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Abstract: MUC1 is a membrane-bound mucin expressed on the apical surfaces of most mucosal
epithelial cells. In normal lung epithelia, MUC1 is a binding site for Pseudomonas aeruginosa, an
opportunistic human pathogen of great clinical importance. It has now been established that MUC1
also serves an anti-inflammatory role in the airways that is initiated late in the course of a bacterial
infection and is mediated through inhibition of Toll-like receptor (TLR) signaling. MUC1 expression
was initially shown to interfere with TLR5 signaling in response to P. aeruginosa flagellin, but has
since been extended to other TLRs. These new findings point to an immunomodulatory role for
MUC1 during P. aeruginosa lung infection, particularly during the resolution phase of inflammation.
This review briefly summarizes the recent characterization of MUC1’s anti-inflammatory properties
in both the respiratory tract and extrapulmonary tissues.

Keywords: MUC1; membrane-tethered mucin; lung; inflammation; Pseudomonas aeruginosa;
Toll-like receptor

1. Introduction

Mucus lining the airway lumen serves as a major protective barrier for the lung. Although many
airborne particles and toxic chemicals are trapped in the mucus layer and continuously cleared by the
mucociliary escalator, some have evolved mechanisms to circumvent this barrier. Any abnormalities in
the quantity and/or quality of mucus can cause serious pulmonary complications, often leading to the
death of patients with diseases such as cystic fibrosis, bronchiectasis, chronic obstructive pulmonary
disease, and asthma. Mucins are the major glycoproteins present in mucus, and their presence
contributes to the viscoelastic properties of mucus. Twenty-one mucin genes have been identified in
humans, 14 of which are expressed in the respiratory tract [1]. The translated products of these mucin
genes are broadly classified as either gel-forming, secreted, or membrane-tethered mucins. All mucin
proteins are heavily glycosylated, primarily through the post-translational attachment of O-linked
glycans, and all mucins contain variable numbers of tandemly repeated amino acid sequences with
a high content of serine, threonine, and proline residues. Among the membrane-tethered mucins in
the respiratory tract—primarily MUC1, MUC4, and MUC16—MUCT1 has been the best characterized.
MUC1 was originally described as an adhesion site for Pseudomonas aeruginosa on the surface of airway
epithelial cells [2-4], but more recent evidence indicates that it also plays a central, anti-inflammatory
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role following activation of host inflammation in response to a variety of infectious insults [5-10]. In this
review, we briefly highlight the characteristics of MUC1 as an anti-inflammatory respiratory mucin.

2. Structure of the MUC1 Glycoprotein

The MUCI1 protein consists of a large extracellular domain, a single-pass transmembrane region,
and an intracellular cytoplasmic tail (CT) (Figure 1). The extracellular region of MUC1 is heavily
glycosylated, primarily through O-linked glycans within its 20-amino acid variable number of tandem
repeat (VNTR) region, and serves as a binding site for Pseudomonas aeruginosa [2-5]. P. aeruginosa
is the most frequently isolated bacterial pathogen from the respiratory tract of intensive care unit
patients and contributes to the decline in lung function in patients with cystic fibrosis, bronchiectasis,
and chronic obstructive pulmonary disease [11]. The MUC1 protein is autoproteolytically cleaved
at a glycine—serine peptide bond located within the SEA (sea urchin sperm protein, enterokinase,
agrin) region of its ectodomain, an ~120-amino acid region that is highly conserved in several
mucin-like glycoproteins [12-15]. This autoproteolytic cleavage generates a protein heterodimer with
the two subunits remaining tightly associated on the cell surface [16,17]. Independently, the MUC1
ectodomain is cleaved by three proteases, tumor necrosis factor (TNF) converting enzyme (TACE),
matrix metalloproteinase-14, and y-secretase [18-20]. The action of these MUC1 sheddases allows
the majority of its NH,-terminal ectodomain to be released from the cell surface and act as a soluble
decoy to block P. aeruginosa adhesion to cell-associated MUC1 [21]. At the COOH-terminal portion of
the protein, the 72-amino acid MUC1-CT contains 7 evolutionally conserved tyrosine residues, the
majority of which are phosphorylated and serve as potential binding sites for kinases and adapter
proteins involved in signal transduction [22-26]. These include phosphoinositide 3-kinase (PI3K)
(Y2HPM), Src homology 2 domain containing protein (Shc) (YPTY?®), phospholipase C-y (PLC-y)
(Y3®VPP), epidermal growth factor receptor (EGFR), c-Src (Y#°EKV), and growth factor receptor-bound
protein 2 (Grb2) (Y®OTNP). Amino acids are indicated by the single letter code. Tyrosine residues are
numbered beginning with the first amino acid of the MUC1-CT. Additional sites within the MUC1-CT
serve as binding sites for other cytosolic signaling molecules, including protein kinase C-5 (PKC-9)
(T*'DRS), glycogen synthase kinase 3p (GSK3p) (D**RSP), and p-catenin (S’ AGNGGSSL) [23,27,28].
While these features of MUC1 have suggested a cytokine/growth factor receptor-like structure, the
MUC1-CT is not capable of autophosphorylation [29]. For more details about MUC1 structure and
signaling, see the reviews by Albrecht and Carraway [30], Kufe [31], Mehla and Singh [32], Haddon
and Hugh [33], and Hanson and Hollingsworth [34].
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Figure 1. Schematic diagram of the MUC1 glycoprotein. Proceeding from the NH;-terminus to
the COOH-terminus, MUCI1 consists of heavily O-glycosylated ectodomain containing a variable
number of tandem repeat (VNTR) region, a SEA domain with a glycine-serine (Gly-Ser) proteolytic
cleavage site, a single pass transmembrane (TM) domain, and a cytoplasmic tail (CT). The amino acid
sequence of a single TR is indicated. Five potential sites for N-linked glycosylation are present in
the MUCI1 ectodomain and SEA domain. The sequence of the 72-amino acid MUC1-CT is illustrated
with potential binding sites for various kinases and adapter proteins at tyrosine-containing (red) and
serine/threonine-containing (blue) sequence motifs.
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3. Expression of MUC1 in the Respiratory Tract

MUCT (MUC1 in humans, Mucl in animals) was the first mucin gene to be cloned [35,36]. Prior
to MUCT1 gene cloning, we reported the presence of mucin-like glycoproteins on the surface of hamster
airway epithelial cells that were released from the cell surface by neutrophil elastase, a potent mucin
secretagogue [37]. This elastase-releasable airway mucin was subsequently identified as hamster Mucl
based on its homology to human MUC1 [38,39]. In human respiratory epithelia, MUCI mRNA was
first detected using in vitro cultures of nasal and bronchial epithelial cells [40] and MUC1 protein
was identified in ex vivo human lung explants [41]. It is now widely appreciated that MUC1/Mucl
is expressed on the surface of most mucosal epithelia—including the respiratory, gastrointestinal,
and genitourinary tracts—as well as the mammary and salivary glands [5,42,43], in addition to
cells of the hematopoietic system, including CD4*, CD8", and Th17 lymphocytes, dendritic cells,
monocytes, and macrophages [44-51]. In the upper airways, MUC1 protein has been localized to nasal,
pharyngeal, and laryngeal epithelial cells [40,52,53], while in the lower airways, MUC1 is expressed
by bronchial, tracheal, and alveolar epithelial cells [40,54,55]. In addition to mucosal epithelial cells
and hematopoietic cells, the expression of MUC1 has also been reported in human corneal [56] and
human umbilical vein endothelial cells [57], and human skin fibroblasts [58]. Whether or not MUC1
is also expressed in these cell types in the lung and contributes to airway inflammation remains to
be investigated.

4. MUC1 Is an Airway Epithelial Cell Binding Site for Pseudomonas aeruginosa

We initially proposed that MUC1 on the cell surface was an adhesion site for P. aeruginosa based on
its receptor-like structure [29] and the ability of P. aeruginosa to bind to secreted mucins [59]. To test this
hypothesis, Chinese hamster ovary (CHO) cells, which do not express endogenous Mucl, were stably
transfected with a hamster Mucl cDNA, and binding of P. aeruginosa to the CHO-Mucl cells examined.
CHO-Mucl cells exhibited approximately two-fold increased bacterial adhesion compared with cells
transfected with the empty vector [2,3]. Further, bacterial adhesion to CHO-Mucl cells was completely
abolished following proteolytic release of Mucl from the cell surface with neutrophil elastase or by
deletion of the Mucl ectodomain. More recently, P. aeruginosa adhesion to human airway epithelial cells
endogenously expressing MUC1 has been demonstrated [4]. Knock down of MUCI gene expression
in human bronchial or alveolar epithelial cells by RNA interference significantly reduced bacterial
adhesion to the cells compared with a nontargeting control small interfering RNA (siRNA). Further,
desialylation of the MUC1 ectodomain by ectopic overexpression of the NEU1 sialidase increased
P. aeruginosa adhesion to airway epithelial cells compared with the vector control, suggesting that
sialic acid residues of MUC1 glycans mask bacterial binding sites [19,60]. The molecular adhesin of
P. aeruginosa utilized to bind to MUC1/Mucl was identified as flagellin, the major structural protein of
the bacterial flagellar filament [61]. Since bacterial flagellin also engages TLR5 on airway epithelial
cells [62], it was of interest to assess the contribution of TLRS to P. aeruginosa adhesion. However, when
human embryonic kidney 293 (HEK293) cells, which normally do not express either MUC1 or TLRS5,
were separately transfected for MUC1 or TLR5 expression and assayed for P. aeruginosa adhesion,
only MUC1-expressing HEK293 cells—but not TLR5-expressiong cells—exhibited greater bacterial
adhesion compared with cells transfected with the empty vector control [21].

5. Inhibition of Airway Inflammation by MUC1

Bacterial adhesion to host cell surface receptors often is the initial step in colonization,
subsequently leading to activation of intracellular signaling pathways that culminate in the expression
of proinflammatory mediators in response to the invading pathogen [63,64]. Because P. aeruginosa
stimulation of airway epithelial cells in vitro activates a proinflammatory extracellular signal-regulated
kinase 1/2 (ERK1/2) signaling cascade [60,65], we expected that Mucl knockout mice, generated in
1995 by Dr. Sandra ]J. Gendler [66], would exhibit diminished airway inflammation and increased
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bacterial colonization following P. aeruginosa lung infection. Surprisingly, approximately 10-fold
fewer numbers of bacteria were recovered from the lungs of Mucl~/~ mice at 16 h following
acute lung infection with a single inoculum of P. aeruginosa compared with Muc1** mice [67].
In addition, Muc1~/~ mice also had increased post-infection levels of proinflammatory keratinocyte
chemoattractant (KC) and TNF in their bronchoalveolar fluid (BALF), and greater levels of BALF
leukocytes compared with Muc1*/* mice. BALF KC and TNF levels also were increased in Mucl /=
mice following airway instillation of flagellin purified from P. aeruginosa, indicating that Mucl
expression counter-regulated TLR5-driven inflammation [67]. Further, primary tracheal epithelial cells
and alveolar macrophages, both isolated from Mucl~/~ mice and stimulated in vitro with P. aeruginosa
flagellin, produced more KC and TNF, respectively, compared with the corresponding Muc1*/* cells.
In a second mouse model of chronic P. aeruginosa lung infection where animals were challenged
4 times with bacteria over 10 days, Mucl~/~ mice exhibited greater post-infection body weight loss,
greater numbers of alveolar macrophages, and increased alveolar airspace enlargement compared
with MucI** in mice [68]. To extend these results to a human system, we showed that knockdown of
MUCT1 expression by RNA interference in primary normal human bronchial epithelial (NHBE) cells
enhanced flagellin-induced interleukin-8 (IL-8) production [67].

The anti-inflammatory effects of MUC1 have also been extended to TLRs other than TLR5.
Silencing MUC1 gene expression in BEAS-2B human airway epithelial cells by siRNA transfection
enhanced IL-8 production following stimulation with the TLR4 agonist, lipopolysaccharide (LPS),
compared with MUC1-expressing cells [69]. In vitro cultures of peritoneal and alveolar macrophages
from Mucl~/~ mice produced greater levels of TNF following stimulation with the TLR agonists
Pam3Cys (TLR2), poly(I:C) (TLR3), LPS (TLR4), loxoribine (TLR7), and CpG DNA (TLR9) compared
with cells from Muc1** mice [70]. HEK293 cells transfected with plasmids encoding for TLR2, TLR3,
TLR4, TLR5, TLR7, or TLR9Y in the absence of MUC1 expression exhibited greater nuclear factor-«B
(NF-kB) activation in response to stimulation with the respective TLR agonists compared with cells
co-transfected with the individual TLRs plus MUC1. These same studies mapped the inhibitory effect
of MUC1 on TLR-driven macrophage activation to the MUC1-CT, and not the MUC1 ectodomain [70].

Other studies have evaluated the anti-inflammatory effects of MUC1/Mucl in the host response to
viral and bacterial airway pathogens other than P. aeruginosa. MUC1 expression limited the severity of
influenza A virus infection in both human and mouse airway epithelial cells, although the mechanism
was hypothesized not to be mediated through the MUC1-CT, but rather to involve virus binding
to the MUC1 ectodomain, blocking subsequent host cell infection [6]. MUCI not only binds to
influenza virus and inhibits infection, but also in the absence of Mucl expression, an enhanced
inflammatory disease was experienced by the virus-infected mice. Mucl~/~ mice intranasally infected
with Streptococcus pneumoniae had greater lung inflammation with increased recruitment of monocytes
and macrophages compared with Muc1** mice [7]. In our own studies, in vitro cultures of human
Ab549 airway epithelial cells transfected with MUCI-targeting siRNAs and stimulated with either
respiratory syncytial virus (RSV) or nontypeable Haemophilus influenzae (NTHi) produced greater levels
of TNF and IL-8 compared with cells transfected with nontargeting control siRNAs [8,9]. Conversely,
overexpression of MUC1 in these cells reduced cytokine/chemokine levels compared with empty
vector controls. Interestingly, TNF release by MUC1-expressing cells following stimulation by either
RSV or NTHi preceded upregulation of MUC1 protein levels, which was completely inhibited by
pretreatment with a soluble TNF receptor (TNFR). Taken together with prior studies, these results
suggested a theoretical feedback loop model whereby airway pathogens activate TLRs on airway
epithelial cells, leading to an early increase in NF-«B activation, and TNF and IL-8 production,
which subsequently upregulates MUC1 expression, leading to later suppression of TLR activation and
decreased cytokine and chemokine production. To test this hypothetical model, Muc1~/~ and TNFR~/~
mice, and their wild type littermates, were infected with P. aeruginosa and TNF and MUC1 levels in
the lungs were monitored over time and compared with uninfected mice [71]. In Muc1** mouse
lungs, Mucl levels were low both in uninfected and infected lungs at early time points following
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infection. Mucl levels increased post-infection, reaching maximum levels after two days which were
maintained even seven days post-infection. However, TNFR™~ mice failed to upregulate Mucl
expression following P. aeruginosa infection, and both Muc1~/~ and TNFR™/~ mice were unable to
spontaneously resolve P. aeruginosa-induced lung inflammation.

6. TNF Increases MUC1 Expression through a Mitogen-Activated Protein Kinase (MAPK) —
Sp1 Signaling Pathway

TNF is a proinflammatory cytokine produced by multiple cell types in response to a wide variety
of infectious and noninfectious stimuli [72]. TNF binds to its cognate receptor, TNFR, leading to the
activation of intracellular signaling cascades and culminating in a diverse array of biological responses.
TNF upregulates MUC1 expression in airway, breast, prostate, and uterine epithelial cells [73-76].
In airway epithelia, TNF increased MUCI mRNA and protein levels, but did not alter MUCT1 transcript
stability, implying increased MUCI gene transcription [77]. TNF stimulation of these same cells
increased MUCT gene promoter activity in an in vitro luciferase assay, and pharmacological blockade
of the MAPK, MEK1/2, reduced TNF-induced MUCI promoter activation. Further, while TNF
stimulation increased ERK1/2 phosphorylation, only ectopic overexpression of a dominant negative
(DN) ERK1, but not DN ERK2, diminished TNF-induced MUC1 promoter activation. An anti-TNFR
blocking antibody inhibited TNF-stimulated ERK1/2 phosphorylation. Finally, MUCI promoter
activation by TNF was blocked by mithramycin A, an inhibitor of the Sp1 transcription factor, and by
deletion of a putative Sp1 binding site in the MUCI promoter, and in chromatin immunoprecipitation
assays, TNF stimulation of airway epithelial cells increased binding of Sp1 to the MUCI promoter.
These results indicated that TNF increased MUC1 expression in airway epithelial cells through a TNFR
— MEK1/2 — ERK1 — Spl1 signaling pathway [77].

7. Role of Peroxisome Proliferator-Activated Receptor-y (PPAR-y) in the Anti-Inflammatory
Effects of MUC1

PPAR-v is a nuclear receptor with anti-inflammatory properties [78]. Because the human and
mouse MUCI/Mucl gene promoters both contain a putative PPAR-y-binding site and because PPAR-y
stimulation of mouse trophoblast cells increased Mucl protein expression [79], we hypothesized
that PPAR-y might mediate its anti-inflammatory effects, in part, through increased MUC1/Mucl
expression. In human airway epithelial cells, the PPAR-y agonist, troglitazone (TGN), diminished
P. aeruginosa-stimulated IL-8 production through a MUC1-dependent mechanisms compared with
vehicle controls [80]. In addition, TGN stimulation of these cells increased PPAR-y-binding to the
MUCT gene promoter and increased MUCI mRNA and protein levels compared with the vehicle
control. In a subsequent study, PPAR-y was identified upstream of MUC1 in an anti-inflammatory
pathway suppressing Helicobacter pylori-stimulated IL-8 production by gastric epithelial cells [81].
These reports [80,81] were the first to demonstrate a functional relationship between MUC1 and
PPAR-y, two anti-inflammatory molecules expressed in mucosal epithelia.

8. The MUC1-CT Associates with TLR5 to Inhibit Recruitment of Adaptor Proteins

To determine the molecular mechanism through which MUC1 might counter-regulate
TLR-dependent airway inflammation, experiments were performed examining protein—protein
interactions between MUC1-CT, TLR5, and the myeloid differentiation primary response gene 88
(MyD88) protein, an adaptor molecule that binds to the cytosolic TIR domain of the TLR5 to initiate
intracellular signaling [82]. Overexpression of MUC1 in HEK293 cells reduced flagellin-stimulated,
TLR5-driven activation of ERK1/2, p38, and NF-kB compared with the empty vector controls [83].
However, MAPK and NF-kB activation were not affected in MUC1-overexpressing cells in response to
TNF stimulation. Because MAPK and NF-kB activation downstream of both TLR5 and TNEFR require
prior activation of TGF-f-activated kinase 1 (TAK1), and because the signaling pathways leading
to activation of TAK1 by these two receptors are distinct, these results suggested that cross-talk
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between MUC1 and TLR5 signaling occurs upstream of TAKI, i.e., either at the level of either
MyD88, interleukin-1 receptor-associated kinase 1 (IRAK1), or TNFR-associated factor 6 (TRAF6).
Overexpression of MyD88, but not IRAK1 nor TRAF6, restored flagellin-stimulated NF-«kB activation
in the presence of MUC1 expression compared with the empty vector control [83]. Importantly,
P. aeruginosa stimulated the association of MUC1-CT with TLR5 in co-immunoprecipitation assays,
and MUCT1 overexpression blocked flagellin-induced TLR5/MyD88 protein—protein interaction, both
compared with the respective controls. Together, these results indicated that P. aeruginosa stimulation
of human airway epithelial cells promoted MUC1-CT/TLR5 protein interaction to block recruitment
of MyD88 to TLR5. Because MUC1 expression counter-regulates TLR3 activation in response to
poly(I:C) [70], we asked whether the MUC1-CT might also interfere with recruitment of the TLR3
adaptor, TIR-domain-containing adapter-inducing interferon-f3 (TRIF), to TLR3. MUC1 overexpressing
HEK293 cells exhibited reduced poly(I:C)-stimulated TLR3/TRIF co-immunoprecipitation, suggesting
that like the TLR5/MyD88 interaction, the MUC1-CT blocked ligand-induced TLR3/TRIF protein
association [84].

9. EGFR Activation Increases MUC1-CT Association with TLR5

The MUC1-CT contains multiple tyrosine residues as potential binding sites for protein kinases
and signaling proteins, including EGFR [24]. In A549 lung epithelial cells, activation of EGFR by
its ligand, transforming growth factor-« (TGF-c), stimulated phosphorylation of the MUC1-CT
tyrosine*® residue and increased MUC1-CT/TLR5 co-immunoprecipitation [83]. In a subsequent study,
stimulation of primary NHBE cells with P. aeruginosa enhanced MUC1-CT tyrosine phosphorylation
and increased MUC1-CT/TLR5 and MUC1-CT/EGEFR co-immunoprecipitation [85]. P. aeruginosa and
flagellin stimulated release of TGF-o from NHBE cells, and both agonists elicited TNF release from
primary macrophages, but not from the NHBE cells. Further, exogenous TNF, but not P. aeruginosa,
upregulated MUC1 expression by NHBE cells. Based on these collective results, and combined with the
established TLR5 signaling pathway [82], we proposed a model for the roles of TGF-o, TNF, EGFR, and
MUC1 in the response of alveolar macrophages and airway epithelial cells to P. aeruginosa (Figure 2).
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Figure 2. Hypothetical model for the proposed anti-inflammatory role of MUC1 in response to
P. aeruginosa lung infection. (1) Flagellin engagement of TLR5 triggers a canonical MyD88 — IRAK1/4
— TRAF6 — TAK1 — NF-kB-signaling pathway to generate an early proinflammatory response with
increased IL-8 production; (2) Inhaled P. aeruginosa activates alveolar macrophages (M) to release
TNF, which increases MUCT expression by airway epithelial cells (AEC) through a TNFR — MEK1/2
— ERK1 — Sp1 pathway; (3) P. aeruginosa stimulation of AEC drives TGF-« release; (4) TGF-« binding
to EGFR stimulates phosphorylation of the MUC1-CT at its tyrosine* residue; (5) Phosphorylated
MUCI1-CT binds to the intracellular domain of TLR5, thereby blocking recruitment of MyD88 to TLR5,
inhibiting inflammatory signaling, and contributing to the later resolution of inflammation.
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In this model, flagellin from inhaled bacteria activates a canonical TLR5 — MyD88 — IRAK1/4
— TRAF6 — TAK1 — NF-«kB pathway leading to increased IL-8 production and recruitment of
neutrophils to the airways and driving a proinflammatory response. P. aeruginosa also stimulates
alveolar macrophages to release TNF, which increases MUC1 expression by airway epithelial cells
in a paracrine manner. P. aeruginosa stimulation of macrophages also drives TGF-o release, leading
to sequential EGFR activation, MUC1-CT tyrosine*® phosphorylation, and MUC1-CT/TLR5 protein
association, thereby blocking MyD88 recruitment to TLR5 and inhibiting airway inflammation [85].

10. Additional Role of Airway Macrophages in the Anti-Inflammatory Effects of MUC1

Alveolar macrophages play a critical role in the host response against inhaled bacterial
pathogens [86]. Classically-activated (M1) macrophages express high levels of proinflammatory
cytokines and mediate antimicrobial host defense, while alternatively-activated (M2) macrophages
are associated with the resolution of inflammation and tissue repair. We asked whether M1 and/or
M2 macrophages express MUC1. MUCI mRNA and protein were expressed at greater levels in M1
human and mouse alveolar macrophages compared with M2 macrophages [51]. Further, P. aeruginosa
stimulation increases MUC1-EC shedding from human M1 macrophages in a TACE-dependent manner,
and MUC1/Mucl expression by human or mouse macrophages decreased P. aeruginosa phagocytosis
and reduced bacteria-stimulated reactive oxygen species (ROS) production and TNF release compared
with MUC1/Mucl-expressing cells. While Muc1 deficiency was associated with increased phagocytosis
of P. aeruginosa, macrophages from Mucl~/~ mice exhibited a reduced capacity to phagocytose
S. pneumoniae indicating diverse and bacterial-specific effects [7]. As such, MUC1 protection against
severe pneumococcal disease may potentially be mediated by facilitating macrophage phagocytosis.
Given that P. aeruginosa binds to MUC1/Mucl through its flagella [61], it is possible that this
difference in phagocytosis may be related, in part, to the fact that S. pneumoniae is non-flagellated.
We next investigated the mechanism through which P. aeruginosa regulates MUC1 expression by
macrophages [87]. P. aeruginosa stimulation of human macrophages increased MUC1 expression
both at the transcriptional and protein levels in a dose-dependent manner. Both P. aeruginosa- and
LPS-induced MUC1 expression in these cells were significantly diminished by a TLR4 antagonist.
Finally, LPS-stimulated MUCI1 expression by macrophages was diminished by an inhibitor of the
p38 MAPK, but not by inhibitors of ERK1/2, c-Jun N-terminal kinases 1/2 (JNK1/2), or NF-«B.
We concluded that P. aeruginosa-stimulated MUC1 expression in human macrophages is regulated
through a TLR4 — p38 MAPK pathway.

11. Anti-Inflammatory Effects of MUC1 Outside of the Airways

Because MUCT is expressed by most mucosal epithelia as well as hematopoietic cells [5,42,43], it is
not surprising that its anti-inflammatory properties that have been described in the airways also have
been reported in extrapulmonary tissues. In the hematopoietic system, antibody-based cross-linking
of MUC1 on the T cell surface was associated with reduced cell proliferation, and diminished IL-2 and
granulocyte-macrophage colony-stimulating factor (GM-CSF) production [45]. Mucl was shown to
function in a negative feedback pathway that prevented an excessive Th17 cell response in a mouse
model of colitis [47]. Mucl~/~ mice exhibited increased Th1/Th17 responses and greater pathology
in a mouse model of experimental autoimmune encephalomyelitis [88] and exacerbated pulmonary
fibrosis in a mouse model of silicosis [89]. MucI~~ mice were predisposed to developing bacterial
conjunctivitis due to infections by Staphylococcus, Streptococcus, or Corynebacterium compared with
Mucl** mice [10]. Two MUCT mRNA isoforms, MUC1/A and MUC1/B, that are differentially expressed
in dry eye disease [90], were studied in transfected COS-7 cells for their counter-regulatory effects
on TNF-induced cytokine responses [91]. MUC1/A, which contains an additional nine amino acid
segments within the MUC1 ectodomain and is expressed at low levels in dry eye disease patients [90],
had less anti-inflammatory activity compared with MUC1/B [91]. Finally, compared with Muc1*/*
mice, Mucl~/~ mice expressed reduced levels of transcripts for IL-6 and TNF in the corneal epithelium
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following exposure of eyes to the TLR2 and TLR5 agonists, heat-killed Listeria monocytogenes and
flagellin, respectively [92].

In the gastric mucosa, Mucl~/~ mice had increased macrophage inflammatory protein-2«
(MIP-2x) levels and greater neutrophil-driven inflammation following experimental infection by
H. pylori [93-96]. Interestingly however, while H. pylori infection of male Mucl~/~ mice was associated
with increased stomach bacterial colonization compared with Mucl~/~ female mice, Mucl null
male mice had reduced gastric inflammation relative to matching female mice [97]. Subsequent
mechanistic studies revealed that Mucl diminished H. pylori colonization of the stomach both by
steric hindrance and by acting as a releasable decoy receptor [98]. MUCI silencing by siRNA
transfection of in vitro cultures of human gastric epithelial cells increased phosphorylation and
nuclear translocation of NF-«B, and augmented IL-8 production compared with a nontargeting control
siRNAs [94,96]. Conversely, ectopic over-expression of MUC1 in gastric epithelial cells decreased
H. pylori-stimulated IL-8 production compared with MUC1-expressing cells. In H. pylori-infected
gastric epithelia, MUC1 associated with 3-catenin and the cytotoxin-associated gene A (cagA) protein,
a major bacterial virulence factor [95]. Further, H. pylori infection of these cells increased nuclear
translocation of 3-catenin, and MUC1 over-expression decreased bacteria-driven 3-catenin nuclear
localization. MUC1 expression also inhibited gastric epithelial cell inflammatory signaling in response
to a nucleotide-binding oligomerization domain (NOD) agonist as well as ligands for TLR3, 4, 5, 7,
8, and 9 [96]. Further studies demonstrated that Mucl expression by mouse peritoneal macrophages
negatively regulated the NLR family, pyrin domain-containing 3 (NLRP3) inflammasome through
inhibition of TLR-dependent inflammasome priming, thereby suppressing gastric inflammation and
reducing mortality in H. pylori-infected mice [99,100].

12. Role of MUC1 in Non-Pneumonia Respiratory Diseases

MUCI1 may play an anti-inflammatory role in diseases other than bacterial pneumonia. Krebs
von den Lungen-6 (KL-6) is a serum antigen comprised of a sialylated sugar chain of the MUC1
ectodomain [101]. Circulating KL-6 has been shown to be a sensitive biomarker of idiopathic
pulmonary fibrosis [102], and a novel disease marker in adolescents and adults with cystic fibrosis
(CF) [103]. Elevated serum KL-6 concentrations also were observed in children with acute exacerbations
of asthma [104]. MUC1 levels in sputum were increased in adults with chronic obstructive pulmonary
disease [105,106]. While murine Mucl was not identified as a major component of the intestinal mucus
in a mouse model of CF, Mucl expression at both the mRNA and protein levels was increased in CF
mice compared with disease-free controls [107,108].

MUC1 is aberrantly overexpressed by cancer cells, including lung carcinomas, where its
overexpression is associated with poor survival [109-111]. In vivo and in vitro studies have established
a variety of mechanisms through which MUC1 plays an oncogenic role in lung carcinogenesis [31].
MUCT1 overexpression by airway epithelial cells contributed to cell transformation induced by exposure
to cigarette smoke (CS) or CS-derived carcinogens through potentiation of EGFR-mediated signal
transduction, destabilization of cell-cell adherens junctions, and loss of apical-basal polarity [112,113].
In CS-induced loss of apical-basal polarity, MUC1 redistributed over the entire plasma membrane and
associated with EGFR, culminating in phosphorylation of the MUC1-CT [113]. Phosphorylated
MUCI-CT interacted with the adherens junction proteins, -catenin, and p120-catenin, leading
to disruption of E-cadherin/p-catenin and E-cadherin/p120-catenin complexes, abrogation of
cell—cell adhesion, and promotion of metastasis [114]. Further, exposure of polarized human
bronchial epithelial cells to CS increased shedding of the highly glycosylated MUC1 ectodomain
and concomitantly increased interaction of the membrane-bound MUC1-CT subunit with EGFR,
c-Src, and pl20-catenin [115]. The subsequent nuclear entry of p120-catenin in complex with
MUC1-CT has been shown to be involved in epithelial-to-mesenchymal transition in the context of lung
carcinogenesis [116]. In vivo and in vitro studies have also demonstrated that exposure of alveolar
macrophages to CS increased MUC1 expression, leading to greater TNF release and TNF-driven
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increases in MUC1 expression by airway epithelial cells [117]. Taken together, these results suggest that
CS-induced MUCT1 overexpression, redistribution, phosphorylation, and protein—protein interactions
promote lung carcinogenesis and tumor metastasis.

In non-small cell lung cancer (NSCLC) cells, MUC1 overexpression was associated with
enhanced proliferation [118] and increased proangiogenic activity through activation of the PI3K-AKT
pathway [109]. Treatment of NSCLC cells with agents that directly target the MUC1-CT suppressed the
oncogenic function of MUC1. For example, GO-203—a 7-mer, cell-permeable, D-amino acid synthetic
peptide derived from the MUC1-CT [119]—blocked MUC1-CT association with the p85 subunit of PI3K,
induced reactive oxygen species-mediated death of NSCLC cells in vitro, and promoted regression
of NSCLC tumor xenografts in nude mice in vivo [118]. In addition, the MUC1 inhibitory peptide,
PMIP, that contains the -catenin/p120-catenin binding motif present in the MUC1-CT, blocked
CS-induced interaction between MUC1-CT and p120-catenin, thus stabilizing adherens junctions and
decreasing cancer progression [116,120]. In spite of these finding, a recent study demonstrated that
Muc1 knockout mice exposed to nicotine-derived nitrosamine ketone (NNK), a CS-derived carcinogen,
also known as 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone, had increased levels of the EGFR
ligand, epiregulin, in lung tissues, augmented activation of the EGFR-AKT pathway, and heightened
lung tumor multiplicity, compared with Mucl-expressing mice [121]. Further, MucI-deficient mice,
or treatment of A549 lung cancer cells with the MUC1-CT inhibitory synthetic peptide, GO-201 [122],
increased epiregulin production by the cells [121]. Recognizing that their results were contrary to the
well-accepted role of MUC1/Mucl in oncogenesis, the authors suggested that Mucl deficiency might
increase epiregulin production to activate the EGFR pathway, thereby compensating for Mucl loss in
epithelial cells and promoting the EGFR-AKT pathway for lung tumorigenesis.

13. Perspectives

Although the role of MUC1 mucin in the airways remains to be completely elucidated, the recent
reports that a human pathogen, P. aeruginosa, can stimulate MUC1-CT tyrosine phosphorylation
suggests a potential role for this mucin in the host inflammatory response to microbial infection,
specifically the resolution phase of inflammation through its ability to inhibit TLR signaling. Given
that similar findings have been reported for other pathogens infecting respiratory tissues, it is likely
that these effects are general in nature, although particular mechanistic details may differ. It is
intriguing to speculate that genetic or epigenetic alterations of the MUC1-CT that block its ability to
inhibit inflammatory signaling might contribute to the pathophysiology of chronic inflammatory lung
diseases (e.g., chronic obstructive pulmonary disease, cystic fibrosis) and possibly hyperinflammatory
disorders of other mucosal epithelia. Finally, it is worth noting that most of the mechanistic information
about the anti-inflammatory role of MUC1/Mucl during airway infection was based on in vitro studies
mainly with epithelial cells. Therefore, future studies are warranted to understand the roles of MUC1
in non-epithelial cells, such as alveolar type II pneumocytes and fibroblasts during airway infection,
and their potential contributions to inflammation and cancer.

Acknowledgments: This work was supported by grants 0117-005 from the Maryland Technology Development
Corporation (E.P.L.), 81520108001 from the National Natural Science Foundation of China (W.L.), and HL-047125
from the National Institutes of Health (K.C.K.).

Author Contributions: K.X., E.P.L.,, WL. and K.C.K. wrote the paper; K.K. and E.P.L. prepared the figures.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Li,Y,; Cozzi, PJ. MUC1 is a promising therapeutic target for prostate cancer therapy. Curr. Cancer Drug Targets
2007, 7, 259-271. [CrossRef] [PubMed]

2. Kim, K.C; Hyun, SW.; Kim, B.T.; Meerzaman, D.; Lee, M.K,; Lillehoj, E.P. Pseudomonas adhesion to
MUC1 mucins: A potential role of MUC1 mucins in clearance of inhaled bacteria. In Cilia and Mucus: From


http://dx.doi.org/10.2174/156800907780618338
http://www.ncbi.nlm.nih.gov/pubmed/17504123

J. Clin. Med. 2017, 6, 110 10 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Development to Respiratory Defense; Salathe, M., Ed.; CRC Press: Boca Raton, FL, USA, 2001; pp. 217-224,
ISBN 978-0-8247-0441-4.

Lillehoj, E.P.; Hyun, S.W.; Kim, B.T.; Zhang, X.G.; Lee, D.I; Rowland, S.; Kim, K.C. Mucl mucins on the
cell surface are adhesion sites for Pseudomonas aeruginosa. Am. J. Physiol. Lung Cell. Mol. Physiol. 2001, 280,
L181-L187. [PubMed]

Kato, K.; Lillehoj, E.P; Kai, H.; Kim, K.C. MUC1 expression by human airway epithelial cells mediates
Pseudomonas aeruginosa adhesion. Front. Biosci. (Elite Ed.) 2010, 2, 68-77. [CrossRef] [PubMed]

Kim, K.C,; Lillehoj, E.P. MUC1 mucin: A peacemaker in the lung. Am. J. Respir. Cell Mol. Biol. 2008, 39,
644—647. [CrossRef] [PubMed]

McAuley, J.L.; Corcilius, L.; Tan, H.X.; Payne, R.].; McGuckin, M.A.; Brown, L.E. The cell surface mucin
MUCI limits the severity of influenza A virus infection. Mucosal Immunol. 2017, 10, 1581-1593. [CrossRef]
[PubMed]

Dhar, P; Ng, G.Z.; Dunne, E.M.; Sutton, P. Mucin 1 protects against severe Streptococcus pneumoniae infection.
Virulence 2017. [CrossRef] [PubMed]

Li, Y,; Dinwiddie, D.L.; Harrod, K.S.; Jiang, Y.; Kim, K.C. Anti-inflammatory effect of MUC1 during
respiratory syncytial virus infection of lung epithelial cells in vitro. Am. J. Physiol. Lung Cell. Mol. Physiol.
2010, 298, L558-1.563. [CrossRef] [PubMed]

Kyo, Y.; Kato, K,; Park, Y.S.; Gajghate, S.; Umehara, T.; Lillehoj, E.P; Suzaki, H.; Kim, K.C. Antiinflammatory
role of MUC1 mucin during infection with nontypeable Haemophilus influenzae. Am. J. Respir. Cell Mol. Biol.
2012, 46, 149-156. [CrossRef] [PubMed]

Kardon, R; Price, R.E.; Julian, J.; Lagow, E.; Tseng, S.C.; Gendler, S.J.; Carson, D.D. Bacterial conjunctivitis in
Mucl null mice. Investig. Ophthalmol. Vis. Sci. 1999, 40, 1328-1335.

Pier, G.B.; Ramphal, R. Pseudomonas aeruginosa. In Mandell, Douglas and Bennett’s Principles and Practice of
Infectious Diseases, 7th ed.; Mandell, G.L., Bennett, ].E., Dolin, R., Eds.; Churchill Livingstone: Philadelphia,
PA, USA, 2010; Volume 2, pp. 2835-2860, ISBN 978-0-4430-6839-3.

Parry, S.; Silverman, H.S.; McDermott, K.; Willis, A.; Hollingsworth, M.A.; Harris, A. Identification of MUC1
proteolytic cleavage sites in vivo. Biochem. Biophys. Res. Commun. 2001, 283, 715-720. [CrossRef] [PubMed]
Levitin, F; Stern, O.; Weiss, M.; Gil-Henn, C.; Ziv, R.; Prokocimer, Z.; Smorodinsky, N.L; Rubinstein, D.B.;
Wreschner, D.H. The MUC1 SEA module is a self-cleaving domain. J. Biol. Chem. 2005, 280, 33374-33386.
[CrossRef] [PubMed]

Macao, B.; Johansson, D.G.; Hansson, G.C.; Hard, T. Autoproteolysis coupled to protein folding in the SEA
domain of the membrane-bound MUC1 mucin. Nat. Struct. Mol. Biol. 2006, 13, 71-76. [CrossRef] [PubMed]
Johansson, D.G.; Wallin, G.; Sandberg, A.; Macao, B.; Aqvist, J., Hard, T. Protein autoproteolysis:
Conformational strain linked to the rate of peptide cleavage by the pH dependence of the N — O acyl shift
reaction. J. Am. Chem. Soc. 2009, 131, 9475-9477. [CrossRef] [PubMed]

Ligtenberg, M.].; Kruijshaar, L.; Buijs, E.; van Meijer, M.; Litvinov, S.V.; Hilkens, J. Cell-associated episialin is
a complex containing two proteins derived from a common precursor. J. Biol. Chem. 1992, 267, 6171-6177.
[PubMed]

Julian, J.A.; Carson, D.D. Formation of MUC1 metabolic complex is conserved in tumor-derived and normal
epithelial cells. Biochem. Biophys. Res. Commun. 2002, 293, 1183-1190. [CrossRef]

Thathiah, A_; Blobel, C.P.; Carson, D.D. Tumor necrosis factor-o converting enzyme/ADAM 17 mediates
MUCI1 shedding. J. Biol. Chem. 2003, 278, 3386-3394. [CrossRef] [PubMed]

Thathiah, A.; Carson, D.D. MT1-MMP mediates MUC1 shedding independent of TACE/ ADAM17. Biochem. ].
2004, 382 Pt 1, 363-373. [CrossRef] [PubMed]

Julian, J.; Dharmaraj, N.; Carson, D.D. MUC1 is a substrate for y-secretase. J. Cell. Biochem. 2009, 108, 802-815.
[CrossRef] [PubMed]

Lillehoj, E.P; Hyun, SW.; Liu, A,; Guang, W.; Verceles, A.C.; Luzina, 1.G.; Atamas, S.P; Kim, K.C,;
Goldblum, S.E. NEU1 sialidase regulates membrane-tethered mucin (MUC1) ectodomain adhesiveness
for Pseudomonas aeruginosa and decoy receptor release. . Biol. Chem. 2015, 290, 18316-18331. [CrossRef]
[PubMed]

Pandey, P; Kharbanda, S.; Kufe, D. Association of the DF3/MUCT1 breast cancer antigen with Grb2 and the
Sos/Ras exchange protein. Cancer Res. 1995, 55, 4000-4003. [PubMed]


http://www.ncbi.nlm.nih.gov/pubmed/11133508
http://dx.doi.org/10.2741/67
http://www.ncbi.nlm.nih.gov/pubmed/20036855
http://dx.doi.org/10.1165/rcmb.2008-0169TR
http://www.ncbi.nlm.nih.gov/pubmed/18617677
http://dx.doi.org/10.1038/mi.2017.16
http://www.ncbi.nlm.nih.gov/pubmed/28327617
http://dx.doi.org/10.1080/21505594.2017.1341021
http://www.ncbi.nlm.nih.gov/pubmed/28605238
http://dx.doi.org/10.1152/ajplung.00225.2009
http://www.ncbi.nlm.nih.gov/pubmed/20081068
http://dx.doi.org/10.1165/rcmb.2011-0142OC
http://www.ncbi.nlm.nih.gov/pubmed/22298528
http://dx.doi.org/10.1006/bbrc.2001.4775
http://www.ncbi.nlm.nih.gov/pubmed/11341784
http://dx.doi.org/10.1074/jbc.M506047200
http://www.ncbi.nlm.nih.gov/pubmed/15987679
http://dx.doi.org/10.1038/nsmb1035
http://www.ncbi.nlm.nih.gov/pubmed/16369486
http://dx.doi.org/10.1021/ja9010817
http://www.ncbi.nlm.nih.gov/pubmed/19534521
http://www.ncbi.nlm.nih.gov/pubmed/1556125
http://dx.doi.org/10.1016/S0006-291X(02)00352-2
http://dx.doi.org/10.1074/jbc.M208326200
http://www.ncbi.nlm.nih.gov/pubmed/12441351
http://dx.doi.org/10.1042/BJ20040513
http://www.ncbi.nlm.nih.gov/pubmed/15130087
http://dx.doi.org/10.1002/jcb.22292
http://www.ncbi.nlm.nih.gov/pubmed/19711367
http://dx.doi.org/10.1074/jbc.M115.657114
http://www.ncbi.nlm.nih.gov/pubmed/25963144
http://www.ncbi.nlm.nih.gov/pubmed/7664271

J. Clin. Med. 2017, 6, 110 110f 16

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Li, Y.; Kuwahara, H.; Ren, J.; Wen, G.; Kufe, D. The c-Src tyrosine kinase regulates signaling of the human
DF3/MUCI1 carcinoma-associated antigen with GSK3f and 3-catenin. J. Biol. Chem. 2001, 276, 6061-6064.
[CrossRef] [PubMed]

Li, Y,; Ren, J.; Yu, WH,; Li, Q.; Kuwahara, H.; Yin, L.; Carraway, K., III; Kufe, D. The epidermal growth
factor receptor regulates interaction of the human DF3/MUCI carcinoma antigen with c-Src and (3-catenin.
J. Biol. Chem. 2001, 276, 35239-35242. [CrossRef] [PubMed]

Wang, H.; Lillehoj, E.P,; Kim, K.C. Identification of four sites of stimulated tyrosine phosphorylation in the
MUCI1 cytoplasmic tail. Biochem. Biophys. Res. Commun. 2003, 310, 341-346. [CrossRef] [PubMed]

Kato, K.; Lu, W.; Kai, H.; Kim, K.C. Phosphoinositide 3-kinase is activated by MUC1 but not responsible for
MUC1-induced suppression of Toll-like receptor 5 signaling. Am. J. Physiol. Lung Cell. Mol. Physiol. 2007,
293, L686-L692. [CrossRef] [PubMed]

Li, Y.;; Bharti, A.; Chen, D.; Gong, J.; Kufe, D. Interaction of glycogen synthase kinase 33 with the DF3/MUC1
carcinoma-associated antigen and (3-catenin. Mol. Cell. Biol. 1998, 18, 7216-7224. [CrossRef] [PubMed]
Ren, J.; Li, Y.; Kufe, D. Protein kinase C 5 regulates function of the DF3/MUC1 carcinoma antigen in (3-catenin
signaling. J. Biol. Chem. 2002, 277, 17616-17622. [CrossRef] [PubMed]

Zrihan-Licht, S.; Baruch, A.; Elroy-Stein, O.; Keydar, I.; Wreschner, D.H. Tyrosine phosphorylation of the
MUCT1 breast cancer membrane protein. Cytokine receptor-like molecule. FEBS Lett. 1994, 356, 130-136.
[CrossRef]

Albrecht, H.; Carraway, K.L., IIl. MUC1 and MUC4: Switching the emphasis from large to small.
Cancer Biother. Radiopharm. 2011, 26, 261-271. [CrossRef] [PubMed]

Kufe, D.W. MUC1-C oncoprotein as a target in breast cancer: Activation of signaling pathways and
therapeutic approaches. Oncogene 2013, 32, 1073-1081. [CrossRef] [PubMed]

Mehla, K.; Singh, PK. MUC1: A novel metabolic master regulator. Biochim. Biophys. Acta 2014, 1845, 126-135.
[CrossRef] [PubMed]

Haddon, L.; Hugh, J. MUC1-mediated motility in breast cancer: A review highlighting the role of the
MUC1/ICAM-1/Src signaling triad. Clin. Exp. Metastasis 2015, 32, 393—403. [CrossRef] [PubMed]

Hanson, R.L.; Hollingsworth, M. A. Functional consequences of differential O-glycosylation of MUC1, MUC4,
and MUC16 (Downstream effects on signaling). Biomolecules 2016, 6, 34. [CrossRef] [PubMed]

Gendler, S.J.; Lancaster, C.A.; Taylor-Papadimitriou, J.; Duhig, T.; Peat, N.; Burchell, J.; Pemberton, L.;
Lalani, E.N.; Wilson, D. Molecular cloning and expression of human tumor-associated polymorphic epithelial
mucin. J. Biol. Chem. 1990, 265, 15286-15293. [PubMed]

Lan, M.S,; Batra, S.K.; Qi, W.IN.; Metzgar, R.S.; Hollingsworth, M.A. Cloning and sequencing of a human
pancreatic tumor mucin cDNA. J. Biol. Chem. 1990, 265, 15294-15299. [PubMed]

Kim, K.C.; Wasano, K.; Niles, R.M.; Schuster, ].E.; Stone, PJ.; Brody, ].S. Human neutrophil elastase releases
cell surface mucins from primary cultures of hamster tracheal epithelial cells. Proc. Natl. Acad. Sci. USA
1987, 84, 9304-9308. [CrossRef] [PubMed]

Park, H.; Hyun, S.W.; Kim, K.C. Expression of MUC1 mucin gene by hamster tracheal surface epithelial cells
in primary culture. Am. J. Respir. Cell Mol. Biol. 1996, 15, 237-244. [CrossRef] [PubMed]

Paul, E.; Lee, D.I; Hyun, SSW.; Gendler, S.; Kim, K.C. Identification and characterization of high
molecular-mass mucin-like glycoproteins in the plasma membrane of airway epithelial cells. Am. J. Respir.
Cell Mol. Biol. 1998, 19, 681-690. [CrossRef] [PubMed]

Hollingsworth, M.A.; Batra, S.K.; Qi, W.N.; Yankaskas, J].R. MUC1 mucin mRNA expression in cultured
human nasal and bronchial epithelial cells. Am. ]. Respir. Cell Mol. Biol. 1992, 6, 516-520. [CrossRef]
[PubMed]

Pemberton, L.; Taylor-Papadimitriou, J.; Gendler, S.J. Antibodies to the cytoplasmic domain of the MUC1
mucin show conservation throughout mammals. Biochem. Biophys. Res. Commun. 1992, 185, 167-175.
[CrossRef]

Gendler, S.J. MUC1, the renaissance molecule. ]. Mammary Gland Biol. Neoplasia 2001, 6, 339-353. [CrossRef]
[PubMed]

Hattrup, C.L.; Gendler, S.J. Structure and function of the cell surface (tethered) mucins. Annu. Rev. Physiol.
2008, 70, 431-457. [CrossRef] [PubMed]


http://dx.doi.org/10.1074/jbc.C000754200
http://www.ncbi.nlm.nih.gov/pubmed/11152665
http://dx.doi.org/10.1074/jbc.C100359200
http://www.ncbi.nlm.nih.gov/pubmed/11483589
http://dx.doi.org/10.1016/j.bbrc.2003.09.030
http://www.ncbi.nlm.nih.gov/pubmed/14521915
http://dx.doi.org/10.1152/ajplung.00423.2006
http://www.ncbi.nlm.nih.gov/pubmed/17586693
http://dx.doi.org/10.1128/MCB.18.12.7216
http://www.ncbi.nlm.nih.gov/pubmed/9819408
http://dx.doi.org/10.1074/jbc.M200436200
http://www.ncbi.nlm.nih.gov/pubmed/11877440
http://dx.doi.org/10.1016/0014-5793(94)01251-2
http://dx.doi.org/10.1089/cbr.2011.1017
http://www.ncbi.nlm.nih.gov/pubmed/21728842
http://dx.doi.org/10.1038/onc.2012.158
http://www.ncbi.nlm.nih.gov/pubmed/22580612
http://dx.doi.org/10.1016/j.bbcan.2014.01.001
http://www.ncbi.nlm.nih.gov/pubmed/24418575
http://dx.doi.org/10.1007/s10585-015-9711-8
http://www.ncbi.nlm.nih.gov/pubmed/25759211
http://dx.doi.org/10.3390/biom6030034
http://www.ncbi.nlm.nih.gov/pubmed/27483328
http://www.ncbi.nlm.nih.gov/pubmed/1697589
http://www.ncbi.nlm.nih.gov/pubmed/2394722
http://dx.doi.org/10.1073/pnas.84.24.9304
http://www.ncbi.nlm.nih.gov/pubmed/3480544
http://dx.doi.org/10.1165/ajrcmb.15.2.8703480
http://www.ncbi.nlm.nih.gov/pubmed/8703480
http://dx.doi.org/10.1165/ajrcmb.19.4.2908
http://www.ncbi.nlm.nih.gov/pubmed/9761766
http://dx.doi.org/10.1165/ajrcmb/6.5.516
http://www.ncbi.nlm.nih.gov/pubmed/1581075
http://dx.doi.org/10.1016/S0006-291X(05)80971-4
http://dx.doi.org/10.1023/A:1011379725811
http://www.ncbi.nlm.nih.gov/pubmed/11547902
http://dx.doi.org/10.1146/annurev.physiol.70.113006.100659
http://www.ncbi.nlm.nih.gov/pubmed/17850209

J. Clin. Med. 2017, 6, 110 12 0of 16

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Agrawal, B.; Krantz, M.].; Parker, ].; Longenecker, B.M. Expression of MUC1 mucin on activated human
T cells: Implications for a role of MUCI in normal immune regulation. Cancer Res. 1998, 58, 4079—-4081.
[PubMed]

Chang, J.F.; Zhao, H.L.; Phillips, J.; Greenburg, G. The epithelial mucin, MUC1, is expressed on resting T
lymphocytes and can function as a negative regulator of T cell activation. Cell. Immunol. 2000, 201, 83-88.
[CrossRef] [PubMed]

Konowalchuk, ].D.; Agrawal, B. MUC1 mucin is expressed on human T-regulatory cells: Function in both
co-stimulation and co-inhibition. Cell. Immunol. 2012, 272, 193-199. [CrossRef] [PubMed]

Nishida, A.; Lau, C.W.; Zhang, M.; Andoh, A.; Shi, H.N.; Mizoguchi, E.; Mizoguchi, A. The membrane-bound
mucin Mucl regulates T helper 17-cell responses and colitis in mice. Gastroenterology 2012, 142, 865-874.
[CrossRef] [PubMed]

Wykes, M.; MacDonald, K.P.; Tran, M.; Quin, R.J.; Xing, P.X.; Gendler, S.J.; Hart, D.N.; McGuckin, M.A.
MUCI1 epithelial mucin (CD227) is expressed by activated dendritic cells. J. Leukoc. Biol. 2002, 72, 692-701.
[PubMed]

Cloosen, S.; Thio, M.; Vanclée, A.; van Leeuwen, E.B.; Senden-Gijsbers, B.L.; Oving, E.B.; Germeraad, W.T.;
Bos, G.M. Mucin-1 is expressed on dendritic cells, both in vitro and in vivo. Int. Immunol. 2004, 16, 1561-1571.
[CrossRef] [PubMed]

Leong, C.F; Raudhawati, O.; Cheong, S.K.; Sivagengei, K.; Noor Hamidah, H. Epithelial membrane antigen
(EMA) or MUC1 expression in monocytes and monoblasts. Pathology 2003, 35, 422-427. [CrossRef] [PubMed]
Kato, K.; Uchino, R.; Lillehoj, E.P.; Knox, K.; Lin, Y; Kim, K.C. Membrane-tethered MUC1 mucin
counter-regulates the phagocytic activity of macrophages. Am. J. Respir. Cell Mol. Biol. 2016, 54, 515-523.
[CrossRef] [PubMed]

Croce, M.V,; Rabassa, M.E.; Price, M.R.; Segal-Eiras, A. MUC1 mucin and carbohydrate associated antigens
as tumor markers in head and neck squamous cell carcinoma. Pathol. Oncol. Res. 2001, 7, 284-291. [CrossRef]
[PubMed]

Jeannon, ].P,; Stafford, EW.; Soames, ].V.; Wilson, J.A. Altered MUC1 and MUC2 glycoprotein expression in
laryngeal cancer. Otolaryngol. Head Neck Surg. 2001, 124, 199-202. [CrossRef] [PubMed]

Finkbeiner, W.E.; Carrier, S.D.; Teresi, C.E. Reverse transcription-polymerase chain reaction (RT-PCR)
phenotypic analysis of cell cultures of human tracheal epithelium, tracheobronchial glands, and lung
carcinomas. Am. J. Respir. Cell Mol. Biol. 1993, 9, 547-556. [CrossRef] [PubMed]

Jarrard, J.A.; Linnoila, R.I; Lee, H.; Steinberg, S.M.; Witschi, H.; Szabo, E. MUC1 is a novel marker for the
type I pneumocyte lineage during lung carcinogenesis. Cancer Res. 1998, 58, 5582-5589. [PubMed]

Jung, S.E.; Seo, K.Y,; Kim, H.; Kim, H.L.; Chung, .H.; Kim, E.K. Expression of MUC1 on corneal endothelium
of human. Cornea 2002, 21, 691-695. [CrossRef] [PubMed]

Porowska, H.; Paszkiewicz-Gadek, A.; Wosek, J.; Wnuczko, K.; Rusak, M.; Szczepariski, M. Expression
of MUC1 mucin in human umbilical vein endothelial cells (HUVEC). Folia Histochem. Cytobiol. 2010, 48,
417-424. [CrossRef] [PubMed]

Kumar, P; Ji, J.; Thirkill, T.L.; Douglas, G.C. MUC1 Is expressed by human skin fibroblasts and plays a role
in cell adhesion and migration. BioRes. Open Access 2014, 3, 45-52. [CrossRef] [PubMed]

Ramphal, R.; Guay, C.; Pier, G.B. Pseudomonas aeruginosa adhesins for tracheobronchial mucin. Infect. Immun.
1987, 55, 600-603. [PubMed]

Lillehoj, E.P.; Hyun, SW.; Feng, C.; Zhang, L.; Liu, A.; Guang, W.; Nguyen, C.; Luzina, I.G.; Atamas, S.P;
Passaniti, A.; et al. NEUI1 sialidase expressed in human airway epithelia regulates epidermal growth factor
receptor (EGFR) and MUC1 protein signaling. J. Biol. Chem. 2012, 287, 8214-8231. [CrossRef] [PubMed]
Lillehoj, E.P,; Kim, B.T.; Kim, K.C. Identification of Pseudomonas aeruginosa flagellin as an adhesin for Mucl
mucin. Am. J. Physiol. Lung Cell. Mol. Physiol. 2002, 282, L751-L756. [CrossRef] [PubMed]

Zhang, Z.; Louboutin, J.P.; Weiner, D.].; Goldberg, ].B.; Wilson, ] M. Human airway epithelial cells sense
Pseudomonas aeruginosa infection via recognition of flagellin by Toll-like receptor 5. Infect. Immun. 2005, 73,
7151-7160. [CrossRef] [PubMed]

Rastogi, D.; Ratner, A.J.; Prince, A. Host-bacterial interactions in the initiation of inflammation. Paediatr. Respir. Rev.
2001, 2, 245-252. [CrossRef] [PubMed]

Gomez, M.L; Prince, A. Airway epithelial cell signaling in response to bacterial pathogens. Pediatr. Pulmonol.
2008, 43, 11-19. [CrossRef] [PubMed]


http://www.ncbi.nlm.nih.gov/pubmed/9751614
http://dx.doi.org/10.1006/cimm.2000.1643
http://www.ncbi.nlm.nih.gov/pubmed/10831317
http://dx.doi.org/10.1016/j.cellimm.2011.10.012
http://www.ncbi.nlm.nih.gov/pubmed/22078269
http://dx.doi.org/10.1053/j.gastro.2011.12.036
http://www.ncbi.nlm.nih.gov/pubmed/22202458
http://www.ncbi.nlm.nih.gov/pubmed/12377938
http://dx.doi.org/10.1093/intimm/dxh157
http://www.ncbi.nlm.nih.gov/pubmed/15381671
http://dx.doi.org/10.1080/00313020310001602576
http://www.ncbi.nlm.nih.gov/pubmed/14555387
http://dx.doi.org/10.1165/rcmb.2015-0177OC
http://www.ncbi.nlm.nih.gov/pubmed/26393683
http://dx.doi.org/10.1007/BF03032385
http://www.ncbi.nlm.nih.gov/pubmed/11882908
http://dx.doi.org/10.1067/mhn.2001.112481
http://www.ncbi.nlm.nih.gov/pubmed/11226957
http://dx.doi.org/10.1165/ajrcmb/9.5.547
http://www.ncbi.nlm.nih.gov/pubmed/7692897
http://www.ncbi.nlm.nih.gov/pubmed/9850098
http://dx.doi.org/10.1097/00003226-200210000-00011
http://www.ncbi.nlm.nih.gov/pubmed/12352087
http://dx.doi.org/10.2478/v10042-010-0027-x
http://www.ncbi.nlm.nih.gov/pubmed/21071348
http://dx.doi.org/10.1089/biores.2013.0045
http://www.ncbi.nlm.nih.gov/pubmed/24804164
http://www.ncbi.nlm.nih.gov/pubmed/2880808
http://dx.doi.org/10.1074/jbc.M111.292888
http://www.ncbi.nlm.nih.gov/pubmed/22247545
http://dx.doi.org/10.1152/ajplung.00383.2001
http://www.ncbi.nlm.nih.gov/pubmed/11880301
http://dx.doi.org/10.1128/IAI.73.11.7151-7160.2005
http://www.ncbi.nlm.nih.gov/pubmed/16239509
http://dx.doi.org/10.1053/prrv.2001.0147
http://www.ncbi.nlm.nih.gov/pubmed/12052326
http://dx.doi.org/10.1002/ppul.20735
http://www.ncbi.nlm.nih.gov/pubmed/18041080

J. Clin. Med. 2017, 6, 110 13 of 16

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Lillehoj, E.P; Kim, H.; Chun, E.Y,; Kim, K.C. Pseudormonas aeruginosa stimulates phosphorylation of the airway
epithelial membrane glycoprotein Mucl and activates MAP kinase. Am. J. Physiol. Lung Cell. Mol. Physiol.
2004, 287, L809-L815. [CrossRef] [PubMed]

Spicer, A.P.; Rowse, G.J.; Lidner, TK.; Gendler, S.J. Delayed mammary tumor progression in Muc-1 null mice.
J. Biol. Chem. 1995, 270, 30093-30101. [CrossRef] [PubMed]

Lu, W,; Hisatsune, A.; Koga, T.; Kato, K.; Kuwahara, IL; Lillehoj, E.P.; Chen, W.; Cross, A.S.; Gendler, S.J.;
Gewirtz, A.T,; et al. Cutting edge: Enhanced pulmonary clearance of Pseudomonas aeruginosa by Mucl
knockout mice. J. Immunol. 2006, 176, 3890-3894. [CrossRef] [PubMed]

Umehara, T.; Kato, K.; Park, Y.S.; Lillehoj, E.P.; Kawauchi, H.; Kim, K.C. Prevention of lung injury by Mucl
mucin in a mouse model of repetitive Pseudomonas aeruginosa infection. Inflamm. Res. 2012, 61, 1013-1020.
[CrossRef] [PubMed]

Milara, J.; Peir6, T.; Armengot, M.; Frias, S.; Morell, A.; Serrano, A.; Cortijo, J. Mucin 1 downregulation
associates with corticosteroid resistance in chronic rhinosinusitis with nasal polyps. J. Allergy Clin. Immunol.
2015, 135, 470-476. [CrossRef] [PubMed]

Ueno, K.; Koga, T.; Kato, K.; Golenbock, D.T.; Gendler, S.J.; Kai, H.; Kim, K.C. MUC1 mucin is a negative
regulator of Toll-like receptor signaling. Am. J. Respir. Cell Mol. Biol. 2008, 38, 263-268. [CrossRef] [PubMed]
Choi, S.; Park, Y.S.; Koga, T.; Treloar, A.; Kim, K.C. TNF-« is a key regulator of MUCI, an anti-inflammatory
molecule, during airway Pseudomonas aeruginosa infection. Am. |. Respir. Cell Mol. Biol. 2011, 44, 255-260.
[CrossRef] [PubMed]

Aggarwal, B.B.; Gupta, S.C.; Kim, ].H. Historical perspectives on tumor necrosis factor and its superfamily:
25 years later, a golden journey. Blood 2012, 119, 651-665. [CrossRef] [PubMed]

Lagow, E.L.; Carson, D.D. Synergistic stimulation of MUC1 expression in normal breast epithelia and breast
cancer cells by interferon-y and tumor necrosis factor-«. J. Cell. Biochem. 2002, 86, 759-772. [CrossRef]
[PubMed]

Shirasaki, H.; Kanaizumi, E.; Watanabe, K.; Konno, N.; Sato, J.; Narita, S.; Himi, T. Tumor necrosis factor
o increases MUC1 mRNA in cultured human nasal epithelial cells. Acta Otolaryngol. 2003, 123, 524-531.
[CrossRef] [PubMed]

Thathiah, A.; Brayman, M.; Dharmaraj, N.; Julian, J.J.; Lagow, E.L.; Carson, D.D. Tumor necrosis factor «
stimulates MUC1 synthesis and ectodomain release in a human uterine epithelial cell line. Endocrinology
2004, 145, 4192-4203. [CrossRef] [PubMed]

O’Connor, J.C,; Julian, J.; Lim, S.D.; Carson, D.D. MUC1 expression in human prostate cancer cell lines and
primary tumors. Prostate Cancer Prostatic Dis. 2005, 8, 36—44. [CrossRef] [PubMed]

Koga, T.; Kuwahara, I; Lillehoj, E.P.; Lu, W.; Miyata, T.; Isohama, Y.; Kim, K.C. TNF-« induces MUCI gene
transcription in lung epithelial cells: Its signaling pathway and biological implication. Am. J. Physiol. Lung
Cell. Mol. Physiol. 2007, 293, L693-L701. [CrossRef] [PubMed]

Straus, D.S.; Glass, C.K. Anti-inflammatory actions of PPAR ligands: New insights on cellular and molecular
mechanisms. Trends Immunol. 2007, 28, 551-558. [CrossRef] [PubMed]

Shalom-Barak, T.; Nicholas, ] M.; Wang, Y.; Zhang, X.; Ong, E.S.; Young, T.H.; Gendler, S.J.; Evans, RM.;
Barak, Y. Peroxisome proliferator-activated receptor y controls Mucl transcription in trophoblasts.
Mol. Cell. Biol. 2004, 24, 10661-10669. [CrossRef] [PubMed]

Park, Y.S; Lillehoj, E.P.; Kato, K.; Park, C.S.; Kim, K.C. PPARY inhibits airway epithelial cell inflammatory
response through a MUC1-dependent mechanism. Am. ]. Physiol. Lung Cell. Mol. Physiol. 2012, 302,
L679-1L687. [CrossRef] [PubMed]

Park, Y.S.; Guang, W.; Blanchard, T.G.; Kim, K.C.; Lillehoj, E.P. Suppression of IL-8 production in gastric
epithelial cells by MUC1 mucin and peroxisome proliferator-associated receptor-y. Am. J. Physiol. Gastrointest.
Liver Physiol. 2012, 303, G765-G774. [CrossRef] [PubMed]

Kawai, T.; Akira, S. Signaling to NF-«B by Toll-like receptors. Trends Mol. Med. 2007, 13, 460-469. [CrossRef]
[PubMed]

Kato, K.; Lillehoj, E.P; Park, Y.S.; Umehara, T.; Hoffman, N.E.; Madesh, M.; Kim, K.C. Membrane-tethered
MUCT mucin is phosphorylated by epidermal growth factor receptor in airway epithelial cells and associates
with TLR5 to inhibit recruitment of MyD88. J. Immunol. 2012, 188, 2014-2022. [CrossRef] [PubMed]


http://dx.doi.org/10.1152/ajplung.00385.2003
http://www.ncbi.nlm.nih.gov/pubmed/15220114
http://dx.doi.org/10.1074/jbc.270.50.30093
http://www.ncbi.nlm.nih.gov/pubmed/8530414
http://dx.doi.org/10.4049/jimmunol.176.7.3890
http://www.ncbi.nlm.nih.gov/pubmed/16547220
http://dx.doi.org/10.1007/s00011-012-0494-y
http://www.ncbi.nlm.nih.gov/pubmed/22643830
http://dx.doi.org/10.1016/j.jaci.2014.07.011
http://www.ncbi.nlm.nih.gov/pubmed/25159466
http://dx.doi.org/10.1165/rcmb.2007-0336RC
http://www.ncbi.nlm.nih.gov/pubmed/18079492
http://dx.doi.org/10.1165/rcmb.2009-0323OC
http://www.ncbi.nlm.nih.gov/pubmed/20448050
http://dx.doi.org/10.1182/blood-2011-04-325225
http://www.ncbi.nlm.nih.gov/pubmed/22053109
http://dx.doi.org/10.1002/jcb.10261
http://www.ncbi.nlm.nih.gov/pubmed/12210742
http://dx.doi.org/10.1080/00016480310001268
http://www.ncbi.nlm.nih.gov/pubmed/12797589
http://dx.doi.org/10.1210/en.2004-0399
http://www.ncbi.nlm.nih.gov/pubmed/15142990
http://dx.doi.org/10.1038/sj.pcan.4500762
http://www.ncbi.nlm.nih.gov/pubmed/15477874
http://dx.doi.org/10.1152/ajplung.00491.2006
http://www.ncbi.nlm.nih.gov/pubmed/17575006
http://dx.doi.org/10.1016/j.it.2007.09.003
http://www.ncbi.nlm.nih.gov/pubmed/17981503
http://dx.doi.org/10.1128/MCB.24.24.10661-10669.2004
http://www.ncbi.nlm.nih.gov/pubmed/15572671
http://dx.doi.org/10.1152/ajplung.00360.2011
http://www.ncbi.nlm.nih.gov/pubmed/22268120
http://dx.doi.org/10.1152/ajpgi.00023.2012
http://www.ncbi.nlm.nih.gov/pubmed/22766852
http://dx.doi.org/10.1016/j.molmed.2007.09.002
http://www.ncbi.nlm.nih.gov/pubmed/18029230
http://dx.doi.org/10.4049/jimmunol.1102405
http://www.ncbi.nlm.nih.gov/pubmed/22250084

J. Clin. Med. 2017, 6, 110 14 of 16

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Kato, K,; Lillehoj, E.P,; Kim, K.C. MUC1 regulates epithelial inflammation and apoptosis by polyL:C through
inhibition of Toll/IL-1 receptor-domain-containing adapter-inducing IFN- (TRIF) recruitment to Toll-like
receptor 3. Am. J. Respir. Cell Mol. Biol. 2014, 51, 446-454. [CrossRef]

Kato, K.; Lillehoj, E.P.; Kim, K.C. Pseudomonas aeruginosa stimulates tyrosine phosphorylation of and TLR5
association with the MUC1 cytoplasmic tail through EGFR activation. Inflamm. Res. 2016, 65, 225-233.
[CrossRef]

Aggarwal, N.R,; King, L.S.; D’Alessio, ER. Diverse macrophage populations mediate acute lung inflammation
and resolution. Am. J. Physiol. Lung Cell. Mol. Physiol. 2014, 306, L709-L725. [CrossRef] [PubMed]

Kato, K.; Hanss, A.D.; Zemskova, M.A.; Morgan, N.E.; Kim, M.; Knox, K.S.; Lin, Y.; Lillehoj, E.P;
Kim, K.C. Pseudomonas aeruginosa increases MUC1 expression in macrophages through the TLR4-p38 pathway.
Biochem. Biophys. Res. Commun. 2017, 492, 231-235. [CrossRef]

Yen, JH,; Xu, S; Park, YS,; Ganea, D; Kim, K.C. Higher susceptibility to experimental
autoimmune encephalomyelitis in Muc1-deficient mice is associated with increased Th1/Th17 responses.
Brain Behav. Immun. 2013, 29, 70-81. [CrossRef] [PubMed]

Kato, K.; Zemskova, M.A.; Hanss, A.D.; Kim, M.M.; Summer, R.; Kim, K.C. Mucl deficiency exacerbates
pulmonary fibrosis in a mouse model of silicosis. Biochem. Biophys. Res. Commun. 2017, 493, 1230-1235.
[CrossRef] [PubMed]

Imbert, Y.; Darling, D.S.; Jumblatt, M.M.; Foulks, G.N.; Couzin, E.G; Steele, P.S.; Young, WW., Jr. MUC1
splice variants in human ocular surface tissues: Possible differences between dry eye patients and normal
controls. Exp. Eye Res. 2006, 83, 493-501. [CrossRef] [PubMed]

Imbert-Fernandez, Y.; Radde, B.N.; Teng, Y.; Young, WW,, Jr.; Hu, C.; Klinge, C.M. MUC1/A and MUC1/B
splice variants differentially regulate inflammatory cytokine expression. Exp. Eye Res. 2011, 93, 649-657.
[CrossRef] [PubMed]

Menon, B.B.; Kaiser-Marko, C.; Spurr-Michaud, S.; Tisdale, A.S.; Gipson, I.K. Suppression of Toll-like
receptor-mediated innate immune responses at the ocular surface by the membrane-associated mucins
MUC1 and MUC16. Mucosal Immunol. 2015, 8, 1000-1008. [CrossRef] [PubMed]

McGuckin, M.A; Every, A.L,; Skene, C.D.; Linden, S.K.; Chionh, Y.T.; Swierczak, A.; McAuley, J.; Harbour, S.;
Kaparakis, M.; Ferrero, R.; et al. Mucl mucin limits both Helicobacter pylori colonization of the murine gastric
mucosa and associated gastritis. Gastroenterology 2007, 133, 1210-1218. [CrossRef] [PubMed]

Guang, W,; Ding, H.; Czinn, S.J.; Kim, K.C.; Blanchard, T.G.; Lillehoj, E.P. Mucl cell surface mucin attenuates
epithelial inflammation in response to a common mucosal pathogen. J. Biol. Chem. 2010, 285, 20547-20557.
[CrossRef] [PubMed]

Guang, W.; Twaddell, W.S,; Lillehoj, E.P. Molecular interactions between MUC1 epithelial mucin, 3-catenin,
and cagA proteins. Front. Immunol. 2012, 3, 105. [CrossRef] [PubMed]

Sheng, Y.H.; Triyana, S.; Wang, R.; Das, I.; Gerloff, K.; Florin, T.H.; Sutton, P.; McGuckin, M.A. MUC1 and
MUC13 differentially regulate epithelial inflammation in response to inflammatory and infectious stimuli.
Mucosal Immunol. 2013, 6, 557-568. [CrossRef] [PubMed]

Every, A.L.; Ng, G.Z.; Skene, C.D.; Harbour, S.N.; Walduck, A.K.; McGuckin, M.A.; Sutton, P. Localized
suppression of inflammation at sites of Helicobacter pylori colonization. Infect. Immun. 2011, 79, 4186—4192.
[CrossRef] [PubMed]

Lindén, S.K.; Sheng, Y.H.; Every, A.L.; Miles, K.M.; Skoog, E.C.; Florin, T.H.; Sutton, P.; McGuckin, M. A.
MUCT1 limits Helicobacter pylori infection both by steric hindrance and by acting as a releasable decoy:.
PLoS Pathog. 2009, 5, €1000617. [CrossRef] [PubMed]

Ng, G.Z.; Menheniott, T.R.; Every, A.L.; Stent, A.; Judd, L.M.; Chionh, Y.T.; Dhar, P.; Komen, ].C.; Giraud, A.S.;
Wang, T.C.; et al. The MUC1 mucin protects against Helicobacter pylori pathogenesis in mice by regulation of
the NLRP3 inflammasome. Gut 2016, 65, 1087-1099. [CrossRef] [PubMed]

Ng, G.Z.; Sutton, P. The MUC1 mucin specifically inhibits activation of the NLRP3 inflammasome.
Genes Immun. 2016, 17, 203-206. [CrossRef] [PubMed]

Hirasawa, Y.; Kohno, N.; Yokoyama, A.; Inoue, Y.; Abe, M.; Hiwada, K. KL-6, a human MUC1 mucin, is
chemotactic for human fibroblasts. Am. J. Respir. Cell Mol. Biol. 1997, 17, 501-507. [CrossRef] [PubMed]
Ishikawa, N.; Hattori, N.; Yokoyama, A.; Kohno, N. Utility of KL-6/MUC1 in the clinical management of
interstitial lung diseases. Respir. Investig. 2012, 50, 3-13. [CrossRef] [PubMed]


http://dx.doi.org/10.1165/rcmb.2014-0018OC
http://dx.doi.org/10.1007/s00011-015-0908-8
http://dx.doi.org/10.1152/ajplung.00341.2013
http://www.ncbi.nlm.nih.gov/pubmed/24508730
http://dx.doi.org/10.1016/j.bbrc.2017.08.056
http://dx.doi.org/10.1016/j.bbi.2012.12.004
http://www.ncbi.nlm.nih.gov/pubmed/23261777
http://dx.doi.org/10.1016/j.bbrc.2017.09.047
http://www.ncbi.nlm.nih.gov/pubmed/28916165
http://dx.doi.org/10.1016/j.exer.2006.01.031
http://www.ncbi.nlm.nih.gov/pubmed/16631167
http://dx.doi.org/10.1016/j.exer.2011.08.004
http://www.ncbi.nlm.nih.gov/pubmed/21854773
http://dx.doi.org/10.1038/mi.2014.127
http://www.ncbi.nlm.nih.gov/pubmed/25563498
http://dx.doi.org/10.1053/j.gastro.2007.07.003
http://www.ncbi.nlm.nih.gov/pubmed/17919495
http://dx.doi.org/10.1074/jbc.M110.121319
http://www.ncbi.nlm.nih.gov/pubmed/20430889
http://dx.doi.org/10.3389/fimmu.2012.00105
http://www.ncbi.nlm.nih.gov/pubmed/22566976
http://dx.doi.org/10.1038/mi.2012.98
http://www.ncbi.nlm.nih.gov/pubmed/23149663
http://dx.doi.org/10.1128/IAI.05602-11
http://www.ncbi.nlm.nih.gov/pubmed/21807907
http://dx.doi.org/10.1371/journal.ppat.1000617
http://www.ncbi.nlm.nih.gov/pubmed/19816567
http://dx.doi.org/10.1136/gutjnl-2014-307175
http://www.ncbi.nlm.nih.gov/pubmed/26079943
http://dx.doi.org/10.1038/gene.2016.10
http://www.ncbi.nlm.nih.gov/pubmed/26938663
http://dx.doi.org/10.1165/ajrcmb.17.4.2253
http://www.ncbi.nlm.nih.gov/pubmed/9376125
http://dx.doi.org/10.1016/j.resinv.2012.02.001
http://www.ncbi.nlm.nih.gov/pubmed/22554854

J. Clin. Med. 2017, 6, 110 150f 16

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Ohshimo, S.; Bonella, E.; Grammann, N.; Starke, K.; Cui, A.; Bauer, P.C.; Teschler, H.; Kohno, N.; Guzman, J.;
Costabel, U. Serum KL-6 as a novel disease marker in adolescent and adult cystic fibrosis. Sarcoidosis Vasc.
Diffuse Lung Dis. 2009, 26, 47-53. [PubMed]

Imai, T.; Takase, M.; Takeda, S.; Kougo, T. Serum KL-6 levels in pediatric patients: Reference values for
children and levels in pneumonia, asthma, and measles patients. Pediatr. Pulmonol. 2002, 33, 135-141.
[CrossRef] [PubMed]

Zheng, Z.; Qi, Y,; Xu, X,; Jiang, H.; Li, Z.; Yang, Q.; Zhang, C.; Zhang, K.; Chen, R.; Wang, J.; et al.
Sputum mucin 1 is increased during the acute phase of chronic obstructive pulmonary disease exacerbation.
J. Thorac. Dis. 2017, 9, 1873-1882. [CrossRef] [PubMed]

Ishikawa, N.; Hattori, N.; Tanaka, S.; Horimasu, Y.; Haruta, Y.; Yokoyama, A.; Kohno, N.; Kinnula, V.L.
Levels of surfactant proteins A and D and KL-6 are elevated in the induced sputum of chronic obstructive
pulmonary disease patients: A sequential sputum analysis. Respiration 2011, 82, 10-18. [CrossRef] [PubMed]
Hinojosa-Kurtzberg, A.M.; Johansson, M.E.; Madsen, C.S.; Hansson, G.C.; Gendler, S.J. Novel MUC1 splice
variants contribute to mucin overexpression in CFTR-deficient mice. Am. J. Physiol. Gastrointest. Liver Physiol.
2003, 284, G853-G862. [CrossRef] [PubMed]

Malmberg, E.K.; Noaksson, K.A.; Phillipson, M.; Johansson, M.E.; Hinojosa-Kurtzberg, M.; Holm, L.;
Gendler, S.J.; Hansson, G.C. Increased levels of mucins in the cystic fibrosis mouse small intestine, and
modulator effects of the Mucl mucin expression. Am. ]. Physiol. Gastrointest. Liver Physiol. 2006, 291,
G203-G210. [CrossRef] [PubMed]

Yao, M.; Zhang, W.; Zhang, Q.; Xing, L.; Xu, A.; Liu, Q.; Cui, B. Overexpression of MUC1 enhances
proangiogenic activity of non-small-cell lung cancer cells through activation of Akt and extracellular
signal-regulated kinase pathways. Lung 2011, 189, 453-460. [CrossRef] [PubMed]

Guddo, F; Giatromanolaki, A.; Koukourakis, M.I.; Reina, C.; Vignola, A.M.; Chlouverakis, G.; Hilkens, J.;
Gatter, K.C.; Harris, A.L.; Bonsignore, G. MUCI (episialin) expression in non-small cell lung cancer is
independent of EGFR and c-erbB-2 expression and correlates with poor survival in node positive patients.
J. Clin. Pathol. 1998, 51, 667-671. [CrossRef] [PubMed]

Khodarev, N.N.; Pitroda, S.P.; Beckett, M.A.; MacDermed, D.M.; Huang, L.; Kufe, D.W.; Weichselbaum, R.R.
MUC1-induced transcriptional programs associated with tumorigenesis predict outcome in breast and lung
cancer. Cancer Res. 2009, 69, 2833-2837. [CrossRef] [PubMed]

Xu, X.; Bai, L.; Chen, W,; Padilla, M.T.; Liu, Y.; Kim, K.C.; Belinsky, S.A.; Lin, Y. MUC1 contributes
to BPDE-induced human bronchial epithelial cell transformation through facilitating EGFR activation.
PLoS ONE 2012, 7, €33846. [CrossRef] [PubMed]

Chen, Y.T,; Gallup, M.; Nikulina, K.; Lazarev, S.; Zlock, L.; Finkbeiner, W.; McNamara, N. Cigarette smoke
induces epidermal growth factor receptor-dependent redistribution of apical MUC1 and junctional (3-catenin
in polarized human airway epithelial cells. Am. . Pathol. 2010, 177, 1255-1264. [CrossRef] [PubMed]
Zhang, L.; Gallup, M.; Zlock, L.; Basbaum, C.; Finkbeiner, W.E.; McNamara, N.A. Cigarette smoke disrupts
the integrity of airway adherens junctions through the aberrant interaction of p120-catenin with the
cytoplasmic tail of MUCL. J. Pathol. 2013, 229, 74-86. [CrossRef] [PubMed]

Zhang, L.; Gallup, M.; Zlock, L.; Chen, Y.T.; Finkbeiner, W.E.; McNamara, N.A. Pivotal role of MUC1
glycosylation by cigarette smoke in modulating disruption of airway adherens junctions in vitro. J. Pathol.
2014, 234, 60-73. [CrossRef] [PubMed]

Zhang, L.; Gallup, M.; Zlock, L.; Feeling Chen, Y.T.; Finkbeiner, WE.; McNamara, N.A. Cigarette
smoke mediates nuclear to cytoplasmic trafficking of transcriptional inhibitor Kaiso through MUC1 and
p120-catenin. Am. J. Pathol. 2016, 186, 3146-3159. [CrossRef] [PubMed]

Xu, X.; Padilla, M.T.; Li, B.; Wells, A.; Kato, K.; Tellez, C.; Belinsky, S.A.; Kim, K.C.; Lin, Y. MUC1 in
macrophage: Contributions to cigarette smoke-induced lung cancer. Cancer Res. 2014, 74, 460-470. [CrossRef]
[PubMed]

Raina, D.; Kosugi, M.; Ahmad, R.; Panchamoorthy, G.; Rajabi, H.; Alam, M.; Shimamura, T.; Shapiro, G.I;
Supko, J.; Kharbanda, S.; et al. Dependence on the MUC1-C oncoprotein in non-small cell lung cancer cells.
Mol. Cancer Ther. 2011, 10, 806-816. [CrossRef] [PubMed]

Raina, D.; Ahmad, R.; Joshi, M.D,; Yin, L.; Wu, Z.; Kawano, T.; Vasir, B.; Avigan, D.; Kharbanda, S.; Kufe, D.
Direct targeting of the mucin 1 oncoprotein blocks survival and tumorigenicity of human breast carcinoma
cells. Cancer Res. 2009, 69, 5133-5141. [CrossRef] [PubMed]


http://www.ncbi.nlm.nih.gov/pubmed/19960788
http://dx.doi.org/10.1002/ppul.10044
http://www.ncbi.nlm.nih.gov/pubmed/11802251
http://dx.doi.org/10.21037/jtd.2017.06.63
http://www.ncbi.nlm.nih.gov/pubmed/28839985
http://dx.doi.org/10.1159/000324539
http://www.ncbi.nlm.nih.gov/pubmed/21474912
http://dx.doi.org/10.1152/ajpgi.00326.2002
http://www.ncbi.nlm.nih.gov/pubmed/12529261
http://dx.doi.org/10.1152/ajpgi.00491.2005
http://www.ncbi.nlm.nih.gov/pubmed/16500918
http://dx.doi.org/10.1007/s00408-011-9327-y
http://www.ncbi.nlm.nih.gov/pubmed/21959954
http://dx.doi.org/10.1136/jcp.51.9.667
http://www.ncbi.nlm.nih.gov/pubmed/9930070
http://dx.doi.org/10.1158/0008-5472.CAN-08-4513
http://www.ncbi.nlm.nih.gov/pubmed/19318547
http://dx.doi.org/10.1371/journal.pone.0033846
http://www.ncbi.nlm.nih.gov/pubmed/22457794
http://dx.doi.org/10.2353/ajpath.2010.091129
http://www.ncbi.nlm.nih.gov/pubmed/20651243
http://dx.doi.org/10.1002/path.4070
http://www.ncbi.nlm.nih.gov/pubmed/22833523
http://dx.doi.org/10.1002/path.4375
http://www.ncbi.nlm.nih.gov/pubmed/24838315
http://dx.doi.org/10.1016/j.ajpath.2016.08.011
http://www.ncbi.nlm.nih.gov/pubmed/27765636
http://dx.doi.org/10.1158/0008-5472.CAN-13-1713
http://www.ncbi.nlm.nih.gov/pubmed/24282280
http://dx.doi.org/10.1158/1535-7163.MCT-10-1050
http://www.ncbi.nlm.nih.gov/pubmed/21421804
http://dx.doi.org/10.1158/0008-5472.CAN-09-0854
http://www.ncbi.nlm.nih.gov/pubmed/19491255

J. Clin. Med. 2017, 6, 110 16 of 16

120. Bitler, B.G.; Menzl, I.; Huerta, C.L.; Sands, B.; Knowlton, W.; Chang, A.; Schroeder, ].A. Intracellular MUC1
peptides inhibit cancer progression. Clin. Cancer Res. 2009, 15, 100-109. [CrossRef] [PubMed]

121. Xu, X,; Chen, W,; Leng, S.; Padilla, M.T.; Saxton, B.; Hutt, ].; Tessema, M.; Kato, K.; Kim, K.C.; Belinsky, S.A.; et al.
Mucl knockout potentiates murine lung carcinogenesis involving an epiregulin-mediated EGFR activation
feedback loop. Carcinogenesis 2017, 38, 604-614. [CrossRef] [PubMed]

122. Joshi, M.D.; Ahmad, R;; Yin, L.; Raina, D.; Rajabi, H.; Bubley, G.; Kharbanda, S.; Kufe, D. MUC1 oncoprotein
is a druggable target in human prostate cancer cells. Mol. Cancer Ther. 2009, 8, 3056-3065. [CrossRef]
[PubMed]

® © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1158/1078-0432.CCR-08-1745
http://www.ncbi.nlm.nih.gov/pubmed/19118037
http://dx.doi.org/10.1093/carcin/bgx039
http://www.ncbi.nlm.nih.gov/pubmed/28472347
http://dx.doi.org/10.1158/1535-7163.MCT-09-0646
http://www.ncbi.nlm.nih.gov/pubmed/19887552
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Structure of the MUC1 Glycoprotein 
	Expression of MUC1 in the Respiratory Tract 
	MUC1 Is an Airway Epithelial Cell Binding Site for Pseudomonas aeruginosa 
	Inhibition of Airway Inflammation by MUC1 
	TNF Increases MUC1 Expression through a Mitogen-Activated Protein Kinase (MAPK)   Sp1 Signaling Pathway 
	Role of Peroxisome Proliferator-Activated Receptor- (PPAR-) in the Anti-Inflammatory Effects of MUC1 
	The MUC1-CT Associates with TLR5 to Inhibit Recruitment of Adaptor Proteins 
	EGFR Activation Increases MUC1-CT Association with TLR5 
	Additional Role of Airway Macrophages in the Anti-Inflammatory Effects of MUC1 
	Anti-Inflammatory Effects of MUC1 Outside of the Airways 
	Role of MUC1 in Non-Pneumonia Respiratory Diseases 
	Perspectives 

