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Abstract

Mucins are high-molecular-weight glycoproteins and are implicated in diverse biological functions.

MUC4, a member of transmembrane mucin family, is expressed in airway epithelial cells and body

fluids like saliva, tear film, ear fluid, and breast milk. In addition to its normal expression, an aberrant

expression of MUC4 has been reported in a variety of carcinomas. Among various potential domains

of MUC4, epidermal growth factor (EGF) -like domains are hypothesized to interact with and activate

the ErbB2 receptors, suggesting an intramembrane-growth factor function for MUC4. The heavily

glycosylated tandem repeat domain provides the structural rigidity to the extended extracellular

region. MUC4, by virtue of its extended structure, serves as a barrier for some cell-cell and cell-

extracellular matrix interactions and as a potential reservoir for certain growth factors. An intricate

relationship between MUC4 and growth factor signaling is also reflected in the transcriptional

regulation of MUC4. The MUC4 promoter has binding sites for different transcription factors, which

are responsible for the regulation of its expression in different tissues. The interferon-γ, retinoic acid,

and transforming growth factor-β signaling pathways regulate MUC4 expression in a partially

interdependent manner. Taken together, all of these features of MUC4 strongly support its role as a

potential candidate for diagnostic and therapeutic applications in cancer and other diseases.
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MUCINS ARE HIGH-MOLECULAR-WEIGHT glycoproteins expressed by the epithelial cells and in some cases by

the endothelial cells (1). The major function of mucins is to protect and lubricate the ducts and

the lumens within the human body (1,2). In addition, mucins are involved in the differentiation

and renewal of the epithelium and modulation of cell adhesion, immune response, and cell

signaling (2-4). Mucins contain a polymorphic central domain, which is composed of a variable

number of tandem repeats (VNTRs) rich in serine, threonine, and proline residues, a hallmark

of the mucin family (2,5-7). The biochemical and biophysical properties of mucins are largely

governed by the extent and the nature of their glycosylation (8,9). N-acetylgalactosamine is

linked to a serine or threonine residue during the O-glycan chain synthesis and is present in all

of the mucins. The subsequent carbohydrate moieties, however, may vary depending on the

mucin type, the site of mucin expression, and the physiological or pathological conditions

(10,11). The glycosylation of mucins provides a potential basis for tissue-specific interactions

with the milieu. By their characteristic pattern of glycosylation, mucins can modulate

immunological response, can facilitate cell adhesion during tumor metastasis, and can also

alter the functions of proteins interacting with the mucin carbohydrate moieties (12,13).
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On the basis of their structural properties, mucins are classified into three different categories:

the gelforming/secreted mucins, the soluble mucins, and the membrane-bound mucins. Each

mucin type has a characteristic structure-function relationship in a given tissue environment.

The secreted mucins are exclusively expressed by specialized epithelial cells (secretory

epithelium) and exhibit a restricted pattern of expression, whereas the membrane-bound

mucins demonstrate a wide expression pattern within the human body. The main distinction

between the members of these classes can be attributed to the presence of a transmembrane

domain, which is responsible for anchoring mucins to the plasma membrane (14-16). Table 1

summarizes different types of mucins, their genomic localization, and the unique domains

present in the mucin protein backbone. Some of the mucins share a common chromosomal

locus. MUC4 and MUC20 are confined on chromosome locus 3q29, while MUC3A, MUC3B,

MUC12, and MUC17 are clustered on the chromosome locus 7q22. MUC2, MUC5AC,

MUC5B, and MUC6 are clustered together on the 11p15.5 chromosome locus (Table 1). In

terms of domain architecture, the gelforming mucins contain various cysteine-rich domains (D

domains) located both in the N terminus and the C terminus to the mucin backbone. These D

domains are involved in the formation of disulfide-linked oligomers (17,18). The only soluble

mucin known is MUC7, which does not have sequence homology to any of the known mucins

(19). The extracellular domain of the membrane-bound mucin family harbors at least one of

the three putatively functional domains: the epidermal growth factor (EGF) -like domain; the

sea-urchin sperm protein, the enterokinase, and agrin (SEA) module; and the cysteine-rich

domain (1,2,20). MUC1 and MUC4 membrane-bound mucins have been extensively studied

in relation to their normal and pathophysiological functions, differential expression in cancer

and other diseases, and regulation. This review focuses on the MUC4 mucin, its structural

features, the evolution of its domains, and its functional significance in normal biological

processes and malignant states.

MUC4 MUCIN: GENOMIC ORGANIZATION, STRUCTURAL FEATURES, AND

SPLICE VARIANTS

MUC4 was cloned from the human tracheobranchial cDNA library and a human pancreatic

tumor cell line (16,21,22). It was mapped on chromosome 3 in the region q29 (23). The genomic

organization of MUC4 and the various domains encoded by different exons are illustrated in

Fig. 1. The MUC4 gene contains 26 exons; the first encompasses the 5′-untranslated region

(UTR) and codes for the leader peptide, the second exon codes for the large central tandem-

repeat domain, and the 24 other exons code for the rest of the extracellular, transmembrane,

and carboxyl tail of the MUC4 apoprotein. The exon sizes vary from 65 bp to 22 kb (exon-2

being the largest and polymorphic), while the intron size varies from 94 bp to 16.5 kb (intron-1

being the largest; refs. 24,25). The size of the tandem repeat region varies from 7.5 to 19 kb

due to a VNTR polymorphism (25). The MUC4 mucin is synthesized as a single polypeptide

with the protein size varying from 550 to 930 kDa (26) depending on the size of polymorphic

central tandem-repeat domain. Its amino-terminal is comprised of a 27 residue signal peptide,

followed by three imperfect repetition motifs varying in size from 126 to 130 residues and a

unique sequence of 554 residues. These sequences are followed by a central domain comprised

of a variable number of 16 residue perfect tandem repetition motif, a unique feature of the

human MUC4 mucin. The carboxy-terminal of MUC4 is composed of 12 distinct domains

(CT1–CT12; Fig. 1B). Due to its sequence homology with rMuc4 (16), the Gly-Asp-Pro-His

(GDPH) site in MUC4 is predicted to be the proteolytic cleavage site, generating two functional

subunits (MUC4α and MUC4β; Fig. 1B). MUC4α is the mucin-like subunit, while MUC4β is

the transmembrane growth factor-like subunit. The various functional domains present in the

MUC4 protein are as follows: a centrally located large tandem repeat (TR) domain, which is

followed by nidogen (NIDO) -like, adhesion-associated domain (AMOP; present in MUC4

and other proteins), von Willebrand factor (vWD; type D domain), and three EGF domains
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(16,24). The NIDO domain present in MUC4 shows homology to the G1 domain of nidogen,

a sulfated glycoprotein and an important constituent of the basement membrane known to be

associated with laminin (27,28). The AMOP domain is rich in cysteine residues that are

probably involved in disulfide bridge formation (29). Both of the domains are hypothesized to

play important roles in cell-cell interaction and adhesion to the extracellular matrix. The vWD

domain, carrying the putative GDPH cleavage site in its N-terminal region, is found in various

plasma proteins and is known to be involved in signal transduction events regulating numerous

biological processes like cell adhesion, migration, and oligomer formation (30,31). The vWD

domain present in MUC4, however, is not rich in cysteine residues, which is usually the case

with other vWD domain-containing proteins (32). The EGF-like domains present in MUC4

contain conserved cysteine residues. These domains are present in a variety of extracellular

proteins (33-35). These cysteine rich domains are speculated to serve in homodimerization or

oligomerization of the MUC4 mucin with itself as well as with other members of the mucin

family. MUC4 has a short cytoplasmic tail of 22 amino acids that contains one tyrosine and

three serine residues as potential phosphorylation sites and, hence, may participate in signal

transduction events.

Alternative splicing of the MUC4 transcript has also been observed, which generates a series

of splice variants (36). Of the 24 isoforms reported thus far, 22 are named as sv0 (the full-

length MUC4) to sv21-MUC4, while the other 2 are named as MUC4/X and MUC4/Y. The

majority of splice events occur downstream of the tandem repeat domain generating three

distinct families of MUC4 variants: a secreted family comprised of 12 variants, a family of

membrane-tethered variants having 5 members, and others that include 2 variants (MUC4/X

and MUC4/Y) that are similar to the growth factor like membrane-bound form but lack the

tandem repeat domain (24,37). MUC4 splice variants are expressed in pancreatic carcinomas

but not in the normal pancreas (25,36,37). Most of these variants lack the AMOP domain of

MUC4 (29). The functional significance of the MUC4 splice variants is not yet known due to

the lack of their expression data at the protein level. Evaluation of MUC4 splice variant

expression at the protein level and understanding the regulation of splicing process will help

us to elucidate the specificity of their expression as well as postulate their putative functions.

HOMOLOGY AND DOMAIN CONSERVATION AMONG DIFFERENT SPECIES

The evolutionary studies are helpful in defining the structure-function relationships of a protein

and in identifying its putative roles in biological processes. Structural organization of human

MUC4 and rat Muc4 shows that both the peptide sequences share >60% similarity (16). MUC4

protein sequences have been reported in humans (NP_060876.3) and mice (NP_536705.2) and

predicted in dogs (XP_545147.2), rats (XP_221384.4), and chickens (XP_426704.2).

However, some of these documented sequences have poorly characterized tandem-repeat

regions. A homology analysis reveals the position of crucial amino acid residues conserved in

all orthologues in different domains, including NIDO, AMOP, vWD, EGF-like domains,

transmembrane domain (TM), and CT (Fig. 2A). The high degree of sequence similarity in

different orthologues suggests that individual domains evolved from common ancestral

domains. The sequence-based homology indicates the evolutionary closeness between human

and dog, and rat and mouse sequences (Fig. 2B). All the homologues of MUC4 contain a fully

conserved putative GDPH proteolytic cleavage site; however, the occurrence of cleavage event

at this site has only been demonstrated in rMuc4. The GDPH cleavage occurs early during the

transit of rMuc4 to the cell surface generating two subunits, a mucin subunit, ascitic sialo-

glycoprotein-1 (ASGP1), and a transmembrane subunit, ASGP2 (38). The highest variability

in MUC4 sequence is observed in the central tandem repeat domain across species. The

sequence similarities between MUC4 proteins in different vertebrate species suggest that they

might share some common functions.
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EVOLUTION OF MUC4 DOMAINS

MUC4 contains important domains like the tandem repeat domain, NIDO, AMOP, vWD, and

EGF-like domains. All these domains are hypothesized to evolve from an ancestral protein

harboring these domains. The tandem repeat domain varies in size and number in different

species and is defined only for human, mouse and rat. The human MUC4 contains tandem

repeat of 16 aa, which is repeated from 146–500 times; the mouse Muc4 contains tandem repeat

of 124–126 aa, which is repeated only 20–21 times; while the rat muc4 contains tandem repeat

of 117–124 aa but repeated only 12 times. The large exon coding for central repetitive domain

is highly variable in size. The expansion of tandem repeat may be due to replication slippage,

unequal sister chromatid exchanges, and gene conversion during the course of evolution (39).

The variable size and number of tandem repeat in different species suggest that the evolution

of tandem repeat is due to selective pressure to maintain the Ser and Thr codons corresponding

to the O-glycosylation sites and through the internal successive duplications of the repeat

region.

The other unique domains present in the MUC4 mucin but not found in other membrane-bound

mucins are NIDO, AMOP, and vWD domains. A phylogenetic tree generated by Duraisamy

et al. (40) by using the parsimony method using amino acid alignment of different domains of

MUC4 revealed the origin of the NIDO domain from an ancestor common to the NIDO protein.

The NIDO proteins also contained the EGF-like domains; however, AMOP and vWD were

lacking in this protein. In similar studies, phylogenetic trees constructed using the AMOP and

vWD domains showed the origin of these domains from an ancestor common to the Sushi-

domain containing protein (Susd2; ref. 40). A hypothesized illustration of the evolution of

MUC4 domains is indicated in Fig. 2C.

MUC4 EXPRESSION IN DIFFERENT TISSUES AND ORGANS

Mucin genes exhibit a spatiotemporal pattern of expression (41). MUC4 is present on the

surface epithelium of the eye, vagina, ectocervix, trachea, and salivary gland, providing

lubrication and protection to the ducts and lumen (42-46). It is expressed by a variety of tissue

epithelia including simple epithelia, stratified squamous epithelia, and nonkeratinizing

epithelia. The expression of both the transmembrane and secretory forms of MUC4 has been

characterized in a variety of epithelial cells (47-52). Although the transmembrane forms of the

MUC4 mucin are hypothesized to provide localized protection to the cell surface, the secretory

forms are thought to be implicated in lubrication and provide broad protection to the luminal

surfaces by trapping foreign particles and pathogens. Apart from its normal expression, an

aberrant expression of MUC4 has been reported in various malignancies. The specialized

expression of the MUC4 mucin at various tissue surfaces and its functions at those surfaces

are discussed below.

Normal expression of MUC4

The expression of MUC4 has been reported in many normal epithelial tissues, both during

development and in adults (7,20,41). MUC4 is the first mucin to be expressed in the lungs,

even before organogenesis takes place (47). It is expressed 6.5 wk postgestation followed by

MUC1 and MUC2 after 9.5 wk of gestation. Between weeks 8 and 12, MUC4 mRNA is present

only in the trachea; however, its expression increases progressively in small bronchi and

bronchioles after week 12 (48). In the digestive tract, MUC4 expression has been reported in

the epithelial cell linings of the jejunum to colon axis as early as 6.5 wk postgestation (49).

MUC4 is also expressed in squamous epithelial cells of the esophagus, and its expression

correlates with the stages of squamous cell differentiation (50). In the embryonic stomach,

MUC4 mRNA is expressed from 8 wk of gestation, while its expression in the fetal duodenum
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is not detected at any gestational stage (41,51). The expression of MUC4 is also not detected

in the liver, biliary tract, gallbladder, and pancreas during gestation (41).

Historically, two different types of milk mucins were described; one of the mucins was

characterized as MUC1, which is now a well-known component of human fat globule

membranes and as a soluble mucin. A second mucin, distinguished by its higher mass, could

not be characterized and hence was called MUCX (53). MUC4, which has also been detected

in milk and is a large sized mucin, could in fact represent the previously uncharacterized MUCX

(54,55). The presence of MUC4 has also been detected in lactating rat mammary glands,

(56), which like MUC1 exists in both membrane-bound and soluble forms. A study performed

by Ruvoen-Clouet et al. (54) using the anti-MUC4 monoclonal antibody (8G7) showed the

presence of human MUC4 in milk in all the samples irrespective of the secretor character.

Human breast milk contains various biologically active components that protect infants against

microbes, viruses, and toxins. These include oligosaccharides, fucosylated oligosaccharides,

hormones, growth factors, mucin, gangliosides, and endogenous peptides, which are present

in secreted milk (53). In the recent study (54), the presence of MUC1 and MUC4 mucins was

shown to strongly block the attachment of recombinant NV virus-like particles (rNV VLPs)

to their carbohydrate ligands. The role of MUC4 in milk still remains poorly characterized.

Nevertheless, MUC1 has been shown to bind to rotavirus and to enteropathogenic strains of

Escherichia coli and is considered as an important component of innate immunity (57,58).

Mucins produced by breast milk also inhibit poxvirus activity by aggregating the poxviruses

before their entry into host cells (59). It has also been suggested that mucins may inhibit other

enveloped viruses such as HIV from entering into the host cells (59). Hence, mucins, including

MUC4, in milk may play key roles in protection and immunity.

MUC4 expression is also detected in multiple tissues in adults, including salivary glands,

reproductive tract, mammary epithelium, and body fluids like tears and saliva (43,52,60-62).

MUC4 expression has been observed in salivary glands by immunohistochemical studies

(52). A strong expression of MUC4 in striated ductal epithelial cells of parotid and

submandibular glands is seen, while a weak staining is observed in serous acinar cells of both

these glands. The extracellular portion of MUC4 has been detected in parotid secretions that

might have resulted from shedding of membrane MUC4 or may represent alternatively spliced

variants (52). MUC4 mRNA is also detected in the conjunctival stratified epithelium and in

corneal epithelial cells in which it plays a crucial role in maintaining and stabilizing the tear

film (63). In the reproductive tract, MUC4 is extensively expressed along with MUC1 (61).

Expression of rMuc4 is reported in the vagina, cervix, and oviduct of the female rat reproductive

tract (64). In rat mammary epithelial cells, rMuc4 is found in both soluble and membrane-

associated forms (55,65). Both these forms are also present at the luminal surface of the uterus

acting in the same way as Muc1 in hindering the blastocyst implantation (66). However, in a

recent study (67), no correlation between MUC4 allelic polymorphism and blastocyst

implantation failure in women was observed.

MUC4 expression in malignancies and inflammatory diseases

An aberrant expression of MUC4 has been reported in various cancers and inflammatory

diseases. MUC4 is up-regulated in high-grade dysplasia and adenocarcinoma of the esophagus

(68). MUC4 is expressed at significantly lower levels in the intestinal epithelial cells in patients

with Crohn’s disease (69,70). Crohn’s disease is an inflammatory bowel condition

characterized by mucosal ulcerations damaging the ileum and proximal colon (70,71). An

abnormal expression of MUC4 is observed in gallbladder carcinomas, whereas it remains

undetectable under normal circumstances (41). MUC4 expression has also been reported in

major and minor salivary gland mucoepidermoid carcinoma (72). High-grade salivary gland

tumors have a trend for reduced MUC4 expression in comparison to the low-grade and
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intermediate-grade tumors. Also, MUC4-expressing salivary gland mucoepidermoid tumors

are associated with improved patient survival and a longer time to recurrence as compared with

patients whose tumors were diagnosed negative for MUC4 expression (60,73,74). MUC4 was

reported to be overexpressed in 91.4% (32 of 35) cases of lung adenocarcinoma, while it was

not expressed in malignant mesothelioma (n=41; ref. 75). Malignant mesothelioma has mixed

morphological features and is often confused by the pleural infiltrations of lung

adenocarcinomas. Therefore, MUC4 may be a clinically useful marker for the distinction

between the two malignancies and for therapeutic and medicolegal purposes (75). Also, high

MUC4 expression correlates with a short disease-free interval and a poor survival rate of small-

sized lung adenocarcinomas, suggesting the potential role of MUC4 as a new independent

factor for the prediction of disease outcome in lung adenocarcinoma (76).

In addition, MUC4 is known to be aberrantly expressed in pancreatic ductal adenocarcinoma

with no detectable expression in the normal pancreas or chronic pancreatitis (20,77,78). The

de novo expression of MUC4 is observed in precancerous pancreatic intraepithelial neoplasias

(PanINs) and increases progressively with the disease advancement according to the pancreatic

cancer progression model (78,79). Changes in MUC4 expression level have also been reported

in other inflammatory diseases of the airways like cystic fibrosis (CF) and chronic obstructive

pulmonary disease (COPD) in humans (11,80). An aberrant expression of MUC4 is also

detected in human pancreatic tissues from cystic fibrosis patients as compared with the normal

pancreas (81). In a recent study (82), transient up-regulation of Muc4 was observed in wood-

smoke-treated rats during the recovery phase, suggesting yet another role of MUC4 in the

renewal of tracheal epithelium. MUC4 is also aberrantly expressed in epithelial ovarian

carcinomas, while exhibiting negligible expression in the normal ovary (83). In contrast to the

aforementioned studies that have reported an overexpression of MUC4 in malignant

conditions, a recent study (84) in prostate cancer has shown a down-regulation of MUC4

expression in prostate carcinomas as compared with the normal/benign prostrate region. Hence,

MUC4 may serve diverse functions in a context-dependent manner. In this regard, aberrant

biochemical modifications and alternative splicing of MUC4 may be important and, therefore,

need to be examined.

MULTIFACETED FUNCTIONS OF THE MUC4 MUCIN

In general, all mucins play a role in the lubrication of epithelial surfaces and their protection

from infections and injuries. Several lines of evidence implicate MUC4 in other important and

more sophisticated biological processes as well, such as epithelial cell renewal and

differentiation, cell signaling, cell adhesion, and cancer development (26,82,85-88).

Role of MUC4 in cancer cell signaling

In cancerous cells, MUC4 may gain novel functions due to its aberrant expression and

biochemical modifications together with changes in cell polarity. These changes may allow

MUC4 to interact with proteins that are otherwise cytoarchitecturally segregated. In our recent

studies (26,88), we have observed important roles of MUC4 in altered cell signaling. MUC4

colocalizes and physically interacts with the receptor tyrosine kinase HER2 in pancreatic

cancer cells (unpublished data). HER2 is a member of the epidermal growth factor receptor

(EGFR) family, which includes three other members, ErbB1 (also called as EGFR or HER1),

ErbB2 (also called HER2), ErbB3 (or HER3), and ErbB4 (or HER4) (89). HER2 is often

referred as an orphan receptor, as it does not have any soluble ligand. It, however, serves as a

preferred heterodimerization partner for other members of the EGFR family (89,90). An

overexpression of HER2 is observed in many malignancies, where it activates intracellular

signaling cascades responsible for cell proliferation, angiogenesis, metastatic spread, inhibition

of apoptosis, and other processes important in cancer development (89,91). These activation

responses are mediated by the downstream effector molecules, including Ras, Raf, mitogen-
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activated protein kinase (MAPK), phosphoinositide 3-kinase (PI3K), Akt, phospholipase-C,

Rho, and signal transducer and activator of transcription (STATs; refs. 92-94). The rat

orthologue of MUC4 (rMuc4) has been shown to specifically interact with ErbB2/HER2/neu

via EGF-like domain in the transmembrane subunit (Fig. 3). The transmembrane subunit of

human MUC4 also contains three EGF-like domains. The EGF-like domains of both rMuc4

and MUC4 have conserved residues similar to those of other EGF-like domains that are capable

of binding and activating receptor tyrosine kinases of the ErbB-family. It is, however, not yet

clear whether the complex formation of human MUC4 with HER2 is mediated by one of the

EGF-like domain. The interaction of rMuc4 with ErbB2 leads to the phosphorylation of ErbB2/

neu at a carboxyl terminal tyrosine residue (Tyr1248), which is implicated in cell transformation

(95,96). A recent study has shown that rMuc4 also facilitates phosphorylation of ErbB2 on

tyrosine 1139, which being a Grb2-binding site recruits Grb2 to the apically localized ErbB2

receptor (97). The recruitment of Grb2 leads to phosphorylation of p38, which subsequently

activates Akt. Studies in our MUC4-knock-down model have also revealed that MUC4 down-

regulation correlates with the suppression of extracellular regulated kinase (ERK) signaling

pathway (unpublished data). However, in contrast to observations in rMuc4, we found that the

inhibition of MUC4 led to a decrease in the expression of HER2 and its active (pY1248-HER2)

form (26). We hypothesize that MUC4 stabilizes HER2 either by decreasing the endocytosis

or by increasing the recycling of the activated receptor. In fact, in a recent study (98), a similar

mechanism for MUC1-mediated ErbB1/HER1 has been reported.

Intriguingly, the interaction of rMuc4 with ErbB2 leads to context-dependent epithelial

differentiation or cell proliferation. The binding of Muc4 alone with ErbB2 was shown to

induce the limited phosphorylation of ErbB2 that leads to an up-regulation of the cyclin-

dependent kinase inhibitor p27kip and did not activate mitogen-activated protein kinase or

protein kinase B/Akt pathways (96). In contrast, in the presence of neuregulin, activation of

both ErbB3 (neuregulin receptor) and ErbB2 was observed, which was further potentiated by

rMuc4 and led to the down-regulation of the p27kip and an enhanced activation of ERK and

Akt pathways. These changes in signaling pathways facilitated the cell cycle progression

(96,99). Another important finding was made in polarized epithelial cells where exogenous

expression of rMuc4 resulted in the localization of ErbB2 from the basolateral to the apical

surface (87,97,100). Furthermore, in a recent study (101), rMuc4 was also shown to enhance

surface accumulation of ErbB2 and ErbB3 by suppressing their internalization. Thus, MUC4

plays important roles in cell signaling and can have differential effect on cell proliferation and

differentiation.

Role of MUC4 in tumor growth and metastasis

An aberrant overexpression of MUC4 in a variety of carcinomas indicates its important role

in the process of malignant progression. To understand the functional significance of MUC4

in pancreatic cancer, we silenced its expression in a MUC4 overexpressing pancreatic tumor

cell line, CD18/HPAF. The resulting phenotype exhibited reduced tumor growth and metastasis

(26). In subsequent studies (88), we showed that the MUC4-associated increase in tumor cell

growth resulted from an enhanced proliferation and reduced apoptosis of pancreatic cancer

cells. In other studies (102,103), rMuc4 was also shown to potentiate tumorigenesis and

metastasis via multiple mechanisms. Metastasis of the tumor cell is a multistep process that

involves the detachment of tumor cells from the primary site, intravasation into the

bloodstream, evasion of immune surveillance, adherence to vascular endothelial cells of distant

organs, and finally extravasation into such tissues and subsequent secondary tumor formation.

In the following subsections, we describe multiple attributes of MUC4 that can affect the

metastatic progression of cancer cells.
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MUC4 in adhesion and antiadhesion—Due to a high level of glycosylation, mucins attain

an extended filamentous conformation (11,104). MUC4 is a high-molecular-weight

glycoprotein that is comprised of a heavily glycosylated large tandem-repeat region. The

extracellular domain of MUC4 is predicted to extend >2 μm above the cell surface in the apical

region (20). During the oncogenic transformation, cells lose their polarity, allowing MUC4 to

be uniformly expressed all over the cell surface and interfere with the cell-cell interactions. In

a similar way, MUC4 can also sterically reduce the accessibility of extracellular matrix ligands

to the corresponding receptors. In a recent study (88), we observed enhanced tumor cell-

extracellular matrix interactions after abrogation of MUC4 expression. MUC4 also reduced

binding of the integrins (α2, α3, and α5) to their respective antibodies, suggesting the role of

MUC4 in masking the accessibility of integrins to respective ligands (88). The antiadhesive

effect (reduced cell-cell and cell-extracellular matrix interactions) of rMuc4 has also been

demonstrated in A375 human melanoma cells, the extent of which was directly associated with

the number of tandem repeats (105).

There is no direct evidence in the literature for the adhesive function of MUC4. Glycosylated

mucins expressed on the tumor cell surface, however, can help in the adhesion of tumor cells

to secondary sites via selectin-mediated mechanisms and hence promote metastasis (1).

Moreover, it is also possible that MUC4 itself can establish novel interactions with extracellular

matrix proteins through not yet functionally characterized AMOP and NIDO domains. We

have preliminary evidence that MUC4 interacts with galectin-3 (unpublished data), which is

ubiquitously present with in the cells, in the extracellular matrix, and on the endothelial surfaces

(54,106). Whether MUC4 can sequester various growth factors and cytokines and facilitate

their binding to the corresponding receptors is yet to be established.

Resistance to apoptosis—Not all tumor cells that succeed to invade through the

extracellular matrix and reach the bloodstream are able to thrive during the metastatic process.

In fact, an appropriate cell-matrix interaction is imperative for cell survival. When this system

is perturbed, cells undergo apoptotic cell death, a mechanism referred to as “anoikis.” In a

normal cell, integrin-mediated cell signaling controls the apoptotic machinery. Cancer cells,

however, develop resistance to apoptosis by alternate signaling mechanisms and are able to

self-survive during the metastatic process. MUC4 overexpression has been shown to confer

apoptotic resistance to tumor cells (88,107). The rapid tumor growth in response to rMuc4

overexpression was significantly associated with decreased apoptosis in vitro (107). This

indicates that rMuc4 can directly influence the ability of cells to undergo apoptosis without

any requirement of crosstalk with the extracellular matrix, which is largely absent in any in

vitro cell culture system. Similar evidence has been obtained for human MUC4 in an in vitro

assay (88). The mechanism of suppression of apoptosis by MUC4 is not yet defined. It is

possible that interaction of the MUC4 with ErbB2/HER2 plays a role in anoikis resistance. In

fact, studies with rMuc4 have shown that the Muc4-ErbB2/neu interaction potentiates Akt-

signaling, which is known to facilitate cell survival (95). However, there are studies that are

not consistent with the role of MUC4 in apoptotic resistance (96,108). MUC4 expression was

shown to be enhanced in high-grade intraepithelial neoplasia (HGN) in Barrett’s esophagus

(BO). In fact, MUC4 expression correlated with increased apoptosis (108). A role of rMuc4

in apoptosis was also demonstrated by up-regulating the expression of the cell cycle inhibitor

p27kip (96). This up-regulation of p27kip was reversed in the presence of neuregulin, a ligand

for ErbB3. Hence, the role of MUC4 in resistance to apoptotic cell death is seemingly regulated

by a concerted signaling network that not only involves MUC4 and ErbB2 but also implicates

other signaling components that are altered in a cancer cell.

Role in the reversal of contact inhibition—Epithelial cell proliferation is controlled by

contact inhibition, a mechanism that is consistently active in normal cells to limit their

proliferation (109-112). Cancer or even benign tumor cells, however, bypass this growth
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control mechanism and continue to proliferate, leading to the formation of a tumor mass

(113). Cell-cell interactions are important in normal functioning of the growth control

mechanisms, which are lost during malignant transformation. E-cadherins, which mediate cell-

cell contact and associated catenins that are involved in modulation of the signaling machinery,

are important in regulating cell proliferation (114). E-cadherin acts as an adhesion-activated

cell receptor and thus participates in the cell signaling. The blockage of cell-cell interactions,

however, can perturb this signaling. In a recent study (99), Muc4 was shown to abrogate the

contact inhibition of breast cancer cells and this effect was correlated with the size of the

tandem-repeat domain. rMuc4 directed the distribution of E-cadherin from the lateral surface

of the cells to the apical cell surface and an activation of ERK leading to an enhanced expression

of cyclinD1 (99). This study added another dimension to the antiadhesive effect of MUC4 that

allows indirect changes in cell signaling. This finding may be significantly important in

explaining the role of MUC4 in malignant progression by triggering the proliferation of

contact-inhibited cancer cells, while simultaneously disrupting the cell-cell contact.

Suppression of immune surveillance—The immune system poses another barrier to

combat the process of metastasis. Tumor cells must evade immune recognition and subsequent

destruction to continue their malignant progression. The recognition of the tumor cells to the

immune cells is made possible by the surface molecules present on the tumor cells. The

presence of large proteins, such as mucins, on the surface of the tumor cells can mask these

surface epitopes, and hence, tumor cells are able to dodge the immune surveillance

(115-117). The overexpression of rMuc4 on tumor cells was shown to reduce the accessibility

of the surface antigen to the cytotoxic immune cells such as cytotoxic-T lymphocytes or natural

killer (NK) cells by steric-hindrance (102). The length of the tandem-repeat domain and the

extent of glycosylation were important in the effective suppression of immune surveillance

(102). It can be postulated that the human MUC4 can also exert a similar antirecognition effect

and to a far greater extent than rMuc4 due to its substantially larger size.

REGULATION OF MUC4 EXPRESSION

Considering the multiple and diverse functions of MUC4 under normal and pathophysiological

conditions, it has become important to define the molecular mechanisms that control its

expression. The expression of MUC4 can be regulated at both the transcriptional and

posttranscriptional levels (81,118). Studies (118) on the MUC4 promoter have identified two

highly active regions referred to as proximal and distal minimal promoters. These are located

within a 2.8 kb 5′-UTR. The proximal promoter (−219/−1) does not contain a TATA-box, while

it is present in the distal promoter (−2781/−2572). Four transcriptional initiation sites (3 with

in the distal promoter at positions −2603, −2604, and −2605 and 1 in the proximal promoter

at position −199) have been characterized. Various regulatory elements are present with in the

5′-UTR (118). A schematic illustration of various transcription factor binding elements in the

MUC4 promoter is shown in Fig. 4A. The 5′-UTR is rich in GC-content at its 3′-end and

contains various putative binding sites for specificity protein 1 (Sp1), activator protein (AP)

−1/−2/−4, cAMP-response element binding (CREB) proteins, GATA, and STAT transcription

factors. Sp1 and Sp3 are important regulators for the basal expression of MUC4 and are

responsible, to some extent, for the expression of MUC4 in a variety of cell types (118). A

large number of biologically active molecules, such as cytokines, bacterial products, growth

factors, differentiation agents, and other factors, have been shown to regulate MUC4 synthesis

(in vitro and/or in vivo) in various cell types (Fig. 4B; refs. 118-121).

In our studies that focused on investigating the molecular mechanisms of MUC4 dysregulation

in pancreatic cancer cells, we have identified two biomolecules, retinoic acid and interferon-

γ (IFNγ), as regulators of MUC4. The expression of MUC4 is regulated by all trans-retinoic

acid (ATRA) via a mechanism that implicates transforming growth factor-β2 (TGFβ2) as an
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interim mediator (Fig. 4B; 122). In another study (123), it was revealed that TGFβ could induce

MUC4 expression via both Sma- and Mad-related protein (Smad) -dependent and Smad-

independent pathways in pancreatic cancer cells. This activation is, however, negatively

regulated by Smad7 and c-ski, both of which inhibit the activation of Smad4. Interestingly, in

cells that have mutations in Smad4, such as CAPAN-1, TGFβ-induced expression of MUC4

could be regulated by MAPK, PI3K, and protein kinase A (PKA) signaling cascades (123).

Regulation of MUC4 expression by IFNγ occurs via a STAT-1-dependent late response

mechanism that requires an up-regulation of STAT-1. Furthermore, it has been shown that both

retinoic acid (RA) and IFNγ synergistically up-regulate MUC4 expression in pancreatic cancer

cells (120). The synergistic effect of RA and IFNγ involves a reprogramming of signaling

pathways. The expression of MUC4 has also been shown to be regulated by tumor necrosis

factor-α (TNFα), a proinflammatory cytokine, in synergism with other regulatory factors

(118). The synergy between IFNγ and TNFα activates the STATs and the NF-κB transcription

factors that on interaction with their cognate cis-element in the MUC4 promoter up-regulate

its expression (118).

An increase in the MUC4 expression and the overall number of mucin-producing goblet cells

is well reported in Barrett’s esophageal premalignant lesions (108). Barrett’s esophagus is

caused by chronic reflux of bile acid from the stomach into the esophagus that was recently

shown to up-regulate the expression of MUC4 at the transcriptional level (121). The bile

acidmediated MUC4 up-regulation was rescued by the PI3K pathway inhibitor wartmannin,

suggesting the role of PI3K signaling mechanisms in bile acid-mediated MUC4 regulation.

Also, MUC4 expression by bile acids has been shown to be mediated by the HNF1α
transcription factor that binds to the distal promoter region of MUC4 (124). Apart from the

aforementioned pathways, interleukins (IL-4, IL-9) are also known to regulate MUC4 in

respiratory epithelial cells in a time- and dose-dependent manner. Such up-regulation of

MUC4 by different interleukins is mediated through the Janus kinase 3 (JAK3) pathway

(125,126). Furthermore, the IL-4-dependent increase in MUC4 expression involves the

activation of the STAT-6 transcription factor (126).

CONCLUSION AND PERSPECTIVES

Based on the knowledge that we have gained on MUC4 so far, it is reasonable to assign it as

a multifunctional protein (Fig. 5). Studies on the rat orthologue of MUC4 (95,96) have indicated

that MUC4 may perform diverse biological functions in a context-dependent manner (i.e., its

role can differ significantly under normal and pathological conditions). Under normal

conditions, there is a controlled interaction between neighboring cells and the cell and the

extracellular matrix. During cancer development such interactions are interrupted, while novel

interactions occur due to alterations in the cell surface proteins, extracellular matrix

composition, and loss of cell polarity. All these molecular and cytoarchitectural changes create

a favorable environment for tumor progression. MUC4 has many unique domains that suggest

possible functions associated with growth factor signaling (via EGF-like domains in the

membrane-bound MUC4β) and tumor cell interaction with the extracellular matrix (via NIDO

and AMOP domains present the C-terminal region of the MUC4α-subunit). In addition, MUC4

can also modulate the function of other adhesion-associated signaling molecules via steric

hindrance. It has been shown that rMuc4 physically interacts with the receptor tyrosine kinase

ErbB2/neu, induces receptor phosphorylation, and potentiates downstream signaling. On the

other hand, our recent studies (unpublished data) have demonstrated that MUC4 interacts with

HER2/ErbB2 and modulates its expression. Therefore, it is imperative to understand the

molecular mechanisms implicated in the MUC4-associated regulation of HER2 and to

understand the biological significance of the MUC4-HER2 interaction.
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There is a need to expedite efforts on studies related to the differential glycosylation and

alternative splicing of MUC4 to understand its functional diversity. In addition, the MUC4

interactome needs to be explored to comprehend what defines the efficiency and specificity of

MUC4 action in normal and pathophysiological conditions. The role of individual domains of

MUC4 in initiating and/or potentiating cancer cell signaling is still being investigated. Once

the cascades of signaling events activated by MUC4 are identified, the blockage of the

pathways by using inhibitors may be helpful in controlling cancer progression. Also,

delineating the signaling mechanisms implicated in the aberrant expression of MUC4 in cancer

and defining the specific functions of MUC4 will lead to the formulations of better therapeutic

strategies for the treatment of cancer.
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Figure 1.

MUC4 structure. A) MUC4 gene is encoded by 26 exons (E1–E26). E1 exon codes for amino-

terminal of the protein. E2 is the largest. E2 is also polymorphic and codes for the central

domain. Exons E3–E26 code for the carboxyl-terminal of the MUC4 protein, which includes

various domains present in MUC4-like NIDO, AMOP, vWD, transmembrane region, and the

cytoplasmic tail. B) MUC4 protein is divided in three regions: the N- terminal (NT), the C

region (central domain), and the CT region. The C-terminal region codes for 12 domains (CT1–

CT12). Different domains present in MUC4 protein are the central large tandem repeat domain,

NIDO, AMOP, vWD, and 3 carboxyl-terminal located EGF domains. The MUC4 protein is

hypothesized to be cleaved at GDPH, proteolytic site, generating two subunits: MUC4α and

MUC4β. MUC4α is a mucin-like subunit that is heavily glycosylated, and MUC4β is a growth

factor like subunit due to presence of EGF-like domains. MUC4 is anchored to the cell surface

by the transmembrane region. MUC4 has a short cytoplasmic tail of 22 amino acids.
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Figure 2.

Evolution of the MUC4 mucin. A) Alignment of amino acid sequences of various protein

domains of MUC4 from human, dog, mouse, rat, and chicken. The domains were defined by

a simple modular architecture research tool (SMART) domain search and a Prosite search. The

alignment was performed by using the ClustalW program of the European Bioinformatic

Institute (EBI). “*” Indicates residues are identical in all sequences in the alignment. “:”

Indicates conserved substitutions (within the amino acid subgroups). “.” Indicates

semiconserved substitutions. According to the standard coloring scheme of EBI, red indicates

small and hydrophobic residues. Blue and magenta indicate acidic and basic residues,

respectively. Green represents amino acids containing hydroxyl and amine groups, while gray

represents other residues. B) Phylogenetic tree of MUC4 orthologues from different species.

Evolutionary relatedness of human and dog sequences and rat and mouse sequences was

observed by sequence-based alignment. The phylogenetic tree was generated by the EBI

ClustalW program by using complete protein sequences of different MUC4 orthologues. The

branch lengths indicate the amount of evolutionary change. C) Evolution scheme of different

domains of the MUC4 mucin. Each rectangle in the tandem repeat region represents a 16 aa

motif that is repeated 146–500 times. The tandem repeat region probably evolved from

duplications of Ser-Thr rich regions in ancestral protein A. The NIDO and EGF-like domains

evolved from ancestral protein B, which is a common progenitor to the nidogen protein.

Similarly, AMOP and vWD domains evolved from ancestral protein C, a common precursor

Chaturvedi et al. Page 20

FASEB J. Author manuscript; available in PMC 2010 March 9.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



to Susd2 protein. Domain structures of MUC4, nidogen, and Susd2 were analyzed using

SMART. Nidogen_G2 = a β-barrel domain of nidogen; EGF_3 = EGF-like domain; THYROG

= throglobulin type-1 domain; LDLRB = low-density lipoprotein-receptor class B; SMB_2 =

somatomedin B domain; SUSHI = Sushi/SCP/SCR domain.
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Figure 3.

rMuc4 and ErbB signaling. The interaction of rMuc4 with ErbB2 induces its limited

phosphorylation and an up-regulation of p27Kip1, leading to cell cycle arrest. In the presence

of neuregulin, rMuc4 is engaged in a quad-complex with ErbB2, ErbB3, and neuregulin and

potentiate phosphorylation of ErbB2 leading to an Akt-mediated survival (via down-regulation

of p27Kip1) and an ERK-mediated proliferative response. MEK = MAP-ERK kinase; PDK =

phosphoinositide-dependent kinase; PIP = phosphatidylinositol phosphate.
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Figure 4.

Regulation of MUC4 expression. A) Schematic of MUC4 promoter depicting the presence of

various transcription factor binding sites AP-1, growth response element (GRE), hepatocyte

nuclear factor 1α (HNF1α), STAT, retinoic acid receptor (RAR), SMAD, nuclear factor-κB
(κB), retinoid receptor (RXR), and Sp1. The expression of MUC4 can be driven by an active

proximal and a distal promoter region. The proximal promoter does not contain a TATA box,

while it is present in the distal promoter region. B) Expression of MUC4 is transcriptionally

regulated by a variety of growth factors, cytokines, and other components (IFNγ, RA, TGFβ,

interleukins, and bile acids). IFNγ-induced expression of MUC4 is mediated by a novel

mechanism that involves an up-regulation of STAT1. Retinoic acid-induced expression of

MUC4 is mediated by TGFβ2. Induction of MUC4 expression by TGFβ occurs via both

SMAD-dependent and -independent pathways. TGFβ-stimulation activates SMAD2/3, which

in complex with SMAD4 gets translocated to the nucleus and facilitates the transcription of

MUC4. In addition, TGFβ can drive MUC4 expression via MAPK, PI3K, and PKA pathways.

Interleukins are known to regulate MUC4 expression via the STAT6 pathway in airway

epithelial cells. Bile acids up-regulate MUC4 expression in esophageal cancer cells by

involving the HNF1α transcription factor. RBP = retinoic acid binding protein; TCDC =

taurochenodeoxycholate; TDC = taurodeoxycholate.
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Figure 5.

Multiple roles of MUC4 mucin in cancer development. MUC4 is engaged in complex formation

with ErbB2 and/or ErbB3 (in presence of neuregulin) and initiates and/or potentiates

downstream signaling and facilitates cell proliferation and cell survival. The large sized

extracellular domain of MUC4 disrupts cell-cell and cell-extracellular matrix interactions

via steric hindrance. MUC4 also increases cell motility via yet unknown mechanisms. The

sialyl epitopes present on the heavily glycosylated tandem repeat domain of MUC4 may

facilitate trans-interactions by binding to selectins or yet uncharacterized ligands on endothelial

cells. The presence of MUC4 on the surface of the tumor cells can mask the surface epitopes

to the cytotoxic immune cells such as cytotoxic-T lymphocytes or NK cells and, hence, escape

from immune response.
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