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nowned for their contributions to the development, pro-
gression, and metastasis of adenocarcinomas. In general, 
transmembrane mucins seem to have evolved to monitor 
and repair damaged epithelia, but these functions can be 
highjacked by cancer cells to yield a survival advantage. This 
review presents an overview of the current knowledge of the 
functions of transmembrane mucins in inflammatory pro-
cesses and carcinogenesis in order to better understand the 
diverse functions of these multifunctional proteins. 
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 Introduction 

 Mucosal surfaces line body cavities such as the gastro-
intestinal tract and lungs, protect against pathogens, and 
prevent dehydration. The epithelial cells that line the mu-
cosa express a class of highly glycosylated proteins called 
mucins. Goblet cells secrete gel-forming mucins that 
form a viscous mucus layer that covers most mucosal sur-
faces and prevents penetration by bacteria. The composi-
tion of the mucus layer is highly variable. In the colon, the 
mucus layer consists of a porous outer layer with which 
commensal microbiota are associated and a dense inner 
layer that is essentially free of bacteria  [1, 2] . MUC2 is the 
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 Abstract 

 Mucosal surfaces line our body cavities and provide the in-
teraction surface between commensal and pathogenic mi-
crobiota and the host. The barrier function of the mucosal 
layer is largely maintained by gel-forming mucin proteins 
that are secreted by goblet cells. In addition, mucosal epithe-
lial cells express cell-bound mucins that have both barrier 
and signaling functions. The family of transmembrane mu-
cins consists of diverse members that share a few character-
istics. The highly glycosylated extracellular mucin domains 
inhibit invasion by pathogenic bacteria and can form a tight 
mesh structure that protects cells in harmful conditions. The 
intracellular tails of transmembrane mucins can be phos-
phorylated and connect to signaling pathways that regulate 
inflammation, cell-cell interactions, differentiation, and 
apoptosis. Transmembrane mucins play important roles in 
preventing infection at mucosal surfaces, but are also re-
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main soluble mucin expressed in the human duodenum, 
ileum, and colon, MUC5AC is highly expressed in the 
stomach, and MUC5AC and MUC5B are the soluble mu-
cins present in the lungs.

  Mucosal epithelial cells including goblet cells and en-
terocytes also express membrane-bound mucins, termed 
transmembrane mucins. Transmembrane mucins are 
large glycoproteins that localize to apical surfaces of epi-
thelial cells that are in contact with relatively harsh envi-
ronments. They are, for example, expressed in the intes-
tinal tract, stomach, and respiratory system, but are also 
present on secretory epithelial cells of the liver, pancreas, 
gall bladder, kidney, salivary glands, lacrimal glands, and 
eye  [3] . The family of transmembrane mucins consists of 
several members that differ in length, domain composi-
tion, and cytoplasmic signaling domain ( Fig. 1 ). In healthy 
tissue, the large mucins MUC3, MUC4, MUC12, and 
MUC17 and the smaller MUC13 form the major compo-
nents of the enterocyte glycocalyx. MUC1 is highly ex-
pressed in the stomach but also present in the colon. In 
the lungs, MUC1 and MUC16 are present (expression 
data human gene database: http://www.genecards.org; 
EMBL-EBI Expression Atlas: http://www.ebi.ac.uk/gxa/
home). Transmembrane mucins play important roles in 
maintaining mucosal barrier function and they prevent 
the invasion of pathogens at mucosal surfaces ( Fig. 2 a, b). 
They have also been implicated in the development of in-
flammatory bowel disease ( Fig. 2 c).

  Transmembrane mucins have a receptor-like struc-
ture that is reminiscent of classical innate immune recep-
tors. The highly glycosylated extracellular domain of 
transmembrane mucins has a barrier function whereas 
the intracellular domain can be phosphorylated and acti-
vate signal transduction pathways. The extracellular do-
main of transmembrane mucins can bind bacteria and 
can be shed from the epithelial surface. Shedding of the 
extracellular domain could be an activation signal that 
leads to phosphorylation of the intracellular domain and 
activation of mucin-specific signaling pathways that alter 
inflammatory responses, epithelial cell adhesion, differ-
entiation, and apoptosis. While the functional link be-
tween binding/shedding of the extracellular domain and 
activation of the intracellular domain has not been con-
clusively established, it is likely that transmembrane mu-
cins are signaling receptors that sense the external envi-
ronment and activate intracellular signal transduction 
pathways essential for mucosal maintenance and damage 
repair.

  In addition to their natural expression in mucosal tis-
sues, transmembrane mucins are overexpressed by vari-

ous adenocarcinomas, including colon, breast, pancreas, 
and ovarian cancer  [4] , in which they contribute to carci-
nogenesis and metastasis ( Fig. 2 d). The contribution of 
transmembrane mucins to carcinogenesis and metastasis 
is probably multifactorial. The transmembrane mucin in-
tracellular domain directly links to signaling pathways 
that regulate cell differentiation, while the extracellular 
domain contributes to regulation of cell detachment and 
adhesion during metastasis and its barrier function pro-
tects against harmful environments and immune attack. 
The mechanisms that underlie the multifactorial func-
tions of transmembrane mucins are poorly understood. 
In this review, we will discuss the normal function of 
transmembrane mucins in the maintenance and damage 
repair of epithelial tissues and their contribution to carci-
nogenesis. While the fields of enteropathogenic infec-
tions and carcinogenesis are very much separated in the 
literature, many of the observations regarding transmem-
brane mucins can be applied to both research areas. The 
aim of this review is to bring together knowledge on 
transmembrane mucin function from different fields in 
order to further our understanding of the contribution of 
transmembrane mucins to health and disease.

  General Features of Transmembrane Mucins 

 The extracellular domains of transmembrane mucins 
are often composed of tandem repeat sequences rich in 
serine, threonine, and proline residues that are heavily
O-glycosylated. The high level of glycosylation shields the 
protein backbone of the extracellular domain from pro-
teolytic attack by bacteria and host proteases, and con-
tributes to barrier formation. On the other hand, mucosal 
sugars such as fucose are released by certain microbiota 
and serve as a food source to maintain a healthy micro-
bial community  [5] . A wide range of oligosaccharide 
structures can be attached to mucins and the glycan com-
position of these structures can vary both within and be-
tween cell types due to the differential expression of gly-
cosyltransferases. For instance, complex sugars such as 
sialyl-Lewis a, sialyl-Lewis c, sialyl-Lewis x, and sialyl-Tn 
can be detected on the extracellular domain of MUC1  [6] . 
However, glycosylation is highly variable as differentially 
glycosylated MUC1 molecules can originate from a single 
precursor molecule within the same cell  [7] . Expression 
of MUC1 by breast or pancreatic tissue results in different 
glycoforms that are differentially recognized by glyco-
specific antibodies  [8–10] .
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  Fig. 1.  The transmembrane mucin family: 
domain structure of transmembrane mu-
cins MUC1, MUC3, MUC4, MUC12, 
MUC13, MUC16, and MUC17. The extra-
cellular domains often consist of very long 
internal repeat domains that are highly gly-
cosylated. All transmembrane mucins ex-
cept for MUC4 contain a SEA domain. At 
a conserved sequence in the SEA domain, 
transmembrane mucins can be autopro-
teolytically cleaved. The resulting N-ter-
minal α-chain and a C-terminal β-chain
remain noncovalently associated. Sev-
eral transmembrane mucins contain
EGF(-like) domains. The cytoplasmic tail 
domains of transmembrane mucins can be 
activated by phosphorylation and activate 
signaling pathways. The lower box con-
tains the amino acid sequences of trans-
membrane mucin cytoplasmic tails marked 
for the phosphorylation potential. The red 
amino acids can be phosphorylated by 
known kinases as predicted by Kinase-
Phos2.0 (http://kinasephos2.mbc.nctu.
edu.tw). For the amino acids in large, bold, 
red font, phosphorylation was demonstrat-
ed by mass spectrometry as reported by 
PhosphoSitePlus (http://www.phospho-
site.org/). Colors refer to the online version 
only. 
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  The Extracellular Mucin Domain 
 The extracellular domains of most transmembrane 

mucins contain a sea urchin sperm protein, enterokinase 
and agrin (SEA) domain  [11] . The SEA domain is auto-
proteolytically cleaved in the endoplasmic reticulum  [12]  
resulting in a mucin α- and a β-chain that are connected 
by parallel β-sheets  [13]  ( Fig. 1 ). Mature transmembrane 
mucins are therefore composed of an extracellular α-chain 
and a transmembrane/intracellular β-chain that are non-
covalently associated. Transmembrane mucins MUC1, 
MUC3, MUC12, and MUC17 all contain SEA domains 
with a conserved G-S[V/I]VV cleavage motif  [14] . One of 
the functions of the SEA domain may be to protect epi-
thelial cells against mechanical force. Application of force 
results in disruption of the SEA domain before rupture of 
the epithelial apical membrane  [15] . Another function of 
the SEA domain may be to release the transmembrane 
mucin extracellular domain ( Fig. 3 a). Mucin extracellular 

domains can be detected in biological fluids such as se-
rum, the lumen of the intestinal tract, and culture super-
natants of mucin-expressing cells. Excessive shedding of 
transmembrane mucin extracellular domains is often ob-
served for metastatic carcinoma  [16]  and during inflam-
matory bowel disease  [17, 18]  and cystic fibrosis  [19] .

  Mutation of the MUC1 SEA domain G-S cleavage site 
to G-A prevents release of the extracellular domain  [20, 
21] . MUC4 lacks a typical SEA domain but is proteolyti-
cally cleaved in the endoplasmic reticulum and this cleav-
age is essential for maturation of the MUC4 complex  [22] . 
Cleavage of MUC4 might occur in a nonenzymatic man-
ner at the GD-PH sequence in the VWD domain as is 
observed for soluble mucins MUC2 and MUC5AC  [23, 
24] . MUC13 contains a SEA domain without a conserved 
cleavage motif, but gel analysis showed that the mature 
protein does consist of 2 polypeptides  [25] . Cleavage of 
MUC16 does not occur in a conserved sequence in 1 of 

a b c d

  Fig. 2.  Functions of transmembrane mucins in the human colon. 
 a  In healthy colon epithelial mucosa, the soluble mucus layer con-
sists of an outer and inner mucus layer. While microbiota are as-
sociated with the outer layer, the inner layer is relatively sterile. 
Within the inner mucus layer, transmembrane mucins are ex-
pressed on the apical membrane of colonocytes and goblet cells. 
Transmembrane mucins contribute to mucosal maintenance and 
the regulation of epithelial cell differentiation and apoptosis.  b  The 
glycosylated extracellular domains of transmembrane mucins lim-
it invasion by enteropathogens such as  S. enteritidis  and  C. jejuni . 
Transmembrane mucin cytosolic tails are signaling domains that 

modulate inflammatory pathways, including NF-κB, and the ex-
pression of pro- and anti-inflammatory cytokines.  c  Mutations in 
transmembrane mucins or defects in mucin glycosylation are as-
sociated with inflammatory bowel disease. Reduced mucosal bar-
rier function leads to interactions between epithelial tissue and lu-
minal microbiota and increased proinflammatory signaling.  d  Ab-
errant or overexpression of transmembrane mucins is a prominent 
feature of adenocarcinomas such as colon, breast, pancreatic, and 
ovarian cancer. Overexpression leads to the loss of polarity and is 
associated with poor prognosis. Transmembrane mucins regulate 
cell-cell contact and thereby contribute to metastasis. 
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the SEA domains, but occurs close to the transmembrane 
domain  [26] . This cleavage occurs in an acidic compart-
ment of the Golgi complex and is independent of the ami-
no acid sequence as mutation still resulted in cleavage. An 
alternative mechanism to release the mucin extracellular 
domain is proteolytic cleavage close to the plasma mem-
brane by sheddases or metalloproteases such as TACE/
ADAM17 and MT1-MMP  [27, 28]  ( Fig. 3 b). The triggers 
and mechanisms involved in release of the ectodomain 
are only partially understood. It has been hypothesized 
that mucin extracellular domains are released in response 
to mechanical force, interactions with microbes or altera-
tion in pH, ionic concentration, hydration  [4]  or inflam-
matory stimuli such as TNFα and neutrophil elastase 
 [29] . At the mucosal surface, the shed domains might 
function as decoy receptors for pathogens. It is possible 
that disruption of the SEA domain or release of the extra-
cellular domain by sheddases can be sensed by the cell and 
activates signaling by the cytoplasmic tail. An inhibitory 
function of the extracellular domain on signaling by the 
intracellular domain has been described for mucin-type 
glycoproteins involved in cell differentiation in the yeasts 
 Saccharomyces cerevisiae  and  Candida albicans   [30, 31] .

  The growth factor EGF is produced by salivary glands 
and regulates mucosal repair and mucin expression 
throughout the gastrointestinal and respiratory tracts  [32, 
33] . The extracellular domains of most transmembrane 

mucins contain epidermal growth factor (EGF)-like do-
mains. In MUC3, MUC12, MUC13, and MUC17 the EGF 
domains flank the mucin SEA domain, but MUC4 lacks 
a SEA domain and has 3 predicted EGF domains ( Fig. 1 ). 
EGF domains of transmembrane mucins can interact 
with EGF receptors and activate receptor signaling, as has 
been shown for MUC4  [34–38] . It has been proposed that 
release of the extracellular domain enables mucin EGF 
domains in both the α- and β-chain to interact with their 
ligands on EGF receptors  [39] . The released mucin extra-
cellular α-domain may therefore have a biologically active 
role at more distant sites, similar to cytokines  [4] . Mem-
brane-bound and EGF domain-containing β-chains of 
transmembrane mucins can interact with adjacent EGF 
receptors and increase their activity, as was shown for 
MUC4 and the ERBB2 receptor  [34] .

  The Intracellular Mucin Domain 
 The cytoplasmic tails of the large transmembrane mu-

cins MUC3, MUC12, and MUC17 contain PDZ-binding 
motifs that are instrumental in the trafficking and an-
choring of receptor proteins and organize signaling com-
plexes at cellular membranes  [40, 41] . Through the PDZ-
binding motif, these mucins are functionally linked with 
the cystic fibrosis transmembrane conductance regulator 
(CFTR) chloride channel that also contains a PDZ-bind-
ing motif. Because MUC3 and CFTR compete for a single 

a b c

  Fig. 3.  Shedding and cleavage of transmembrane mucins. Trans-
membrane mucin extracellular domains can be released from the 
surface and can be detected in many biological fluids. The intracel-
lular tail, and in some cases the full-length protein, is reported to 
localize to the nucleus. Several mechanisms of transmembrane 
mucin shedding and cleavage have been reported.  a  Shedding of 
the transmembrane mucin extracellular domain from the SEA do-

main.  b  Cleavage of the extracellular domain by metalloproteases 
or sheddases. It remains to be established if release of the extracel-
lular domain leads to phosphorylation and activation of the intra-
cellular tail and the initiation of signaling pathways.  c  RIP path-
way; cleavage of the intracellular tail by a γ-secretase after release 
of the extracellular domain.         
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PDZ-binding domain in adaptor protein GOPC that tar-
gets proteins for lysosomal degradation, overexpression 
of either MUC3 or CFTR increases trafficking of the oth-
er protein to the plasma membrane  [42] . Stimulation with 
the cholinomimetic drug carbachol leads to recruitment 
of CFTR to the plasma membrane, but internalization of 
MUC17. MUC3 and MUC12 localization is not affected 
by carbachol stimulation  [43] . The authors hypothesize 
that MUC17 internalization could mediate the uptake of 
bacteria into epithelial cells  [44] .

  Similar to classical (immune) receptors, the intracel-
lular tails of transmembrane mucins link to signaling 
pathways. MUC1 is the most well-studied transmem-
brane mucin and several intracellular signaling pathways 
are associated with its cytoplasmic tail. The intracellular 
tails of all transmembrane mucins contain putative phos-
phorylation sites, but we must emphasize that they are 
dissimilar in sequence and length and do not contain any 
conserved domains ( Fig. 1 ). These observations suggest a 
high degree of functional divergence and most likely sig-
naling specificity between different transmembrane mu-
cins. The cytoplasmic tail of MUC1 can be phosphory-
lated at several conserved tyrosines  [45, 46]  and it was 
convincingly shown that interactions of the MUC1 tail 
with other proteins are mediated by phosphorylation 
 [47–49] . For example, the phosphorylated MUC1 cyto-
plasmic tail competes with E-cadherin for the binding of 
β-catenin. The β-catenin/E-cadherin complex stabilizes 
cell-cell interactions, and phosphorylation of the MUC1 
tail therefore stimulates cell detachment and anchorage-
independent growth  [50] . MUC13 is phosphorylated in 
unstimulated intestinal epithelial cells  [51] , but the in-
volved amino acids remain to be identified. Phosphoryla-
tion of several tyrosine, threonine, and serine residues in 
the tails of different transmembrane mucins has been 
confirmed by mass spectrometry as reported on the
PhosphoSitePlus database (http://www.phosphosite.org/;
 Fig. 1 ). The next challenge in this field is to uncover the 
signaling pathways that link to different transmembrane 
mucins.

  In addition to signaling from the plasma membrane, 
MUC1, MUC13, and MUC16 have been reported to lo-
calize to the nucleus. The cytoplasmic tail of MUC1 can 
be released from the membrane and modulate the func-
tion of transcription factors and regulatory proteins. The 
mechanisms of MUC1 tail release from the membrane are 
unclear. One potential mechanism may involve regulated 
intramembrane proteolysis (RIP). RIP includes proteo-
lytic release of the ectodomain by a membrane-associated 
metalloprotease followed by γ-secretase-mediated cleav-

age of the cytoplasmic tail and translocation to the nucle-
us  [52]  ( Fig. 3 c). The RIP pathway activates the mucin-
like protein CD43, but MUC1 does not seem to be cleaved 
in a γ-secretase-dependent manner  [53] . Whether the cy-
toplasmic tails of other transmembrane mucins can be 
released from the plasma membrane and if the RIP path-
way is involved remains to be established.

  In summary, mature transmembrane mucins gener-
ally consist of an extracellular α-chain and a β-chain that 
contains the transmembrane domain and the cytoplas-
mic tail ( Fig. 1 ). Several processing events and cleavage 
possibilities can generate transmembrane mucin frag-
ments of different sizes, presumably with specific func-
tions ( Fig.  3 ). Functional diversity of transmembrane 
mucins can also be achieved by splice variants that con-
tain selected domains. For MUC1, more than 20 tran-
script variants have been described. Specific MUC1 vari-
ants are associated with mucin expression  [54, 55] , cyto-
kine production  [56]  or carcinogenesis  [57, 58] .  Table 1  
summarizes the known functions of transmembrane mu-
cins α- and β-domains in healthy mucosal tissue and in 
cancer cells.

  Barrier Function, Mucosal Maintenance, and 

Interactions with Mucosal Pathogens 

 Under healthy conditions, the extended domains of 
transmembrane mucins form the dense enterocyte glyco-
calyx that is impermeable to virus- or bacteria-sized par-
ticles  [59] . The glycosylated tandem repeats of MUC1 and 
MUC16 can extend 200–500 nm and 700 nm above the 
cell surface, respectively  [60, 61] . Very long transmem-
brane mucins such as MUC12, MUC16, and MUC17 may 
serve as initial contact and a first layer of defense, while 
the shorter transmembrane mucins may detect invasive 
pathogens that have come into close range of the entero-
cyte  [44] . In the lungs, MUC1 is expressed on microvilli, 
MUC4 and MUC20 on cilia, and MUC16 on goblet cells. 
The microorganization of these transmembrane mucins 
creates a space-filling barrier that is selective to larger vi-
ral particles  [62] . In the intestinal tract or at other muco-
sal surfaces, epithelial damage caused by bacterial inva-
sion or mechanical stress can cause shedding of the trans-
membrane mucin extracellular domain, loss of barrier 
function, and initiation of signaling pathways involved in 
mucosal maintenance. The exact roles of the different 
transmembrane mucins during mucosal maintenance of 
healthy and inflamed tissue remain to be addressed. How-
ever, the specificity of transmembrane mucin function is 
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illustrated by a study in which enterobacterial infections 
lead to the upregulation of MUC1 in the distal colon, 
while expression of MUC3, MUC4, and MUC13 was de-
creased  [63] . It can be imagined that epithelial damage 
leads to transmembrane mucin activation and, more spe-
cifically, that interaction of microbiota with mucin extra-
cellular domains leads to tailored signaling by mucin
intracellular domains. In this scheme, bacterial compo-
nents are the ligands that bind the mucin extracellular 
domain and initiate receptor signaling.

  Interactions between Transmembrane Mucins and 
Mucosal Pathogens 
 A protective role of transmembrane mucins during 

bacterial invasion has been most convincingly demon-
strated in the context of MUC1 and the bacterial patho-
gen  Helicobacter pylori . This pathogen is well known for 
its ability to colonize the stomach and initiate precancer-
ous processes at the site of infection.  H. pylori  expresses 
BabA and SabA adhesins that bind to Lewis b and sialyl-
Lewis x glycan structures of gastric mucins  [64] , and  H. 
pylori  directly binds to mouse MUC1  [65] . Released 
MUC1 extracellular domain can act as a soluble decoy 
that prevents  H. pylori  attachment to epithelial cells  [66] . 
While both extracellular and intracellular MUC1 do-
mains can be detected in healthy stomachs, the MUC1 
extracellular domain is not detectable on the apical site of 
stomach epithelial cells of  H. pylori -positive gastritis pa-
tients, suggesting shedding of the extracellular domain 
 [67] . These data may indicate that release of the MUC1 
extracellular domain is a direct result of  H. pylori  infec-
tion.

  Epithelial MUC1 also plays a protective role during 
infection with the major bacterial foodborne pathogen 
 Campylobacter jejuni . MUC1 knockout mice are more 
susceptible to gastrointestinal  C. jejuni  infection  [68] . Be-
cause hematopoietic cells also express MUC1, bone mar-
row chimeric mice were used in this study to ensure the 
phenotype was due to the contribution of epithelial mu-
cins. The same MUC1 knockout mice did not show in-
creased susceptibility to  Salmonella typhimurium  infec-
tion, presumably because this pathogen preferentially in-
vades M cells  [68]  that are covered with a more permeable 
mucus  [69] . The pathogenic bacterium  Pseudomonas
aeruginosa  is often associated with mucosal infections in 
cystic fibrosis patients. MUC1 was proposed to play an 
immunosuppressive role during  P. aeruginosa  infection 
in the lung as MUC1 knockout mice more rapidly clear 
 P. aeruginosa  from the lungs and display stronger im-
mune responses  [70] . However, in a different study using 
a repetitive infection model, MUC1 knockout mice were 
shown to be more susceptible to  P. aeruginosa  infection 
 [71] . It is conceivable that the differences in outcome be-
tween these studies relates to changes in immune cell ac-
tivation or mucin depletion and/or shedding in the case 
of the repetitive infection model. Interestingly,  P. aerugi-
nosa  induces phosphorylation of the MUC1 intracellular 
tail and this phosphorylation is dependent on the EGFR 
receptor  [72, 73] .

  A few examples of mucin-bacterial interactions are 
available for transmembrane mucins other than MUC1. 
Exposure to enterotoxigenic  Escherichia coli  (ETEC) in-
duces the expression of transmembrane mucins MUC3 
and MUC4 to increase barrier formation  [74] . In re-

 Table 1.  General functions of transmembrane mucin domains

Healthy mucosal tissue Cancer cells

Extracellular α-chain, attached Barrier function
Resistance to harmful conditions and toxic compounds
Dampening of immune responses by receptor shielding

Barrier function
Protection in hostile conditions during metastasis
Increased drug resistance
Regulation of cell-cell contact by receptor shielding

Extracellular α-chain, shed Decoy receptor for invasive pathogens Cancer progression biomarker
Activation of EGF receptors

β-Chain, plasma
membrane

Phosphorylation of cytoplasmic tail
Activation of pro- or anti-inflammatory pathways and
cytokine secretion
Modulation of the NF-κB pathway
Inflammasome regulation
Regulation of cell proliferation and apoptosis

Phosphorylation of cytoplasmic tail
Regulation of cell-cell contact through 
E-cadherin/β-catenin
Interaction with EGF receptors
Stimulation of cell proliferation and blocking of
apoptosis

β-Chain/cytoplasmic
tail, nucleus

Not described, similar potential as in cancer cells? Interaction with transcription factors
Transcriptional regulation 
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sponse, ETEC and also  Vibrio   cholerae  secrete a metallo-
protease YghJ that degrades MUC3, thus allowing access 
to enterocytes and delivery of heat-labile toxin  [75] . Pro-
biotic  Lactobacillus  strains can also upregulate the ex-
pression of transmembrane MUC3, and these bacteria in-
duce release of the MUC3 extracellular domain  [76] . 
Transmembrane MUC13 prevents ETEC adhesion in 
pigs  [77]  and a MUC13 isoform lacking the glycosylated 
extracellular domain is associated with an increased sus-
ceptibility to ETEC  [78] . However, some evidence has 
been published to suggest that, rather than MUC13, it is 
a neighboring gene region that is involved in the reported 
ETEC susceptibility  [79] . In a 3D villi model with Caco-2 
cells, MUC17 reduces infection with Salmonella  ty-
phimurium  and MUC17 knockdown disrupts tight junc-
tion formation and leads to increased  Salmonella  inva-
sion  [80] . Together, these data show that mucins can pre-
vent bacterial invasion through barrier function. In 
addition, and homologous to classical (immune) recep-
tors, the mucin extracellular domain binds bacterial com-
ponents, which can lead to phosphorylation of the intra-
cellular tail and activation of signaling pathways.

  Contribution of Mucins to Cell Proliferation and 
Apoptosis during Bacterial Infection 
 Loss of mucosal barrier function and an increase in 

microbiota-epithelial interactions are typical features of 
inflammatory bowel diseases such as Crohn’s disease
and ulcerative colitis. Human polymorphisms in MUC3, 
MUC4, and MUC13 genes have been linked to Crohn’s 
disease and ulcerative colitis, respectively, suggesting a 
mucin-specific effect  [81, 82] . However, these studies 
were small case control studies prone to error and there-
fore should be repeated with larger cohorts. Linking mu-
cins, inflammation, and colitis, mucins are involved in 
the regulation of apoptosis and cell proliferation in differ-
ent regions of the gastrointestinal tract. A MUC13 knock-
out mouse displays increased intestinal inflammation in 
the mouse colitis model with dextran sulfate  [83] . This 
study nicely uncovers a role for MUC13 in inhibiting 
apoptosis, as the increased intestinal inflammation ob-
served in the MUC13 knockout mice is most likely caused 
by increased apoptosis of intestinal epithelial cells. Be-
sides inhibition of apoptosis, MUC13 can influence cell 
proliferation in the stomach. While MUC13 is normally 
not expressed in the stomach, it is rapidly upregulated in 
the stomach of mice infected with the zoonotic bacterium 
 Helicobacter heilmannii   [84] . This MUC13 upregulation 
is associated with the development of gastric cancer.  H. 
heilmannii  also leads to upregulation of MUC4 and the 

mucin-like protein DMBT1 in the stomach, and both 
proteins are considered to be metaplastic markers  [84] . 
Contrary to MUC13 knockout mice, MUC4 knockout 
mice are less susceptible to the induction of colitis, show 
reduced infiltration of inflammatory cells, and reduced 
inflammation-induced carcinogenesis in the colon  [85] . 
Because MUC2 and MUC3 were found to be upregulated 
in MUC4 knockout mice, it remains to be investigated if 
the described phenotypes are the direct result of a lack of 
MUC4 or indirectly caused by the upregulation of other 
mucins.

  Current knowledge indicates that transmembrane 
mucins play a central role in mucosal maintenance by act-
ing at different levels. As described above, the glycosyl-
ated extracellular domains provide barrier function 
against invasive pathogens and can function as bacterial 
receptors. In addition, damage of the epithelial barrier 
may lead to excessive shedding of mucin extracellular do-
mains and subsequent activation of pathways linking to 
cell proliferation and apoptosis. Therefore, mucins could 
be sensing both bacteria and damage at the epithelial in-
terface. The next challenge will be to separate barrier, re-
ceptor, and signaling functions and to determine the con-
tributions of individual transmembrane mucins to muco-
sal maintenance and damage control. Transmembrane 
mucins are expressed on different cell types, including 
immune cells (see below), and the aforementioned stud-
ies have mostly been performed with global knockout 
mice. Future studies would therefore greatly benefit
from the use of tissue-specific knockout mice in order to 
distinguish contributions of epithelial and immune cell 
transmembrane mucins.

  Regulation of Inflammatory Responses by 

Transmembrane Mucins 

 The soluble mucus layer in the intestinal tract is con-
tinuously replaced by newly synthesized mucus. The ex-
pression of the secreted mucins MUC2, MUC5AC, 
MUC5B, and MUC6 is regulated at the transcriptional 
level by proinflammatory cytokines (IL-1β, IL-6, TNFα), 
pleiotropic cytokines (IL-4, IL-13, IL-9), and bacterial 
LPS  [86] . While soluble mucins clearly play an important 
role in maintaining barrier function during invasion by 
mucosal pathogens, the role of transmembrane mucins in 
inflammatory responses is less clearly defined because of 
their diverse functions.

  Transmembrane mucins are selectively regulated dur-
ing inflammation but also regulate inflammatory re-
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sponses themselves. A few studies, mostly performed 
with cancer cells, have reported regulation of transmem-
brane mucin expression by proinflammatory cytokines. 
IL-6 and IFN-γ induce STAT3 and STAT1 binding to the 
MUC1 promoter and slightly increase MUC1 expression 
 [87] . IL-6 increases expression of MUC13 in colon cancer 
cells via activation of the JAK2/STAT5 signaling pathway 
 [88] . TNF-α and IFN-γ stimulate the expression of trans-
membrane mucin MUC16 in breast, endometrial and 
ovarian cancers through an NF-κB response element in 
the MUC16 promoter  [89] . During pulmonary disease, 
neutrophil elastase increases the expression of MUC4, 
possibly to activate epithelial repair mechanisms  [90] . 
The anti-inflammatory cytokine TGF-β prevents cleav-
age of the MUC4 SEA domain and directs MUC4 for pro-
teosomal degradation  [91] . During inflammatory bowel 
disease, MUC12 is upregulated by TNF-α and TGF-β 
 [81] .

  A direct comparison of transmembrane mucin-specif-
ic effects on inflammation was performed using mouse 
gastric and intestinal epithelial cell lines and mouse gas-
tric and intestinal tissue ex vivo. Cells with different levels 
of MUC expression were stimulated with TNF-α, NOD1 
or TLR ligands, or exposed to  H. pylori , and NF-κB acti-
vation and IL-8 production were measured. Knockdown 
of MUC1 increased the induced NF-κB activation and 
IL-8 production in stomach epithelial cells, while the re-
verse effect was observed for knockdown of MUC13 in 
intestinal epithelial cells  [51] . The authors concluded 
that, when MUC1 is present, a general anti-inflammatory 
effect is observed, while expression of MUC13 results in 
the upregulation proinflammatory pathways. Several 
studies demonstrate a direct interaction of MUC1 with 
different players of the NF-κB pathway. During  H. pylori  
infection of the stomach, the MUC1 intracellular tail in-
teracts with IKKγ and inhibits IκBα phosphorylation, 
thereby blocking NF-κB activation and IL-8 production 
in response to  H. pylori   [92] . After stimulation with 
TNF-α, MUC1 associates with the TNF-R1 complex, re-
sulting in the recruitment of TAK1 kinase and phosphor-
ylation of IKKβ  [93] . Contrary to healthy epithelial tis-
sues, a proinflammatory effect of MUC1 on the NF-κB 
pathway was reported for tumor cells. In mouse and hu-
man cancer cell lines, a direct interaction of MUC1 with 
the NF-κB subunit p65 was shown for the cytoplasmic 
domain of MUC1  [94]  and for full-length MUC1, and this 
interaction was dependent on the length of the extracel-
lular mucin domain  [95] . In these cancer cells, the MUC1-
p65 interaction has proinflammatory effects as it results 
in the upregulation of IL-6 and TNFα transcription  [95] . 

We conclude that MUC1 directly interacts with compo-
nents of the NF-κB pathway and modulates its activity in 
a cell-dependent manner.

  MUC1 can also directly interact with Toll-like recep-
tors and thereby modulate TLR responses. Binding of 
MUC1 to TLR5 in airway epithelial cells prevents the re-
cruitment of MyD88 to the intracellular tail, thereby in-
hibiting signaling and NF-κB activation  [47, 96] . MUC1 
also inhibits signaling through TLR3  [97]  and dampens 
TLR2 and TLR5 signaling in ocular epithelial cells  [98] . 
MUC1 is part of a feedback loop that downregulates 
TLR2-induced IL-8 and TNF-α production after infec-
tion with nontypeable  Haemophilus influenzae  in airway 
epithelial cells  [99] . The immunomodulatory effect of 
MUC1 on TLR responses could act at several levels. First-
ly, the glycosylated extracellular domain of MUC1 could 
shield the TLR extracellular domain and reduce TLR-li-
gand interactions. Secondly, formation of a MUC1-TLR 
receptor complex could impact ligand binding and recog-
nition. Thirdly, the direct interaction between MUC1 and 
TLR could prevent the binding of MyD88 to the TLR in-
tracellular tail. Fourthly, the intracellular tail of MUC1 
could act downstream by interacting with components of 
the NF-κB pathway and modulate its activity.

  Expression and Function in Immune Cells 
 In addition to healthy epithelial cells and cancer cells, 

transmembrane mucins are expressed by various immune 
cells  [25, 100] . Limited data are available on the function 
of transmembrane mucins in these cells, but it seems like-
ly that, as in epithelial cells, they have immunomodula-
tory and signaling functions. In line with its anti-inflam-
matory effects in healthy epithelial cells, MUC1 dampens 
phagocytosis by macrophages  [101]  and decreases secre-
tion of TNF-α and IFN-γ after stimulation with LPS or 
flagellin in dendritic cells (DCs). The importance of 
MUC1-mediated immune dampening is illustrated by the 
continuous activation of DCs after knocking out MUC1 
 [102] . As discussed above, MUC1 plays a crucial role in 
defense against enteropathogenic bacteria. MUC1 knock-
out mice therefore develop a severe gastritis after  H. py-
lori  infection  [65, 66] . Surprisingly, the use of bone mar-
row chimeric mice demonstrated that this gastritis is not 
dependent on epithelial MUC1, but rather on MUC1 ex-
pressed by macrophages  [103] . The MUC1 knockout 
macrophages produce high levels of IL-1β and IL-18 in 
response to  H. pylori   [103] . In wildtype macrophages 
MUC1 negatively regulates the phosphorylation of IRAK4 
and reduces NF-κB and NLRP3 inflammasome activa-
tion. The MUC1-mediated regulation of NLRP3 inflam-
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masome activity is highly specific, as NLRP1b, NLRC4, 
and AIM2 inflammasomes are not affected by the absence 
of MUC1  [100] . In addition to macrophages and DCs, 
MUC1 is expressed on activated T cells and may be in-
volved in release of T cell-lymph node interactions to 
move to tissue locations  [104] . It is tempting to speculate 
that similar to other immune cells, T-cell activation might 
also be regulated by MUC1. The underlying mechanisms 
of the dampening effect of MUC1 in macrophages and 
DCs remain to be elucidated, but are most likely depen-
dent on the dense glycan network of the extracellular do-
main and the interactions of the cytoplasmic domain with 
the NF-κB pathway. Little is known about the expression 
of other transmembrane mucins on immune cells. MUC13 
is expressed on hemopoietic cells  [25] , but its function in 
these cells remains to be established. Expression of other 
transmembrane mucins in immune cells has so far not 
been reported in the literature. Mucins could have a major 
impact on immune cell migration and homing, as mucin 
glycans can bind to E-selectin and the MUC1 peptide 
backbone interacts with intracellular adhesion molecule 1 
(ICAM-1) expressed on endothelial cells  [105, 106]  (dis-
cussed below). However, these interactions were demon-
strated for cancer cells and their contributions to immune 
cell migration remain to be studied.

  Contribution of Mucins to Carcinogenesis and 

Metastasis 

 Transmembrane mucins are overexpressed or aber-
rantly expressed in several different adenocarcinomas, 
including colon, breast, pancreas, and ovarian cancer, 
and their overexpression is associated with a poor prog-
nosis. However, a causative relationship between mucin 
overexpression and carcinogenesis has not been estab-
lished conclusively. Overexpression of MUC1 is associ-
ated with invasive and metastatic tumors of the colon, 
pancreas, gall bladder, and oral epithelium  [4] . Mamma-
ry tumors of MUC1 knockout mice grow slower and have 
a reduced ability to metastasize  [107] . In the early steps of 
pancreatic carcinogenesis, changes in DNA methylation 
and histone acetylation lead to the upregulation of MUC4 
 [108, 109] . MUC4 knockout mice develop less cancer in 
a combined inflammation-induced carcinogenesis model 
 [85] , demonstrating that MUC4 contributes to carcino-
genesis under inflammatory conditions. In healthy colon, 
MUC13 localizes to the apical side of epithelial cells, but 
MUC13 is overexpressed in colon cancer and polarized 
localization is lost  [110] . MUC17 is also upregulated in 

pancreatic cancer and genetic variations in MUC17 are 
associated with endometriosis  [111] . In addition to mu-
cin overexpression, changes in mucin glycosylation status 
are thought to significantly contribute to their carcino-
genic properties. Glycosyltransferases are differentially 
expressed in cancer cells resulting in aberrant, often re-
duced, glycosylation of surface glycoproteins  [112] . Mu-
cins expressed by healthy tissue are differentially glyco-
sylated compared to mucins expressed by tumor cells de-
rived from the same tissue  [10, 113] , and the density of 
mucin glycosylation can also vary between normal tissue 
and cancer cells  [114] . The differentially glycosylated mu-
cins that are expressed by tumors can be used as cancer 
markers. One interesting characteristic of metastatic car-
cinoma is the excessive shedding of mucin extracellular 
domains  [16] ; mucin glycoproteins can be detected in se-
rum by tumor-associated antigen-specific antibodies that 
detect mucin-specific and glycosylation-specific epi-
topes. Increased serum levels of mucin tumor-associated 
antigens correlate with an increasing tumor burden and 
poor prognosis in breast cancer (CA15-3; MUC1), co-
lorectal and pancreatic adenocarcinomas (CA19-9; 
MUC1), and ovarian carcinoma (CA125; MUC16)  [115–
118] . It is unclear if excessive shedding of mucin extracel-
lular domains is the cause or consequence of carcinogen-
esis and whether the shedding initiates procarcinogenic 
signaling through phosphorylation and activation of the 
intracellular domain. In addition, shed extracellular do-
mains may have more distant effects, for example by in-
terfering with immune cell homing by blocking E-selectin 
on endothelial cells (see below).

  So why are transmembrane mucins important onco-
genic proteins? The available data suggest that transmem-
brane mucins can contribute to carcinogenesis both via 
their glycosylated extracellular domain that may protect 
cancer cells in harmful conditions and via the intracellu-
lar domain that links to pathways that regulate cell dif-
ferentiation, apoptosis, and inflammation. In addition, 
cancer cells seem to employ transmembrane mucins to 
regulate detachment and reattachment during metastasis. 
In healthy epithelial cells, transmembrane mucins are ex-
pressed on the apical membrane. In cancer cells, polar-
ized expression of transmembrane mucins is lost result-
ing in the disruption of tight junctions and dissociation 
of the cancer cells from the adjacent cells  [119]  ( Fig. 1 d). 
The disruption of tight junctions by transmembrane mu-
cin overexpression could be directly caused by the pres-
ence of the glycosylated extracellular domain, as was hy-
pothesized for MUC13  [119] . Because the rod-like glyco-
sylated extracellular domain extends far from the plasma 
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membrane, it may disrupt tight junctions by preventing 
interactions between surface receptors and their ligands 
on adjacent cells ( Fig. 4 ). Alternatively or simultaneously, 
activation of the intracellular domain can also influence 
cell-cell interactions as has been described for MUC1 
( Fig. 4 ; see below).

  Regulation of Cell-Cell Interactions by the 
Extracellular Domain 
 The carcinogenic processes of cell invasion and metas-

tasis include release of cells from the site of origin, move-
ment through normal stromal elements and the lymphat-
ic system, and establishment of a colony at the metastatic 
site. The transition through all these different phases re-
quires cancer cells to display adhesive and antiadhesive 
functions that can both be mediated by transmembrane 
mucins. This is nicely demonstrated by E-selectin-mediat-
ed adhesion of tumor cells to endothelial cells. E-selectin 
is normally expressed on the surface of activated endothe-
lial cells during inflammation and contains a C-type lectin 
domain that interacts with sialylated carbohydrates found 
in high abundance on immune cells  [120] . Similar to im-
mune cells, cancer cells also express these E-selectin li-
gands and induce tumor cell rolling on the endothelium. 
After rolling is initiated, integrins are upregulated and a 
strong interaction with endothelial ICAM-type proteins 
facilitates extravasation and metastasis. MUC1 plays a 
dual role in this process of cell-cell adhesion, as is illus-
trated by the different blocking and adhesive properties of 
full-length MUC1. Overexpression of MUC1 containing 
the glycosylated mucin domain in pancreatic tumor cells 
specifically blocks recognition of tumor-associated li-
gands by E-selectin but not to P-selectin, another cell ad-
hesion molecule that is also involved in tumor metastasis 
 [106] . The blocking effect of MUC1 may be explained by 
a stoichiometric effect of low-affinity interactions between 
E-selectin and mucin glycans or direct barrier formation. 
Barrier formation by MUC1 can for example prevent
integrin-mediated interaction with extracellular matrix 
components like ICAM-1. In addition to interactions be-
tween cell-bound MUC1 and E-selectin on endothelial 
cells, shed MUC1 extracellular domain also interacts with 
E-selectin. It was shown that shed MUC1 from tumor cells 
inhibits leukocyte adhesion to the endothelium, thereby 
dampening immune responses  [121] .

  Interestingly, the dense network of glycosylated MUC1 
can be “opened” by external factors like antibodies and 
lectins. For instance, incubation with anti-MUC1 anti-
bodies leads to MUC1 clustering and restores adhesion 
by exposure of surface receptors  [122] . In breast carci-

noma cells that grow in suspension, capping of MUC1 
with antibodies reverses cells to adherent growth  [122] . 
MUC1 clustering can also be achieved by interaction with 
galectin-3, a galactose-binding lectin, the serum levels of 
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  Fig. 4.  Regulation of cell-cell contact by MUC1. In epithelial cells 
in the absence of MUC1, β-catenin associates with E-cadherin at 
the plasma membrane. The β-catenin-E-cadherin complex con-
nects to the actin cytoskeleton and enables adherens junction for-
mation with neighboring cells. Overexpression and/or aberrant 
localization of MUC1 lead to the loss of cell-cell contact and in-
duces anchorage-independent growth. MUC1 impacts cell-cell in-
teractions in multiple ways. (1) The glycosylated extracellular do-
main of MUC1 directly disturbs E-cadherin interactions between 
adjacent cells. (2) β-Catenin preferentially binds to the phosphor-
ylated intracellular tail of MUC1. Dissociation of the β-catenin-E-
cadherin complex leads to the loss of adherens junctions. (3) A 
complex of β-catenin and the MUC1 cytoplasmic tail can traffic to 
the nucleus, bind to the Wnt signaling transcription factor TCF/
LEF, and modulate the transcription of genes involved in cell pro-
liferation and differentiation.               
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which are increased in cancer patients. Galectin-3 binds 
Thomsen-Friedenreich disaccharides on cancer-associ-
ated MUC1, induces MUC1 polarization, and opens up 
the protective MUC1 shield  [123] . This leads to exposure 
of smaller cell surface adhesion molecules like CD44 and 
E-selectin ligands and increases interactions with endo-
thelial ligands  [124] . In addition, galectin-3 binding to 
MUC1 sugars mediates tumor cell-cell aggregation and 
increased survival  [125] . By increasing cancer cell-endo-
thelial cell adhesion and cell-cell aggregation, circulating 
galectin-3 promotes metastasis. Peanut agglutinin, an-
other galactose-binding lectin that can be detected in the 
circulation of healthy volunteers after the consumption 
of peanuts  [126] , has similar effects on MUC1 clustering, 
cell-cell aggregation, and cancer metastasis  [127] . There-
fore, different types of lectins and mucin-binding anti-
bodies can impact cell adhesion through interactions 
with transmembrane mucins.

  Shielding of receptors by MUC1 barrier formation can 
inhibit receptor-ligand interactions, but the extracellular 
domain of MUC1 itself was also shown to function as
“ligand” for different receptor/adhesion proteins. The 
MUC1 tandem repeat domain directly interacts with 
ICAM-1  [106, 128] . Ligation of MUC1 and ICAM-1 in-
duces a calcium signal in the MUC1-expressing cell that 
stimulates migration  [129] . In vitro, overexpression of 
full-length MUC1 increases the invasiveness of tumor 
cells through Matrigel due to a decreased ability to bind 
type I collagen, type IV collagen, and laminin  [130] . On 
the other hand, overexpression of MUC1 reduces lym-
phatic vessel invasion in a mouse model while deletion of 
the glycosylated MUC1 tandem repeat region restores in-
vasive properties  [130] . Another example of a MUC1 in-
teraction partner is the sialic acid-binding lectin receptor 
Siglec-4a. The MUC1-Siglec-4a interaction contributes 
to invasion during pancreatic cancer progression  [131] . 
In addition to regulating cell-cell interactions and metas-
tasis, the dense glycan layer provided by extracellular do-
mains of transmembrane mucins protects tumor cells in 
adverse environments  [4] . This direct effect of the glyco-
sylated mucins is illustrated by overexpression of MUC1 
that confers resistance to genotoxic anticancer agents 
 [132]  and protects melanoma cells from lysis by cytotox-
ic T cells  [105] .

  Transmembrane mucins other than MUC1 also play a 
role in cell-cell adhesion and metastasis, but these inter-
actions have not been studied extensively. For example, 
MUC4 overexpression leads to cell dissociation and this 
phenotype depends on mucin repeats in the extracellular 
domain  [133] . Overexpression of MUC13 in colon and 

ovarian cancer results in reduced cell-cell adhesion and 
increased motility, while silencing of MUC13 decreased 
these tumorigenic features  [88, 134] . MUC16 interacts 
with mesothelin and this interaction leads to expression 
of a metalloprotease and increased motility and metasta-
sis of pancreatic cancer cells  [135] .

  Regulation of Cell-Cell Interactions by the 
Intracellular Domain 
 In addition to transmembrane mucin ectodomains, 

intracellular domains contribute to carcinogenesis. 
β-Catenin is a member of the WNT signaling cascade 
that normally forms a complex with cell-surface adhe-
sion molecules such as E-cadherin, resulting in stable 
cell-cell interactions between epithelial cells ( Fig. 4 ). In 
cancer cells where polarized expression of transmem-
brane mucins is lost, the MUC1 cytoplasmic tail com-
petes for binding to β-catenin and thus decreases cell-cell 
adhesions through E-cadherin  [50] . The MUC1-β-
catenin interaction is essential for anchorage-indepen-
dent growth of tumor cells and mediated by a β-catenin-
binding motif in the MUC1 cytoplasmic tail (50-
SAGNGGSSL-59)  [136] . Phosphorylation of the MUC1 
cytoplasmic tail regulates its interaction with β-catenin 
and MUC1 tail phosphorylation correlates with changes 
in cell-cell adhesion  [136, 137] . Several kinases have been 
implicated in phosphorylation of MUC1 with different 
impacts on the interaction with β-catenin. Phosphoryla-
tion by c-SRC tyrosine kinase and protein kinase Cδ, 
PKCδ, increase interaction, while phosphorylation by 
glycogen synthase kinase-3β, GSK3β, negatively regu-
lates the interaction  [49, 138, 139] . A MUC1 Y46F tyro-
sine mutant is attenuated in binding β-catenin and cells 
expressing this mutant MUC1 are no longer able to sup-
port anchorage-independent growth  [140] . Together, 
these data show that the intracellular domain of MUC1 
plays an important role in the regulation of cell-cell in-
teractions and thereby can contribute to carcinogenesis 
and metastasis.

  Modulation of cell-cell interactions through the 
E-cadherin/β-catenin pathway could be a more general 
feature of transmembrane mucins, as MUC16 was also 
described to modulate this pathway. MUC16 is cleaved in 
the ectodomain close to the plasma membrane, resulting 
in a 17-kDa C-terminal fragment that contains the trans-
membrane domain  [26] . This C-terminal MUC16 frag-
ment interacts with E-cadherin and alters β-catenin sig-
naling  [141] . In this way, MUC16 promotes the forma-
tion of multicellular aggregates that facilitate migration 
and metastasis.

http://dx.doi.org/10.1159%2F000453594


 Transmembrane Mucins J Innate Immun 2017;9:281–299
DOI: 10.1159/000453594

293

  Nuclear Localization of Transmembrane Mucins and 
Transcriptional Modulation 
 Somewhat counterintuitively, transmembrane mucins 

have been reported to also localize to the nucleus. Com-
plexes of the MUC1 cytoplasmic tail with transcription 
factors were found in the nucleus and the association with 
MUC1 was shown to modulate transcription. The afore-
mentioned MUC1-β-catenin complex can traffic to the 
nucleus and regulates genes involved in cell proliferation 
and differentiation  [142] . Platelet-derived growth fac-
tor-β, PDGFRβ, induces tyrosine phosphorylation of the 
MUC1 tail and increases nuclear localization of the 
MUC1-β-catenin complex  [143] . Through its interaction 
with β-catenin and also p110 catenin, MUC1 influences 
WNT signaling and the transcription of  cyclinD1   [144]  
( Fig.  4 ). These events contribute to the invasiveness of 
pancreatic adenocarcinoma cells  [143] , and MUC1 and 
nuclear β-catenin are overexpressed at the invasion front 
of colorectal carcinomas  [145] . In addition to β-catenin, 
interactions of the (phosphorylated) MUC1 tail with the 
transcription factors p53  [48] , KLF-4  [146] , and estrogen 
receptor-α DNA binding protein have been described 
 [147] , but these interactions remain to be confirmed by 
other groups. In general, formation of a MUC1-tran-
scription factor complex could result in nuclear localiza-
tion and transcriptional regulation. The function of the 
MUC1 tail might be to increase transcription factor sta-
bility and activity and, therefore, the phosphorylated 
MUC1 tail could function as a general transcriptional 
modulator. It is tempting to speculate that certain phos-
phorylation events could lead to complex formation with 
specific partners. Unfortunately, many of the aforemen-
tioned studies make use of overexpression of the MUC1 
tail without the extracellular domain and, therefore, may 
overestimate the impact of MUC1 on the transcriptional 
outcome. It is also unclear at this point through which 
pathway the MUC1 cytoplasmic tail would be released 
from the plasma membrane as this process does not seem 
to be dependent on γ-secretase  [53] . However, full-length 
glycosylated MUC1 was also suggested to localize to the 
nucleus  [95] , but it remains to be determined how a full-
length glycosylated mucin could traffic to the nucleus. 
Nuclear localization of transmembrane mucins and their 
impact on transcription needs to be addressed with cur-
rently available tools, including inducible expression, ge-
netic knockouts, and regulated release of the cytoplasmic 
tail.

  MUC13 and MUC16 were also reported to localize to 
the nucleus and regulate transcription. Nuclear localiza-
tion of MUC13 was observed in colon cancer epithelial 

cells by immunohistochemistry and associated with met-
astatic progression  [110] . MUC13 expression leads to 
transcriptional modulation of the genes involved in apop-
tosis and cell proliferation (see below), but it is unclear if 
this effect is a result of signaling activity or directly caused 
by nuclear localization  [88] . Cleavage of MUC16 results 
in a C-terminal fragment containing the transmembrane 
domain and an intracellular tail that can traffic to the nu-
cleus and bind chromatin  [26] . Through interaction with 
JAK2, this MUC16 fragment upregulates the expression 
of stem cell genes  LMO2  and  NANOG  in pancreatic can-
cer cells    [148] . The C-terminal MUC16 fragment also in-
creases motility and metastatic properties of pancreatic 
cancer cells in vivo and increases resistance to chemo-
therapy  [148] . Although the exact mechanisms of cleav-
age and trafficking remain to be established, these studies 
convincingly demonstrate that full-length transmem-
brane mucins or cleaved fragments can traffic to the nu-
cleus and directly impact transcription.

  Inhibition of Apoptosis and Impact on Cell 
Proliferation 
 As discussed above, transmembrane mucins are in-

volved in mucosal maintenance and the regulation of cell 
proliferation and apoptosis in healthy mucosal tissues. 
Anoikis is a specialized apoptotic process that is induced 
in healthy epithelial cells after the loss of cell adhesion. 
Cancer cells need to overcome anoikis stimuli to be able 
to metastasize. The glycosylated extracellular domain of 
MUC1 inhibits anoikis by shielding death receptors such 
as the Fas ligand on the cell surface  [125] . MUC1 enhanc-
es carcinogenesis by activation of the Akt pathway that 
regulates cell proliferation and migration  [149, 150] . Ac-
tivation of the MUC1 cytoplasmic tail leads to the phos-
phorylation of Akt and Bad, resulting in the upregulation 
of mitochondrial Bcl-Xl and inhibition of apoptosis  [132, 
151] . MUC13 prevents apoptosis in colon epithelial cells 
in an in vivo model  [83] . Through activation of signaling 
pathways and/or nuclear localization, MUC13 modulates 
the expression of genes involved in differentiation and 
apoptosis, including telomerase reverse transcriptase, 
sonic hedgehog, B cell lymphoma murine-like site 1, and 
TATA-like transcription factor 1, HER2, and P-ERK  [88] . 
These findings indicate that, in line with their role in mu-
cosal maintenance, both MUC1 and MUC13 modulate 
pathways that regulate cell differentiation and apoptosis 
in cancer. MUC16 is not expressed in nonneoplastic 
breast tissue, but is overexpressed in breast cancer  [152] . 
The C-terminal fragment of MUC16 increases cell growth 
by interaction with JAK2 and phosphorylation of STAT3, 

http://dx.doi.org/10.1159%2F000453594


 van Putten/Strijbis

 

J Innate Immun 2017;9:281–299
DOI: 10.1159/000453594

294

and decreases apoptosis through the TRAIL (tumor ne-
crosis factor-related apoptosis-inducing ligand)-mediat-
ed extrinsic apoptotic pathway  [152, 153] .

  Human EGF receptors (ERBB receptors) are oncopro-
teins that are overexpressed in breast, ovarian, stomach, 
and uterine carcinomas. This overexpression is associat-
ed with increased disease recurrence and poor prognosis. 
ERBB2 activation promotes cell proliferation and inhibits 
apoptosis. Mucin EGF domains were shown to interact 
with members of the ERBB family. For example, the 
MUC4 EGF domain interacts with ERBB2 receptor tyro-
sine kinase (also known as HER2), leading to phosphory-
lation of ERBB2 and induction of cellular differentiation 
signals through the cyclin-dependent kinase inhibitor 
KIP1 (also known as p27)  [34–36] . MUC4 antagonizes 
the association of ERBB2 with ERBB3-neuregulin, which 
normally signals cell proliferation through MAPK path-
ways  [37] . Upregulation of MUC4 inhibited apoptosis in 
a melanoma cell line. Therefore, the MUC4-ERBB2 inter-
action functions as an antiapoptotic signal that contrib-
utes to the survival of epithelial cells  [38] .

  While MUC1 does not contain a typical EGF domain, 
it has been shown to interact with ERBB1 and ERBB2 in 
breast cancer cells  [154, 155]  and all 4 ERBB receptors in 
mammary glands  [156] . Similar to the stabilizing effect of 
MUC1 on transcription factors, MUC1 stabilizes ERBB1 
by complex formation and enhances ERBB1 signaling af-
ter ligand stimulation  [157] . The MUC1/ERBB1 interac-
tion regulates ERK1/2 phosphorylation and activation of 
the MAPK pathway  [156, 158] , a pathway that is often 
disrupted in cancers. Mucin-ERBB interactions therefore 
stimulate signaling related to growth, motility, differen-
tiation, and inflammation  [36, 159] . Phosphorylated 
MUC1, activated growth factor receptors, and integrins 
are also functionally linked as all 3 can interact with the 
growth factor receptor-bound protein 2 (Grb2), an adap-
tor protein that plays a central role in cell proliferation 
 [160] . In healthy tissues, transmembrane mucins func-
tion in mucosal maintenance by barrier formation, mon-
itoring luminal events, and initiating differentiation or 
apoptosis when necessary. Cancer cells seem to exploit 
this central role of transmembrane mucins and highjack 
mucin signaling for prolonged survival.

  Closing Remarks 

 Transmembrane mucins are essential barrier proteins 
at the mucosal surface and have the capacity to modulate 
inflammation, differentiation, and apoptosis. Trans-

membrane mucins can be considered as outside-to-inside 
signaling receptors with highly specific functions that 
monitor the mucosal lumen with the extracellular do-
main and initiate epithelial responses by activation of the 
intracellular domain.

  At the mucosal surface, transmembrane mucins sense 
bacterial ligands or mucosal damage and relay this infor-
mation by activation of the appropriate immunomodula-
tory or repair pathways. Barrier formation prevents ac-
cess by pathogens and prevents the early activation of im-
mune receptors. In cancer cells, transmembrane mucins 
contribute to cell survival and metastasis through the reg-
ulation of cell-cell interactions and aberrant regulation of 
pathways involved in cell proliferation and apoptosis.

  Most of our knowledge on transmembrane mucins 
comes from the cancer field and the study of MUC1. 
Through the use of primary cells, tissues, and animal 
models, and by extending our studies to other transmem-
brane mucins, we are now slowly starting to appreciate 
their important function at the mucosal surface. The orig-
inal function of transmembrane mucins was most likely 
defense and repair at mucosal surfaces, but cancer cells 
have highjacked these abilities to increase the cell protec-
tion, survival, and metastasis of growing tumors. At the 
mucosal surface during inflammation, bacterial ligands 
bind the extracellular mucin domain, both the cell-bound 
receptor and the shed form that functions as a decoy re-
ceptor. Epithelial damage may induce shedding of the ex-
tracellular domain and the initiation of pathways in-
volved in proliferation and apoptosis. During carcino-
genesis, the loss of apical expression of glycosylated 
mucins leads to cell detachment and mucin interactions 
with endothelial E-selectin can contribute to metastasis. 
In addition, the interaction of shed mucins with E-selec-
tin can prevent the homing of immune cells during car-
cinogenesis. The high mucin serum levels associated with 
adenocarcinomas suggest that mucin shedding contrib-
utes to carcinogenesis, maybe because it leads to continu-
ous activation of the cytoplasmic tail and intracellular 
pathways that contribute to cell survival. A few examples 
suggest that bacterial binding of the extracellular domain 
leads to phosphorylation of the intracellular mucin tail. 
In cancer cells, the intracellular tail is also phosphorylated 
and can traffic to the nucleus, interact with transcription 
factors, and influence transcription. In epithelial cells, the 
intracellular tail can modulate immune responses such as 
the NF-κB pathway and IL-8 production. Nuclear local-
ization of mucin tails during mucosal maintenance or in-
flammation is largely unexplored. The next frontiers in 
the field are to understand the mechanisms of transmem-
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brane mucin activation by binding/shedding of the extra-
cellular domain and the intracellular signaling pathways 
that link to the different transmembrane mucins. Because 
of their essential roles at the mucosal interface, inflamma-
tion and carcinogenesis transmembrane mucins warrant 
a more extensive exploration of their biological functions 
and their potential as diagnostic and therapeutic targets 
in inflammatory diseases and cancer.
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