demonstrate the importance of soluble mucins for cell physiology and pathology and merit further research. The individual properties of MUC7, MUC8 and MUC9 mucins are described in Chapters 9, 10 and 11, respectively.
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      Abstract




      The MUC2 glycoprotein is one of the most extensively studied secreted gel-forming mucins. The gene encoding this protein has been cloned, sequenced and analyzed both structurally and functionally. The exon/intron composition of the MUC2 gene has been established, and its transcription investigated. The transcriptional activity of the gene is controlled by promoter regulatory elements and by the epigenetic mechanism. Biosynthesis of the MUC2 protein precursor and its processing and maturation associated with posttranslational modifications, such as N- and O-glycosylation, sulfation, sialylation and posttranslational proteolysis, have been thoroughly studied. Expression of MUC2 gene has been analyzed in different organs, tissues and cells under physiological conditions, including embryogenesis and fetal development, and in different forms of pathology. The molecular biology aspects of the MUC2 glycoprotein functioning, as well as its biosynthesis, posttranslational modifications and expression are discussed.
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    The group of gel-forming mucins, consisting of the MUC2, MUC5AC, MUC5B, MUC6 and MUC19 glycoproteins, represents a subfamily of the large mucin superfamily. They have attracted much attention because of the important functions they perform in physiology and pathology of epithelial cells. Some of the mucins have been studied thoroughly while others much less. MUC2 is the best studied and MUC19 the least. This chapter presents a detailed analysis of the MUC2 mucin; other gel-forming mucins are covered in the subsequent chapters.




    

      



      4.1.. MUC2 mucin: domain structure




      Among the gel-forming mucin genes, the MUC2 was the first to be cloned and completely sequenced [1-3]. Located at chromosome locus 11p15.5, the human MUC2 gene, containing 49 exons, encodes the core protein comprised of 5179 amino acid residues in its commonest allelic form [2-5]. The N-terminal D1-D3 domains comprise 1400 amino acids including multiple cysteine residues (Fig. 1). This region is followed by a short, 347 amino acid fragment consisting of irregular heavily O-glycosylated repeats. Downstream to these repeats is a large 2300 amino acid-containing PTS domain that includes regular repeats, each containing 23 amino acids. The number of repeats varies between 50 and 115 copies in different alleles (VNTR). The PTS-domain is densely O-glycosylated at serine and threonine residues. Between the 347 amino acid-containing domain and the PTS-domain, there is a short cysteine-rich bridge composed of 148 amino acids. The C-terminal region of the MUC2 glycoprotein is formed by the cysteine-rich D4-, B-, C- and CK-domains, and consists of 984 amino acids (Fig. 1) The very C-end of the MUC2 mucin contains heparin binding site [1].
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Figure 1)




      Domain structure of the MUC2 mucin glycoprotein (based on the data reported in [2-5]).




      

        



        4.2.. Regulation of MUC2 gene transcription




        Expression of the MUC2 gene is regulated by both genetic and epigenetic mechanisms that carry out their respective tasks in a highly coordinated manner. The peculiarities of the MUC2 gene's promoter structure and functions as well as the details of its epigenetic regulation are discussed below.




        

          



          4.2.1.. MUC2 promoter




          The MUC2 gene is expressed mostly in the goblet cells in the small and large intestine [6, 7]. Other tissues and organs of the gastro-intestinal tract, such as stomach, esophagus and gallbladder, do not synthesize significant quantities of the MUC2 glycoprotein [8, 9]. Nevertheless, it is expressed under specific conditions in other tissues as well: for example, low-level expression of MUC2 is detected in the epithelium and glands of endocervix and in airways [10-12]. While it is highly expressed in normal colon epithelium, its expression in colon cancer is drastically decreased [13, 14], suggesting that MUC2 expression is highly associated with the level of differentiation characteristic of normal intestinal epithelium [8]. A number of biologically active molecules regulate the MUC2 gene expression in various cell types, including cytokines, growth factors, differentiation stimulating agents, bacterial and viral products, and many other factors [15]. These data point to the complex organization of the MUC2 promoter that enables it to support specific combinations of cis-elements with the potential to bind different transcription factors in cell- and tissue-specific manner.




          The regulatory region of the MUC2 gene is represented by the promoter which, according to Velcich et al. [16], is “stretched out” by approximately 12 kb. This promoter contains a typical TATA box located at position -31/-25 upstream to the transcription initiation site [15]. In addition to the canonical TATA box, there are several TATA box-like sites throughout the promoter; one, a TAATAAT sequence, is located far upstream (-3390/-3384) to the canonical transcription start site. In this context, the 8 noncanonical transcription start sites found in the MUC2 promoter by Velcich et al. [16] are of great importance.




          The presence of repetitive sequences of different lengths is characteristic of the human MUC2 promoter. Several repetitive sequences have been found: the ATCC motif is repeated 101 times in the region between nucleotides -5232 and -4330; the pentanucleotide CCTGC is repeated 26 times in the region between bases -3450 and -1; a 90-nucleotide-containing segment is repeated twice with almost 90% similarity; three direct repeats of the TCCTGCC sequence with only one nucleotide substitution are located near the canonical transcription start site. In addition, there are multiple Alu repeats [8].




          The number and distribution of different transcription factor binding cis-elements throughout the promoter region of a given gene is specific to that gene and determine the expression of the gene in various cells and tissues. Thus, analysis of the cis-elements in a given promoter is important for evaluation of a given gene transcriptional regulation. Fig. 2 illustrates the partial cis-element map of the MUC2 promoter. The role of each of the identified cis-elements and corresponding transcription factors in the regulation of MUC2 gene transcription is discussed below.




          Transcription factors Sp1/Sp3: The MUC2 promoter region encompassing the first 150 bases upstream to the canonical TATA-box contains a number of cis-elements specific for several transcription factors (Fig. 2). Sequence analysis of the human MUC2 promoter revealed the presence of several GC boxes, the putative binding sites for the Sp family of transcription factors suggested to play a role in the regulation of the MUC2 gene. The region comprising the bases from -91 to -73 (relative to the transcription start point) contains CACCC motif specific for transcription factors of Sp1 family. This region is important for basal promoter activity in the all cell lines tested [8, 16-18]. A comparison of the mouse and human MUC2 promoters showed a high degree of sequence conservation including the presence, location and composition of GC boxes. This conservation of promoter sequences suggests functional relevance of the Muc2 and MUC2 expression in the intestine of mouse and human both in vivo and in vitro [17, 19].
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Figure 2)




          Transcription factor cis-element map of the MUC2 promoter (constructed on the data reported in [8, 16-18, 38, 49-52, 70]).




          The importance of Sp1/Sp3 transcription factors and the corresponding Sp-binding sites for expression of the MUC2 gene was demonstrated in several studies. These transcription factors are involved in different signaling cascades that participate in regulation of MUC2 expression. Growth factors play an important role in the physiology and pathology of many cell types including goblet cells, the main producers of MUC2 mucin [20]. EGF and TGFα up-regulate MUC2 transcription through activation of Ras-Raf-MEK1/2-ERK1/2 pathway. This cascade leads to phosphorylation of the Sp1 transcription factor, resulting in the binding of the Sp1 protein to the Sp1-specific cis-element located in the -2627/-2097 region of the MUC2 promoter. This binding activates MUC2 transcription [21].




          The Sp1 transcription factor is also involved in adenosine-mediated up-regulation of MUC2 gene expression. Adenosine, which is accumulated extracellularly in tissues under oxidative or metabolic stresses, was shown by McNamara et al. [22] to affect mucin production via the epithelial cell signaling pathway initiated at the adenosine receptor. The activated receptor transduces signals through a Ca2+ ion channel to EGFR, followed by activation of the Ras-Raf -MEK1/2-ERK1/2 canonical signal transduction pathway, resulting in binding of the phosphorylated Sp1 transcription factor to the MUC2 promoter.




          The importance of the Sp1/Sp3 transcription factors for expression of MUC2 was clearly demonstrated by the use of specific inhibitors of their activity. Aslam et al. [17] showed that mithramycin, an inhibitor of Sp1/Sp3 binding, blocked the expression of MUC2 in human adeno-carcinoma cell line HT29. The Sp1 transcription factor was shown to function as a main regulator of basic MUC2 promoter activity in intestinal goblet cells. Importantly, interaction of Sp1 with other transcription factors may activate MUC2 transcription in other cells and tissues, for example in the rat airway epithelium [18]. In this context, interaction of Sp1 with Ap2 transcription factor, whose binding site is adjusted to the Sp1-specific cis-element in murine and rat Muc2 genes, is of particular interest [17]. Interestingly, Sp1 and Sp3 transcription factors belong to the same family but may function differently: Sp1 is a powerful activator of MUC2 transcription while Sp3 is a strong inhibitor of MUC2 expression [21]. The Sp1 transcription factor is involved also in epigenetic transcriptional regulation of the MUC2 gene by prevention of CpG methylation, a process that leads to MUC2 gene silencing [17, 23, 24].




          Transcription factor Cdx2: Functional segmentation of the MUC2 promoter has been established by several research groups [8, 16, 17, 25-29]. Cis-elements located between nucleotides -91 and -73 participate mostly in regulation of basic MUC2 transcription [16, 17]. The segment located between the bases -228 and -171 controls mainly the cell-type specific transcription of the MUC2 gene [8]. This segment contains two binding sites specific for the Cdx2 transcription factor, which is an intestine-specific homeodomain protein and a principal regulator of the intestinal genes including MUC2 [25-29]. These two Cdx2-binding sites participate in concert in MUC2 transcriptional regulation: only simultaneous mutations in the two sites results in inhibition of Cdx2-mediated trans-activation of the MUC2 promoter [29].




          Although both Cdx homeodomain proteins, Cdx1 and Cdx2, are important for intestinal epithelium differentiation [30], only Cdx2 interacts with the corresponding cis-elements in the MUC2 promoter activating transcription of the MUC2 gene, and thereby plays an important role in goblet cell differentiation [28]. Mesquita et al. [29] showed that Cdx1 had no significant effect on the MUC2 promoter activity in several gastric carcinoma cell lines tested, whereas simultaneous expression of both the Cdx1 and Cdx2 transcription factors resulted in MUC2 expression in intestinal metaplastic cells and in gastric carcinoma cells [31]. Importantly, the MUC2 promoter could be trans-activated in gastric carcinoma cell lines by ectopical over-expression of Cdx2 transcription factor, showing that Cdx2 may drive transcription of the MUC2 gene in both intestinal and nonintestinal epithelial cells.




          The synergism between homeodomain proteins and zinc finger transcription factors has been repeatedly described as an important mechanism of gene regulation [32, 33]. Such cooperation has not been observed, however, with the MUC2 gene. Sp1 protein, a member of the zinc finger transcription factor family, and Cdx2, a homeodomain transcription factor, did not cooperate in cell-specific Cdx2-mediated regulation of MUC2 promoter [29]. According to Mesquita et al. [29], this is consistent with the data showing that Sp1 is a general ubiquitous transcription factor involved mainly in basic, but not cell-specific, regulation of transcription. This opinion contradicts, however, the finding of Nogami et al. [18] that Sp1 does participate in regulation of the MUC2 cell-specific expression in the airway epithelia.




          Transcription factors GATA: GATA proteins, members of the zinc finger family of transcription factors, have been shown to be expressed in the gastro-intestinal epithelium. Moreover, transcription factors GATA-4/-5/-6 are involved in gastrointestinal cell differentiation [34]. The MUC2 promoter contains several GATA-4 protein binding cis-elements in close proximity to the Cdx2 binding sites (Fig. 2) – a topology that suggests their possible cooperation in regulation of MUC2 transcription. Cooperation between GATA and Cdx in the regulation of the MUC2 gene has not been reported, but synergism in activities of these transcription factors in transcriptional regulation of other intestine-specific genes has been described [35, 36]. One such study reports cooperation between Cdx2, GATA-4 and HNF-1α (hepatocyte nuclear factor also known as forkhead box A, FOXA) for the intestine-specific sucrase-isomaltase gene [37]. Of interest, the binding sites for HNF (FOXA) are present also in the MUC2 gene promoter (Fig. 2). Moreover, a comprehensive study by Van Seuningen’s group [38] suggests that the murine Muc2 mucin gene is transcriptionally regulated by both the GATA-4 and HNF-3α transcription factors. This study showed that the GATA-4 transcription factor is expressed in the intestinal goblet cells in parallel with the Muc2 mucin. Moreover, the Muc2 promoter contains several cognate GATA-4 binding sites located between nucleotides -168 and -96. These cis-elements directly bind molecules of GATA-4 transcription factor, resulting in activation of the Muc2 promoter. The HNF-3α (Foxa1) and HNF-3β (Foxa2) transcription factors also bind to the Muc2 promoter at their cognate cis-elements (-108/-104), located next to the GATA-4 cis-element (-99/-96), and up-regulate transcription of the endogenous Muc2 gene and an artificial construct directed by the Muc2 promoter [39]. Although these data suggest close cooperation of GATA, HNF-3α (Foxa1) and HNF-3β (Foxa2) transcription factors in transcriptional regulation of the murine Muc2 gene, Van der Sluis et al. [38, 39] could not detect synergism between them in regulation of the human MUC2 gene.




          A definite parallelism between expression of the MUC2 mucin, on the one hand, and GATA-4,-5,-6 and HNF (Foxa) transcription factors, on the other hand, has been observed during embryonic and fetal development. The MUC2 mucin is expressed early in embryonic development of the intestine, and high expression of this gene is observed also in differentiated intestinal epithelia [40, 41]. The GATA-5 and GATA-6 proteins are also expressed during embryonic development of the intestine and in differentiated intestinal cells, supporting transcription of several intestine-specific genes [36, 42-45]. Like MUC2 protein and GATA transcription factors, the HNFs (Foxa1 and Foxa2) are also involved in morphogenesis of mammalian gut endoderm, lineage development, and intestinal cell differentiation [25, 46]. As pointed out by Van der Sluis et al. [38], “all these data are in favor of an important role for GATA-4 factor in Muc2 spatio-temporal expression pattern observed in embryonic, fetal, and adult small intestine, and identifies the Muc2, a gene that is a marker of goblet cells, as a direct target of transcription factors involved in intestinal development and cell differentiation”. The importance of these findings is also evidenced by the fact that GATA-4 controls the Muc2 mucin expression not only in the intestine goblet cells, but ectopically in other tissues, where both the GATA-4 and MUC2 genes are co-expressed [47, 48].




          Transcription factor p53: The p53 protein is one of the transcription factors that regulate MUC2 transcription. It has been shown to mediate stress-induced Muc2 trans-activation in a colon cancer cell line via binding to the p53 cognate cis-elements located at positions -1131/-1100 and - 676/- 650 in mouse Muc2 promoter [49]. Both sites were found to contribute to stimulation of the Muc2 promoter activity in response to stress factors such as actinomycin D, UV and X-ray radiation. Importantly, a spectrum of cells expressing MUC2 under control of p53 is not limited to intestinal cells: Ookawa et al. [49] reported up-regulation of the MUC2 gene in osteosarcoma, hepatome, breast cancer and lung cancer cells by exogenous p53. These data show that p53 is a powerful and probably universal activator of the MUC2 gene expression.




          Transcription factor NF-κB: Different stress factors activate different transcription factors, which, in turn, interact with different but specific cis-elements in the MUC2 promoter and up-regulate MUC2 gene transcription. NF-κB transcription factor appears to be the main player in the cell's defense against bacterial stress. The MUC2 promoter contains at least two NFκB binding sites, located between the nucleotides -1628 and -1400 (Fig. 2). The NF-κB transcription factor binds to its cognate cis-element at the -1458/-1430 position, resulting in up-regulation of MUC2 transcription in airway epithelial cells in response to Pseudomonas aeruginosa (P.aeruginosa) infection [50]. These authors established that bacterial lipopolysaccharide, LPS, the major component of the Gram-negative bacteria outer membrane and a potent activator of the host defense response [51], is the main factor mediating P. aeruginosa-induced up-regulation of MUC2 transcription. LPS was shown to activate the signal transduction cascade consisting of LPS-LBP-Ras-Raf-1-MEK1/2-ERK1/2-pp90rsk-NF-κB(p50/p65). At the last stage of this cascade, two subunits of the NF-κB transcription factor bind to its cognate cis-element in the MUC2 promoter, activating MUC2 mucin expression [50-52].




          The described pathway is not the only one that up-regulates MUC2 transcription in response to Gram-negative bacterial infection. For instance, when the non-typeable Haemophilus influenzae bacterium (NTHi) infects the airway epithelial cells, it interacts with the cell surface in a way different from that of P. aeruginoza. NTHi interacts with cell membrane through two cell membrane receptors: the Toll-like receptor 2 (TLR2) and the TGFβ receptor type I/II (TβRI/II). The TLR2 receptor directs the NTHi-induced signal to the cascade TLR2->MyD->TAK->NIK->IKKβ/γ->IkBα/NF-kB(p50/p65)-> NFkB(p50/p65). In other words, the signal obtained by TLR2 from NTHi is transmitted to MyD, and, via a TAK1-NIK-IKKβ/γ-dependent phosphorylation of the IkBα, activates NFkB, which then is translocated to the nucleus, where it binds to the cognate cis-element in the MUC2 promoter [53]. NHTi may also interact directly with the TβRII receptor. This results in phosphorylation of Smad3/4 and activation of TβRI/II-Smad3/4 signaling pathway through the following steps: (1) the phosphorylated TβRII receptor forms a heterodimer with the TβRI receptor; (2) the heterodimer TβRI/II phosphorylates the Smad3 protein; (3) the phosphorylated Smad3 is translocated to the nucleus, where (4) it forms a complex with the Smad4. However, the Smad3/4 complex cannot bind directly to the MUC2 promoter, as the latter does not contain Smad-binding cis-elements. Instead, (5) Smad3/4 interacts with NFkBp65/p50, after which (6) the NFκBp65/p50:Smad3/4 complex binds to the NFkB-specific cis-element in the MUC2 promoter, resulting in up-regulation of MUC2 transcription. Thus, cooperation between the TGFβ-Smad signaling pathway and NF-κB mediates NTHi-induced transcription of the MUC2 mucin gene [53].




          Recently, NFκB was also implicated in a signaling pathway that activates MUC2 gene transcription in response to leukotriene D4 (LTD4). LTD4 participates in the host-defense reactions and in pathogenesis of such conditions as immediate hypersensitivity and inflammation [54, 55]. This pathway is initiated by interaction of LTD4 with its cognate cysteinyl-leukotriene receptor (CysLT1), followed by activation of the cascade G-protein, PKC, MEK, ERK and NFκB. The last one interacts with the MUC2 promoter, thereby activating the MUC2 transcription.




          In addition to LTD4 and bacterial stress, NFκB responds to other stress factors such as the bile acids. The bile acids are cytotoxic to esophageal epithelial cells and induce a strong cell-protective response by enhanced production of gel-forming mucins, particularly the MUC2 mucin. Deoxycholic acid up-regulates MUC2 transcription by activation of NF-kB, but in this case activation of the MUC2 gene occurs via PKC, MAPK - independent pathway [56]. The presented examples show that NF-κB transcription factor is a multi-potent element of gene regulation machinery that can be activated by different signaling pathways. NF-κB may functionally interact with multiple adaptor proteins, resulting in transcriptional up-regulation of multiple genes including MUC2.




          NF-kB transcription factor is not only one of the transcription factors that mediate activation of MUC2 to protect the cell from bacterial stress, although it is an important one. For instance, Helicobacter pylori (H.pylori) infection stimulates production of the MUC2 mucin by a mechanism that involves down-regulation of the Sox2 gene. The contact of H. pylori with epithelial cells induces the immune response associated with production of the pro-inflammatory cytokines, including INF-γ, TNF-α, IL-1β and IL-4 [57, 58]. INF-γ inhibits synthesis of the Sox2 transcription factor [59, 60]. The down-regulation of the Sox2 gene up-regulates Cdx2 protein production, which, in turn, activates MUC2 transcription.




          Transcription factor CREB: The MUC2 promoter also contains the binding sites specific for the CREB and AP-1 transcription factors (Fig. 2). The CREB family of transcription factors plays a critical role in controlling cell growth, cell cycle progression, and differentiation of many cell types including intestinal and airway epithelial cells [61-64]. The CREB proteins control gene transcription through binding to the specific CRE cis-element (5’-TGACGTCA-3’) in the promoters of the relevant genes.




          The CREB transcription factor has the potential to control MUC2 expression by a number of signaling cascades. For instance, the MUC2 gene can be activated in human intestinal epithelial cells by the vasoactive intestinal peptide (VIP), which triggers signal transmission from the cell surface through the VIP-receptor to cAMP ->PKA-> MEK-> ERK1/2-> MSK-> CREB/ATF1 pathway [61]. The activated CREB/ATF1 binds to the CRE cis-element of the MUC2 promoter located at -2571/-2563 nucleotides, resulting in up-regulation of MUC2 gene expression. The activating signal from PKA may also be transmitted to the p38 and then to MSK->CREB/ATF1. Importantly, VIP can also induce reciprocal inhibition of MUC2 gene expression by a mechanism involving activation of JNK, which, through interaction with c-Jun, blocks binding of the activated CREB/ATF1 to the MUC2 promoter.




          Regulation of MUC2 gene activity by the CREB transcription factor can also occur via a non-classical retinoic acid (RA) signaling pathway [62]. In normal human tracheo-bronchial cells, RA mediates its activity not in the classical way through RAR/RXR receptors, but through activation of PKCα followed by transmission of the activated signal via Raf-> MEK-> ERK-> RSK-> CREB signaling. The activated CREB binds to the CRE-cis-elements in human MUC2 promoter at positions -1047/-1039, -422/-414 and -194/-186, leading to up-regulation of MUC2 gene expression.




          Transcription factor AP-1: The 5’-untranslated region of the MUC2 gene harbors three AP-1 binding sites located at positions corresponding to the -1871, -818 and -169 nucleotides (Fig. 2). One of these AP-1sites (-1871) is involved in up-regulation of MUC2 gene expression by galectin-3 [65]. This pleiotropic member of the β-galactoside-binding protein family [66-68] modulates MUC2 mucin expression in human cancer cells at the transcriptional level via direct interaction of the nuclear galectin-3 with the c-Jun/Fra-1 transcription complex, followed by its binding to the AP-1 cis- element (-1871) in the MUC2 promoter [69]. Importantly, the MUC2 mucin is a ligand of galactin-3 [69]. The ability of galactin-3 to up-regulate production of its own ligand may explain the effect of galactin-3 and MUC2 proteins on colon cancer cells and metastasis.




          Another AP-1 site of the MUC2 promoter is located at the nucleotides -818/-808 and is involved in regulation of MUC2 expression by short-chain fatty acids (SCFA) [70]. SCFAs, and especially butyrate, are known to affect intestinal-specific gene expression [70-73]. Low concentration (1 mM) of butyrate activates MUC2 mucin expression by stimulation of specific binding of the c-Fos/c-Jun complex to the -818/-808 AP-1 binding site; high concentrations of butyrate (5-15 mM) induce repression of MUC2 expression [70]. It appears that the concentration-dependent effects of butyrate on MUC2 transcription result from butyrate's multifunctionality. Butyrate may affect MUC2 gene transcription also through an epigenetic mechanism by changing the “histone code”; butyrate is a well-known inhibitor of histone deacetylases (HDAC) [74], which participate in epigenetic regulation of MUC2 gene activity [70, 75] (see section 4.2.2).


        




        

          



          4.2.2.. MUC2 Gene: Epigenetic Regulation




          The term “epigenetics” literally means “outside conventional genetics” and is used to describe the mechanisms that regulate gene expression by posttranslational modifications of either the DNA itself or of the proteins that are “intimately associated with DNA as the key mediators” [76]. It should be pointed out that reversible posttranslational modifications of histone proteins in combination with reversible methylation of specific CpG sites in genomic DNA, especially in a gene promoter, are an important part of gene regulation. These epigenetic mechanisms determine the accessibility of the promoter cis-elements to the corresponding transcription factors, thereby facilitating the dynamic regulation of gene transcription [77].




          MUC2 as well as other gel-forming mucin genes are located in “a methylation hot spot” of the genome [4]. Repression of the MUC2 gene observed in many cancer cells is a result of the site-specific methylation within its promoter, and/or specific modifications of histones composing “a regulative histone code” [24]. The term “histone code”, introduced into the scientific lexicon by Jenuwein and Allis [78], refers to the concept that “chromatin, the physiological template of all eukaryotic genetic information, is subject to a diverse array of posttranslational modifications that largely impinge on histone amino termini, thereby regulating access to the underlying DNA. Distinct histone amino-terminal modifications can generate synergistic or antagonistic interaction affinities for chromatin-associated proteins, which in turn dictate dynamic transition between transcriptionally active or transcriptionally silent chromatine states. The combinatorial nature of histone amino-terminal modifications thus reveals a “histone code” that considerably extends the information potential of the genetic code”.




          The first indication of epigenetic regulation of the MUC2 gene was obtained by Hanski et al. [79, 80], who showed that suppression of MUC2 in colon carcinoma cells is associated with methylation of its promoter region; and that the expression of the MUC2 gene could be enhanced by treating the MUC2-expressing colon carcinoma cells with 5-aza-2’-deoxycytidine, an inhibitor of DNA-methylation. These results were confirmed and extended by Siedow et al. [23] and Ho et al. [81], who showed that expression of the MUC2 gene in pancreatic cancer cells correlates well with the methylation status of the proximal region of the MUC2 gene promoter: the MUC2 gene promoter is highly methylated in the MUC2-non-producing cell line PANC-1 and not in the MUC2-expressing cell line BxPC-3. The de novo expression of the MUC2 gene in pancreatic MUC2-negative cells was associated with promoter demethylation triggered by treating the cells with an inhibitor of DNA methyltransferase.




          Gratchev et al. [82] investigated the methylation status of the nine CpG sites located between nucleotides -350 and +20 of the MUC2 promoter in the clones of the colon carcinoma cell line COLO 205, characterized by different levels of the MUC2 gene expression. Five CpG sites in the MUC2-positive clone, were not methylated at all and the level of methylation of the four other CpG sites was relatively low. In contrast, all nine CpG sites in the MUC2 non-expressing clone were highly methylated.




          Hamada et al. [83] took the CpG methylation of the MUC2 promoter a step further by mapping the methylation patterns of the 59 CpG sites present in a larger region (~1900 bp) of the MUC2 promoter. The MUC2 promoter in the PANC-1 cell line, which, as noted above, does not express MUC2 mucin, appeared to be highly methylated: 28 out of 59 CpG sites were completely methylated, and the average methylation level was 87%. In the MUC2-positive BxPC3 cell line, the promoter region contained only 2 completely methylated sites, and the average level of methylation was 43%. In MUC2-positive normal colon crypts, no CpG site was completely methylated and the average level of methylation reached only 33%. The authors further showed that CpG sites of the MUC2 promoter are unevenly methylated, confirming earlier observations by Gratchev et al. [82] and Mesquita et al. [84] that only certain CpG sites in the MUC2 promoter region, including those in the AP-2 and SP1 binding motifs, are important in MUC2 transcriptional regulation by DNA-methylation.




          Silvester et al. [85] analyzed the influence of methylation of the CpG sites located distal (between the -3299 and -1791 bases of the MUC2 promoter) to those studied by Hamada et al. [83] on MUC2 expression. They found that methylation of these sites is cell dependent and strongly correlated with the stages of cell proliferation and differentiation. DNA methylation strongly suppressed MUC2 gene expression in proliferative epithelial cells, although this effect was lost once cells became confluent and differentiated. Demethylation of three specific sites in the MUC2 promoter, -2481, -2347 and -2331, was observed during the transit of colonic cells HT-29 STD and HT-29 5F7 from proliferation stage to differentiation. The decreased methylation of the promoter region can explain the increase in gel-forming mucin expression concomitant with cell differentiation described by Silvester et al. [85]. The strong influence of epigenetic DNA methylation on the MUC2 promoter activity is also seen in the finding that methylation of MUC2 promoter dramatically impaired activation of the MUC2 gene by Sp1 transcription factor (50-100% loss). The authors stress that the discovered correlation between the level of methylation of specific CpG sites in the MUC2 promoter and the degree of cell differentiation points to MUC2 as a marker of differentiated mucus-secreting cells; and that screening for methylation of the key CpG sites in the MUC2 promoter may be a useful diagnostic and prognostic tool to identify cancer cells undergoing de-differentiation.




          To better understand the role of DNA methylation and histone modification in regulation of MUC2 gene expression, Yamada et al. [86] performed methylation-specific PCR and chromatin immunoprecipitation assays in MUC2-negative PANC-1 cells and BxPC3 cells highly expressing MUC2 mucin. They uncovered the epigenetic mechanism that regulates expression of the MUC2 gene by a combination of highly coordinated DNA methylation and histone modification associated with the MUC2 promoter. Important conclusions emerged from this study. 1) Once again it was shown that the CpG sites of the MUC2 promoter are differentially involved in regulation of MUC2 gene expression: the CpG sites located relatively close to the TATA-box between nucleotides -300 and -1 are more critical to the methylation-related MUC2 gene silencing than the sites located more upstream. The level of methylation of these sites in MUC2-non-producing cells is higher than the corresponding index in cells actively expressing MUC2 mucin. 2) There is a significant correlation between histone H3-K9 methylation level and DNA methylation level in MUC2-positive and MUC2-negative cells. 3) Changes in DNA methylation have little effect on histone H3-K9/K27 acetylation status, whereas histone modification strongly affects the MUC2 DNA methylation landscape. These results unambiguously demonstrated the importance of coordinated changes in DNA methylation and histone modification for epigenetic regulation of the MUC2 gene.




          The next important step in the study of epigenetic mechanisms in the regulation of gel-forming mucin gene expression was made by Van Seuningen’s group [24]. Performing a comparative study for the first time, they demonstrated the impact of DNA methylation and histone modifications in transcriptional regulation of the clustered MUC6, MUC2, MUC5AC and MUC5B genes in epithelial cancer cells [24] and found that epigenetic regulation of the 11p15 mucin genes is complex and gene- and cell-specific. Although all four genes are located in the same chromosomal locus, known as “a hot methylation spot” [87], only MUC2 and MUC5B are strongly regulated by the DNA methylation and histone modifications. MUC5AC is rarely affected by epigenetic regulatory mechanisms, and MUC6 appears to be completely insensitive to this type of regulation.




          These and other studies established that DNA methylation and histone modification are partners in transcriptional repression of the MUC2 gene. Chromatin immunoprecipitation assay revealed that repression of MUC2 by DNA methylation in PANC1 cells (MUC2-negative cells) was associated with histone H3 deacetylation and simultaneous H3K9 methylation. In contrast, in the MUC2-positive LS174T cells, high level of MUC2 expression correlated with hyperacetylation of histones H3 and H4 in the MUC2 promoter region. The characteristic configuration of the modified histones and associated proteins creates “regulatory histone code” specific for a given gene (e.g. MUC2) expressed in a given cell type under the specific conditions. The dynamic nature of this code can be deciphered by specific transcription patterns of the MUC2 gene. The authors conclude that the active or repressive state of the MUC2 gene in a given cell system depends on the balance between methylation and demethylation of specific CpG sites in the MUC2 promoter and expression of its histone code.




          The recent discovery of small non-coding RNAs (miRNAs) that contribute to gene silencing add a new layer to the complex mechanism of epigenomic regulation [88-90]. However, no information about the role of miRNAs in regulation of the MUC2 gene activity has been reported.


        


      




      

        



        4.3.. MUC2 mRNA: spliced and non-spliced isoforms




        In this section, the alternative splicing of the MUC2 primary transcript is discussed. In contrast to membrane-bound mucins, which actively use the alternative splicing mechanisms for generation of multiple mRNA isoforms, these mechanisms are utilized to a much lesser degree by gel-forming mucins. For a long time it was not clear whether the MUC2 apoprotein is translated from a single MUC2 mRNA, or there are several MUC2 mRNA isoforms that may be translated into different MUC2 protein isoforms. The conflicting results obtained in the studies in which expression of the MUC2 glycoprotein was detected by the antibodies developed against tandem repeats [85, 91-93] suggested that both options are relevant. When detected by anti-TR antibodies, the levels of MUC2 expression in colorectal adenocarcinomas were decreased compared with the normal colorectal epithelium, and were high in mucinous carcinomas [85, 91-93]. One explanation for these results is that all the cell lines studied have the same amount of MUC2 apomucin molecules which were differently glycosylated in different cancer cells. The highly glycosylated patterns of the MUC2 mucin can not be detected by anti-TR antibodies, which would show artificially low levels of MUC2 mucin in, for instance, the colorectal cancer cell line. In cells, containing less glycosylated MUC2 glycoprotein, an equal amount of the same antibodies will detect more TR-containing molecules compared with the cells producing highly glycosylated MUC2 protein.




        The reported results may also be explained by the translation in different cells of the differently spliced MUC2 mRNAs. Differently spliced MUC2 mRNAs may direct synthesis of different MUC2 protein isoforms in mucinous carcinomas and in colorectal adenocarcinoma. The mucinous carcinoma cells may produce more TR-containing mRNA, whereas in the MUC2 mRNA from colorectal adenocarcinoma, the TR-coding sequences could be spliced off, at least in a part of the MUC2 mRNAs. As a result, the colorectal adenocarcinoma cells may synthesize fewer TR-containing MUC2 mucin polypeptides compared with the mucinous carcinoma cells, although the total amount of MUC2 mucin molecules can be the same in both types of cells. The combination of two mechanisms entailing glycosylation and alternative splicing can not be ruled out.




        Sternberg et al. [94] showed that the MUC2 primary transcript indeed undergoes alternative splicing, at least in the colon cancer cell line HM7. This event results in two mRNA isoforms, designated MUC2 mRNA and MUC2.1 mRNA. MUC2 mRNA is translated into full-length MUC2 protein, while MUC2.1 mRNA directs synthesis of MUC2 protein isoform that does not contain TRII domain composed of 23 aa tandemly repeated up to 115 times, depending on the allele variations [95]. The full-length MUC2 mRNA consists of 15720 bp, whereas MUC2.1 mRNAs (GenBank Accession No. NM_002457) lacks 6958 bp coding for TRII epitope. At present, this spliced variant is the only experimentally identified MUC2 isoform; others may be discovered. The MUC2 mucin gene contains multiple cryptic donor and acceptor splice sequences (J. Zaretsky, unpublished data), which, in the appropriate cells and under specific conditions may be recognized and utilized by the splicing machine. This supposition is strengthened by the fact that MUC2 contains several exonic minisatellite sequences [96], which are known to induce alternative splicing by activation of cryptic splice sites [97-101].


      




      

        



        4.4.. MUC2 mucin: biosynthesis, processing and secretion




        Translation of the MUC2 mRNA occurs on polysomes of the endoplasmic reticulum, resulting in synthesis of the high molecular weight (~600-650 kDa) precursor. The synthesis of the precursor polypeptide was shown to be fast, taking less than 1 minute –the first precursor molecules could be detected within 1 minute by the pulse-chase assay [102]. The process of MUC2 glycoprotein maturation includes several stages: 1) initial N-glycosylation; 2) precursor dimerization, 3) O-glycosylation, and 4) proteolytic modifications accompanied by 5) oligo- and multimerization. The mature MUC2 multimers undergo packaging into vesicules followed by constitutive or induced secretion [16, 103, 104] (Fig. 3).
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Figure 3)




        Biosynthesis, processing and secretion of MUC2 mucin (based on the data reported in [102, 105, 107-109]).




        

          



          4.4.1.. N-Glycosylation and Dimerization of MUC2 Precursor




          N-glycosylation of the nascent MUC2 polypeptide occurs co-translationally, concomitant with the internalization of the growing polypeptide chains into rough endoplasmic reticulum (RER), where dimerization of the monomers occurs [15]. Asker et al. [105] showed that initial dimerization of the MUC2 precursor monomers begins immediately after translocation of the apomucin molecules into RER, as detected by calnexin reactivity. Inhibition of N-glycosylation and site-specific mutation of the N-glycan-binding sites in the cysteine knot region of the MUC2 molecule demonstrated the importance of N-glycosylation for the MUC2 mucin dimerization and secretion [106]. Tunicamycin, an inhibitor of N-glycosylation, induces retardation of rat and human MUC2 oligomer formation [107-109]. MUC2 has been shown to bind also calreticulin, an N-glycan-specific chaperone, indicating that the interaction of N-glycosylated mucin with chaperone is part of the normal MUC2 maturation process [110]. However, different N-glycans linked to the MUC2 molecule play different roles in mucin dimerization. Bell et al. [106] showed that two N-glycans, N9 and N10, located near the first and the second cysteines of the cysteine knot, play different roles in the process of disulfide-dependent dimer formation. They showed that mutation of the N10 glycan did not induce any major changes in synthesis, maturation or secretion of the MUC2 mucin, whereas mutation of the N9 glycan was associated with incorrectly assembled MUC2 dimers and secretion of the unstable mucin molecules. It would be important to study the role of other N-glycans present in the fully glycosylated MUC2 molecule in mucin processing.




          Like N-glycans, the cysteine residues of the cysteine knot also influence MUC2 dimer formation and secretion. Deletion of cysteine knot from the rat Muc2 mucin resulted in inability of the truncated molecule to form dimers. The structural integrity of the cysteine knot, maintained by intramolecular bonds, appears to be important for mucin dimerization. Mutations of the cysteine residues of the cysteine knot – comprised of three intramolecular disulfide bonds (Cys-1=Cys-4, Cys-2=Cys-5, Cys-3=Cys-6) – lead to impaired dimerization, although the extent and character of the changes associated with mutation of a given cysteine residue are different. Bell et al. [111] showed that unpaired Cys-X residue plays a key role in the dimerization process, as substitution of the Cys-X residue for Ala completely abolished dimerization of the rat Muc2 mucin. The correctly dimerized MUC2 molecules are transferred to the Golgi, where the next steps of processing and maturation take place.




          N-glycans play an important role not only in MUC2 dimerization, but also in targeting of dimers to the Golgi [105, 106, 110]. Importantly, MUC2 oligomerization itself is not affected by inhibition of RER-to-Golgi transport and is independent of medial- and trans-Golgi functions [109]. However, normal functioning of the Golgi apparatus is of great importance for further maturation of the MUC2 mucin associated with O-glycosylation in the Golgi cisternaes [102, 107, 109].


        




        

          



          4.4.2.. O-Glycosylation of MUC2 Apomucin




          O-glycosylation of the MUC2 apoprotein is a step-by-step process mediated by specific carbohydrate-transferases: N-acetyl-galactosaminyl-, N-acetyl-glucosaminyl-, galactosyl-, sialyl-, fucosyl- and sulfo-transferases [112]. The first step in this process involves the transfer of a GalNAc residue to serine or threonine residues. At the second stage, the core structures containing Gal and Glc carbohydrates are added, followed by poly-N-acetyllactosamine elongation of O-glycan chains. The terminal stage of O-glycosylation includes sialylation, fucosylation and sulfation of the pre-synthesized carbohydrate chains. It should be pointed out that every step of O-glycosylation is mediated by multiple transferase isoforms that demonstrate strong, but in some cases overlapping, tissue specificity [112-119]. Different activity and cell specificity of the transferases involved in O-glycosylation of the MUC2 apomucin are reflected, for example, in differences of MUC2 glycosylation along the proximal-to-distal axis in rat colon. Whereas biosynthesis of the rat Muc2 precursor polypeptide appeared to be constant in all regions of rat colon with respect to both amount and molecular mass, a gradient in sulphation of mature mucin molecules was observed, increasing from proximal to distal regions [120]. This difference in sulphation may have implications for the local function of mucin observed in animal models and humans [121-123].




          It was recently shown that the activity and specificity of the transferases involved in MUC2 O-glycosylation are dependent on the amino acid sequences of the protein substrate and the nearby carbohydrate moiety. Brockhausen et al. [124] examined the site-directed O-glycosylation of mucin type proteins by several transferases, using a series of synthetic MUC2 VNTR-derived peptides and glycopeptides as acceptors. They found that specific threonine residues were the preferred sites for the GalNAc addition. Notably, proline in the +3 position especially enhanced primary threonine glycosylation. The inverse relationship was found between the size of adjacent glycans and the rate of GalNAc addition. The four studied enzymes (polypeptide Gal-NAc-transferase, core 1β3-Gal-transferase, core 2β6-GlcNAc-transferase, and β4-Gal-transferase) could distinguish between substrates having different amino acid sequences and O-glycan specific sites. The authors came to the conclusion that activities of these enzymes assembling the extended core 2 structure on the MUC2 tandem repeat-derived peptides are affected by the amino acid sequence and presence of carbohydrates on nearby residues in the acceptor glycopeptides. For more detailed information on chemical and enzymatic properties of participants in the O-glycasylation process, the readers are refereed to Brockhausen’s paper [124] and to several recent excellent reviews [112, 125].




          The study of the dynamics of MUC2 biosynthesis and processing has yielded the following time table and consequences. Within the first minutes of biosynthesis, both the MUC2 monomeric molecules and dimers appear. O-glycosylation of MUC2 core begins within 0.5-1 hour of MUC2 precursor biosynthesis, when the major population of mucin molecules is represented by dimers. Secretion of mature mucin molecules begins after the first hour and is completed within 4 hours of MUC2 biosynthesis [102]. Thus, it appears that MUC2 dimers, but not monomers, are the main substrates for MUC2-specific O-glycosylation. This conclusion contradicts the data obtained in some studies. Axelsson et al. [126] found two populations of O-glycosylated MUC2 molecules in colon adenocarcinoma LS 174T cells. One population contained large water-insoluble oligomers formed by non-reducible intermolecular bonds (non-disulfide bonds).These molecules contained O-linked glycans although they occurred early in biosynthesis before transferring of the dimers to the Golgi, where, as noted above, the main O-glycosylation processes take place. The second population of MUC2 molecules was represented mainly by classical (glycosylated in the Golgi) water-soluble disulfide bond-mediated dimers. Importantly, this set of MUC2 molecules also contained O-glycosylated monomers. Thus, on the one hand, some MUC2 molecules were O-glycosylated in the “wrong” place and time before being transferred to the Golgi where O-glycosylation usually proceeds; and, on the other hand, monomers that are usually present in the RER but absent in the Golgi, were found in this compartment in the O-glycosylated form. Interestingly, Asker et al. [105] also found both O-glycosylated monomers and dimers in the Golgi compartments.




          The discrepancy between these studies may be explained by different extents of O-glycosylation of MUC2 mucin precursors in different cell compartments. Studies of the rat gastric mucin showed that initial O-glycosylation is a continuous process: it begins on the nascent polypeptides in the RER, but with the addition of the major site of core GalNAc in the late endoplasmic reticulum compartment [127], or in the Golgi [107]. Dekker and Strous [107] found that 5% of the gastric mucin precursor monomer contained O-linked GalNAc carbohydrate and considered it the initial glycosylation step in the multistep-process of mucin O-glycosylation. McCool et al. [108] showed that about 13% of monomeric MUC2 molecules in the human colonic cell line LS180 were partially O-glycosylated and contained only short carbohydrate structure limited to GalNAc but not longer O-linked core Galβ1,3GalNAc sugar. The authors interpreted these results as evidence of limited O-glycosylation of MUC2 monomers that may occur before oligomerization, i.e. very soon after completion of the peptide biosynthesis. They considered that “early O-glycosylation of some serine and threonine residues can help to stabilize and extend the conformation in the center of the nascent mucin chains so that the cysteine-rich N- and C-terminal domains are kept well separated”. The main conclusion from this study is that oligomerization may follow some core O-glycosylation with GalNAc, but precedes elongation of oligosaccharide chains.




          The aforementioned studies illustrate the complexity of the MUC2 glycosylation process and suggest the possibility of variable changes in the MUC2 properties at each stage of this process, which, in turn, may influence cell physiology and pathology.


        




        

          



          4.4.3.. Proteolytic Modifications of MUC2 Mucin Precursor




          The striking similarity between the N- and C-termini of MUC2 and the von Willebrand factor makes it likely that posttranslational proteolytic modifications of these two glycoproteins also follow similar pathways. However, this is not the case. While the proteolytic events resulting in mature vWF proteins are associated with the N-terminal region, proteolysis of MUC2 precursor is associated with the two cleavages within both the N- and the C-termini of the molecule [128-130].




          Some 40 years ago investigators debated the existence of a discrete “link” mucin-derived peptide thought to join together the high molecular weight mucin molecules to form polymers by intermolecular disulfide bond bridges [131, 132]. Later on, Xu et al. [133] established the nature of the “link” peptide, which in the rat cell system was a C-terminal 689 amino acid-containing glycopeptides (118-kDa) resulting from a hypothetical proteolytic cleavage of the rat Muc2 mucin. Lidell et al. [134], working with human MUC2 mucin, confirmed the results of Xu et al. [133] and showed that the “hypothetic proteolysis” is a real auto-catalytical cleavage occurring in the C-terminus of the MUC2 mucin at the low pH of the late secretory pathway. They showed that the cleavage site specific for this reaction is represented by the 4485GDPH4488 sequence, and proteolysis of the peptide bond occurs between Asp (D) and Pro (P) residues. Importantly, the GDPH sequence detected in many mucin and non-mucin glycoproteins was found to undergo auto-cleavage [135-138], indicating the nature of the proteolytic reaction associated with this sequence. This posttranslational modification may have a number of functional consequences, including those leading to conformational changes that may affect viscosity of the cleaved MUC2 mucin. Another scenario suggests interaction of the cleaved mucin with other proteins [134] that may incorporate the MUC2 mucin into different metabolic and/or signaling pathways.




          The auto-cleavage described above is not the only proteolytic reaction in post-translational proteolysis of the MUC2 mucin. Xu et al. [139] found at the very C-terminus of the rat Muc2 and human MUC2 mucins a sequence corresponding to the consensus target recognition site (R-X-R/K-R^X) specific for endoprotease furin [140]. Further analysis showed that the protease furin indeed cleaves rat and human MUC2 mucins at this site, cutting off in vivo the positively charged C-terminal 9 aa-containing peptide RTRR^SSPRLLGRK. The cationic C-tail region of the MUC2 mucin plays an important role in correct folding of the primary monomers, ensuring formation of mucin dimers in the ER. The short C-terminal fragment of the MUC2 mucin is removed prior to the passage of mucin into apical storage granule mass of goblet cells, thus regulating packaging, routing and storage of mucin molecules in granules [139].




          The two posttranslational proteolytic modifications of the MUC2 mucin discussed above are apparently extremely important for the biochemistry of this protein, but the consequence of these events in the processing of the MUC2 mucin is not clear. Does the furin protease-mediated proteolysis influence the auto-cleavage reaction at the GDPH-site of the MUC2 molecule, and vice versa? Do these reactions occur simultaneously, or there is a time interval between them? These and other questions important for understanding the role of posttranslational proteolysis in mucin physiology and pathology await clarification.


        




        

          



          4.4.4.. Multimerization of MUC2 Mucin




          The physiological defense barrier provided by mucin gel results from multimerization of mucin dimers. Multimer formation differs from dimer formation in several aspects. Perez-Vilar et al. [141] found that disruption of the Golgi complex by brefeldin A inhibits multimer formation of the porcine homolog of the human MUC2 mucin [142]. Agents that increase the pH of the trans-Golgi compartments also inhibit formation of multimers, but do not affect formation of mucin dimers. Perez-Vilar et al. [141] established that interchain disulfide bonds that give rise to multimerization are formed at a slightly acidic pH in the trans-Golgi complex through cysteine residues of the N-terminal D-domains. Thus, the assembly of gel-forming mucin involves two separate steps: dimerization in the endoplasmic reticulum and multimerization in the trans-Golgi compartments. While the molecular mechanisms that determine specific compartmentalization of mucin polymerization are not known, the CGLCG motifs found in the D1- and D3-domains seem to play a critical role in this process [141, 143]. Interestingly, this motif in the D3-domain prevents multimerization of mucin in endoplasmic reticulum and cis/medial-Golgi compartments, while the same sequence in D1-domain determines multimer formation in the trans-Golgi cisternae [141, 143].




          In summary, the process of MUC2 biosynthesis and posttranslational modification is a multistep process. It includes synthesis of the polypeptide precursor in the rough endoplasmic reticulum, dimerization in the rough and smooth endoplasmic reticulum, glycosylation in the Golgi, and, ultimately, formation of mature multimeric molecules followed by their packaging and storage in secretory vesicules. After secretion, these multimers form mucin gel that apparently undergoes proteolytic changes in response to physiological or pathological signals.
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