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Abstract Mucins are major glycoprotein components of the
mucus that coats the surfaces of cells lining the respiratory,
digestive, gastrointestinal and urogenital tracts. They function
to protect epithelial cells from infection, dehydration and
physical or chemical injury, as well as to aid the passage of
materials through a tract i.e., lubrication. They are also impli-
cated in the pathogenesis of benign and malignant diseases of
secretory epithelial cells. In Human there are two types of
mucins, membrane-bound and secreted that are originated
from mucous producing goblet cells localized in the epithelial
cell layer or in mucous producing glands and encoded by
MUC gene. Mucins belong to a heterogeneous family of high
molecular weight proteins composed of a long peptidic chain
with a large number of tandem repeats that form the so-called
mucin domain. The molecular weight is generally high, rang-
ing between 0.2 and 10 million Dalton and all mucins contain
one or more domains which are highly glycosylated. The size
and number of repeats vary between mucins and the genetic
polymorphism represents number of repeats (VNTR polymor-
phisms), which means the size of individual mucins can differ
substantially between individuals which can be used as
markers. In human it is only MUC1 and MUC7 that have
mucin domains with less than 40 % serine and threonine
which in turn could reduce number of PTS domains. Mucins
can be considered as powerful two-edged sword, as its normal
function protects from unwanted substances and organisms at

an arm’s length while, malfunction of mucus may be an im-
portant factor in human diseases. In this review we have
unearthed the current status of different mucin proteins in
understanding its role and function in various non-
communicable diseases in human with special reference to
its organ specific locations. The findings described in this
review may be of direct relevance to the major research area
in biomedicine with reference to mucin and mucin associated
diseases.
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Abbreviations
MUC Mucin
VNTR Variable number of tandem repeats
PMP Pseudomyxoma peritonei
CRC Colorectal cancer
DFS Disease free survival
OMT Ovarian mucinous tumours
HER2 Human epidermal growth factor receptor 2
TNBC Triple negative breast cancer
CA125 Cancer antigen 125
MS Minisatellite
CaP Prostate cancer
pfu Plaque-forming units
PMP Pseudomyxoma peritonei
PDA Pancreatic ductal adenocarcinoma
PC Pancreatic cancer
PDA Pancreatic ductal adenocarcinoma
IPMN Intraductal papillary–mucinous neoplasm
PanIN Pancreatic intraepithelial neoplasia
ECM Extracellular matrix components
VEGF Vascular endothelial growth factor
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IDC Invasive ductal carcinoma
MCN Mucinous cystic neoplasm
IPMT Intraductal papillary-mucinous tumour
CagA Cytotoxin-associated gene A
H. Pylori Helicobacter pylori
SCLC Small-cell lung carcinoma
NSCLC Non-small-cell lung carcinoma
SRCC Signet-ring cell carcinoma
IPF Idiopathic pulmonary fibrosis
SSc Systemic sclerosis
ILD Interstitial lung disease
CF Cystic fibrosis
CFTR CF transmembrane conductance regulator
DPB Diffuse panbronchiolitis
HSCR Hirschsprung disease
CP Cap polyposis
RCC Renal cell carcinoma
MCKD1 Medullary cystic kidney disease1
ESRD End-stage renal disease
GBC Gallbladder cancer
MUPCDH Mucin and cadherin-like protein
TRs Tandem repeats
HMEECs Human middle ear epithelial cell lines
RA Rheumatoid arthritis

Visiting mucins

Mucins are gel like secretions that belongs to a broad family of
polydisperse, with high molecular mass and heavily glycosyl-
ated, molecules which are synthesized by epithelial goblet
cells or submucosal gland [1]. They possess varied functions
of lubrication, signal transduction in forming chemical and
pathogen barriers. Currently, 22 human mucin (MUC) genes
have been reported [2] which are categorised into two major
types, membrane-bound and secretory. In human, nine
membrane-bound (MUC1, MUC3A, MUC3B, MUC4,
MUC12, MUC13, MUC16 MUC17 and MUC22) [3–9] and
seven secreted mucins (MUC2, MUC5B, MUC5AC, MUC6,
MUC7, MUC19 and MUC20) [10–16] that are further sub-
divided as gel-forming (MUC2, MUC5B, MUC5AC, MUC6
and MUC19) and non-gel forming (MUC7and MUC20), re-
spectively (Table 1, Fig. 1).

Expression profile of mucins varies between tissues with
the gastrointestinal tract showing the highest and most diverse
expression. The protein structure of mucins have non-glyco-
sylated amino and carboxyl terminal with a heavily glycosyl-
ated central region having multiple tandem repeats rich in
serine or threonine. The size and number of repeats vary be-
tween mucins, and the genetic polymorphism represents num-
ber of repeats (VNTR polymorphisms), which means the size
of individual mucins can differ substantially between
individuals.

Secretory mucins are glycoproteins constituting the major
macromolecular component of mucus, which plays a role in
cell-cell and cell-matrix interactions and cytoprotection of ep-
ithelial surfaces. secretory mucins are further divided into
three distinct subfamilies: (a) secreted gel-forming mucins,
(b) cell-surface mucins and (c) secreted non-gel-forming mu-
cins. Its biochemical and cellular functions have not been
definitively assigned; on the other hand, membrane bound
have been reported to function as cell surface receptors for
pathogens and for activating intracellular signaling pathways
[17]. Mucins combine with inorganic salts suspended in water
to form mucus. Mucus, secreted by goblet cells, adheres to
many epithelial surfaces like that of respiratory, gastrointesti-
nal, urinary and genital tracts. Mucus is also an abundant and
important component of saliva and is also present on eye
surface. Mucus is said to serve as a substrate for the growth,
adhesion and protection of the trillions of microbial cells that
are present in the lumen in the gastrointestinal (GI) tract.

Phlegum, sputum and pus are different constituents of Mu-
cus that are found in various human diseases [18]. Phlegm is
from a Greek term for inflammation which is said to be a
purulent secretion that is produced from airway inflammation.
Phlegm consists of breakdown products of inflammatory cells
and epithelial cells, including copolymers of DNA and fila-
mentous (F-) actin, bacteria, cell debris and variable amounts
of mucin [19, 20]. The expectorated phlegm is called sputum.
The pus component of mucus is derived from neutrophil deg-
radation that includes viscous material such as polymerized
DNA and filamentous (F-) actin [21].

Malfunction of mucus is an important factor in human dis-
eases, both in the etiology of certain pathological conditions or
in the exacerbation of functional disturbances that have their
mechanistic origin elsewhere. It is said that the deregulation of
mucins/mucus production can have serious health conse-
quences [22]. Human mucins are associated with diseases like
adenocarcinomas of various tissues and are overexpressed in
lung diseases like Chronic Obstructive Pulmonary Disease
(COPD) and cystic fibrosis (CF) [17, 18]. It forms a major
part of gastrointestinal tract and is involved in its health and
disease [23–31]. Mucins play a major role in accommodating
the resident commensal flora and limiting infectious disease
by creating a mucosal barrier between external environment
and tissues [32]. Mucins have also being considered as drug
targets for some diseases like asthma, breast cancer, gastric
cancer, pancreatic cancer etc. [33–40]. It is also being used
as disease diagnosis [41–45, 23, 26] and prognosis [46] espe-
cially for certain carcinomas like breast cancer, colorectal can-
cer, pancreatic cancer, gastric carcinoma. In this review we
explored the role of mucin mainly in non-communicable dis-
eases of various organ systems of the human body like Carci-
nomas, Gastric carcinoma of stomach, Renal clear cell carci-
noma, Medullary Cystic Kidney Disease Type 1 kidney, In-
flammatory bowel disease (IBD), Hirschsprung’s Disease,
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Cap polyposis of intestine, Lung cancer, Idiopathic pulmonary
fibrosis of Lung and Dry Eye Disease of eye etc.

Human cancers

Epithelial tissues are widely distributed, lining the external
and internal surfaces of our bodies and playing a number of
specialized roles in human body with reference to various
carcinomas that originate in epithelial tissues. These epithelia
are covered byMucus glycoproteins or mucins and provide an
important role in their protection and lubrication. Mucins are
present at the surface of most epithelial cells and play a role in
their protection and lubrication. Both secretory and membrane
bound mucins are closely involved in inflammation and can-
cer. Mucin protects the epithelial cells from the adverse effect
of inflammatory response. Therefore, in cancer transforma-
tions, during progression and even in drug response mucin
molecule plays an important role [47] thus considered as di-
agnostic marker [33] and drug target for cancer detection and
therapies [48]. Functional analysis of drug resistant cancer
cells revealed the differential expression of mucin potentially
involved in angiogenesis, metastasis, differentiation and pro-
liferation [49, 50]. Abnormal expression of the mucins are
said to be reported in various cancers [51, 52], such as pan-
creatic adenocarcinomas, colon carcinomas [53], Breast can-
cer [48, 54] and cancers associated with other organs (Fig. 2).

Several animal models of mucin depleted foci or mucin ther-
apy have demonstrated the role of mucin in onset and progres-
sion of carcinogenesis indicating importance of mucin in can-
cers [55, 56].

Breast cancer

Breast cancer (BC) is the most common cancer in women
worldwide and is the second leading cause of cancer related
mortality in women worldwide after lung cancer [48, 54]. It
was reported that between 50 and 75% of breast cancers begin
in the ducts, 10–15 % begin in the lobules and a few begin in
other breast tissues [57]. MUC1 is over-expressed compared
with other mucins in breast cancer [58] and therefore is mostly
studied mucin for BC. It was demonstrated that other mucins,
including MUC2, MUC3, MUC4, MUC5AC, MUC5B,
MUC6 and MUC7 are also differentially expressed in BC
cells. Over-expression and altered glycosylation allows
MUC1 to be used as a cancer marker [59] as a result it is the
most widely targeted mucin for the therapy of BC. Histopath-
ologically breast cancer is of three types: Invasive ductal car-
cinoma found in 55%, ductal carcinoma in situ found in 13%
and invasive lobular carcinoma found in 5% of breast cancers.
BCs with reference to mucins are of two types mucinous and
ductal carcinoma, the major form is ductal carcinoma. Kim
et al. [60] has classified 4 subtypes of Breast tumors: luminal

Fig. 1 The most commonly studied mucins are depicted. Cysteine-rich
domains (D1, D2, D3 and D4) similar to the D domains that flank the
tandem repeat region (TR) and provide sites for disulfide cross-linking.

Additional cysteines (Cys) and a cysteine knot (CK) flank the TR.
transmembrane (TM), cytoplasmic tail (CT), histatin-like domain (Hsn),
epidermal growth factor (EGF). Drawn based on [371]
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A, luminal B, human epidermal growth factor receptor 2
(HER2) and triple negative breast cancer (TNBC). Mucinous
carcinoma of the breast usually shows less frequent lymph
node metastasis and more favourable outcome compared with
invasive ductal carcinoma of the breast [61–64, 28]. Compar-
ison of selected mucin expression in mucinous and ductal
carcinomas revealed thatMUC2 andMUC6 expression is sig-
nificantly more common in mucinous carcinomas (94 and
71 %, respectively) than in ductal carcinomas (15 and 15 %,
respectively). Unlike MUC2 and MUC6; MUC1, is highly
expressed in both types of BC (65–100 % in mucinous and
92–100 % in ductal carcinoma) and MUC5AC, is rarely
expressed (12 and 4 % in mucinous and ductal cancer respec-
tively) [28]. The high level of the aberrant MUC1 expression
in breast cancer and other cancers results in antigenically rec-
ognizable epitopes on the MUC1 molecule leading to stimu-
lation of the immune response and makingMUC1 a potential
immunotherapeutic target. [65]. Based on differential expres-
sion of mucins, investigations were carried for potential diag-
nostic and prognostic relevance in BC and other malignancies
and reviewed that the potential mucins can be used as diag-
nostic and prognostic markers in malignancies [66–70].

Ovarian cancer

Ovarian cancer accounts for approximately 3 % of all cancers
in women and is the fifth leading cause of death for women in

developing countries [71, 72] that causes more deaths than
any other cancer of the female reproductive system, with more
than 15,000 deaths expected in 2013 in the United States alone
[73]. Mucins may be attractive candidates for the detection of
early stage ovarian cancer as 90 % of ovarian cancers are of
epithelial origin, [71, 72, 74].

Dong et al. [75] have described the detailed expression of
MUC1 and MUC2 in epithelial ovarian tumours and sug-
gested that MUC1 influences metastasis with the support of
experimental evidence. Wang and Bahrawy [76] has com-
pared the expression of four MUCs (MUC1, MUC2,
MUC5AC and MUC6) in ovarian mucinous tumours (OMT)
with statistical analysis and reported the change in the expres-
sions of MUC2 and MUC6 with the progression of benign to
malignant tumours via borderline and suggested that these
changes may contribute to malignant transformation.

Mucins can serve as tumour markers based on the proper-
ties of aberrant O-linked glycosylation, which has been
termed ‘glycodynamics’ that form a linkage between the car-
bohydrate and mucins. In malignant conditions, these hetero-
geneously O-glycosylated mucins aberrantly enter the blood-
stream and therefore, could be the diagnostic biomarkers for
detection and monitoring of cancer [77, 78].

MUC1,MUC2 andMUC16 (Cancer Antigen 125) [68, 79,
80] are the series of mucin molecules (MUCs) that were iden-
tified aberrantly and secreted by ovarian cancer cells. An ovar-
ian cancer antigen, CA125, was later identified as a mucin
molecule and was designated as MUC16 [81, 82]. MUC16

Fig. 2 Wide spectrum of mucins associated with various diseases along with their distribution in different organs in human.
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is routinely used for diagnosis of ovarian cancer and to mon-
itor the recurrence after therapy [83, 84]. Rump et al. [85]
have reported mesothelin to be a novel CA125-binding pro-
tein that contributes to the metastasis of ovarian cancer to the
peritoneum by initiating cell attachment to the mesothelial
epithelium via binding to mesothelin.

Several mucins including MUC1, 2, 4, and 5 AC are
expressed by epithelial ovarian cancers including MUC3 and
MUC5B, which are expressed rarely.MUCl andMUC5AC are
expressed only in transformed non-malignant ovarian epithe-
lial cell lines [86].

An overexpression ofMUC4 mRNA has also been report-
ed in OC [86, 87] and in an earlier study, it has been shown
that MUC4 is aberrantly expressed in >90 % of malignant
ovarian tumors with very low to an undetectable expression
in the normal ovary [88, 89] this suggested MUC4 to have a
major role in the pathogenesis of OC. It has been reported that
malignant ovarian tumors often express more mucins than
benign and borderline ovarian tumors. MUC1 and MUC16
have also been found to have implications in the treatment
of ovarian cancer [90–92].

Ponnusamy et al. [93] studied the evaluating potential in-
volvement ofMUC4 in the metastasis of OC cells by inducing
epithelial-to-mesenchymal transition (EMT) and reported a
novel role for MUC4 in inducing EMT through the upregula-
tion of N-cadherin and promoting metastasis of OC cells.
Chauhan et al. [94] reported the expression profile, functions
and potential role of MUC13 in ovarian cancer diagnosis and
pathogenesis that altered the cellular characteristics of
SKOV3 cells.

Colon and rectal

Colorectal cancer (CRC) is the third most common cancer and
fourth most commonly diagnosed malignant disease world-
wide, with over 1 million new cases each year [95]. It is the
second most frequent cause of cancer death in the world [96,
97]. CRC is also known as colon cancer, rectal cancer or
bowel cancer that is developed in the colon or rectum [98].
Tumours were classified as mucinous carcinoma, when more
than 50 % of tumour volume consisted of mucin [99].MUC1
is a membrane bound glycoprotein, which has been demon-
strated to be predictive of tumour progression and worsening
prognosis in both gastric [100–102] and colorectal cancer
[103, 104]. MUC3 is also a trans-membrane glycoprotein
which is seen in both colorectal cancers and normal colon.
Duncan et al. [105] demonstrated the role for MUC1 in the
progression of colorectal cancer and reported the presence of
MUC1 in colorectal cancer development possibly through its
effects on cell adhesion.

Expression level of MUC2 and 3 was found to be reduced
(down regulated) compared with the levels in normal tissue

[106]. A study on transcriptomic assay of colorectal cancer
(CRC) suggested higher MUC1 mRNA levels in CRCs com-
pared with normal mucosa, whereas MUC4, MUC12, and
MUC13 expression was found to decrease with malignant
transformation and MUC3 mRNA levels in CRCs remain
roughly comparable to those found in normal mucosa [107].
In addition, another study by Duncan et al. [105] has assessed
the prognostic value ofMUC1 expression in a large cohort of
colorectal cancer patients using high throughput tissue micro-
array technology and proposed that tumours lacking expres-
sion ofMUC1will be more likely to metastasise, which is due
to previously observed loss of cell-cell adhesion that lead to
more aggressive cancers with poorer prognosis. This immu-
nohistochemical analysis of MUC1 and MUC3 expression
[105] reported that MUC1 expression in colorectal cancer is
an independent marker of poor prognosis, which supported
the previous studies [108] suggesting the role for MUC1 in
colorectal cancer development, possibly through its effects on
cell adhesion. MUC12, a novel membrane-associated mucin
gene on chromosome 7q22 [5] is also known to be down-
regulated in CRC, [5, 107]. Takatoshi et al. [109] studied the
clinical, pathological and prognostic significance of MUC12
in CRC and reported the expression of MUC12 as a novel
independent prognostic variable in patients with Stages II
and III CRC. Patients with low MUC12 expression showed
significantly poorer disease-free survival (DFS) than those
with high MUC12 expression.

Xiao et al. [110] have reportedMUC20 to be one of the up-
regulated genes in CRC patients with poor prognosis that can
be a newly identified biomarker. It may serve as an important
predictor of recurrence and poor outcome for CRC patients.
MUC20 overexpression could enhance migration and inva-
sion abilities of CRC cells. Walsh et al. [111] has reported
MUC2, MUC5AC, MUC5B and MUC6 in a large series of
colorectal carcinomas and provided the first comprehensive
immune histochemical assessment of MUC5B expression in
colorectal tumors.

Rectal cancer

Unlike colorectal cancer, which occurs in the colon or rectum,
rectal cancer occurs specifically in the tissues of the rectum.
The specific expression pattern of MUC6, MUC2, MUC5AC
and MUC5B during the different steps of tumor progression
toward adenocarcinoma suggested that they play significant
roles in tumorigenesis [112, 113]. Among these, gastric mucin
MUC6 has a role in gastric cancer development [52] and is
aberrantly expressed during the progression of some colorec-
tal cancers [114]. MUC6 has five novel tandem repeats (TR)
(MUC6-(minisatellite, MS) MS1, -MS2, -MS3, -MS4, -MS5)
in intronic regions [115]. Aberrant MUC6 expression was
often found in gastrointestinal diseases, in relation to
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MUC6-MS5 and susceptibility to rectal cancers [116].MUC6-
MS5 sequences with different sizes were found to contain
several putative transcription factors binding sites for Hnf4,
Maz, E2f1, Pbx, Tal, Bach2 and Krox [115]. Ahn et al. [116]
suggested that loci of MUC6 MSs may function as a useful
predisposition marker of rectal cancer risk particularly to the
male gender.

The prognostic value of different mucin component pro-
portions in patients with stage III rectal cancer was studied by
Wang et al. [29] and reported Histological subtype and
lymphovascular invasion to be independent prognostic factors
in multivariate analysis for disease free survival (DFS), and
histological subtype (tumor with different mucin component)
was the only independent prognostic factor for overall surviv-
al (OS). Survival curves showed the survival time of mucin-
ous adenocarcinoma (MUC) was shorter than non-MUC.

Prostate cancer

Prostate cancer (CaP) is developed in the prostate gland in the
male reproductive system [117]. Prostate cancer is now the
most commonly diagnosed malignancy and the second lead-
ing cause of death in American males [118, 119].

Epithelial cancers like such as prostate and breast are found
with the expression ofMUC1, which is aberrantly glycosylat-
ed providing unique targets for imaging and therapy [120].
Andrén et al. [121] have tested the hypothesis that altered
expression of MUC1 is associated with prostate cancer pro-
gression. Based on their studies they reportedMUC1 to be an
independent prognostic marker for prostate cancer death.
Strawbridge et al. [122] has reported the genetic differences
in MUC1 between blood and prostatic cancer tissue that
proved the principle of association studies focussed on blood
DNA rather than on the tumor DNA. The discriminate anti-
bodies between the variants and standardized methods would
help to clarify the role for MUC1 as a prognostic marker.

Cozzi et al. [123] examined the expressions of MUC1,
MUC2, MUC4, MUC5AC and MUC6 in CaP tissues using
microarrays (TMAs) to look for tumor-associated antigens
(TAAs) for targeted therapy and examined a large series by
investigating mucin expression in normal prostate, benign
prostate and CaP. It was reported that MUC1 is over-
expressed in primary CaP (Gleason score 7 or higher) and
90 % lymph node metastases but not in normal prostate, be-
nign prostatic hyperplasia (BPH) or prostatic intraepithelial
neoplasia (PIN) and this over-expression is correlated with
CaP progression. The expression of MUC2, MUC4,
MUC5AC and MUC6 was not found either in normal or in
CaP tissues. MUC1 antigen could be an ideal target for
targeted therapy, especially for CaP in late stage, post-
surgical minimal residual disease (MRD) or for

micrometastatic lesions with moderate to strong MUC1
over-expression.

In addition, increase in the expression of MUC18 during
prostate cancer initiation (high grade PIN) and progression to
carcinoma and in metastatic cell lines and metastatic carcino-
ma was reported by Wu et al. [124].

Pantuck et al. [125] conducted phase 1 clinical trial of 5×
10(5), 5×10(6), and 5×10(7) plaque-forming units (pfu) of
vaccinia viruses in the dose-escalating study to determine
the maximum tolerated dose, safety of a multiple-dose regi-
men and the immunologic effect of vaccinia virus expressing
MUC1 and IL-2 genes (VV/MUC-1/IL-2) in patients with
advanced prostate cancer. It was suggested that 5×10(7) pfu
is safe and well tolerated maximum dose of VV/MUC-1/IL-2
gene therapy.

Pseudomyxoma peritonei

Pseudomyxoma peritonei (PMP) is a rare malignant growth,
characterized by the progressive accumulation of mucus-
secreting (mucinous) tumor cells within the abdomen and pel-
vis. The disorder develops after a small growth (polyp) located
within the appendix bursts through the wall of the appendix
and spreads mucus-producing tumor cells throughout the sur-
rounding surfaces (e.g., the membrane that lines the abdomi-
nal cavity [peritoneum]). Therefore, mucin plays a key role in
the biology of the PMP tumor.

A case of synchronous tumors in appendix and ovaries
with pseudomyxoma peritonei was reported by Ciriza et al.
[126]. Through histopathological analysis they have demon-
strated a well-differentiated mucinous adenocarcinoma of
appendiceal origin with metastasis in ovaries and peritoneum
(pseudomyxoma peritonei).

The primary tumor appears to arise from the MUC2 ex-
pressing goblet cells in the appendix. In case of PMP, mucin
is ectopically secreted and gets deposited in the peritoneal
cavity where it is unable to degrade or drain away and causes
a major part of the morbidity in PMP. Amini et al. [127]
reported the presence of MUC2, MUC5AC and MUC5B in
PMP secretions of which the intestinal mucinMUC2 is known
as the PMP-specific mucin.

O’Connell et al. [128] reported the essential expression of
MUC5AC in primary ovarian mucinous tumors and expres-
sion of MUC2 along with MUC5AC in solitary appendiceal
mucinous tumors and different categories of PMP, which sup-
ports the notion that PMP is a neoplasm of appendiceal origin.
MUC2 is more voluminous than MUC5AC as it is more ex-
tensively glycosylated; hence formation of abundant mucin-
ous collections is more than 10 times of a cell. PMP was
concluded to be a disease of the MUC2-secreting goblet cells
by investigators therefore, based on the conclusion; MUC2
could serve as a molecular marker for PMP [128, 129]. The
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prognostic significance of MUC2 is reported to be controver-
sial, as the expression level of MUC2 in PMP is independent
of the degree of the malignant transformation [130]. The pres-
ence of MUC5B, in addition to MUC2 and MUC5AC was
reported in case studies of PMP subjects [131, 132], investi-
gations by Sheehan et al. implicated a low-charge glycoform
ofMUC5B in the production of a tenacious respiratory mucus
plug [133, 134], it may beMUC5B as speculated byMall et al.
that is responsible for the semisolid material found in some
PMP patients. The development of mucin-targeted therapies
was suggested by Amini et al. [127] which could be a prom-
ising avenue for future research based on the relevance of
MUC2, MUC5AC and MUC5B in PMP.

Pancreatic cancer

Pancreatic cancer (PC) is one of the most aggressive forms of
cancer that has the worst prognosis of all cancers and is the
fourth leading cause of deaths [135]. There are different types
of pancreatic cancer, but the most common is pancreatic ade-
nocarcinoma or Pancreatic Ductal Adenocarcinoma (PDAC),
that accounts about 85 % of the cases, [136] to which the term
Bpancreatic cancer^ is often referred. Invasive ductal carcino-
ma (IDC) of the pancreas is said to be the fifth cause of carci-
noma related death in men and the sixth cause of carcinoma
related death in women in Japan that still has a relatively poor
prognosis [137]. These adenocarcinomas start within the pan-
creatic glands which make digestive enzymes. Jonckheere
et al. [138] focussed on the altered expression pattern of mu-
cins in pancreatic cancer, from the early neoplastic lesion Pan-
creatic Intraepithelial Neoplasia (PanIN) to invasive pancreat-
ic carcinomas, its molecular mechanisms (including genetic
and epigenetic regulation) and signaling pathways known to
control their expression. They discussed the recent advances
about the biology of both secreted and membrane-bound mu-
cins and their key roles in pancreatic carcinogenesis, resis-
tance to therapy and exciting opportunities that mucins offer
as potential therapeutic targets in pancreatic cancer. Relation-
ship between mucin and pancreatic cancer were described in
many reports [139–141].

Levi et al. [142], reported MUC1 as a membrane tethered
glycoprotein expressed on the apical surfaces of normal glan-
dular epithelia that is over-expressed and aberrantly glycosyl-
ated in>60 % of human pancreatic ductal adenocarcinoma
(PDA). Focussing on the role of MUC1 in PC, Curry et al.
[143] have determined the sensitivity and specificity of the
anti-MUC1 antibody, TAB 004 and assessed the Cancer Stem
Cells (CSCs) in Pancreatic Cancer (PC) enzyme immunoas-
say (EIA) that detected circulating MUC1 using TAB 004-
FITC on in vitro PC cell lines. They reported TAB 004 anti-
body may be explored as a therapeutic targeting agent for

CSCs in PC and may be explored as a PC stage diagnostic
biomarker.

Nagata et al. [27] demonstrated the expression profile of
different mucins like MUC1, MUC2, MUC5AC, MUC6 in
various types of pancreatic cancer like invasive ductal carci-
noma (IDC), two subtypes of intraductal papillary—mucinous
neoplasm (IPMN dark cell type and IPMN clear cell type),
pancreatic intraepithelial neoplasia (PanIN), and mucinous
cystic neoplasm (MCN) of the pancreas including normal tis-
sue. Changes in mucin expression or glycosylation accompa-
ny the development of cancer and influence cellular growth,
differentiation, transformation, adhesion, invasion and im-
mune surveillance [27, 112].

Statistically significant associations are reported between
expression of MUC5AC and shorter survival time in patients
with pancreatic cancer [141]. It was studied that expression of
MUC5AC in human pancreatic cancer cell lines has a role in
the progression of pancreatic cancer by inducing adhesiveness
and invasiveness in extracellular matrix components (ECM)
via (vascular endothelial growth factor) VEGF overexpres-
sion, and indicated MUC5AC to be a potential target in the
treatment of pancreatic cancer [144]. Expression ofMUC4 has
been detected in IDC [145–148]. MUC4 was expressed in 89
or 79%, of IDCs and the expression increases progressively in
pancreatic intraepithelial neoplasia (PanIN) [149, 150]. Al-
though the combined evaluation ofMUC4 andMUC1 expres-
sion did not show any significant difference in survival for
patients with IDC [151], the importance ofMUC4 expression
as a useful indicator to predict the outcome of patients with
surgically resected IDC [151] was observed. MUC4 has po-
tential as a prognostic marker for clinical management of pa-
tients with IDC and its expression in IDC is a new indepen-
dent factor for poor prognosis and disease outcome. Expres-
sions ofMUC5AC andMUC6were observed in the cytoplasm
of the IDC tumor cells. MUC5AC-positive patients showed
significant better survival than those MUC5AC-negatives,
whereas, MUC6 expression was significantly related to tumor
location but not with patient survival [152].

The expression of various mucins in pancreatic ductal ad-
enocarcinoma (PDAC) and intraductal papillary mucinous
neoplasms (IPMNs) have demonstrated by Yokoyama et al.
[44] through immunohistochemical (IHC) studies. Kaur et al.
[153] studied the expression pattern of various mucins in the
pancreas under various conditions along with contribution of
the tumor microenvironment in pancreatic cancer develop-
ment its progression, diagnostic / prognostic efficacy of mu-
cins and mucin-based therapeutic strategies. This information
could explore family of mucins that play key role in pancreatic
cancer, through various mechanisms in both tumor cells and
the microenvironment and worsen disease outcome. A direct
association ofMUC13with pancreatic cancer and its influence
on pancreatic tumorigenesis was reported [154]. Over expres-
sion of MUC13 in pancreatic cancer and the exogenous
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expression of MUC13 augments tumorigenic features in pan-
creatic cancer cells, such as enhanced cell proliferation, cell
motility, cell invasion, and in vivo tumor growth was reported.
Conversely, the suppression of MUC13 expression by short
hairpin RNA (shRNA) in human pancreatic adenocarcinoma
cell (HPAFII) shows the opposite effect. The expression of
MUC13 correlates with the expression/activation of HER2,
PAK1, ERK, Akt, and S100A4 and the decreased expression
of p53 [154]. The regulatory mechanism of MUC17 was re-
ported by Kitamoto et al. [155] under hypoxia, as an essential
feature of the tumor microenvironment and a driving force of
cancer progression. Role of mucins in Intraductal papillary-
mucinous tumor (IPMT) of the pancreas, a rare disease char-
acterized by a proliferation of the epithelium lining the pan-
creatic ducts was also reported [156–159]. The altered expres-
sion of mucin, characteristic of IPMTof adenoma type and of
colloid carcinomas that may contribute to the better clinical
outcome of these neoplasms, compared to conventional pan-
creatic ductal adenocarcinomas has been demonstrated by
Terris et al. [160].

Stomach

Gastric carcinoma

Stomach cancer or Gastric cancer develops from the lining
of the stomach [161] that remains the fourth most common
cancer and the second leading cause of cancer-related mor-
tality worldwide [162]. Although, Pan et al. [163] have
reported the exact etiology (describe the etiology in brief)
of gastric cancer that remains to be identified, accumulating
studies have reported gastric carcinogenesis as a complex,
multistep and multifactorial process that involves genetic
factors and environmental triggers. The cancer is said to
be spread from the stomach to other parts of the body,
particularly the liver, lungs, bones, lining of the abdomen
and lymph nodes [164]. Mucinous gastric carcinoma
(MGC) constitutes only 2 to 6 % of all stomach cancers
[165] and defined as a gastric adenocarcinoma by the
World Health Organization (WHO) with a substantial
amount of extracellular mucin (≥50 % of tumor volume)
within tumors [166]. Choi et al. [167] analyzed the clini-
copathologic and molecular characteristics of MGCs and
Non MGCs and reported that the molecular characteristics
of MGCs differed from those of NMGCs. Gastric cancer is
mostly caused by the infection of a bacterium, Helicobacter
pylori (H. pylori), that accounts for more than 60 % of
cases [168]. Certain type of H. pylori has greater risks than
others. The mechanism by which H. pylori induces stom-
ach cancer potentially involves chronic inflammation or the
action of H. pylori virulence factors such as cytotoxin-
associated gene A (CagA) [169].

Emerging evidence states that MUC1 acts as an
oncoprotein when overexpressed [170]. The cytoplasmic tail
of MUC1 interacts with the H. pylori virulence factor cagA
and is a major effector of the wnt-β catenin intracellular sig-
nalling cascade. It is reported that two single nucleotide poly-
morphisms (rs4072037 and rs2070803) in theMUC1 gene has
been identified in gastric cancer patients and may have a pro-
spective role in the stratification of high-risk subjects [171].
The overexpression ofMUC1 andMUC4 also mediates resis-
tance to the trastuzumab, a monoclonal antibody against
HER-2/neu [172, 173] siRNA to MUC1 was tested in
trastuzumab drug resistance cells and a better response to the
drug was seen in siRNA treated drug resistant cell when com-
pared to control or junk siRNA treatment [174].

In gastric cancer, expression of MUC5AC and MUC1 is
reduced and de novo expression of MUC2 occurs. All the
three mucins expression decreases with progressive loss of
tumor differentiation and increased tumor stage [170]. Cardia
and non-cardia are the subtypes of gastric cancer. It is now
generally accepted that Helicobacter pylori (H. pylori) infec-
tion is the single most important risk factor in the development
of non-cardia gastric cancer [175, 176]. Several published
investigations have strongly suggested that MUC5AC forms
the major receptor for H. pylori in the human stomach [177,
178], and the infection of H. pylori can alter the expression of
MUC5AC [179]. Some studies have shown that MUC5AC is
aberrantly expressed in gastric cancer [180–182].

Zhou et al. [183] has highlighted the importance of
MUC5AC gene in gastric cancer risk and reported the com-
mon genetic variations in MUC5AC gene (rs3793964 and
rs11040869) that might be associated with a decreased risk
of non-cardia gastric cancer in north-western Chinese Han
population. Accumulating evidence implicates potential roles
of MUC1, MUC5AC, and MUC6 genetic variation in the de-
velopment of stomach cancer. During the process of gastric
carcinogenesis the expression of these genes are altered
[184–189]. Reports shows the relationship between a variable
number tandem repeat (VNTR) polymorphism of MUC1
[190],MUC6 [191] gene and the risk of stomach cancer asso-
ciated with H. pylori infection and an excess risk of stomach
cancer [192].

Using the tagSNP approach based on the HapMap data Jia
et al. [193] provided the evidence for association of an in-
creased risk of stomach cancer with some common genetic
variations in MUC1 and MUC5AC genes that could lead to a
better understanding of gastric carcinogenesis by further eval-
uation of the functional relevance of identified variants.

Epstein-Barr virus (EBV)-associated gastric carcinoma
(GC) is a distinct subset of GC, accounting for 10 % or less
of total GC [194]. Rita et al. [195] has reported that the phe-
notype analysis may be also useful in EBV-negative GC to
identify a specific subgroup, such as a mixed phenotype based
on the studies of EBV-associated GC that showed a
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characteristic expression pattern ofMUC5AC,MUC6,MUC2
and cluster of differentiation 10 (CD10), namely null and gas-
tric phenotypes.

It is distinctive that common gastritis frequently caused by
H. pylori initiates in the antrum. On the other hand, in the case
of EBV-associated GC, tumors are frequently located near the
mucosal atrophic border, where mild to moderate atrophy is
common [196]. Iizasa et al. [197] have reported the epidemi-
ology and clinical features Of EBV-associated gastric carcino-
ma and presented the role of viral genes in infection and its
carcinogenicity. The possibility of therapies targeting EBV-
associated gastric carcinoma was proposed. Nishikawa et al.
[198] detected both EBV and H. pylori in the mucosa of pa-
tients with moderate to chronic atrophic gastritis and have
clearly proved the direct infection of human gastric epithelial
cells by EBV.

Lung

Lung cancer

Lung cancer is the most common cancer in the world and
accounted for 13 % (1.6 million) of total cases and 18 %
(1.4 million) of cancer deaths [135]. Most cancers that start
in the lung, known as primary lung cancers, are carcinomas
that are derived from epithelial cells. The main primary types
are small-cell lung carcinoma (SCLC) and non-small-cell lung
carcinoma (NSCLC) [199]. Their resistance to environmental
injuries, exposure to pathogens, particles and toxic chemicals
in inhaled air depends on a highly effective defence provided
by airway mucus, an extracellular gel in which water and
mucins (heavily glycosylated proteins) are the most important
components. The excessive production of airway mucus is a
feature of chronic inflammatory lung diseases such as bron-
chial asthma, chronic obstructive pulmonary disease (COPD),
bronchiectasis and cystic fibrosis (CF). Hypersecretion of mu-
cus results from hyperplasia and metaplasia of mucous cells,
which lead to greater numbers of these cells being found
throughout the airways, including the distal airways, where
they are normally absent [200]. The mechanisms involved in
the upregulation of secretedmucins in lung cancer was studied
by Hauber et al. [201] and they discussed the induction of
mucin by neutrophil elastase, bacteria, cytokines, growth fac-
tors, smoke and cystic fibrosis transmembrane conductance
regulator malfunction. Fahy et al. [202] examined the normal
formation and clearance of airway mucus, the formation of
pathologic mucus, the failure of mucus clearance that results
in symptoms and abnormal lung function and the therapy of
mucus dysfunction.

Abnormal MUC4 expression has been reported in various
cancers, as well as in other lung and airway inflammatory
diseases including cystic fibrosis and chronic obstructive

pulmonary disease [203–205].MUC4 also plays a critical role
in regulating diverse processes in lung stromal/parenchymal
cells, including apoptosis and metastasis. MUC4 acts as an
intramembrane ligand for ErbB2/HER2/neu and potentiates
its autophosphorylation [206]. MUC4 may possess a tumor-
promotion function, in part by regulating HER2 gene
expression.

Chen et al. [207] reported that glucocorticoid receptor
(GR) and histone deacetylase-2 (HDAC2) are recruited to
two glucocorticoid response elements, GRE3 and GRE5 cis-
s i tes in the MUC5AC promoter and mediate the
Dexamethasone-induced cis-repression ofMUC5AC gene ex-
pression. These mechanisms help in better understanding that
glucocorticoids repress MUC5AC gene expression may be
useful in formulating therapeutic interventions in chronic lung
diseases.

Zhang et al. [208] provided evidence thatMUC4 polymor-
phisms (rs3096337, rs859769, rs842461, rs863582,
rs842226, rs2550236, rs842225 and rs2688515) and their in-
teractions with smoking status may contribute to lung cancer
etiology. Immunohistochemical staining for MUC1 and
MUC2 glycoproteins can distinguish between primary lung
signet-ring cell carcinoma (SRCC) and metastatic lung SRCC
originating in the gastrointestinal tract. Lung SRCC was pos-
itive for MUC1 but negative for MUC2, whereas it was vice-
versa for metastatic lung SRCC [209]. De Pas et al. lung
cancer was studied by Hauber[210] reviewed the key points
for effective active immunotherapies and combination thera-
pies of most promising vaccines, anti-MUC1 vaccine
(belagenpumatucel) and anti-TGF-β(2) vaccine (BPL-25), de-
veloped for Non-small cell lung cancer (NSCLC).

Idiopathic pulmonary fibrosis (Lung disease)

Idiopathic pulmonary fibrosis (IPF) is a chronic and ultimately
fatal disease characterized by a progressive decline in lung
function [211]. Fibrosis is usually associated with a poor prog-
nosis [211, 212]. The term ‘idiopathic’ is used because the
cause of pulmonary fibrosis is still unknown [211]. Reports
have mentioned the genetic mutations that are associated with
familial pulmonary fibrosis. Genetic associations include mu-
tations in pulmonary surfactant proteins A1, A2, C (SFTPA1,
SFTPA2B) and mucin (MUC5B) ((OMIM) 178500). A re-
markable aspect of the MUC5B variant is its high frequency
of detection, as it is found in approximately 20 % of patients
with Northern and Western European ancestry and in 19 % of
the FraminghamHeart Study population [213]. It was reported
that Idiopathic pulmonary fibrosis is etiologically heteroge-
neous, biologically dynamic and sequence and trascriptional
changes inMUC5B, in the fibrotic lung [214, 215] and serum
biomarkers, including chemokine ligand 18, KL6, SFTPA,
SFTPD, matrix metalloproteinase7 (MMP-7), intercellular
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adhesion molecule 1 and interleukin 8, are potential predictors
of disease activity and outcome in patients with IPF
[216–219].

A common polymorphism in the promoter of a mucin gene
(MUC5B) has been found to be associated with an increase in
risk of developing both familial and sporadic IPF in an allele
dose-dependent manner [220, 221]. Linkage and fine map-
ping resulted in identification of MUC5B in pathogenecity
of IPF. It was found that dysregulation ofMUC5B expression
in the lung is involved in the pathogenesis of pulmonary fi-
brosis. A minor-allele of the SNP rs35705950 upstream of the
gene was found to be highly associated with IPF (P=2.5×10–
37) (219). Peljto et al. [222] have reported a common risk
polymorphism (rs35705950) in MUC5B that can be used in
improved survival among the patients with IPF.

Stock et al. [223] have confirmed an association of
MUC5B rs35705950 variant with IPF in UK population and
no association with lung fibrosis in the context of systemic
sclerosis (SSc) or sarcoidosis, potentially highlighting funda-
mental differences in genetic susceptibility. Borie et al. [224]
have confirmed a strong association between the MUC5B
rs35705950 variant and IPF in Caucasian population whereas
this association was absent in SSc related interstitial lung dis-
ease (ILD) from the European data and meta-analysis.

Cystic fibrosis

Cystic fibrosis (CF), which is also known asmucoviscidosis is
a common inherited autosomal recessive genetic disorder that
not only affects the lungs but also the pancreas, liver and
intestine. CF is a multisystem disorder caused by mutations
in the gene encoding the CF transmembrane conductance reg-
ulator (CFTR) [225, 226]. This protein is required to regulate
the components of sweat, digestive fluids and mucus. The
mutations in this cyclic AMP-regulated chloride ion channel
lead to either mis-localization of CFTR or loss of function,
resulting in defective chloride ion transport across epithelial
cell surfaces and the build-up of a dehydrated mucus layer in
the lung [226]. This result in malfunction of these CFTR pro-
tein blocks the flow of these ions out of the cell due to block-
age in ion channels. Individuals with identical CFTR poly-
morphism also demonstrated wide range in the severity of
CF, with some individuals facing lung transplantation or death
early in life and others demonstrate mild lung disease till
adulthood. Therefore, necessity for finding additional modifi-
er genes was felt. There is now growing evidence that poly-
morphic variants in genes besides CFTR also play an impor-
tant role in determining severity of CF lung disease [227]. To
analyze the correlation between the expression of CFTR and
NFKappaB orMUC1, in the endometrium of infertile women
with and without hydrosalpinx (a pathogenesis of fallopian
tube blockage with cause related to CF). Song et al. [228]
investigated the expression of CFTR, nuclear factor kappa B

(NF KappaB) and mucin-1 (MUC1). From the study they
reported an increased NF KappaB expression and decreased
CFTR and MUC1 expression in the endometrium of infertile
patients with hydrosalpinx.

In pulmonary CF the airway can become susceptible to
subsequent infections with Pseudomonas aeruginosa [229]
because mucus constitutes a favourable niche for bacterial
growth [230]. The dense nature of thickened mucosal secre-
tions traps microorganisms and other opportunistic pathogens
and allows these organisms to establish successful lung infec-
tions [231, 232]. Mucin glycoprotein overproduction and hy-
persecretion are common features of chronic inflammatory
airway disease. David et al. [233] discussed the roles of mul-
tifunctional O-linked glycoproteins and polymeric mucins in
human health and chronic airways disease (e.g., asthma, cystic
fibrosis, and chronic obstructive pulmonary disease).

Fahy et al. [202] examined the normal formation and
clearance of airway mucus, the formation of pathologic
mucus, the failure of mucus clearance that results in symp-
toms and abnormal lung function and the therapy of mucus
dysfunction.

Henke and Ratjen [234] reported the accumulation of Mu-
cus in the lower airways to be a key feature of cystic fibrosis
(CF) lung disease that contains pus that includes viscous ma-
terial such as polymerized DNA derived from degraded neu-
trophils but not mucin. However, other studies suggested that
the drugs that are mucokinetic and preserve viscoelasticity,
rather than mucolytic may prove to be beneficial for CF lung
disease in the future. Airway mucins are produced mainly by
goblet cells in the surface epithelium and by glands in the
submucosal tissue. This suggested that mucins play a key role
in the pathogenesis of CF lung disease [235]. The monomeric
mucins, such as MUC1, play an important role in the patho-
genesis of CF [236]. It was suggested that the primary effect of
CFTR malfunction is the overexpression of mucins in the
airways. Out of the seven gel forming secretory mucins,
MUC5AC and MUC5B have been identified as major gel-
forming macromolecules in respiratory secretions, whereas
MUC2 contributes only to a lesser extend to the matrix [237,
238]. A novel link between theMUC5AC 6.4 kb VNTR allele
and severity of CF lung disease was established [235]. In
presence of inflammatory cytokines like IL-1beta and IL-
17A there is an upregulation of MUC5AC in the airway epi-
thelium [239]. The transcription of the mucin geneMUC 2 in
epithelial cells is profoundly upregulated by P. aeruginosa
lipopolysaccharide [240]. Alterations in antibacterial peptide
function, as well as the increased mucin expression and secre-
tion (MUC 5 AC and MUC 5B), are important biochemical
factors responsible for the propensity for infection in CF air-
ways. Alterations in mucin and lipid composition induce an
increased viscosity and adhesiveness to the airways that can
affect the mucociliary and cough transport. The increased con-
tent of pro-inflammation cytokines such as interleukin-8 (IL-

Glycoconj J (2015) 32:575–613 587



8) suggest that, before infection, airway inflammation occurs
very early in CF. The development of non-invasive techniques
and humanised animal models (xenografts) represents a major
opportunity to identify early abnormalities in CF airway mu-
cus [241]. Destruction of the lungs as a consequence of recur-
rent infections with microorganisms such as Pseudomonas
aeruginosa remains the underlying cause of most morbidity
and mortality in cystic fibrosis (CF). It is hypothesized that
changes in the glycosylation of key tracheal mucins such as
MUC5B and MUC7 might increase the risk of pulmonary
disease in CF patients [242]. While the main high-molecular
mass proteins in the sputum from all subjects were the mucins
MUC5B and MUC5AC, which appeared degraded in CF
adults with an exacerbation. The glycosylation of these mu-
cins also showed reduced sulfation, increased sialylation and
reduced fucosylation in CF adults compared with controls
[243–248, 204]. However, some studies [249], conducted on
the length polymorphisms in the central repetitive regions of
MUC1, MUC2 and MUC5AC as these are excellent candi-
dates for contributing to the presence of meconium ileus
(MI) (blockage in the baby’ ileum) in cystic fibrosis (CF)
reported nil association of genetic length variants of three
MUC genes with MI in subjects with CF. This indicates that
epigenetic factors involved in regulation ofMUC genes might
be involved in CF and its associated pathogenesis.

Diffuse panbronchiolitis

Diffuse panbronchiolitis (DPB) is an idiopathic inflammatory
disease that is characterized by progressive suppurative and
obstructive airway disease which, if left untreated gives rise to
bronchiectasis, respiratory failure and death [250]. DPB is
believed to occur when there is susceptibility or a lack of
immune system resistance to DPB causing bacteria or viruses,
caused by several genes that are found predominantly in indi-
viduals of East Asian descent.

This disease was established as a new clinicopathologic
entity distinct from chronic obstructive pulmonary disease
(COPD) [251], which is considered to be a complex genetic
disease mostly affecting East Asians [252]. Based on evidence
from retrospective and non-randomised studies, Macrolides, a
class of antibiotics, have been used as the main treatment for
DPB. Ginori et al. [253] from their studies confirmed the
correlation between a status of immunodeficiency and the
development of DPB that provided more information on the
accumulation of nodules of foamy macrophages in DPB.

Mucous hypersecretion is often observed in various chron-
ic respiratory disorders, such as chronic bronchitis, bronchial
asthma and bronchiectasis. Especially in DPB, patients always
suffer from a large amount of sputum. Kamio et al. [254]
detected the promoter polymorphisms in the regulatory region
of six mucin genes MUC1, MUC2, MUC4, MUC5AC,
MUC5B and MUC7 and reported that polymorphism

identified in the MUC5B gene was significantly associated
with DPB disease. MUC5AC is predominant and MUC5B
expression is generally scarce in the normal lung. Kamio et al.
[254] reported that the level of mucus secretion might be
modified by single variation or haplotypes in the promoter
region of the MUC5B gene. These findings suggested that
polymorphisms located in theMUC5B promoter region influ-
ences the levels of mucin gene expression, although of little
consequence in the healthy airways, may be relevant in a
disease context in which microbial and host inflammatory
factors stimulate mucin gene expression [255].

The polymorphisms located in the MUC5B promoter was
focused and identified with differential allelic expression of
this mucin in vitro [255]. This was followed in further studies
of MUC5B alleles that demonstrated low relative expression
alleles, with a lower frequency in individuals with diffuse
panbronchiolitis [254]. Thornton et al. [233] reported influ-
ence of polymorphisms in the regulatory regions that affects
the levels of mucin gene expression in DPB.

Asthma

Asthma is a complex, prevalent and multifactorial disease
[256] reflecting genetic and environmental components char-
ac ter ized by var iable a ir f low limita t ion, ai rway
hyperresponsiveness (AHR) and chronic airway inflammation
[257]. It is a common chronic inflammatory disease of the
airways characterized by variable and recurring symptoms,
reversible airflow obstruction and bronchospasm. Asthma
may also be classified as atopic (extrinsic) or non-atopic
(intrinsic) [258] where atopy refers to a predisposition toward
developing type 1 hypersensitivity reactions [259]. It is known
to be caused by a combination of genetic and environmental
factors [260]. Its diagnosis is usually based on the pattern of
symptoms, response to therapy over time and spirometry
[261]. The development of asthma and exacerbation including
allergens, air pollution and other environmental chemicals are
associated with many environmental factors [262].

Some genetic variants may only cause asthma when they
are combined with specific environmental exposures [260].
An example is a specific single nucleotide polymorphism in
the CD14 region and exposure to endotoxin (a bacterial prod-
uct). Mucins are overproduced in asthma, as well as other lung
diseases, and contribute to airway pathophysiology and thus
to disease morbidity and mortality [263–266]. Genetic analy-
ses of someMUC genes have been carried out in patients with
atopy or asthma. A longer VNTR length in theMUC2 gene is
associated with a cohort of atopic, non-asthmatic patients, but
no associated differences with asthma and VNTR domains of
MUC1,MUC4,MUC5AC orMUC5B genes have been found
[187].

The Li et al. [267] studied and demonstrated the levels of
MUC2 in guinea pig model of allergic asthma in lungs of
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ovalbumin sensitized animals that increased significantly
shortly after acute allergen exposure and suggested that
MUC2 likely plays an important role in airway inflammation
and mucin overproduction, both hallmark pathophysiologic
features of asthma.

Watson et al. [268] have reported the presence of MUC7
mucin in the airway secretions of asthmatic but not in the
control and pediatric patients suggesting that MUC7 mucin
may have a role in the pathophysiology of asthma.

Watson et al. [269] studied MUC7 gene, that exhibits a
high degree of polymorphism that generates a variable num-
ber of tandem repeat (VNTR) domains, typically encodes for
6 VNTR, each with 23 amino acids in different cohort. They
reported a decreased risk of asthma with presence of a novel
MUC7*4-VNTR polymorphism, in an African-American
subjects. Future studies will be needed to determine mecha-
nisms by which polymorphisms in the MUC7 gene alter the
host innate immune response of MUC7 mucin and its rele-
vance to asthma.

Dizier et al. [270] has reported eczema as an allergic man-
ifestation that is strongly associated with asthma and allergic
rhinitis with reference to MUC15 and genetic variants of ec-
zema. Based on the studies MUC15 was suggested to be a
strong candidate for eczema.

Morcillo and Cortijo [33] have reviewed the contributions
to the field of therapeutic avenues that control mucus hyper-
secretion and reported the targets such as epidermal growth
factor receptor (EGFR) cascade to be crucial in excessive and
abnormal mucus secretion,. Delineating cross-talk between
EGFR and other receptor systems towards the activity of ace-
tylcholine was suggested may provide new clues to the mech-
anism of mucin secretion. Success of these studies may lead to
the rational design of new antihypersecretory drugs that may
enhance future asthma treatment.

Lai and Rogers [271] have studied identification of poten-
tial drug targets for treatment of hypersecretion in asthma and
COPD. They reported the underlying factors for upregulation
of mucin synthesis and development of goblet cell hyperplasia
to be the best drug targets. Keeping in view the side effects
they suggested for translation of the promising preclinical
studies to the clinic, which depends on development of drug
moieties with low off-target activity.

Intestine

Inflammatory bowel disease (IBD)

Inflammatory bowel disease (IBD) results from a complex
and abnormal mucosal immune response to commensal mi-
croorganisms primed by infection with a specific pathogen or
an impaired mucosal barrier, which arises as a result of the
interaction of environmental and genetic factors. [272, 273].

IBD is a group of inflammatory conditions of the colon and
small intestine comprises diseases that are characterized by
chronic or relapsing inflammation in the gastrointestinal tract.
Ulcerative colitis (UC) and Crohn’s disease (CD) are the ma-
jor forms of inflammatory bowel diseases (IBDs) that are of
multifactorial disorders of unknown etiology. These two dis-
eases share many clinical and epidemiological characteristics,
suggesting a potentially mutual causation [274]. Intestinal mu-
cosal cells secrete key components of mucus, including phos-
pholipids, secretory dimeric immunoglobulin A (IgA) and
mucins, which are highly glycosylated, filamentous proteins
present at the interface between many epithelia and their ex-
tracellular environments adhesion with microorganisms,
which is increasingly thought that alterations to enteral bacte-
ria can contribute to inflammatory gut diseases [275, 276].
Aroniadis and Brandt [277] reported that the IBD affected
individuals were prescribed antibiotics in the 2–5 years period
before their diagnosis compared to unaffected individuals.
This shows the role of gut flora for the cause of inflammatory
bowel disease.

Ou et al. [278] reported intestinal lining in humans with
large surface area, estimated to approximately 100 m2 that is
continuously exposed to innocuous, mostly beneficial anti-
gens from the diet and the commensal microflora, also to
potential pathogens, gut microbes that are either harmless or
of benefit to the host. The most abundant microflora is present
in the distal parts of the gut; the majority of the intestinal
bacteria are Gram-negative anaerobes. The gut microbiota
protects against enteropathogens extracts nutrients and energy
from our diets and contributes to normal immune function.
Disruptions to the normal balance between the gut microbiota
and the host have been associated with obesity, malnutrition,
inflammatory bowel disease (IBD) [279, 280] neurological
disorders and cancer.

Nishida et al. [281] investigated the role of MUC1 in de-
velopment of colitis in mice by considering T helper (Th) 17
cells as they produce the effector cytokine interleukin (IL)-17,
along with IL-22, which stimulates colonic epithelial cells to
produce a membrane-bound mucin, Muc1 associated with
susceptibility to inflammatory bowel disease because of Dis-
ruption of this negative feedback pathway by variants in
MUC1.

Lee, et al. [282] studied the effects of Gymnophalloides
seoi antigen on the host’s intestinal epithelial cells, to deter-
mine expression of Toll-like receptors (TLRs) and mucin-
related (MUC) genes on a human intestinal epithelial cell line
(HT29 cells) induced by Gymnophalloides (G) seoi. They
reported that TLR2 and MUC2 expression on human intesti-
nal epithelial cells were up regulated byG. seoi antigen. These
effects reflect a helminth-induced, IFN-gamma-dependent,
and innate mucosal immune mechanism in this human intes-
tinal cell line. Senapati et al. [283] investigated cellular loca-
tion and expression of MUC17 in specimens of normal,
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inflamed and neoplastic colon. These studies indicated that the
potential protective effects of this membrane-bound mucin are
primarily or secondarily diminished in inflammatory and neo-
plastic conditions.

Lozupone et al. [284] reported the underlying factors, such
as hypoxia induced factors, that changes the composition and
function of gut microbiota under disease condition. They em-
phasized the need of comprehensively reviewing the gut mi-
croflora in human intestine and their underlying factors that
alter their composition and function at different states i.e.,
normal and diseased conditions and their variance between
individuals in order to understand these factors to aid in the
design of therapies. Gomes et al. [285] suggested that altered
intestinal microbiota leads to increased intestinal permeability
and mucosal immune response, which in turn contributes to
various diseases. This mucosal immune system has developed
specialised regulatory, anti-inflammatory mechanisms for
eliminating or tolerating non-dangerous, food and airborne
antigens and commensal micro-organisms (oral, mucosal tol-
erance) at the same time the mucosal immune system provides
local defence mechanisms against environmental threats (e.g.,
invading pathogens). Regulation of microflora composition
(e.g., by probiotics and prebiotics) offers the possibility to
influence the development of mucosal and systemic immunity
but it can play a role also in prevention and treatment of some
diseases. Disruption of this negative feedback pathway, per-
haps by variants in MUC1, might contribute to inflammatory
bowel disease in patients [286, 281, 282]

Jostins et al. [287] expanded on the knowledge of relevant
pathways by undertaking a meta-analysis of Crohn’s disease
and ulcerative colitis genome-wide association scans and ob-
served considerable overlap between susceptibility loci for
IBD and mycobacterial infection. Gene co-expression net-
work analysis emphasized this relationship, with pathways
shared between host responses to mycobacteria and those pre-
disposing to IBD.

Crohn’s disease

Crohn’s disease (CD) is a chronic relapsing inflammatory
bowel disease of unknown origin that not only affects the
small intestine and large intestine, but it can also affect the
mouth, oesophagus, stomach and anus [288–290]. It is
characterised by chronic mucosal ulcerations, which affect
any part of the intestine but most commonly are found in the
ileum and proximal colon [291]. The intestinal epithelium is
covered by a continuous layer of mucus that provides a phys-
ical barrier between the underlying epithelium and aggressive
agents present in the gastrointestinal tract lumen [292, 293].

Buisine et al. [293] studied cell specific expression of mu-
cin genes in the ileum of patients with CD and suggested that
gel forming mucins particularly MUC5AC and MUC6 may
have a role in epithelial wound healing after mucosal injury

in inflammatory bowel diseases in addition to mucosal pro-
tection. Pullan et al. [294] identified altered mucus compo-
sition has been in IBD but could not detect any change in
the number of goblet cells and alteration in mucosal thick-
ness in CD.

Kyo et al. [295] reported a possible association of rare
variable number of tandem repeat (VNTR) alleles of the
MUC3 gene with a susceptibility to UC. They described and
analyzed the single nucleotide polymorphisms (SNPs) in the
exonic sequences of the 39 portions of these two genes
MUC3A and MUC3B in order to find the sequence variance
in these regions that can cause person-to-person differences in
the susceptibility to IBDs. They reported that non-
synonymous SNPs of MUC3A, involving a tyrosine residue
with a proposed role in cell signaling, may confer genetic
predisposition to CD.

The genome-wide association studies have reported several
risk factors for Crohn’s disease. Based on these studies Barrett
et al. [296] carried out replication in 3,664 independent cases
with a mixture of population-based and family-based controls,
which could be helpful in advanced gene discovery. They
strongly confirmed 11 previously reported loci and provide
genome-wide significant evidence for 21 additional loci, in-
cluding the regions containing STAT3, JAK2, ICOSLG,
CDKAL1 and ITLN1, this could promise for informed thera-
peutic development based on the concerned disease. The ge-
netic loci (rs11175593) implicated in association with CD also
bears MUC19 gene thereby, indicating its role in CD.

Ulcerative colitis

Ulcerative colitis, in contrast, is restricted to the colon and the
rectum. Anemia is the most prevalent extra intestinal compli-
cation of inflammatory bowel disease [297, 298]. Associated
complaints or diseases include arthritis, pyoderma
gangrenosum, primary sclerosing cholangitis and non-
thyroidal illness syndrome (NTIS) [299].

Deregulated mucin production has been associated with
various types of cancer and inflammatory disorders. Micro-
scopically, ulcerative colitis is restricted to the mucosa (epi-
thelial lining of the gut), while Crohn’s disease affects the full
thickness of the bowel wall. Inflammatory bowel disease
(IBD) affects the quantity and quality of mucins due to the
reduction in the number of goblet cells. Alteration in different
types of mucins and aberrant location may contribute to the
underlying pathology by affecting the mucus barrier function
or may instead be a response to inflammation [300].

Lapensee et al. [301] reported Mucin 9 (MUC9 as
oviductin, which is expressed in epithelial cells. Furusho et al.
[302] has studied the expression of MUC9 gene in patients
with UC and reported decreased expression ofMUC9mRNA
in colonic mucosa from patients with active and remission UC
compared to the healthy control group (P ¼ 0.003 and P ¼
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0.007, respectively). Major mucins present in the colorectum
are MUC1, MUC2, MUC3, and MUC4. MUC2 synthesis,
secretion and sulfation are all reduced in active ulcerative
colitis, which would make the colonic mucosa more accessi-
ble to toxic agents and pathogens.

Shirazi et al. [300] reported trefoils to be a group of small
cysteine rich peptides that have an important role in the mucus
layer [303] that referred to as trefoil factor family (TFF) and
seem to play a part in mucosal protection and in mucosal
repair. In humans, the region of the membrane-bound mucin
gene cluster (MUC3A/B, MUC12 and MUC17) has been im-
plicated in genetic susceptibility to IBD [304, 305]. The rare
variable number of tandem repeat (VNTR) allele of the
MUC3A mucin gene was more common in patients with ul-
cerative colitis compared with controls. This mutated MUC3
gene may result in a defective protein that would increase
susceptibility to IBD [295]. Genotying of variable number of
tandem repeat (VNTR) in the BMUC3^ gene implied that rare
alleles of BMUC3^with 51-bp repeat units are associated with
the risk of UC [306]

Kyo et al. [295] has reported a possible association of rare
variable number of tandem repeat (VNTR) alleles of the
BMUC3^ gene with a susceptibility to UC and demonstrated
that distinct variants of MUC3A may be involved in the oc-
currence of UC and CD. SNPs in coding regions (cSNPs) and
mutations that alter amino acid sequences of the 39 region of
MUC3A could probably influence the function of this mucin
protein, which would, in turn, cause increased susceptibility to
CD. Moehle et al. [307] showed an aberrant mucin mRNA
expression in the intestinal epithelium of IBD patients, espe-
cially forMUC2 andMUC12. These mucins are located with-
in IBD candidate loci and we were able to associate single
SNPs in these genes with IBD with a significant downregula-
tion in the colon obtained forMUC2 in CD andMUC12 in CD
and UC.

Buisine et al. [293] have shown an abnormal mucin expres-
sion pattern in patients with CD involved in ileal mucosa
adjacent to ulcerations with appearance of MUC5AC, MUC6
andMUC5B and disappearance ofMUC2. This suggested that
gel forming mucins (more particularlyMUC5AC andMUC6)
may have a role in epithelial wound healing after mucosal
injury in inflammatory bowel diseases in addition to mucosal
protection and may contribute with trefoil factors to epitheli-
um restitution.

Senapati et al. [283] has reported the loss of expression of
MUC17 in both inflammatory and early and late neoplastic
conditions of the colon.

Hirschsprung’s disease

Hirschsprung disease (HSCR) is a congenital disorder of the
intestinal tract. In Hirschsprung’s disease, the migration is not
complete and part of the colon lacks these nerve bodies that

regulate the activity of the colon. The affected segment of the
colon cannot relax and pass stool through the colon, creating
an obstruction [308]. In most affected people, the disorder
affects the part of the colon that is nearest the anus.

Studies of the mucus layer in HSCR have shown changes
in both mucins and secreted immunoglobulin in patients with
HAEC [309–311]. A study of mucin turnover in HSCR pa-
tients showed that development of enterocolitis was specifi-
cally related to an increase in the ratio of intracellular to se-
creted mucins [312]. As the major mucus proteins are pro-
duced in goblet cells within the gut epithelium [313],
Thiagarajah et al. [314] studied these cells and reported that
aganglionosis is associated with increased goblet cell prolifer-
ation and differentiation resulting in altered surface mucus
properties, prior to the development of inflammation in the
distal colon epithelium. Restoration of normal goblet cell
function and mucus layer properties in the colonic epithelium
may represent a therapeutic strategy for prevention of
Hirschsprung-associated enterocolitis.

Although, the study on mucin genes expression did not
show a marked expression difference in MUC in patients
and controls of HSCR.MUC2 and 4 were found to be strongly
expressed, MUC1, MUC3, and MUC5B had moderate to
weak expression and MUC5AB, MUC6, MUC7, and MUC8
had baseline expression. Therefore, expression of mucin
genes and the quality of mucins is similar to normal controls
[311]. However, another study by Mattar et al. [315] has re-
ported thatMUC2 protein levels are significantly decreased in
patients with Hirschsprung’s disease and not detectable in
those patients with Hirschsprung’s-associated enterocolitis.
Further studies are required to prove whether the decline in
MUC2 is caused by the aganglionic process as MUC2 levels
were significantly lower in Hirschsprung’s disease in children
with no clinical evidence of enterocolitis, therefore, the de-
cline inMUC2 was suggested to be caused by the aganglionic
process itself.

Cap polyposis

Cap polyposis (CP) is a rare disease described by Williams
et al. [316]. It is characterized by mucoid, bloody diarrhoea
associated with erythematous, inflammatory colonic polyps
covered by a cap of fibrinopurulent mucous. Its clinical symp-
toms are similar to inflammatory bowel disease or irritable
bowel syndrome. The etiology is not well understood, some
consider it as a form of inflammatory condition others sug-
gests it to be of infectious origin. A possible association with
mucosal prolapse syndrome (MPS) is suggested based on
similar histologic features. In mucosal prolapse syndrome,
mucosal prolapse occurs adjacent to tumors, diverticula and
prolapsed colostomies. Similarly, abnormal colonic motility
may result in mucosal prolapse at redundant transverse folds
resulting in local ischemia, recurrent mucosal trauma and the
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development of cap polyposis [317]. It is a rare disease with
very few cases reported [316, 318–320].

Buisine et al. [321] had made a systematic study of the
mucus of the characteristic polyps by histochemical and elec-
tron microscopic examination and looked at the expression of
five mucin genes, MUC2, MUC3, MUC4, MUC5AC, and
MUC5B, using in situ hybridisation, in a patient with recur-
rence of cap polyposis. The abnormality is observed in the
ultrastructure of mucus in the goblet cells, prevalence of
non-sulfated mucins, and abnormal expression of the
MUC4,MUC3, andMUC5AC genes. However, it was report-
ed that these abnormalities observed are probably secondary
phenomena rather than primary. However, the mucin abnor-
malities detected were, deregulation of the expression of three
apomucin genes (MUC4, MUC3, and MUC5AC), abnormal
glycosylation and abnormalities of the secretion process, to be
probably involved in clinical manifestations of cap polyposis.

Suzuki et al. [322] suggested betamethasone enema to be
the second choice of treatment for cap polyposis patients after
H. pylori eradication, metronidazole or levofloxacin therapy
as Metronidazole,H. pylori eradication and levofloxacin ther-
apies were not effective treatment.

Kidney

Renal clear cell carcinoma (von hippel-lindau disease
and adenoma)

Renal cell carcinoma (RCC) is also known as hypernephroma,
Grawitz tumor or renal adenocarcinoma. It is a kidney cancer
that originates in the lining of the proximal convoluted tubule.
RCC is the most common type of kidney cancer in adults,
responsible for approximately 90-95 % of cases [323]. Initial
treatment is most commonly either partial or complete remov-
al of the affected kidney(s) and remains the mainstay of cura-
tive treatment [324]. It is relatively resistant to radiation ther-
apy and chemotherapy [325], associated with a number of
paraneoplastic syndromes (PNS), which are conditions caused
by either the hormones produced by the tumor or by the
body’s attack on the tumor and are present in about 20 % of
those with RCC [323].

In pathological situations, dysregulations of human mucin
genes have been described with over-expression, loss of ex-
pression or aberrant expression affecting one or several mucin
genes [326–328]. To date, little is known about the expression
of human mucin genes in the normal kidney and in renal
neoplasms. In the kidney, MUC1 is expressed in normal distal
convoluted tubules, collecting ducts and clear renal cell carci-
noma (cRCC) [329]. Leroy et al. [330] have investigated the
expression pattern of MUC1, MUC2, MUC3,4,5 AC, 5B,
MUC6 andMUC7 in normal kidney and renal cell carcinoma
by using in-situ hybridization, immunohistochemistry and

reverse transcriptase polymerase chain reaction (RT-PCR)
techniques. They found a difference in the expression of
MUC1,MUC3 andMUC6 between normal and tumor kidney
with the over-expression of MUC3 in renal cell carcinomas
favouring renal tumorigenesis.

The expression ofMUC1 was correlated inversely with the
prognosis for RCC [331, 332]. MUC1 is frequently up-
regulated and abnormally glycosylated in carcinoma [333,
334]. The overexpression of MUC1 is associated with a loss
of polarity and circumferential distribution in tumor cells
[335]. This abnormal overexpression is suspected to destabi-
lize cell-cell adhesion and cell–extracellular matrix adhesion
and to protect tumor cells from immune recognition and then
to favour metastases.

The expression of MUC3 could support this histogenetic
hypothesis, but it was observed that MUC1 is also expressed
in clear renal cell carcinoma and in normal distal tubules, but
not in proximal tubules. These findings strengthen the hypoth-
esis stated by Hughson et al. [336] that multipotential meta-
nephric differentiation exist in renal proximal and distal tubu-
lar type of neoplasm. In the tubulopapillary carcinomas,
MUC1 and MUC3 mRNAs were both detected as in clear
renal cell carcinoma, but the signals obtained were lower
and not correlated with the nuclear grade.

Leroy et al. [330] have demonstrated MUC1, MUC3 and
MUC6 expression in both normal and neoplastic kidney. The
expression ofMUC1 andMUC3 in clear renal cell carcinoma
suggested that mucin genes may be implicated in the tumori-
genesis of the kidney. The weak expression ofMUC6was also
detected by RT-PCR in renal cell carcinoma (clear and papil-
lary carcinomas). Leroy et al. [331] has reported the high-level
expression ofMUC1 with circumferential membrane staining
is associated with high-grade tumors and with an increased
risk of visceral dissemination in pT1 cRCC. They suggested
that further large investigations ofMUC1 may be needed as a
prognostic marker and potential therapeutic target of RCC. It
has been shown that patients with advanced malignancies
when given immunotherapy using autologous dendritic cells
pulsed with MUC1 derived peptides induced immunological
and clinical responses [337].

Medullary cystic kidney disease type 1

Medullary cystic kidney disease1 (MCKD1) is an autosomal
dominant rare kidney disorder characterized by cysts in both
kidneys and tubule-interstitial sclerosis leading to end-stage
renal disease (ESRD) [338]. Hypertension was reported [339]
to be a sequel of the disease, occurring after the onset of
kidney failure. Medullary cystic kidney disease1 (MCKD1)
is confirmed by identification of sequence variants/mutations
inMUC1, hence the potential kidney donors should be tested
for the family-specificMUC1without any mutation so that he
can be assessed as eligible kidney donors.
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Kirby et al. [340] described the illustrative case of the
simple Mendelian disorder medullary cystic kidney disease
type 1 (MCKD1), mapped more than a decade ago to a 2-
Mb region on chromosome and suggested that mutations in
the variable tandem repeats (VNTRs) of the human mucin
MUC1 are associated with MCKD1. MCKD type 1 has a
median onset of ESRD at age 62 years and is caused by
defects in the MUC1 gene that encodes mucin1 [340]. Mu-
tation in MUC1 has been shown to result in progressive
chronic kidney failure and the age of onset of end stage
kidney disease is highly variable, suggesting that gene-
gene or gene-environment interactions contribute to pheno-
typic variability. MUC1 gene encoding mucin 1 comprise of
the extremely long (1.5–5 kb), GC-rich (>80 %) coding
variable-number tandem repeat (VNTR) sequence. This
leads to difficulty in identifying the genes and its mutation
responsible for Mendelian, disorders like MCKD1
[340–342]. As MUC1 over-expression in renal clear-cell car-
cinoma (RCC) is associated with poor prognosis, phase II
clinical trial based on MUC1 and interleukin-2 clones have
been tested and preliminary results demonstrated feasibility
and tolerability in patients with metastatic RCC [343].

MUC1 protein possesses a heavily glycosylated extracellu-
lar domain containing the VNTR and an SEA module with a
cleavage site for release of the extracellular domain, which
then binds non-covalently to the transmembrane domain
[344–346].

Gallbladder

Gallbladder inflammation and stone formation

The most common malignancy of biliary tract is gall-
bladder cancer (GBC), which is the third most common
cancer in gastrointestinal tract [347]. Gall bladder cancer
(GBC) is said to be a principal reason of cancer-related
mortality in the northern parts of the Indian subconti-
nent as reported by Shukla et al. [348]. Cholecystitis is
known as inflammation of the gallbladder that occurs
most commonly due to blockage of the cystic duct with
gallstones (cholelithiasis) [349, 350]. This blockage
causes a build up of bile in the gallbladder and in-
creased pressure within the gallbladder, leading to right
upper abdominal pain [350]. Inflammation and swelling
of the gallbladder can reduce normal blood flow to
areas of the gallbladder, which can lead to cell death
due to inadequate oxygen supply [350].

Mucin plays an important role in protecting the gall-
bladder epithelium from the detergent effect of bile that
also participates in gallstone formation. Gallbladder mucin
polypeptide binds biliary lipids and may promote biliary
cholesterol crystallization [351]. The interaction of

gallbladder mucin with calcium-binding protein may have
an effect on calcium phosphate precipitation and the for-
mation of calcium-containing gallstones [352]. Hydropho-
bic domains on the mucin protein core may contribute to
the pathogenesis of cholesterol stone formation.

Baeckström et al. [353], Vandenhaute et al. [354]
have reported the expression of one or more of the nine
mucin genes MUC1, MUC2, MUC3A, MUC3B, MUC4,
MUC5AC , MUC5B , MUC6 a n d m u c i n - l i k e
protocadherin protein (MUPCDH) in Gallbladder and
its associated diseases along with many polymorphisms
(rs3758650, rs7932167, rs34362213, rs2740375,
rs7108757 and rs2740379) in mucin family as a risk
factor for gallstone disease [355–357].

Maurya et al. [358] investigated and evaluated the
secretory/gel forming mucins namely MUC1, MUC5AC,
MUC5B, MUC6, MUC7, MUC9 and MUC11 in gall-
stone formation through western blotting and semi-
quantitative PCR and reported that MUC5B protein are
crucially involved in nucleation process during gallstone
formation

Expression of MUC1, MUC2, MUC3, MUC5AC,
MUC5B and MUC6 gene was detected in the gallblad-
der wall [359]. Van Klinken et al. [360] investigated
MUC5B to be the predominant mucin in human gall-
bladder mucosa [361]. In another study, Ho et al.
[362] examined membrane as well as secretory mucins
(MUC1, MUC3, MUC4 and MUC2, MUC5AC, MUC5B,
MUC6 respectively) in cholecytitis. MUC3, MUC5AC,
MUC5B, and MUC6 mRNA were present in all gall-
bladder specimens and cell lines examined. In 86–
100 % normal gallbladders prominent immunoreactivity
to MUC3, MUC5AC, MUC5B, and MUC6 was present.
A significantly decreased expression of MUC5AC but
increased expression of MUC2 was found in patients
with cholecystitis [362].

Expression of MUC3 and MUC5B was of the same
degree in the superficial epithelium and deep folds.
Whereas, expression of MUC5AC was significantly
higher in the superficial epithelium and that of
MUC6 was significantly higher in the deep folds
[363]. In gallbladder, bile demonstrates two secretory
mucin proteins: MUC5AC and MUC5B with no ex-
pression of MUC3 and MUC6. Vilkin et al. [364]
reported increased secretion of mucin in the gallblad-
der may play an important role in stone formation,
particularly in formation of pigmented brown stones.

Gallblader carcinoma: the precise molecular abnor-
mality which causes neoplastic transformation in the
gallbladder epithelium is still unclear [347]. Transfor-
mation to malignant state results in the alteration in
genes. Rate and pattern of MUC1 protein expression
suggest that MUC1 would be a marker of malignant
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transformation of invasion of gallbladder cancer [365,
366]. Prognostic value of mucin (MUC1 and MUC2)
in gallbladder carcinoma along with other tumor
growth factors (like p53 was carried out but Mucin
expression was found to be independent of various
tumor growth factors and clearly reflected the prog-
nosis of gallbladder cancer [367].

Eye

Dry eye disease (DED)

Dry eye is a multifactorial disease of tears and the ocular
surface due to tear deficiency or excessive tear evaporation,
which may be due to disturbance in ocular surface mucin
leading to a dysfunction of mucin, resulting in dry eye. Takeji
et al. [368] investigated the effect of rebamipide, an anti-ulcer
agent, on glycoconjugate production (as an indicator of
mucin-like glycoprotein) in cultured corneal epithelial cells.
They reported effect of rebamipide on the gene expression of
membrane-associated mucins which is mediated by MUC1
and MUC4 regulation. They reported rebamipide increased
the gene expression of MUC1 and MUC4, but not MUC16.

Keratoconjunctivitis sicca (KCS), also called dry eye syn-
drome (DES) or keratitis sicca, is an eye disease caused by eye
dryness, which in turn, is caused by either decreased tear pro-
duction or increased tear film evaporation. KCS is the most
common eye disease, affecting 5–6 % of the population. Sev-
eral classes of medications (both prescription and OTC) have
been hypothesized as a major cause of dry eye, especially in
the elderly. Particularly, cholinergic medications that also
cause dry mouth are believed to promote dry eye [369].

Mucins have been known to have a role in tear film
formation and stability. Cooperation between the ocular
surface, transmembrane mucin and secretory mucin is
necessary for the stability of the tear film. The corneal
and conjunctival epithelia produce transmembrane mu-
cins such as MUC1, MUC2, MUC4 and MUC16 [370,
371], which form a glycocalyx at the epithelium-tear
film interface. In contrast, goblet cells produce the gel-
forming secretory mucin, MUC5AC. The lacrimal gland
produces MUC7 [370, 372]. Limited reports are avail-
able on the relationship between mucin and dry eye
disease, however, it is hypothesized that secreted mucins
form a hydrophilic blanket that moves over the glyco-
calyx of the ocular surface to clear debris and patho-
gens. Glycocalyx mucins prevent cell-pathogen adher-
ence. Expression and glycosylation of mucins are al-
tered in drying, leading to Keratoconjunctivitis sicca
and other keratinizing ocular surface diseases. A rela-
tionship between mucin 5 AC (MUC5AC) concentra-
tions in tears, working hours and the frequency of

ocular symptoms in visual display terminal (VDT) users
has been studied. The study suggests that office workers
with prolonged VDT use, as well as those with an in-
creased frequency of eye strain, have a low MUC5AC
concentration in their tears. Furthermore, MUC5AC con-
centration in the tears of patients with Dry Eye Disease
(DED) may be lower than that in individuals without
DED [373]. It was also demonstrated that Neurturin (a
neurotrophic factor for parasympathetic neurons)-defi-
cient mice develop dry eye and keratoconjunctivitis
sicca via reduction in MUC4 and 5 AC mucin and gob-
let cell density [374]. Various therapies to treat DED
have also been shown to work through differential reg-
ulation of mucins [375, 372].

Ethmoid bones

Ethmoid sinusitis

Ethmoid Sinusitis, is related to sinusitis and chronic
inflammation of the ethmoid sinuses. An important gene
associated with Ethmoid Sinusitis is MUC7 associated
to the tissues of eye, brain and prostate. Several studies
have reported that the major mucins expressed in chron-
ic sinusitis (CS) are MUC2, MUC5AC and MUC5B
[376–380] and an inverse relationship was found be-
tween MUC2 and MUC5AC expression levels and this
was strong in the presence of nasal polyps [377].

Jung et al. [381] have investigated the profiles of MUC
genes expressed in chronic ethmoiditis mucosa and normal
ethmoid mucosa using RT-PCR, and the morphology of
chronic ethmoiditis by a combination of light and electron
microscope was observed. Increase in number of goblet cells
with higher production of mucus in comparison to normal
ethmoid mucosa was reported. The results suggest that
MUC4, MUC5AC, MUC5B, MUC7 and MUC8 are major
mucins in the ethmoid mucosa and are up-regulated by chron-
ic inflammation.

Ali and Pearson [382] have studied the sinus mucin
fragmentation that helped in understanding of the phys-
ical and biological properties of sinus mucins in CS that
could help to develop therapeutic modalities to alter
these properties and facilitate mucus drainage and re-
lieve relevant CS symptoms such as rhinorrhea, chronic
cough and globus pharyngeus. The fragmentation of si-
nus mucin produced mucin subunits and glycopeptide
units of smaller molecular sizes that are likely to have
lower viscoelastic properties. This suggested that the
physical and biological properties of the mucus could
be altered by applying this in vivo. These data suggest
that there may be different pathological processes occur-
ring at the cellular level on chronic sinusitis.
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Mouth

Chronic periodontitis

Chronic periodontitis is a common disease of the oral cavity
consisting of chronic inflammation of the periodontal tissues
that is caused by accumulation of profuse amounts of dental
plaque. Periodontal disease is an inflammatory reaction of
periodontal tissues in response to infection caused by a spe-
cific group of bacteria [383]. A positive correlation was ob-
served between salivary mucin and preodontitis [384]. Peri-
odontitis induces an increase in the output of proteins, includ-
ing mucin and amylase, thereby enhancing the protective po-
tential of saliva [385]. There was a significant decrease in the
amounts of MUC1 transcripts in elderly subjects, which is
positively correlated with the level of periodontal inflamma-
tion [386]. The MUC7 gene product, a soluble 180-kDa sali-
vary mucin named MG2, is well recognized as a key compo-
nent of the oral host defence system. MUC7 is also known to
display genetic polymorphism that generates a variable num-
ber of tandem repeat (VNTR) domains [387].MUC7 typically
encodes 6 heavily glycosylated tandem repeats (TRs) [388],
each with 23 amino acids.

It has been reported that MUC7 is present in the pellicle
formed on cementum surfaces [389], that it exhibits
candidacidal activity [390], kills the periodontal pathogen
Aggregatibacter actinomycetemcomitans [391] and forms het-
erotypic complexes with specific salivary proteins in the oral
environment [392, 393]. Some polymorphisms (allele at IL-
1A +4845 and IL-1B+3954) alter the expression and function
of genes, affecting phenotypes and leading to disease suscep-
tibility [394]. Specific forms of genes can produce variations
in tissue structure, the adaptive immune response, and the
expression of inflammatory mediators. Periodontitis is associ-
ated with the presence of certain Gram-negative bacteria in the
oral cavity, such as Actinobacillus actinomycetemcomitans,
which has been shown to adhere only to mucin-
glycoprotein-2 (MG2) [395].

Sánchez et al. [396] have reported a positive correlation
found between proteins and amylase or mucin concentrations
among the different groups, indicating their change in concen-
trations, response of salivary glands to the disease and en-
hancement of the protective potential of saliva which lower
concentration of mucin in mild periodontitis group. Mechan-
ical stimulation induced an increase in flow rate and output of
proteins, amylase and mucin.

Mucoepidermoid carcinomas of salivary glands

Mucoepidermoid carcinoma (MEC) is the most common type
of malignant salivary gland tumor and the second most com-
mon tumor of bronchial gland origin [397, 398].
Mucoepidermoid carcinoma can also be found in other

organs, as bronchi, lacrimal sac and thyroid that are thought
to originate from precursor cells in excretory and intercalated
ducts of the salivary gland [397].

MECs are characteristically composed of mucous-forming
goblet cells, epidermoid cells and intermediate cells that might
differ considerably in their proportions from one tumor to
another. Generally, high-grade tumors contain a high propor-
tion of epidermoid cells and a correspondingly lower propor-
tion of mucous-forming cells (less than 10 % of the cells),
whereas in low-grade tumors the mucous forming cells usual-
ly constitute more than half the tumor mass [399].

MUC1 and MUC4 are frequently expressed in normal sal-
ivary glands, mainly in ductal cells, MUC5B and MUC7 is
present in mucous and serous acini, respectively, of subman-
dibular and minor salivary glands,MUC5AC andMUC2were
poorly detected in excretory ducts. Alos et al. [400] has re-
ported the expression level of various membrane-bound mu-
cins (MUC1 and MUC4) and secreted mucins (MUC2,
MUC5AC, MUC5B, MUC6 and MUC7) in mucoepidermoid
carcinomas of salivary glands. It was reported that MUC1
expression is related to tumor progression and worse progno-
sis, whereasMUC4 expression is related to a better prognosis.
Based on these reports it was suggested that the expression
pattern of mucin could be a useful diagnostic tool for MEC.

Shemirani et al. [401] have evaluated MEC for expression
of a number of more recently identified mucin genes not pre-
viously examined in MEC including: MUC12, MUC13,
MUC17, MUC18 and MUC 19 and investigated the correla-
tion between mucin expression and tumor characteristics or
clinical behaviour. Investigators reported that qPCR measure-
ments of MUC 4 expression can be utilized to predict
favourable prognosis andMUC 1 andMUC 19 to predict less
favourable prognosis.

Ear

Middle ear with chronic otitis media

Chronic otitis media (COM) is one of the most common
otological diseases that endanger hearing in humans. It is
the medical term for middle ear inflammation characterized
by ear discharge rich in mucus. There are 2 major types of
otitis media: acute otitis media and otitis media with effu-
sion. The former is usually symptomatic, especially ear
pain (otalgia), whereas the latter is most commonly without
acute symptoms. Song et al. [228] have reported acrolein to
be a hazardous air pollutant that decreased cell viability,
induced an inflammatory response and increased mucin
gene expression in human middle ear epithelial cell lines
(HMEECs). These findings support the hypothesis that
acrolein, a hazardous air pollutant in tobacco smoke and
ambient air, is a risk factor for otitis media.
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The common cause of all forms of otitis media is dysfunc-
tion of the Eustachian tube [402], which is usually due to
inflammation of the mucous membranes in the nasopharynx,
which in turn can be caused by a viral URI or possibly by
allergies [403]. Lin et al. [404] have demonstrated the expres-
sion ofMUC5B,MUC5AC,MUC4, andMUC1 in the human
Eustachian tube, whereas onlyMUC5Bmucin expression was
demonstrated in non-inflamed middle ears. MUC5B and
MUC4mucin genes were upregulated 4.2- and 6-fold, respec-
tively, in middle ears with chronic otitis media (COM) or
mucoid otitis media (MOM). This upregulation of mucin
genes was accompanied by an increase of MUC5B and
MUC4 producing cells in the middle ear mucosa.

Moon et al. [405] investigated the factors that regu-
late these secretory products and their morphological
phenotype using cultured human middle ear epithelial
cells. They reported that decrease in the secretion of
mucin and lysozyme, and in the cellular expression of
MUC 2, MUC 5 AC and MUC 5B mRNA as caused by
omission of retinoic acid (RA) and removal of triiodo-
thyronine (T3) caused an increase in the secretion of
mucin and the level of MUC5AC mRNA therefore cul-
ture system can serve as an in vitro model for study of
the regulation of various cellular secretions in human
middle ear epithelium.

In the middle ear ciliated tract, mucins are transported to-
ward the nasopharyngeal orifice by regular movements of the
cilia. Since mucins are able to bind to proteins in the outer
membrane of bacteria [406, 407] they play an essential role in
the defense of the middle ear epithelium against invading
pathogens under normal conditions.

Kawano et al. [408] have reported that normal human mid-
dle ear expresses MUC5B and eustachian tube expresses
MUC5B and MUC5AC [409]. MUC5B has been shown to
be a major mucin expressed in human airway submucosal
glands [410], gallbladder epithelium [355], submaxillary
glands [410] and Eustachian tube submucosal glands and ep-
ithelium [409].

In situ hybridization and immunohistochemistry demon-
strated the expression ofMUC5B mucin mRNA and its prod-
uct, MUC5B mucin. Reports state that the expression of
MUC5B mucin in middle ear epithelium was related to infil-
tration of inflammatory cells in the submucosa, suggesting
that in COM, inflammatory cell products are involved in pro-
duction of MUC5B mucin in the middle ear mucosa.

Kerschner et al. [411] have reported MUC5AC as
fundamentally important in the development of ME mu-
coid effusions, hearing loss that also provides middle
ear (ME) mucosal protection and bacterial clearance.
This demonstrates MUC5AC gene changes in patients
with otitis media (OM) and highlights the need for
greater understanding of the molecular responses in
OM; particularly that of mucin.

Uterus

Uterine cervix

A cervix uterus is the lower part of the uterus in the human
female reproductive system. In a non-pregnant woman, the
cervix is usually between 2 and 3 cm long and roughly cylin-
drical in shape. Cervical mucus is used in several methods of
fertility awareness, such as the Creighton model and Billings
method, due to its changes in consistency throughout the men-
strual period. The two types of epithelia meet the
squamocolumnar junction. Infection with the human papillo-
ma virus (HPV) can cause changes in the epithelium, which
can lead to cancer of the cervix.

The expression of human MUC genes (MUC1, MUC2,
MUC5B, MUC5AC and MUC8) was investigated by Hebbar
et al. [412] in human endometrium and cervix, which then
compared, quantitated the expression of MUC genes in nor-
mal and cancerous tissues. They reported increased expression
of MUC1, MUC5B and MUC8 in Endometrial tumors com-
pared to normal. MUC1 appears to be increased, in cervical
tumors where as low to neglible levels of MUC2 and
MUC5AC were observed in all studied endometrial and cer-
vical tissues.

Mucin expression also shows some correlation with prog-
nosis in patients with various cancers. However, few studies
have been conducted on adenocarcinomas of the uterine cer-
vix. Mitsuhashi et al. [413] have studied a significant reduc-
tion ofMUC5AC expression that was evidenced in the adeno-
carcinomas of the cervix in comparisonwith that in the normal
endocervical epithelium (53.2 % vs. 100 %; P<.001).
MUC5AC expression was correlated with paracervical inva-
sion and histological type. Patients with negative MUC5AC
expression showed poorer survival than those with positive
MUC5AC expression.

Thyroid

Graves’ disease

Graves’ disease (or Flajani-Basedow-Graves disease) is an
autoimmune disease. It most commonly affects the thyroid,
frequently causing it to enlarge to twice its size or more (goi-
tre), become overactive with related hyperthyroid symptoms
such as increased heartbeat, muscle weakness, disturbed sleep
and irritability. It can also affect the eyes, causing bulging eyes
(exophthalmos). It affects other systems of the body, including
the skin, heart, circulation and nervous system.

It affects up to 2 % of the female population, sometimes
appears after childbirth, and occurs seven to eight times more
often in women than in men. Genetic factors are a major
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influence accounting for possibly around 80 % of the risk
[414].

The signs and symptoms of Graves’ disease virtually all
result from the direct and indirect effects of hyperthyroidism,
with main exceptions being Graves’ ophthalmopathy, goitre
and pretibial myxedema (which are caused by the autoim-
mune processes of the disease). The Genome wide association
study on Graves’ disease on Chinese Han population samples
has shown an association with a polymorphism rs4947296,
which is lying betweenMUC21 and C6orf15 indicating a role
of MUC21, but as this region is close to major histocompati-
bility complex (MHC) its independent association is yet to be
analysed [415]. The association is also reported in Medscape
[416].

Chelala et al. [417] studied the history of medically con-
trolled Graves’ disease in a woman seen with an extensive
Superior limbic keratoconjunctivitis (SLK) involving 5 mm
of the superior cornea. They reported tapering treatment as
essential for long-term success of remission.

Bladder

Bladder cancer

Bladder cancer is the 9th leading cause of cancer that occurs in
approximately 80–90 % of the patients with 430,000 new
cases [418] and 165,000 deaths during 2012. Bladder cancer
is any of several types of cancer arising from the epithelial
lining (i.e., the urothelium) of the urinary bladder. Rarely the
bladder is involved by non-epithelial cancers, such as lympho-
ma or sarcoma, but these are not ordinarily included in the
colloquial term Bbladder cancer.^ It was suggested that the
mutations at HRAS, KRAS2, RB1, and FGFR3 may be asso-
ciated in some cases (OMIM). Under normal conditions, mu-
cin genes protect the epithelial surfaces; however, mucus hy-
persecretion leads to inflammatory diseases such as asthma, as
well as carcinomas [3, 31].

MUC5B, which is expressed in many organs that secrete
mucus, including the lungs [419], urogenital tract [420] and
breasts [421] as well as in the gallbladder [422] was studied
for its involvement in bladder cancer.

Most mucin genes contain a central region with a variable
number of tandem repeats (VNTR) [190, 423]. Tandem re-
peats sequences have been classified into two groups,
minisatellites and microsatellites. Ahn et al. [424] had ana-
lyzed three (MUC5B-MS3, -MS6, and -MS7) of seven
minisatellites that were found to be polymorphic in MUC5B
and evaluated the putative functional significance of allelic
variation in these minisatellites with respect to the susceptibil-
ity for carcinomas. Based on their analysis the minisatellites
have been characterized in detail for the complete MUC5B
region and they have reported that the loci of MUC5B

minisatellites may function as indicators of the risk of bladder
cancer.

Bones (joints)

Rheumatoid arthritis

Rheumatoid arthritis (RA) is a chronic, autoimmune systemic
disorder of unclear etiology that results in symmetrical joint
inflammation. It occurs more frequently in women than in
men with a ratio of 3:1. The onset of RA may occur at any
age, but most often affects individuals between the ages of 25–
50 years.

The process involves an inflammatory response of the cap-
sule around the joints (synovium) secondary to swelling
(turgescence) of synovial cells, excess synovial fluid and the
development of fibrous tissue (pannus) in the synovium. It
also affects the underlying bone (focal erosions) and cartilage
(thinning and destruction). Themucin proteins play a vital role
in examining the expression of synovial tissues in RA.
Neidhart et al. [425] measured the synovial fluid levels of
soluble CD146 (MUC18) in various human joint diseases,
including rheumatoid arthritis (RA) as MUC18 is a marker
of tumor progression and metastasis formation in human mel-
anoma. In addition, they have studied the distribution of
MUC18 in normal and RA synovial tissues. Since MUC18
is expressed almost exclusively by vascular endothelium, high
levels of solubleMUC18 in RA synovial fluid, particularly in
patients with early disease, could reflect increased activity of
endothelial cells and angiogenesis.

Intra-articular expression of proinflammatory cytokines
such as interleukin (IL)-6, IL-1α, and tumor necrosis
factor-α (TNF-α) plays a critical role in the pathogenesis of
RA . High levels of IL-6 are produced in the joints of patients
with RA and large quantities can be detected in their serum
[426]. IL-6 plays a pivotal role in the inflammatory process, in
osteoclast-mediated bone resorption and in pannus develop-
ment through increased vascular endothelial growth factor
expression. Hamaguchi et al. [427], has reported that mucins,
includingMUC1 derived from RA synovial fluid, induce IL-6
production on peripheral blood mononuclear cells (PBMCs)
and thatMUC1 was expressed on synovial cells and mononu-
clear cells in RA synovial tissues. They have stated that
MUC1 could be a new target specific for inflamed joints in
the treatment of RA.

Volin et al. [428] has performed immunohistochemistry,
Western blotting, and reverse transcriptase-polymerase chain
reaction to determine expression patterns of MUC1, MUC2,
MUC3, andMUC5AC in RA, osteoarthritic (OA), and normal
human synovial tissue (ST). They demonstrated the up-
regulated MUC expression by ST cells and suggest a novel
role of MUC3 and MUC5AC in the pathogenesis of arthritis.
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Gland

Adenocarcinoma

The term adenocarcinoma is derived from adeno- meaning
Bpertaining to a gland^ and carcinoma, which describes a
cancer that has developed in the epithelial cells. Adenocarci-
noma is a type of cancerous tumor that can occur in several
parts of the body. It is defined as neoplasia of epithelial tissue
that has glandular origin, glandular characteristics or both.
Adenocarcinomas are part of the larger grouping of carcino-
mas. Cancers that are adenocarcinomas are often usually
called by more precise terms omitting the word, where these
exist. Mucins are large glycoproteins expressed by all mucosal
epithelial tissues and commonly by adenocarcinomas arising
from these tissues.

Packer et al. [107] compared the expression of MUC1,
MUC3, MUC4, MUC11, MUC12 and MUC13 mRNA in ep-
ithelial cancers cell lines with non-malignant tissues and re-
ported expression ofMUC3, 4, 11, 12 and 13 at highest levels
in gastrointestinal non-malignant tissues,, whereasMUC1was
more widely distributed. In colonic cancers down-regulation
of theMUC4,MUC12 andMUC13 genes was observed com-
pared with normal tissue, whereas MUC1 was upregulated.
No significant difference was found in any of the six mucin
genes in rectal cancers when compared to those in normal
rectal tissues. Both MUC1 and MUC4 were down-regulated
in gastric cancers, whereas cancer and normal tissue levels
were similar for MUC3, 11, 12 and 13. The reported expres-
sion profiles of the cell surface mucin gene family will help
direct biological and clinical studies of these molecules in
mucosal biology and in malignant and inflammatory diseases
of epithelial tissues.

Epithelial tissue can be derived embryologically from
any of the germ layers (ectoderm, endoderm or mesoderm).
To be classified as adenocarcinoma, the cells do not neces-
sarily need to be part of a gland, as long as they have
secretory properties. Adenocarcinoma is the malignant
counterpart to adenoma, which is the benign form of such
tumors. Sometimes adenomas transform into adenocarci-
nomas, but most do not.

Most breast cancers start in the ducts or lobules and are
adenocarcinomas. The vast majority of colorectal cancers are
adenocarcinomas. This is because the colon has numerous
glands within the tissue. Normal colonic glands tend to be
simple and tubular in appearance with a mixture of mucus
secreting goblet cells and water absorbing cells. These glands
are called glands because they secrete a substance into the
lumen of the colon, this substance being mucus. The purpose
of these glands is twofold. The first is to absorb water from the
feces back into the blood. The second purpose is to secrete
mucus into the colon lumen to lubricate the now dehydrated
feces. This is crucial as a failure to lubricate the feces can

result in colonic damage by the feces as it passes towards
the rectum.

Clinical evidence has shown that patients with long lasting
inflammatory bowel disease (IBD) are at an increased risk for
developing colon cancer. Inflammation of the colon is
hypothesised to predispose to abnormal cell growth, which
over time can give rise to adenoma (dysplasia) and adenocar-
cinoma. However, colon cancer is a heterogeneous and mul-
tifactorial disease. Adenomatous polyps (tubular adenoma and
tubulovillous adenoma) are recognised as precursor lesions to
colon cancer. Altered mucin expression has long been associ-
ated with the pathology of epithelial diseases such as inflam-
matory bowel disease [429] and respiratory diseases, includ-
ing cystic fibrosis [430].

Mizejewski [431] reviewed the literature of the multiple
alpha-fetoprotein (AFP) receptors previously including their
cellular uptake, transmembrane passage and partial biochem-
ical characterization. They proposed that AFP may not be the
receptor for tumor cells but rather widespread mucin protein
that functions primarily in protecting and lubricating epithelial
mucosal layers, and engaging in signal transduction works as
tumor cell receptors, as evidenced from computer modeling,
proteolytic/fragmentation cleavage patterns, domain structure
analysis and protein binding software analysis.

Gut microbiota and type 2 diabetes

International Diabetes Federation has reported that 382 mil-
lion people living with diabetes worldwide and the number are
expected to rise to 592 million by 2035 [432]. Prevention of
diabetes mellitus (1994) [433] has reported that nearly 85–
95 % of people with diabetes have type 2 diabetes mellitus
(T2DM). According to the World Health Organization [434],
the global prevalence of diabetes is approximately 10 %,
reaching up to 33 % of the population in some regions. Dia-
betes is a condition of multifactorial origin, including genetic
and environmental factors, and accounts for 3.5 % of the mor-
tality cases due to non-communicable chronic diseases. The
adult human intestine is colonized by about 100 trillion bac-
teria, which is about 10 times the number of total cells in the
human body [435]. Han and Lin [436] have reported and
focused on the underlying role of intestinal microbiota in the
pathogenesis of T2DM and the therapeutic potential of mod-
ulating gut microbiota in T2DM.

Gut microbiota plays an active role in intestinal physiology
[437]. Approximately 160 species of different bacteria per
person per fecal sample in the microbiota were reported by
Rodriguez et al. [438] that play an important role in human
health. The gut microbiota is said to affect numerous biolog-
ical functions throughout the body and its characterisation has
become a major research area in biomedicine. Tilg et al. [439]
suggested that gut bacteria plays an active role in the diseases
such as obesity, diabetes and cardiovascular disease. Obesity
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and type 2 diabetes are characterized by altered gut microbiota
[440], inflammation [441] and gut barrier disruption
[442–444]. First human metagenome-wide association studies
demonstrated highly significant correlations of specific intes-
tinal bacteria, certain bacterial genes and respective metabolic
pathways with T2D.

Backhed et al. [445] has reported the presence of
Bifidobacterium, Lactobacillus, Bacteroides, Clostridium,
Escherichia, Streptococcus and Ruminococcus in a healthy
adult’s gut, approximately 60 % of the bacteria belong to the
Bacteroidetes or Firmicutes phyla. It was reported that altered
intestinal microbiota leads to increased intestinal permeability
and mucosal immune response, which leads to the develop-
ment of type 2 diabetes.

The enteric tract contains a complex ecosystem that is com-
posed of trillions of microbial cells that are associated with
mucus that are secreted by specialized intestinal epithelial
cells (IEC)-type, the goblet cell, [446]. Approximately 10 l
of mucus is secreted per day in humans [447]. The small
intestine is mainly covered by a loosely attached mucus layer
(150–400 μm), which is thinnest in the jejunum, where the
major nutrient uptake takes place [448]. Van Klinken et al.
[422] reported the dual role of mucus in relation to microbiota;
it protects the underlying mucosa from undesired interactions
with microbes such as pathogens; besides it provides an initial
adhesion site, nutrient source and matrix on (and/or in) which
bacteria can proliferate and thrive.

Tilg et al. [439] reported presence of Akkermansia
muciniphila, a mucin-degrading Gram-negative bacterium
[449], that is highly prevalent and constitutes about 3–5 %
of the gut’s microbiota, to be inversely correlated with over-
weight and diabetes in murine and human studies. Another
study by Everard et al. [450] reported Akkermansia
muciniphila as a potential microbiota that reduces the inflam-
mation and offers protection against the development of obe-
sity and T2D. Therefore, this can be used as a ‘gut signature’
in T2D, for better understanding of the role of the mucin
interacting microbiota in diabetes, which might provide new
aspects regarding its pathophysiological relevance and paves
the way for new therapeutic principles.

Summary and future prospects

The study of interactions between mucins, human diseases
and its associated organs along with other components of mu-
cus could unwind the mucin blackbox in medical science.
Therefore, mucins can be explored for their potential use as
diagnostic, prognostic markers and as therapeutic targets in
various diseases. This in turn could be a breakthrough for
novel drug design and discovery for various diseases that play
an important role in human health and diseases especially
obesity and diabetes (T2D) which is known as multifactorial
origin, including genetic and environmental factors and

accounts for 3.5 % of the mortality cases due to non-
communicable chronic diseases.

Mucins are the glycoproteins, which can be considered as
connective tissues similar to blood tissues that coats and pro-
tect the epithelial cells from various microbial pathogens.
They play a central role in human health and disease, in spite
of their key role there are many gaps in the knowledge of
mucus and mucins with reference to its physiology in different
organs and organ specific diseases. This review has collated
and unzipped the pathophysiological role of secretory and
membrane bound mucins in different non-communicable hu-
man diseases associated with various organs. The potential of
mucins as diagnostic and prognostic markers and as therapeu-
tic targets in various diseases have also been discussed. Mu-
cins overexpression and aberrant glycosylation are mainly as-
sociated with cancer formation, prognosis and metastasis.
Like MUC1, in various epithelial cancers other carcinomas
as well. Therefore, it provides unique targets for imaging
and therapy mainly for breast and pancreatic cancers. MUC2
is an intestinal marker for the cell lineage of epithelial cells of
gastric carcinoma. MUC4 is a potential diagnostic and prog-
nostic marker for ductal carcinoma MUC13 is expressed in
gastrointestinal carcinomas. MUC14 is associated with
Angiolipoma. MUC15 may serve as a prognostic marker
and potential novel therapeutic target in papillary thyroid car-
cinoma.MUC18 is expressed at very high levels in premalig-
nant and malignant prostatic epithelium, including metastasis
and therefore, may lead to a new marker of human prostate
cancer.

Some mucins have a role in diseases due to inflammatory
conditions. Like,MUC3,MUC9,MUC11 andMUC12 play a
key role in Ulcerative colitis and/or Crohn’s disease and
MUC5 i n Lung d i s e a s e , Ga l l s t one fo rma t i on ,
Mucoepidermoid carcinomas of salivary glands and inMiddle
ear with chronic otitis media. MUC7 has a role in the patho-
physiology of asthma. MUC8 expression is associated with
chronic sinusitis and is known to be an important airway
mucin.

A fewMUCs are expressed in infectious conditions and are
involved in transition of a viral infection to carcinomic pro-
gression like, aberrant MUC6 expression was often seen in
gastrointestinal diseases and in Epstein-Barr virus-associated
gastric carcinoma.

There are some mucins which having a role in both carci-
nomas and inflammation not leading to carcinomas. One such
is MUC16 which is involved in megis syndrome, ovarian
cancer as well as in kerato-conjunctivitis. Similarly, MUC17
is expressed in biliary papillomatosis, adenocarcinoma as well
as inflammatory and neoplastic diseases of the colon.MUC18
is trophoblastic tumors, pulmonary metastasis and also in lung
inflammation, rheumatoid arthritis, inflammatory skin dis-
ease.MUC20 is expressed in injured kidney, colorectal cancer
and also in immunoglobulin A (IgA) nephropathy. The factors
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that regulate MUC20 can be used as therapeutics for the de-
velopment and progression of renal diseases.

MUC19 is involved in patients of chronic autoimmune dis-
ease known as Sjögren syndrome.

MUC21 and MUC22 are involved in lung carcinomas as
well as major autoimmune diseases, Graves’ disease, and in-
flammatory disease like diffuse panbronchiolitis.

Although, no reports are available on mucins role in T2D,
but human mucins are known to play dual role in relation to
microbiota; it protects the underlying mucosa from undesired
interactions with microbes such as pathogens; besides it pro-
vides an initial adhesion site, nutrient source and matrix on
(and/or in) which bacteria can proliferate and thrive. This in
turns helps in maintaining the gut microbiota /flora of human
gastro-intestine which is known to be involved in T2D. This
colonisation of microbiota helps in energy harvest from hu-
man diet which is a major component in T2D.

The above description represents the role that all the 22
mucins play in various organ specific diseases and human
health. Most of the diseases are supposed to be originated
from malfunction or hyper-secretion of the mucins. The poly-
morphisms represented at various mucins VNTR’s domains
tend to play a key role in different aspects of human health and
diseases. These polymorphisms are also helpful in identifica-
tion of various biomarkers that in turn could be a diagnostic
and prognostic tool.

Acknowledgments The work was supported by the financial assistance
from the extramural research grant of Indian Council ofMedical Research
(ICMR), Second Phase of Biomedical Informatics Centres of ICMR
Grant Number: BIC/12(19)/2013. The Authors acknowledge Department
of Science and Technology, Government of India, New Delhi, for
granting inspire fellowship to Mr. Ardhendu Bhusan Praharaj. The au-
thors also acknowledge Regional Medical Research Centre (ICMR),
Bhubaneswar for providing infrastructure facilities to carry out this work.

Conflict of interest The authors declare that there is no conflict of
interest.

Open access This review is distributed under the terms of the Creative
Commons Attribution License which permits any use, distribution and
reproduction in any medium, provided the original author(s) and the
source are credited.

References

1. Nasir, E.W., Ahmad, I., Hoessli, D.C., Shakoori, A.R., Nasir-ud,
D.: Mucin glycoproteins. Proc. Pakistan Acad. Sci. 40, 205–232
(2003)

2. Bartman, A.E., Buisine, M.P., Aubert, J.P., Niehans, G.A.,
Toribara, N.W., Kim, Y.S., Kelly, E.J., Crabtree, J.E., Ho, S.B.:
TheMUC6 secretory mucin gene is expressed in a wide variety of
epithelial tissues. J. Pathol. 186, 398–405 (1998)

3. 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. 265, 15286–15293
(1990)

4. Pratt, W.S., Crawley, S., Hicks, J., Ho, J., Nash, M., Kim, Y.S.,
Gum, J.R., Swallow, D.M.: Multiple transcripts of MUC3: evi-
dence for two genes, MUC3A and MUC3B. Biochem. Biophys.
Res. Commun. 275, 916–923 (2000)

5. Williams, S.J., McGuckin, M.A., Gotley, D.C., Eyre, H.J.,
Sutherland, G.R., Antalis, T.M.: Two novel mucin genes down-
regulated in colorectal cancer identified by differential display.
Cancer Res. 59, 4083–4089 (1999)

6. Moniaux, N., Nollet, S., Porchet, N., Degand, P., Laine, A.,
Aubert, J.P.: Complete sequence of the human mucin MUC4: a
putative cell membrane- associated mucin. Biochem. J. 338, 325–
333 (1999)

7. Williams, S.J., Wreschner, D.H., Tran, M., Eyre, H.J., Sutherland,
G.R., McGuckin, M.A.:MUC13, a novel human cell surface mu-
cin expressed by epithelial and hemopoietic cells. J. Biol. Chem.
276, 18327–18336 (2001)

8. Yin, B.W., Dnistrian, A., Lloyd, K.O.: Ovarian cancer antigen
CA125 is encoded by the MUC16 mucin gene. Int. J. Cancer 98,
737–740 (2002)

9. Gum Jr., J.R., Crawley, S.C., Hicks, J.W., Szymkowski, D.E.,
Kim, Y.S.: MUC17, a novel membrane-tethered mucin.
Biochem. Biophys. Res. Commun. 291, 466–475 (2002)

10. Gum Jr., J.R., Hicks, J.W., Toribara, N.W., Siddiki, B., Kim, Y.S.:
Molecular cloning of human intestinal mucin (MUC2) cDNA.
Identification of the amino terminus and overall sequence similar-
ity to prepro-von Willebrand factor. J. Biol. Chem. 269, 2440–
2446 (1994)

11. Desseyn, J.L., Buisine, M.P., Porchet, N., Aubert, J.P., Laine, A.:
Genomic organization of the human mucin gene MUC5B-cDNA
and genomic sequences upstream of the large central exon. J. Biol.
Chem. 273, 30157–30164 (1998)

12. Li, D., Gallup, M., Fan, N., Szymkowski, D.E., Basbaum, C.B.:
Cloning of the amino-terminal and 5′-flanking region of the hu-
man MUC5AC mucin gene and transcriptional up-regulation by
bacterial exoproducts. J. Biol. Chem. 273, 6812–6820 (1998)

13. Toribara, N.W., Roberton, A.M., Ho, S.B., Kuo, W.L., Gum, E.,
Hicks, J.W., Gum Jr., J.R., Byrd, J.C., Siddiki, B., Kim, Y.S.:
Human gastric mucin. Identification of a unique species by ex-
pression cloning. J. Biol. Chem. 268, 5879–5885 (1993)

14. Bobek, L.A., Tsai, H., Biesbrock, A.R., Levine, M.J.: Molecular
cloning, sequence, and specificity of expression of the gene
encoding the low molecular weight human salivary mucin
(MUC7). J. Biol. Chem. 268, 20563–20569 (1993)

15. Chen, Y., Zhao, Y.H., Kalaslavadi, T.B., Hamati, E., Nehrke, K.,
Le, A.D., Ann, D.K., Wu, R.: Genome-wide search and identifi-
cation of a novel gel-forming mucin MUC19/Muc19 in glandular
tissues. Am. J. Respir. Cell Mol. Biol. 30, 155–165 (2004)

16. Higuchi, T., Orita, T., Katsuya, K., Yamasaki, Y., Akiyama, K., Li,
H., Yamamoto, T., Saito, Y., Nakamura, M.: MUC20 suppresses
the hepatocyte growth factor-induced Grb2-Ras pathway by bind-
ing to a multifunctional docking site of Met. Mol. Cell Biol. 24,
7456–7468 (2004)

17. Voynow, J.A., Rubin, B.K.: Mucins, mucus, and sputum. Chest
135, 505–512 (2009)

18. Rubin, B.K.: Mucus, phlegm, and sputum in cystic fibrosis.
Respir. Care 54, 726–32 (2009)

19. Kater, A., Henke, M.O., Rubin, B.K.: The role of DNA and actin
polymers on the polymer structure and rheology of cystic fibrosis
sputum and depolymerization by gelsolin or thymosin beta 4.
Ann. N. Y. Acad. Sci. 1112, 140–153 (2007)

20. Rubin, B.K.: Mucus structure and properties in cystic fibrosis.
Paediatr. Respir. Rev. 8, 4–7 (2007)

21. Henke, M.O., Ratjen, F.: Mucolytics in cystic fibrosis. Paediatr.
Respir. Rev. 8, 24–29 (2007)

600 Glycoconj J (2015) 32:575–613



22. Gevers, W.: Mucus and mucins. SAMJ 72, 39–42 (1987)
23. Yonezawa, S., Sato, E.: Expression of mucin antigens in human

cancers and its relationship with malignancy potential. Pathol. Int.
47, 813–830 (1997)

24. Rakha, E.A., Boyce, R.W., Abd, Rehim, D., Kurien, T., Green,
A.R., Paish, E.C., Robertson, J.F., Ellis, I.O.: Expression of mu-
cins (MUC1, MUC2, MUC3, MUC4, MUC5AC and MUC6) and
their prognostic significance in human breast cancer. Mod. Pathol.
118, 1295–1304 (2005)

25. Yonezawa, S., Goto, M., Yamada, N., Higashi, M., Nomoto, M.:
Expression profiles of MUC1, MUC2, and MUC4 mucins in hu-
man neoplasms and their relationship with biological behavior.
Proteomics 8, 3329–3341 (2008)

26. Yonezawa, S., Higashi, M., Yamada, N., Yokoyama, S., Goto, M.:
Significance of mucin expression in pancreatobiliary neoplasms.
J. Hepatobiliary Pancreat. Sci. 17, 108–124 (2010)

27. Nagata, K., Horinouchi, M., Saitou,M., Higashi, M., Nomoto,M.,
Goto, M., Yonezawa, S.: Mucin expression profile in pancreatic
cancer and the precursor lesions. J. Hepatobiliary Pancreat. Surg.
14, 243–254 (2007)

28. Matsukita, S., Nomoto, M., Kitajima, S., Tanaka, S., Goto, M.,
Irimura, T., Kim, Y.S., Sato, E., Yonezawa, S.: Expression of mu-
cins (MUC1,MUC2,MUC5AC andMUC6) in mucinous carcino-
ma of the breast: comparison with invasive ductal carcinoma.
Histopathology 42, 26–36 (2003)

29. Wang, M., Zhang, Y.C., Yang, X.Y., Wang, Z.Q.: Prognostic sig-
nificance of the mucin component in stage III rectal carcinoma
patients. Asian Pac. J. Cancer Prev. 15, 8101–8115 (2014)

30. Joshi, S., Kumar, S., Choudhury, A., Ponnusamy, M.P., Batra,
S.K.: Altered Mucins (MUC) trafficking in benign and malignant
conditions. Oncotarget 5, 7272–7284 (2014)

31. Corfield, A.P., Carroll, D., Myerscough, N., Probert, C.S.: Mucins
in the gastrointestinal tract in health and disease. Front. Biosci. 6,
D1321–D1357 (2001)

32. Linden, S.K., Sutton, P., Karlsson, N.G., Korolik, V., McGuckin,
M.A.: Mucins in the mucosal barrier to infection. Mucosal
Immunol. 1, 183–197 (2008)

33. Morcillo, E.J., Cortijo, J.: Mucus andMUC in asthma. Curr. Opin.
Pulm. Med. 12, 1–6 (2006)

34. Patterson, A., Harris, A.L.: Molecular chemotherapy for breast
cancer. Drugs Aging 14, 75–90 (1999)

35. Boltin, D., Niv, Y.: Pharmacological and alimentary alteration of
the gastric barrier. Best Pract. Res. Clin. Gastroenterol. 28, 981–
994 (2014)

36. Hlavaty, J., Petznek, H., Holzmüller, H., Url, A., Jandl, G., Berger,
A., Salmons, B., Günzburg, W.H.: Renner M.Evaluation of a
gene-directed enzyme-product therapy (GDEPT) in human pan-
creatic tumor cells and their use as in vivo models for pancreatic
cancer. PLoS One 7, e40611 (2012)

37. Hauber, H.P., Zabel, P.: Emerging mucus regulating drugs in in-
flammatory and allergic lung disease. Inflamm. Allergy Drug
Targets 7, 30–34 (2008)

38. Rogers, D.F., Barnes, P.J.: Treatment of airway mucus hypersecre-
tion. Ann. Med. 38, 116–259 (2006)

39. Rogers, D.F.: Mucus pathophysiology in COPD: differences to
asthma, and pharmacotherapy. Monaldi Arch. Chest Dis. 55,
324–332 (2000)

40. Barnes, P.J.: Current and future therapies for airway mucus hyper-
secretion. Novartis Found. Symp. 248, 237–249 (2002)

41. Chen, X., Zhang, Q., Qian, C., Hao, N., Xu, L., Yao, C.:
Electrochemical aptasensor for mucin 1 based on dual signal am-
plification of poly(o-phenylenediamine) carrier and functional-
ized carbon nanotubes tracing tag. Biosens. Bioelectron. 64,
485–492 (2015)

42. Cao, H., Ye, D., Zhao, Q., Luo, J., Zhang, S., Kong, J.: A novel
aptasensor based on MUC1 conjugated CNSs for ultrasensitive
detection of tumor cells. Analyst 139, 4917–4923 (2014)

43. Inagaki, Y., Gao, J., Song, P., Kokudo, N., Nakata, M., Tang, W.:
Clinicopathological utility of sialoglycoconjugates in diagnosing
and treating colorectal cancer. World J. Gastroenterol. 20, 6123–
6132 (2014)

44. Yokoyama, S., Kitamoto, S., Higashi, M., Goto, Y., Hara, T.,
Ikebe, D., Yamaguchi, T., Arisaka, Y., Niihara, T., Nishimata,
H., Tanaka, S., Takaori, K., Batra, S.K., Yonezawa, S.:
Diagnosis of pancreatic neoplasms using a novel method of
DNA methylation analysis of mucin expression in pancreatic
juice. PLoS One 9, e93760 (2014)

45. Andergassen, U., Kölbl, A.C., Zebisch, M., Heublein, S., Hutter,
S., Ilmer, M., Schindlbeck, C., Friese, K., Jeschke, U.: Detection
and characterisation of disseminated tumour cells in bone marrow
of breast cancer patients by immunostaining of Her-2 and MUC-1
in combination with Thomsen-Friedenreich (CD176). Histol.
Histopathol. 29, 913–923 (2014)

46. Kusafuka, K., Muramatsu, K., Iida, Y., Mori, K., Miki, T., Suda,
T., Fuke, T., Kamijo, T., Onitsuka, T., Nakajima, T.: MUC expres-
sion in adenosquamous carcinoma of the head and neck regions of
Japanese patients: immunohistochemical analysis. Pathol. Int. 64,
104–114 (2014)

47. Ahn, E.K., Kim,W.J., Kwon, J.A., Choi, P.J., Kim,W.J., Sunwoo,
Y., Heo, J., Leem, S.H.: Variants ofMUC5BMinisatellites and the
Susceptibility of Bladder Cancer. DNA Cell Biol. 28, 169–176
(2009)

48. Mukhopadhyay, P., Chakraborty, S., Ponnusamy, M.P.,
Lakshmanan, I., Jain, M., Batra, S.K.: Mucins in the pathogenesis
of breast cancer: Implications in diagnosis, prognosis and therapy.
Biochim. Biophys. Acta 1815, 224–240 (2011)

49. Luistro, L.L., Rosinski, J.A., Bian, H., Bishayee, S., Rameshwar,
P., Ponzio, N.M., Ritland, S.R.: Development and characterization
of a preclinical ovarian carcinoma model to investigate the mech-
anism of acquired resistance to trastuzumab. Int. J. Oncol. 41,
639–651 (2012)

50. Shi, M., Yang, Z., Hu, M., Liu, D., Hu, Y., Qian, L., Zhang, W.,
Chen, H., Guo, L., Yu, M., Song, L., Ma, Y., Guo, N.:
Catecholamine-Induced β2-adrenergic receptor activation medi-
ates desensitization of gastric cancer cells to trastuzumab by up-
regulating MUC4 expression. J. Immunol. 190, 5600–5608
(2013)

51. Zhang, Z., Wang, J., He, J., Zheng, Z., Zeng, X., Zhang, C., Ye, J.,
Zhang, Y., Zhong, N., Lu, W.: Genetic variants inMUC4 gene are
associated with lung cancer risk in a Chinese population. Plos One
8, e77723 (2013)

52. Kufe, D.W.: Mucins in cancer: function, prognosis and therapy.
Nat. Rev. Cancer 9, 874–885 (2009)

53. Ogata, S., Uehara, H., Chen, A., Itzkowitz, S.H.: Mucin gene
expression in colonic tissues and cell lines. Cancer Res. 52,
5971–5978 (1992)

54. Senthil, R.P., Kathiresan, K., Sahu, S.K.: Insilico docking analysis
of mangrove-derived compounds against breast cancer protein
(BRCA1). Int. Multidisc. Res J 1, 09–12 (2011)

55. Femia, A.P., Luceri, C., Soares, P.V., Lodovici, M., Caderni, G.:
Multiple mucin depleted foci, high proliferation and low apoptotic
response in the onset of colon carcinogenesis of the PIRC rat,
mutated in Apc. Int. J. Cancer 136, E488–4895 (2015)

56. Dai, F., Zhang, Y., Zhu, X., Shan, N., Chen, Y.: The anti-
chemoresistant effect and mechanism of MUC1 aptamer-miR-
29b chimera in ovarian cancer. Gynecol. Oncol. 131, 451–459
(2013)

57. Dillon, D.A., Guidi, A.J., Schnitt, S.J.: Pathology of invasive
breast cancer. In: Harris, J.R., Lippman, M.E., Morrow, M.,

Glycoconj J (2015) 32:575–613 601



Osborne, C.K. (eds.) Diseases of the Breast, 4th edn, pp. 374–407.
Lippincott-Williams & Wilkins pp, Philadelphia, Pa (2010)

58. Masaki, Y., Oka, M., Ogura, Y., Ueno, T., Nishihara, K., Tangoku,
A., Takahashi, M., Yamamoto, M., Irimura, T.: Sialylated MUC1
mucin expression in normal pancreas, benign pancreatic lesions,
and pancreatic ductal adenocarcinoma. Hepatogastroenterology
46, 2240–2245 (1999)

59. Duffy, M.J., Evoy, D., McDermott, E.W.: CA 15-3: Uses and
limitation as a biomarker for breast cancer. Clin. Chim. Acta
411, 1869–1874 (2010)

60. Kim, S., Lee, Y., Koo, J.S.: Differential expression of lipid
metabolism-related proteins in different breast cancer subtypes.
PLoS One 10, e0119473 (2015)

61. Komaki, K., Sakamoto, G., Sugano, H., Morimoto, T., Monden,
Y.: Mucinous carcinoma of the breast in Japan. A prognostic anal-
ysis based on morphologic features. Cancer 61, 989–996 (1988)

62. Clayton, F.: Pure mucinous carcinomas of breast: morphologic
features and prognostic correlates. Hum. Pathol. 17, 34–38 (1986)

63. Norris, H.J., Taylor, H.B.: Prognosis of mucinous (gelatinous)
carcinoma of the breast. Cancer 18, 879–885 (1965)

64. Rasmussen, B.B., Rose, C., Christensen, I.B.: Prognostic factors
in primary mucinous breast carcinoma. Am. J. Clin. Pathol. 87,
155–160 (1987)

65. Gendler, S.J.: MUC1, the renaissance molecule. J. Mammary
Gland Biol. Neoplasia 6, 339–353 (2001)

66. Chakraborty, S., Bonthu, N., Swanson, B.J., Batra, S.K.: Role of
mucins in the skin during benign and malignant conditions.
Cancer Lett. 301, 127–1241 (2010)

67. Rachagani, S., Torres, M.P., Moniaux, N., Batra, S.K.: Current
status of mucins in the diagnosis and therapy of cancer.
Biofactors 35, 509–527 (2009)

68. Singh, A.P., Senapati, S., Ponnusamy, M.P., Jain, M., Lele, S.M.,
Davis, J.S., Remmenga, S., Batra, S.K.: Clinical potential of mu-
cins in diagnosis, prognosis, and therapy of ovarian cancer. Lancet
Oncol. 9, 1076–1085 (2008)

69. Fessler, S.P., Wotkowicz, M.T., Mahanta, S.K., Bamdad, C.:
MUC1* is a determinant of trastuzumab (Herceptin) resistance
in breast cancer cells. Breast Cancer Res. Treat. 118, 113–124
(2009)

70. Wittel, U.A., Goel, A., Varshney, G.C., Batra, S.K.: Mucin anti-
bodies - New tools in diagnosis and therapy of cancer. Front
Biosci. 6, D1296–D1310 (2001)

71. Alexander-Sefre, F., Menon, U., Jacobs, I.J.: Ovarian cancer
screening. Hosp. Med. 63, 210–213 (2002)

72. Ozols, R.F.: Update on the management of ovarian cancer. Cancer
8, 22–30 (2002)

73. Siegel, R., Naishadham, D., Jemal, A.: Cancer statistics. CA
Cancer J. Clin. 62, 10–29 (2012)

74. Auersperg, N., Wong, A.S., Choi, K.C., Kang, S.K., Leung, P.C.:
Ovarian surface epithelium: biology, endocrinology, and patholo-
gy. Endocr. Rev. 22, 255–288 (2001)

75. Dong, Y., Walsh, M.D., Cummings, M.C., Wright, R.G., Khoo,
S.K., Parsons, P.G., McGuckin, M.A.: Expression of MUC1 and
MUC2 mucins in epithelial ovarian tumours. J. Pathol. 183, 311–
317 (1997)

76. Wang, J., El-Bahrawy, M.: Expression profile of mucins (MUC1,
MUC2, MUC5AC, and MUC6) in ovarian mucinous tumours:
changes inexpression from benign to malignant tumours.
Histopathology 66, 529–35 (2015)

77. Feller, W.F., Henslee, J.G., Kinders, R.J., Manderino, G.L.,
Tomita, J.T., Rittenhouse, H.G.: Mucin glycoproleins as tumor
markers. Immunol. Ser. 53, 631–72 (1990)

78. Chauhan, S.C., Kumar, D., Jaggi, M.: Mucins in ovarian cancer
diagnosis and therapy. J. Ovarian Res. 2, 21 (2009)

79. Johansson, M.E., Ambort, D., Pelaseyed, T., Schütte, A.,
Gustafsson, J.K., Ermund, A., Subramani, D.B., Holmén-

Larsson, J.M., Thomsson, K.A., Bergström, J.H., van der Post,
S., Rodriguez-Piñeiro, A.M., Sjövall, H., Bäckström, M.,
Hansson, G.C.: Composition and functional role of the mucus
layers in the intestine. Cell. Mol. Life Sci. 68, 3635–3641 (2011)

80. Bafna, S., Kaur, S., Batra, S.K.: Membrane-bound mucins: the
mechanistic basis for alterations in the growth and survival of
cancer cells. Oncogene 29, 2893–2904 (2010)

81. Yin, B.W., Lloyd, K.O.: Molecular cloning of the CA125 ovarian
cancer antigen: identification as a new mucin, MUC16. J. Biol.
Chem. 276, 27371–27375 (2001)

82. Bast Jr., R.C., Klug, T.L., St John, E., Jenison, E., Niloff, J.M.,
Lazarus, H., Berkowitz, R.S., Leavitt, T., Griffiths, C.T., Parker,
L., Zurawski Jr., V.R., Knapp, R.C.: A radioimmunoassay using a
monoclonal antibody to monitor the course of epithelial ovarian
cancer. N. Engl. J. Med. 309, 883–887 (1983)

83. Peters 3rd, W.A., Bagley, C.M., Smith, M.R.: CA-125. Use as a
tumor marker with mixed mesodermal tumors of the female gen-
ital tract. Cancer 58, 2625–2627 (1986)

84. Bon, G.G., Kenemans, P., Verstraeten, R., van Kamp, G.J.,
Hilgers, J.: Serum tumor marker immunoassays in gynecologic
oncology: establishment of reference values. Am. J. Obstet.
Gynecol. 174, 107–114 (1996)

85. Rump, A., Morikawa, Y., Tanaka, M., Minami, S., Umesaki, N.,
Takeuchi, M., Miyajima, A.: Binding of ovarian cancer antigen
CA125/MUC16 to mesothelin mediates. Cell Adhes. 279, 9190–
9198 (2004)

86. Giuntoli 2nd, R.L., Rodriguez, G.C., Whitaker, R.S., Dodge, R.,
Voynow, J.A.: Mucin gene expression in ovarian cancers. Cancer
Res. 58, 5546–5550 (1998)

87. López-Ferrer, A., Alameda, F., Barranco, C., Garrido, M., de
Bolós, C.: MUC4 expression is increased in dysplastic cervical
disorders. Hum. Pathol. 32, 1197–1202 (2001)

88. Chauhan, S.C., Singh, A.P., Ruiz, F., Johansson, S.L., Jain, M.,
Smith, L.M., Moniaux, N., Batra, S.K.: Aberrant expression of
MUC4 in ovarian carcinoma: diagnostic significance alone and
in combination with MUC1 and MUC16 (CA125). Mod. Pathol.
19, 1386–1394 (2006)

89. Deng, J., Wang, L., Chen, H., Li, L., Ma, Y., Ni, J., Li, Y.: The role
of tumour-associated MUC1 in epithelial ovarian cancer metasta-
sis and progression. Cancer Metastasis Rev. 32, 535–51 (2013)

90. Hu, X.F., Xing, P.X.: Discovery and validation of new molecular
targets for ovarian cancer. Curr. Opin. Mol. Ther. 5, 625–630
(2003)

91. Hu, X.F., Yang, E., Li, J., Xing, P.X.: MUC1 cytoplasmic tail: a
potential therapeutic target for ovarian carcinoma. Expert Rev.
Anticancer Ther. 6, 1261–1271 (2006)

92. Wang, L., Ma, J., Liu, F., Yu, Q., Chu, G., Perkins, A.C., Li, Y.:
Expression of MUC1 in primary and metastatic human epithelial
ovarian cancer and its therapeutic significance. Gynecol. Oncol.
105, 695–702 (2007)

93. Ponnusamy, M.P., Lakshmanan, I., Jain, M., Das, S., Chakraborty,
S., Dey, P., Batra, S.K.: MUC4 mucin-induced epithelial to mes-
enchymal transition: a novel mechanism for metastasis of human
ovarian cancer cells. Oncogene 29, 5741–5754 (2010)

94. Chauhan, S.C., Vannatta, K., Ebeling, M.C., Vinayek, N.,
Watanabe, A., Pandey, K.K., Bell, M.C., Koch, M.D.,
Aburatani, H., Lio, Y., Jaggi, M.: Expression and Functions of
Transmembrane Mucin MUC13 in Ovarian Cancer. Cancer Res.
69, 765–774 (2009)

95. Jain, P., Mondal, S.K., Sinha, S.K., Mukhopadhyay, M.,
Chakraborty, I.: Diagnostic and prognostic significance of differ-
ent mucin expression, preoperative CEA, and CA-125 in colorec-
tal carcinoma: A clinicopathological study. J. Nat. Sci. Biol. Med.
5, 404–408 (2014)

96. Jemal, A., Siegel, R., Ward, E., Hao, Y., Xu, J., Murray, T., Thun,
M.J.: Cancer statistics, 2008. CA Cancer J. Clin. 58, 71–96 (2008)

602 Glycoconj J (2015) 32:575–613



97. Astrosini, C., Roeefzaad, C., Dai, Y.Y., Dieckgraefe, B.K., Jöns,
T., Kemmner, W.: REG1A expression is a prognostic marker in
colorectal cancer and associated with peritoneal carcinomatosis.
Int. J. Cancer 123, 409–13 (2008)

98. Colon Cancer Treatment (PDQ®). NCI. 2014-05-12. Retrieved 29
June (2014)

99. Kakar, S., Aksoy, S., Burgart, L.J., Smyrk, T.C.: Mucinous carci-
noma of the colon: correlation of loss of mismatch repair enzymes
with clinicopathologic features and survival. Mod. Pathol. 17,
696–700 (2004)

100. Baldus, S.E., Zirbes, T.K., Engel, S., Hanisch, F.G., Mönig, S.P.,
Lorenzen, J., Glossmann, J., Fromm, S., Thiele, J., Pichlmaier, H.,
Dienes, H.P.: Correlation of the immunohistochemical reactivity
of mucin peptide coresMUC1 andMUC2with the histopatholog-
ical subtype and prognosis of gastric carcinomas. Int. J. Cancer 79,
133–138 (1998)

101. Sakamoto, H., Yonezawa, S., Utsunomiya, T., Tanaka, S., Kim,
Y.S., Sato, E.: Mucin antigen expression in gastric carcinomas of
young andn old adults. Hum. Pathol. 28, 1056–1065 (1997)

102. Utsunomiya, T., Yonezawa, S., Sakamoto, H., Kitamura, H.,
Hokita, S., Aiko, T., Tanaka, S., Irimura, T., Kim, Y.S., Sato, E.:
Expression ofMUC1 andMUC2mucins in gastric carcinomas: its
relationship with the prognosis of the patients. Clin. Cancer Res.
4, 2605–2614 (1998)

103. Baldus, S.E., Mönig, S.P., Hanisch, F.G., Zirbes, T.K., Flucke, U.,
Oelert, S., Zilkens, G., Madejczik, B., Thiele, J., Schneider, P.M.,
Hölscher, A.H., Dienes, H.P.: Comparative evaluation of the prog-
nostic value ofMUC1,MUC2, sialyl-Lewis(a) and sialyl-Lewis(x)
antigens in colorectal adenocarcinoma. Histopathology 40, 440–
449 (2002)

104. Nakamori, S., Ota, D.M., Cleary, K.R., Shirotani, K., Irimura, T.:
MUC1mucin expression as a marker of progression and metasta-
sis of human colorectal carcinoma. Gastroenterology 106, 353–
361 (1994)

105. Duncan, T.J., Watson, N.F., Al-Attar, A.H., Scholefield, J.H.,
Durrant, L.G.: The role of MUC1 and MUC3 in the biology and
prognosis of colorectal cancer. World J. Surg. Oncol. 5, 31 (2007)

106. Chang, S.K., Dohrman, A.F., Basbaum, C.B., Ho, S.B., Tsuda, T.,
Toribara, N.W., Gum, J.R., Kim, Y.S.: Localization of mucin
(MUC2 and MUC3) messenger RNA and peptide expression in
human normal intestine and colon cancer. Gastroenterology 107,
28–36 (1994)

107. Packer, L.M., Williams, S.J., Callaghan, S., Gotley, D.C.,
McGuckin, M.A.: Expression of the cell surface mucin gene fam-
ily in adenocarcinomas. Int. J. Oncol. 25, 1119–1126 (2004)

108. Byrd, J.C., Bresalier, R.S.: Mucins and mucin binding proteins in
colorectal cancer. Cancer Metastasis Rev. 23, 77–99 (2004)

109. Matsuyama, T., Ishikawa, T., Mogushi, K., Yoshida, T., Iida, S.,
Uetake, H., Mizushima, H., Tanaka, H., Sugihara, K.: MUC12
mRNA expression is an independent marker of prognosis in stage
II and stage III colorectal cancer. Int. J. Cancer 127, 2292–2299
(2010)

110. Xiao, X., Wang, L., Wei, P., Chi, Y., Li, D., Wang, Q., Ni, S., Tan,
C., Sheng, W., Sun, M., Zhou, X., Du, X.: Role of MUC20 over-
expression as a predictor of recurrence and poor outcome in colo-
rectal Cancer. J. Transl. Med. 11, 151 (2013)

111. Walsh, M.D., Clendenning, M., Williamson, E., Pearson, S.A.,
Walters, R.J., Nagler, B., Packenas, D., Win, A.K., Hopper, J.L.,
Jenkins, M.A., Haydon, A.M., Rosty, C., English, D.R., Giles,
G.G., McGuckin, M.A., Young, J.P., Buchanan, D.D.:
Expression of MUC2, MUC5AC, MUC5B, and MUC6 mucins in
colorectal cancers and their association with the CpG island meth-
ylator phenotype. Mod. Pathol. 26, 1642–1656 (2013)

112. Hollingsworth, M.A., Swanson, B.J.: Mucins in cancer: protection
and control of the cell surface. Nat. Rev. Cancer 4, 45–60 (2004)

113. Blank, M., Klussmann, E., Krüger-Krasagakes, S., Schmitt-Gräff,
A., Stolte, M., Bornhoeft, G., Stein, H., Xing, P.X., McKenzie,
I.F., Verstijnen, C.P., et al.: Expression of MUC2-mucin in colo-
rectal adenomas and carcinomas of different histological types.
Int. J. Cancer 59, 301–306 (1994)

114. Bartman, A.E., Sanderson, S.J., Ewing, S.L., Niehans, G.A.,
Wiehr, C.L., Evans, M.K., Ho, S.B.: Aberrant expression of
MUC5AC and MUC6 gastric mucin genes in colorectal polyps.
Int. J. Cancer 80, 210–218 (1999)

115. Kwon, J.A., Lee, S.Y., Ahn, E.K., Seol, S.Y., Kim, M.C., Kim,
S.J., Kim, S.I., Chu, I.S., Leem, S.H.: Short rare MUC6
minisatellites-5 alleles influence susceptibility to gastric carcino-
ma by regulating gene. Hum. Mutat. 31, 942–949 (2010)

116. Ahn, M.H., Bae, K.B., Kwon, J.A., Choi, H.J., Lee, S.R., Kim,
S.H., Jung, T.D., Kim, S.H., An,M.S., Hong, K.H., Heo, J., Kang,
T.H., Chung, J.W., Leem, S.H.: Association of MUC6-
minisatellite variants with susceptibility to rectal carcinoma.
Mol. Biol. Rep. 40, 303–308 (2013)

117. Prostate Cancer. National Cancer Institute. (2014)
118. Landis, S.H., Murray, T., Bolden, S., Wingo, P.A.: Cancer statis-

tics, 1999. CA Cancer J. Clin. 49, 8–31 (1999)
119. Naz, R.K., Shiley, B.: Prophylactic vaccines for prevention of

prostate cancer. Front. Biosci. (Schol. Ed.) 4, 932–940 (2012)
120. Xiong, C.Y., Natarajan, A., Shi, X.B., Denardo, G.L., Denardo,

S.J.: Development of tumor targeting anti-MUC1 multimer: ef-
fects of di-scFv unpaired cysteine location on PEGylation and
tumor binding. Protein Eng. Des. Sel. 19, 359–367 (2006)

121. Andrén, O., Fall, K., Andersson, S.O., Rubin, M.A., Bismar, T.A.,
Karlsson, M., Johansson, J.E., Mucci, L.A.: MUC1 gene is asso-
ciated with prostate cancer death: a 20-year follow-up of a
population-based study in Sweden. Br. J. Cancer 97, 730–734
(2007)

122. Strawbridge, R.J., Nistér, M., Brismar, K., Grönberg, H., Li, C.:
MUC1 as a putative prognostic marker for prostate cancer.
Biomark. Insights 3, 303–315 (2008)

123. Cozzi, P.J., Wang, J., Delprado, W., Perkins, A.C., Allen, B.J.,
Russell, P.J., Li, Y.: MUC1, MUC2, MUC4, MUC5AC and
MUC6 expression in the progression of prostate cancer. Clin.
Exp. Metastasis 22, 565–573 (2005)

124. Wu, G.J., Varma, V.A., Wu, M.W., Wang, S.W., Qu, P., Yang, H.,
Petros, J.A., Lim, S.D., Amin, M.B.: Expression of a human cell
adhesion molecule, MUC18, in prostate cancer cell lines and tis-
sues. Prostate 48, 305–315 (2001)

125. Pantuck, A.J., van Ophoven, A., Gitlitz, B.J., Tso, C.L., Acres, B.,
Squiban, P., Ross, M.E., Belldegrun, A.S., Figlin, R.A.: Phase I
trial of antigen-specific gene therapy using a recombinant vaccinia
virus encoding MUC1 and IL-2 in MUC1-positive patients with
advanced prostate cancer. J. Immunother. 27, 240–253 (2004)

126. Ciriza, C., Valerdiz, S., Toribio, C., Dajil, S., Romero, M.J.,
Urquiza, O., Karpman, G.: Mucinous adenocarcinoma of the ap-
pendix associated with ovarian tumors and pseudomyxoma
peritonei. The difficulty in differential diagnosis. An. Med.
Interna 17, 540–542 (2000)

127. Amini, A., Masoumi-Moghaddam, S., Ehteda, A., Morris, D.L.:
Secreted mucins in pseudomyxoma peritonei: pathophysiological
significance and potential therapeutic prospects. Orphanet J. Rare
Dis. 9, 71 (2014)

128. O’Connell, J.T., Tomlinson, J.S., Roberts, A.A., McGonigle, K.F.,
Barsky, S.H.: Pseudomyxoma peritonei is a disease of MUC2-
expressing goblet cells. Am. J. Pathol. 161, 551–564 (2002)

129. O’Connell, J.T., Hacker, C.M., Barsky, S.H.:MUC2 is a molecular
marker for pseudomyxoma periton. Mod. Pathol. 15, 958–972
(2002)

130. Baratti, D., Kusamura, S., Nonaka, D., Cabras, A.D., Laterza, B.,
Deraco, M.: Pseudomyxoma peritonei: biological features are the
dominant prognostic determinants after complete cytoreduction

Glycoconj J (2015) 32:575–613 603



and hyperthermic intraperitoneal chemotherapy. Ann. Surg. 249,
243–249 (2009)

131. Mall, A.S., Chirwa, N., Govender, D., Lotz, Z., Tyler, M.,
Rodrigues, J., Kahn, D., Goldberg, P.: MUC2, MUC5AC and
MUC5B in the mucus of a patient with pseudomyxoma peritonei:
biochemical and immunohistochemical study. Pathol. Int. 57,
537–547 (2007)

132. Mall, A.S., Lotz, Z., Tyler, M., Goldberg, P., Rodrigues, J., Kahn,
D., Chirwa, N., Govender, D.: Immunohistochemical and bio-
chemical characterization of mucin in pseudomyxoma peritonei:
a case study. Case Rep. Gastroenterol. 5, 5–16 (2011)

133. Sheehan, J.K., Richardson, P.S., Fung, D.C., Howard, M.,
Thornton, D.J.: Analysis of respiratory mucus glycoproteins in
asthma: a detailed study from a patient who died in status
asthmaticus. Am. J. Respir. Cell Mol. Biol. 13, 748–756 (1995)

134. Sheehan, J.K., Howard, M., Richardson, P.S., Longwill, T.,
Thornton, D.J.: Physical characterization of a low-charge
glycoform of the MUC5B mucin comprising the gel-phase of an
asthmatic respiratory mucous plug. Biochem. J. 338, 507–513
(1999)

135. Jemal, A., Bray, F., Center, M.M., Ferlay, J.,Ward, E., Forman, D.:
Global cancer statistics. CA Cancer J. Clin. 61, 69–90 (2011)

136. Seufferlein, T., Bachet, J.B.: Van, Cutsem, E., Rougier, P.: ESMO
Guidelines Working Group. Pancreatic adenocarcinoma:
ESMOESDOClinical Practice Guidelines for diagnosis, treatment
and follow-up. Ann. Oncol.: Off. J. Eur. Soc. Med. Oncol./ ESMO
23, 33–40 (2012)

137. Matsuno, S., Egawa, S., Fukuyama, S., Motoi, F., Sunamura, M.,
Isaji, S., Imaizumi, T., Okada, S., Kato, H., Suda, K., Nakao, A.,
Hiraoka, T., Hosotani, R., Takeda, K.: Pancreatic cancer registry in
Japan: 20 years of experience. Pancreas 28, 219–230 (2004)

138. Jonckheere, N., Skrypek, N., Van Seuningen, I.: Mucins and pan-
creatic cancer. Cancers (Basel) 2, 1794–1812 (2010)

139. Kanno, A., Satoh, K., Kimura, K., Hirota, M., Umino, J.,
Masamune, A., Satoh, A., Asakura, T., Egawa, S., Sunamura,
M., Endoh, M., Shimosegawa, T.: The expression of MUC4 and
MUC5AC is related to the biologic malignancy of intraductal
papillary mucinous neoplasms of the pancreas. Pancreas 33,
391–396 (2006)

140. Kim, G.E., Bae, H.I., Park, H.U., Kuan, S.F., Crawley, S.C., Ho,
J.J., Kim, Y.S.: Aberrant expression ofMUC5AC andMUC6 gas-
tric mucins and sialyl Tn antigen in intraepithelial neoplasms of
the pancreas. Gastroenterology 123, 1052–1060 (2002)

141. Takikita, M., Altekruse, S., Lynch, C.F., Goodman, M.T.,
Hernandez, B.Y., Green, M., Cozen, W., Cockburn, M., Sibug
Saber, M., Topor, M., Zeruto, C., Abedi-Ardekani, B.,
Reichman, M.E., Hewitt, S.M.: Associations between selected
biomarkers and prognosis in a population-based pancreatic cancer
tissue microarray. Cancer Res. 69, 2950–2955 (2009)

142. Levi, E., Klimstra, D.S., Andea, A., Basturk, O., Adsay, N.V.:
MUC1 and MUC2 in pancreatic neoplasia. J. Clin. Pathol. 57,
456–462 (2004)

143. Curry, J.M., Thompson, K.J., Rao, S.G., Besmer, D.M., Murphy,
A.M., Grdzelishvili, V.Z., Ahrens, W.A., McKillop, I.H., Sindram,
D., Iannitti, D.A., Martinie, J.B., Mukherjee, P.: The use of a novel
MUC1 antibody to identify cancer stem cells and circulating
MUC1 in mice and patients with pancreatic cancer. J Surg Oncol
107, 713–722 (2013)

144. Yamazoe, S., Tanaka, H., Sawada, T., Amano, R., Yamada, N.,
Ohira, M., Hirakawa, K.: RNA interference suppression of mucin
5AC (MUC5AC) reduces the adhesive and invasive capacity of
human pancreatic cancer cells. J. Exp. Clin. Cancer Res. 29, 53
(2010)

145. Hollingsworth, M.A., Strawhecker, J.M., Caffrey, T.C., Mack,
D.R.: Expression of MUC1, MUC2, MUC3 and MUC4 mucin

mRNAs in human pancreatic and intestinal tumor cell lines. Int.
J. Cancer 57, 198–203 (1994)

146. Balagué, C., Gambús, G., Carrato, C., Porchet, N., Aubert, J.P.,
Kim, Y.S., Real, F.X.: Altered expression of MUC2, MUC4, and
MUC5 mucin genes in pancreas tissues and cancer cell lines.
Gastroenterology 106, 1054–1061 (1994)

147. Balagué, C., Audié, J.P., Porchet, N., Real, F.X.: In situ hybridi-
zation shows distinct patterns of mucin gene expression in normal,
benign, and malignant pancreas tissues. Gastroenterology 109,
953–964 (1995)

148. Andrianifahanana, M., Moniaux, N., Schmied, B.M., Ringel, J.,
Friess, H., Hollingsworth, M.A., Büchler, M.W., Aubert, J.P.,
Batra, S.K.: Mucin (MUC) gene expression in human pancreatic
adenocarcinoma and chronic pancreatitis: a potential role of
MUC4 as a tumor marker of diagnostic significance. Clin.
Cancer Res. 7, 4033–4040 (2001)

149. Swartz, M.J., Batra, S.K., Varshney, G.C., Hollingsworth, M.A.,
Yeo, C.J., Cameron, J.L., Wilentz, R.E., Hruban, R.H., Argani, P.:
MUC4 expression increases progressively in pancreatic
intraepithelial neoplasia. Am. J. Clin. Pathol. 117, 791–796 (2002)

150. Hruban, R.H., Adsay, N.V., Albores-Saavedra, J., Compton, C.,
Garrett, E.S., Goodman, S.N., Kern, S.E., Klimstra, D.S., Klöppel,
G., Longnecker, D.S., Lüttges, J., Offerhaus, G.J.: Pancreatic
intraepithelial neoplasia: a new nomenclature and classifi cation
system for pancreatic duct lesions. Am. J. Surg. Pathol. 25, 579–
586 (2001)

151. Saitou, M., Goto, M., Horinouchi, M., Tamada, S., Nagata, K.,
Hamada, T., Osako,M., Takao, S., Batra, S.K., Aikou, T., Imai, K.,
Yonezawa, S.: MUC4 expression is a novel prognostic factor in
patients with invasive ductal carcinoma of the pancreas. J. Clin.
Pathol. 58, 845–852 (2005)

152. Jinfeng, M., Kimura, W., Hirai, I., Sakurai, F., Moriya, T.,
Mizutani, M.: Expression of MUC5AC and MUC6 in invasive
ductal carcinoma of the pancreas and relationship with prognosis.
Int. J. Gastrointest. Cancer 34, 9–18 (2003)

153. Kaur, S., Kumar, S., Momi, N., Sasson, A.R., Batra, S.K.: Mucins
in pancreatic cancer and its microenvironment. Nat. Rev.
Gastroenterol. Hepatol. 10, 607–620 (2013)

154. Chauhan, S.C., Ebeling, M.C., Maher, D.M., Koch, M.D.,
Watanabe, A., Aburatani, H., Lio, Y., Jaggi, M.: MUC13 mucin
augments pancreatic tumorigenesis. Mol. Cancer Ther. 11, 24–33
(2012)

155. Kitamoto, S., Yokoyama, S., Higashi,M., Yamada, N., Matsubara,
S., Takao, S., Batra, S.K., Yonezawa, S.: Expression ofMUC17 is
regulated by HIF1a-mediated hypoxic responses and requires a
methylation-free hypoxia responsible element in pancreatic can-
cer. PLoS One 7, e44108 (2012)

156. Rickaert, F., Cremer, M., Devière, J., Tavares, L., Lambilliotte,
J.P., Schröder, S., Wurbs, D., Klöppel, G.: Intraductal
mucinhypersecreting neoplasms of the pancreas. A clinicopatho-
logic study of eight patients. Gastroenterology 101, 512–519
(1991)

157. Nagai, E., Ueki, T., Chijiiwa, K., Tanaka, M., Tsuneyoshi, M.:
Intraductal papillary mucinous neoplasms of the pancreas associ-
ated with so-called Bmucinous ductal ectasia^. Histochemical and
immunohistochemical analysis of 29 cases. Am. J. Surg. Pathol.
19, 576–89 (1995)

158. Kloppel, G.: Clinicopathologic view of intraductal
p a p i l l a r y m u c i n o u s t u m o r o f t h e p a n c r e a s .
Hepatogastroenterology 45, 1981–1985 (1998)

159. Fukushima, N., Mukai, K., Sakamoto, M., Hasebe, T., Shimada,
K., Kosuge, T., Kinoshita, T., Hirohashi, S.: Invasive carcinoma
derived from intraductal papillary-mucinous carcinoma of the pan-
creas: clinicopathologic and immunohistochemical study of eight
cases. Virchows Arch. 439, 6–13 (2001)

604 Glycoconj J (2015) 32:575–613



160. Terris, B., Dubois, S., Buisine, M.P., Sauvanet, A., Ruszniewski,
P., Aubert, J.P., Porchet, N., Couvelard, A., Degott, C., Fléjou, J.F.:
Mucin gene expression in intraductal papillary-mucinous pancre-
atic tumours and related lesions. J. Pathol. 197, 632–637 (2002)

161. Stomach (Gastric) Cancer. National Cancer Institute. (2014)
162. Guggenheim, D.E., Shah, M.A.: Gastric cancer epidemiology and

risk factors. J Surg Oncol J Surg Oncol 107, 230–236 (2013)
163. Pan, X.F., Yang, S.J., Loh,M., Xie, Y.,Wen, Y.Y., Tian, Z., Huang,

H., Lan, H., Chen, F., Soong, R., Yang, C.X.: Interleukin-10 gene
promoter polymorphisms and risk of gastric cancer in a Chinese
population: single nucleotide and haplotype analyses. Asian Pac.
J. Cancer Prev. 14, 2577–2582 (2013)

164. Ruddon, X., Raymond, W.: Cancer biology, 4th edn, p. 223.
Oxford University Press, Oxford (2007)

165. Kunisaki, C., Akiyama, H., Nomura, M., Matsuda, G., Otsuka, Y.,
Ono, H.A., Shimada, H.: Clinicopathologic characteristics and
surgical outcomes of mucinous gastric carcinoma. Ann. Surg.
Oncol. 13, 836–842 (2006)

166. Hamilton, S.R., Aaltonen, L.A.: World Health Organization
Classification of Tumours. Pathology and Genetics. Tumours of
the Digestive System. IARC Press, Lyon, France (2001)

167. Choi, J.S., Kim, M.A., Lee, H.E., Lee, H.S., Kim, W.H.:
Mucinous gastric carcinomas: clinicopathologic and molecular
analyses. Cancer 115, 3581–3590 (2009)

168. Fiona, S., Martin,M.: Issues in public health, 2nd edn, p. 74. Open
University Press, Maidenhead (2011)

169. Hatakeyama, M., Higashi, H.: Helicobacter pylori CagA: a new
paradigm for bacterial carcinogenesis. Cancer Sci. 96, 835–843
(2005)

170. Boltin, D., Niv, Y.: Mucins in gastric cancer - an update. J.
Gastrointest. Dig. Syst. 3, 15519 (2013)

171. Saeki, N., Saito, A., Choi, I.J., Matsuo, K., Ohnami, S., Totsuka,
H., Chiku, S., Kuchiba, A., Lee, Y.S., Yoon, K.A., Kook, M.C.,
Park, S.R., Kim, Y.W., Tanaka, H., Tajima, K., Hirose, H.,
Tanioka, F., Matsuno, Y., Sugimura, H., Kato, S., Nakamura, T.,
Nishina, T., Yasui, W., Aoyagi, K., Sasaki, H., Yanagihara, K.,
Katai, H., Shimoda, T., Yoshida, T., Nakamura, Y., Hirohashi,
S., Sakamoto, H.: A functional single nucleotide polymorphism
in mucin 1, at chromosome 1q22, determines susceptibility to
diffuse-type gastric cancer. Gastroenterology 140, 892–902 (2011)

172. Li, G., Zhao, L., Li,W., Fan, K., Qian,W., Hou, S.,Wang, H., Dai,
J., Wei, H., Guo, Y.: Feedback activation of STAT3 mediates
trastuzumab resistance via upregulation ofMUC1 andMUC4 ex-
pression. Oncotarget 5, 8317–8329 (2014)

173. Shi, M., Yang, Z., Hu, M., Liu, D., Hu, Y., Qian, L., Zhang, W.,
Chen, H., Guo, L., Yu, M., Song, L., Ma, Y., Guo, N.:
Catecholamine-Induced β2-adrenergic receptor activation medi-
ates desensitization of gastric cancer cells to trastuzumab by up-
regulatingMUC4 expression. J. Immunol. 190, 5600–5608 (2013)

174. Deng, M., Jing, D.D., Meng, X.J.: Effect of MUC1 siRNA on
drug resistance of gastric cancer cells to trastuzumab. Asian Pac.
J. Cancer Prev. 14, 127–131 (2013)

175. Peek, R.M., Blaser, M.J.: Helicobacter pylori and gastrointestinal
tract adenocarcinomas. Nat. Rev. Cancer 2, 28–37 (2002)

176. Compare, D., Rocco, A., Nardone, G.: Risk factors in gastric can-
cer. Eur. Rev. Med. Pharmacol. Sci. 14, 302–308 (2010)

177. Van de Bovenkamp, J.H., Mahdavi, J., Korteland-Van Male,
A.M., Büller, H.A., Einerhand, A.W., Borén, T., Dekker, J.: The
MUC5AC glycoprotein is the primary receptor for Helicobacter
pylori in the human stomach. Helicobacter 8, 521–532 (2003)

178. Lindén, S.K.,Wickström, C., Lindell, G., Gilshenan, K., Carlstedt,
I.: Four modes of adhesion are used during Helicobacter pylori
binding to human mucins in the oral and gastric niches.
Helicobacter 13, 81–93 (2008)

179. Kocer, B., Ulas, M., Ustundag, Y., Erdogan, S., Karabeyoglu, M.,
Yldrm, O., Unal, B., Cengiz, O., Soran, A.: A confirmatory report

for the close interaction of Helicobacter pylori with gastric epithe-
lial MUC5AC expression. J. Clin. Gastroenterol. 38, 496–502
(2004)

180. Reis, C.A., David, L., Nielsen, P.A., Clausen, H., Mirgorodskaya,
K., Roepstorff, P., Sobrinho-Simões, M.: Immunohistochemical
study ofMUC5AC expression in human gastric carcinomas using
a novel monoclonal antibody. Int. J. Cancer 74, 112–121 (1997)

181. Xu, Y., Zhang, L., Hu, G.: Potential application of alternatively
glycosylated serum MUC1 and MUC5AC in gastric cancer diag-
nosis. Biologicals 37, 18–25 (2009)

182. İlhan, Ö., Han, Ü., Önal, B., Çelık, S.Y.: Prognostic significance of
MUC1, MUC2 and MUC5AC expressions in gastric carcinoma.
Turk. J. Gastroenterol. 21, 345–352 (2010)

183. Zhou, C.J., Zhang, L.W., Gao, F., Zhang, B., Wang, Y., Chen,
D.F., Jia, Y.B.: Association analysis of common genetic variations
in MUC5AC gene with the risk of non-cardia gastric cancer in a
Chinese population. Asian Pac. J. Cancer Prev. 15, 4207–4210
(2014)

184. Babu, S.D., Jayanthi, V., Devaraj, N., Reis, C.A., Devaraj, H.:
Expression profile of mucins (MUC2, MUC5AC and MUC6) in
Helicobacter pylori infected pre-neoplastic and neoplastic human
gastric epithelium. Mol. Cancer 5, 10 (2006)

185. Wang, R.Q., Fang, D.C.: Effects of Helicobacter pylori infection
on mucin expression in gastric carcinoma and pericancerous tis-
sues. J. Gastroenterol. Hepatol. 21, 425–431 (2006)

186. Reis, C.A., David, L., Correa, P., Carneiro, F., de Bolós, C.,
Garcia, E., Mandel, U., Clausen, H., Sobrinho-Simões, M.:
Intestinal metaplasia of human stomach displays distinct patterns
of mucin (MUC1, MUC2, MUC5AC, and MUC6)expression.
Cancer Res 59, 1003–1007 (1999)

187. Vinall, L.E., King, M., Novelli, M., Green, C.A., Daniels, G.,
Hilkens, J., Sarner, M., Swallow, D.M.: Altered expression and
allelic association of the hypervariable membranemucinMUC1 in
Helicobacter pylori gastritis. Gastroenterology 123, 41–49 (2002)

188. Reis, C.A., David, L., Carvalho, F., Mandel, U., De, B.C.,
Mirgorodskaya, E., Clausen, H., Sobrinho-Simoes, M.:
Immunohistochemical study of the expression of MUC6 mucin
and co-expression of other secreted mucins (MUC5AC and
MUC2) in human gastric carcinomas. J. Histochem. Cytochem.
48, 377–388 (2000)

189. Ho, S.B., Shekels, L.L., Toribara, N.W., Kim, Y.S., Lyftogt, C.,
Cherwitz, D.L., Niehans, G.A.: Mucin gene expression in normal,
preneoplastic, and neoplastic human gastric epithelium. Cancer
Res. 55, 2681–2690 (1995)

190. Vinall, L.E., Hill, A.S., Pigny, P., Pratt, W.S., Toribara, N., Gum,
J.R., Kim, Y.S., Porchet, N., Aubert, J.P., Swallow, D.M.: Variable
number tandem repeat polymorphism of the mucin genes located
in the complex on 11p15.5. Hum. Genet. 102, 357–366 (1998)

191. Nguyen, T.V., Janssen Jr., M., Gritters, P., Te Morsche, R.H.,
Drenth, J.P., van Asten, H., Laheij, R.J., Jansen, J.B.: Short mucin
6 alleles are associated with H pylori infection. World J.
Gastroenterol. 12, 6021–6025 (2006)

192. Garcia, E., Carvalho, F., Amorim, A., David, L.: MUC6 gene
polymorphism in healthy individuals and in gastric cancer patients
from northern Portugal. Cancer Epidemiol. Biomarkers Prev. 6,
1071–1074 (1997)

193. Jia, Y., Persson, C., Hou, L., Zheng, Z., Yeager, M., Lissowska, J.,
Chanock, S.J., Chow, W.H., Ye, W.: A comprehensive analysis of
common genetic variation inMUC1,MUC5AC,MUC6 genes and
risk of stomach cancer. Cancer Causes Control 21, 313–321
(2010)

194. Fukayama,M., Chong, J.M., Uozaki, H.: Pathology andmolecular
pathology of Epstein-Barr virus-associated gastric carcinoma.
Curr. Top. Microbiol. Immunol. 258, 91–102 (2001)

195. Barua, R.R., Uozaki, H., Chong, J.M., Ushiku, T., Hino, R.,
Chang, M.S., Nagai, H., Fukayama, M.: Phenotype analysis by

Glycoconj J (2015) 32:575–613 605



MUC2, MUC5AC, MUC6, and CD10 expression in Epstein-Barr
virus-associated gastric carcinomarol. J Gastroenterol 41, 733–
739 (2006)

196. Yanai, H., Murakami, T., Yoshiyama, H., Takeuchi, H.,
Nishikawa, J., Nakamura, H., Okita, K., Miura, O., Shimizu, N.,
Takada, K.: Epstein–Barr virus–associated gastric carcinoma and
atrophic gastritis. J. Clin. Gastroenterol. 29, 39–43 (1999)

197. Iizasa, H., Nanbo, A., Nishikawa, J., Jinushi, M., Yoshiyama, H.:
Epstein-barr virus (EBV)-associated gastric carcinoma. Viruses 4,
3420–3439 (2012)

198. Nishikawa, J., Yoshiyama, H., Iizasa, H., Kanehiro, Y., Nakamura,
M., Nishimura, J., Saito, M., Okamoto, T., Sakai, K., Suehiro, Y.,
Yamasaki, T., Oga, A., Yanai, H., Sakaida, I.: Epstein-barr virus in
gastric carcinoma. Cancers (Basel) 6, 2259–2274 (2014)

199. Horn, L., Pao, W., Johnson, D.H.: In Longo, D.L., Kasper, D.L.,
Jameson, J.L., Fauci, AS., Hauser, SL., Loscalzo, J. (eds)
Harrison’s Principles of Internal Medicine (18th ed.) Chapter-89
McGraw-Hill (2012)

200. Perez, Vilar, J., Sheehan, J.K., Randell, S.H.: Making more
MUCS. Am. J. Respir. Cell Mol. Biol. 28, 267–270 (2003)

201. Hauber, H.P., Foley, S.C., Hamid, Q.: Mucin overproduction in
chronic inflammatory lung disease. Can. Respir. J. 13, 327–335
(2006)

202. Fahy, J.V., Dickey, B.F.: Airway mucus function and dysfunction.
N. Engl. J. Med. 363, 2233–2247 (2010)

203. Leikauf, G.D., Borchers, M.T., Prows, D.R., Simpson, L.G.:
Mucin apoprotein expression in COPD. Chest 121, 166S–182S
(2002)

204. Lamblin, G., Degroote, S., Perini, J.M., Delmotte, P., Scharfman,
A., Davril, M., Lo-Guidice, J.M., Houdret, N., Dumur, V., Klein,
A., Rousse, P.: Human airwaymucin glycosylation: a combinatory
of carbohydrate determinants which vary in cystic fibrosis.
Glycoconj. J. 18, 661–684 (2001)

205. Buisine, M.P., Devisme, L., Copin, M.C., Durand-Réville, M.,
Gosselin, B., Aubert, J.P., Porchet, N.: Developmental mucin gene
expression in the human respiratory tract. Am. J. Respir. Cell Mol.
Biol. 20, 209–218 (1999)

206. Jepson, S., Komatsu, M., Haq, B., Arango, M.E., Huang, D.,
Carraway, C.A., Carraway, K.L.: Muc4/sialomucin complex, the
intramembrane ErbB2 ligand, induces specific phosphorylation of
ErbB2 and enhances expression of p27(kip), but does not activate
mitogen-activated kinase or protein kinaseB/Akt pathways.
Oncogene 21, 7524–7532 (2002)

207. Chen, Y.,Watson, A.M.,Williamson, C.D., Rahimi,M., Liang, C.,
Colberg-Poley, A.M., Rose, M.C.: Glucocorticoid receptor and
histone deacetylase-2 mediate dexamethasone-induced repression
of MUC5AC gene expression. Am. J. Respir. Cell Mol. Biol. 47,
637–644 (2012)

208. Zhang, Z., Wang, J., He, J., Zheng, Z., Zeng, X., Zhang, C., Ye, J.,
Zhang, Y., Zhong, N., Lu, W.: Genetic variants inMUC4 gene are
associated with lung cancer risk in a Chinese population. PLoS
One 8, e77723 (2013)

209. Hayashi, H., Kitamura, H., Nakatani, Y., Inayama, Y., Ito, T.,
Kitamura, H.: Primary signet-ring cell carcinoma of the lung: his-
tochemical and immunohistochemical characterization. Hum.
Pathol. 30, 378–383 (1999)

210. De Pas, T., Giovannini, M., Rescigno, M., Catania, C., Toffalorio,
F., Spitaleri, G., Delmonte, A., Barberis, M., Spaggiari, L., Solli,
P., Veronesi, G., De Braud, F.: Vaccines in non-small cell lung
cancer: rationale, combination strategies and update on clinical
trials. Crit. Rev. Oncol. Hematol. 83, 432–43 (2012)

211. Raghu, G., Collard, H.R., Egan, J.J., Martinez, F.J., Behr, J.,
Brown, K.K., Colby, T.V., Cordier, J.F., Flaherty, K.R., Lasky,
J.A., Lynch, D.A., Ryu, J.H., Swigris, J.J., Wells, A.U.,
Ancochea, J., Bouros, D., Carvalho, C., Costabel, U., Ebina, M.,
Hansell, D.M., Johkoh, T., Kim, D.S., King Jr., T.E., Kondoh, Y.,

Myers, J., Müller, N.L., Nicholson, A.G., Richeldi, L., Selman,
M., Dudden, R.F., Griss, B.S., Protzko, S.L., Schünemann, H.J.:
ATS/ERS/JRS/ALAT committee on idiopathic pulmonary fibro-
sis.:An official ATS/ERS/JRS/ALATstatement: Idiopathic pulmo-
nary fibrosis: evidence-based guidelines for diagnosis and man-
agement. Am. J Respir. Crit. Care Med 183, 788–824 (2011)

212. Meltzer, E.B., Noble, P.W.: Idiopathic pulmonary fibrosis.
Orphanet J. Rare Dis. 3, 1–15 (2008)

213. Mathai, S.K., Schwartz, D.A., Warg, L.A.: Genetic susceptibility
and pulmonary fibrosis. Curr. Opin. Pulm. Med. 20, 429–435
(2014)

214. Selman, M., Carrillo, G., Estrada, A., Mejia, M., Becerril, C.,
Cisneros, J., Gaxiola, M., Pérez-Padilla, R., Navarro, C.,
Richards, T., Dauber, J., King Jr., T.E., Pardo, A., Kaminski, N.:
Accelerated variant of idiopathic pulmonary fibrosis: clinical be-
haviour and gene expression pattern. PLoS One 2, 482 (2007)

215. Boon, K., Bailey, N.W., Yang, J., Steel, M.P., Groshong, S.,
Kervitsky, D., Brown, K.K., Schwarz, M.I., Schwartz, D.A.:
Molecular phenotypes distinguish patients with relatively stable
from progressive idiopathic pulmonary fibrosis (IPF). PLoS One
4, e5134 (2009)

216. Prasse, A., Probst, C., Bargagli, E., Zissel, G., Toews, G.B.,
Flaherty, K.R., Olschewski, M., Rottoli, P., Müller-Quernheim,
J.: Serum CC-chemokine ligand 18 concentration predicts out-
come in idiopathic pulmonary fibrosis. Am. J. Respir. Crit. Care
Med. 179, 717–723 (2009)

217. Takahashi, H., Fujishima, T., Koba, H., Murakami, S., Kurokawa,
K., Shibuya, Y., Shiratori, M., Kuroki, Y., Abe, S.: Serum surfac-
tant proteins A and D as prognostic factors in idiopathic pulmo-
nary fibrosis and their relationship to disease extent. Am. J. Respir.
Crit. Care Med. 162, 1109–1114 (2000)

218. Richards, T.J., Kaminski, N., Baribaud, F., Flavin, S., Brodmerkel,
C., Horowitz, D., Li, K., Choi, J., Vuga, L.J., Lindell, K.O.,
Klesen, M., Zhang, Y., Gibson, K.F.: Peripheral blood proteins
predict mortality in idiopathic pulmonary fibrosis. Am. J. Respir.
Crit. Care Med. 185, 67–76 (2012)

219. Rosas, I.O., Richards, T.J., Konishi, K., Zhang, Y., Gibson, K.,
Lokshin, A.E., Lindell, K.O., Cisneros, J., Macdonald, S.D.,
Pardo, A., Sciurba, F., Dauber, J., Selman, M., Gochuico, B.R.,
Kaminski, N.: MMP1 and MMP7 as potential peripheral blood
biomarkers in idiopathic pulmonary fibrosis. PLoS Med. 5,
0623–0633 (2008)

220. Seibold, M.A., Wise, A.L., Speer, M.C., Steele, M.P., Brown,
K.K., Loyd, J.E., Fingerlin, T.E., Zhang, W., Gudmundsson, G.,
Groshong, S.D., Evans, C.M., Garantziotis, S., Adler, K.B.,
Dickey, B.F., du Bois, R.M., Yang, I.V., Herron, A., Kervitsky,
D., Talbert, J.L., Markin, C., Park, J., Crews, A.L., Slifer, S.H.,
Auerbach, S., Roy, M.G., Lin, J., Hennessy, C.E., Schwarz, M.I.,
Schwartz, D.A.: A commonMUC5B promoter polymorphism and
pulmonary fibrosis. N. Engl. J. Med. 364, 1503–1512 (2011)

221. Zhang, Y., Noth, I., Garcia, J.G., Kaminski, N.: A variant in the
promoter of MUC5B and idiopathic pulmonary fibrosis. N. Engl.
J. Med. 364, 1576–1577 (2011)

222. Peljto, A.L., Zhang, Y., Fingerlin, T.E., Ma, S.F., Garcia, J.G.,
Richards, T.J., Silveira, L.J., Lindell, K.O., Steele, M.P., Loyd,
J.E., Gibson, K.F., Seibold, M.A., Brown, K.K., Talbert, J.L.,
Markin, C., Kossen, K., Seiwert, S.D., Murphy, E., Noth, I.,
Schwarz, M.I., Kaminski, N., Schwartz, D.A.: Association be-
tween the MUC5B promoter polymorphism and survival in pa-
tients with idiopathic pulmonary fibrosis. JAMA 309, 2232–
2239 (2013)

223. Stock, C.J., Sato, H., Fonseca, C., Banya, W.A., Molyneaux, P.L.,
Adamali, H., Russell, A.M., Denton, C.P., Abraham,D.J., Hansell,
D.M., Nicholson, A.G., Maher, T.M., Wells, A.U., Lindahl, G.E.,
Renzoni, E.A.: Mucin 5B promoter polymorphism is associated
with idiopathic pulmonary fibrosis but not with development of

606 Glycoconj J (2015) 32:575–613



lung fibrosis in systemic sclerosis or sarcoidosis. Thorax 68, 436–
441 (2013)

224. Borie, R., Crestani, B., Dieude, P., Nunes, H., Allanore, Y.,
Kannengiesser, C., Airo, P., Matucci-Cerinic, M., Wallaert, B.,
Israel-Biet, D., Cadranel, J., Cottin, V., Gazal, S., Peljto, A.L.,
Varga, J., Schwartz, D.A., Valeyre, D., Grandchamp, B.: The
MUC5B variant is associated with Idiopathic pulmonary fibrosis
but not with systemic sclerosis interstitial lung disease in the
European caucasian population. PLoS One 8, e70621 (2013)

225. Doull, I.J.: Recent advances in cystic fibrosis. Arch. Dis. Child.
85, 62–66 (2001)

226. Boucher, R.C.: New concepts of the pathogenesis of cystic fibrosis
lung disease. Eur. Respir. J. 23, 146–158 (2004)

227. Boyle, M.P.: Strategies for identifying modifier genes in cystic
fibrosis. Proc. Am. Thorac. Soc. 4, 52–57 (2007)

228. Song, J.J., Lee, J.D., Lee, B.D., Chae, S.W., Park, M.K.: Effect of
acrolein, a hazardous air pollutant in smoke, on human middle ear
epithelial cells. Int. J. Pediatr. Otorhinolaryngol. 77, 1659–1664
(2013)

229. Pilewski, J.M., Frizzell, R.A.: Role of CFTR in airway disease.
Physiol. Rev. 79, 215–255 (1999)

230. Basbaum, C., Lemjabbar, H., Longphre, M., Li, D., Gensch, E.,
McNamara, N.: Control of mucin transcription by diverse injury-
induced signaling pathways. Am. J. Respir. Crit. Care Med. 160,
S44–S48 (1999)

231. Deretic, V., Schurr, M.J., Yu, H.: Pseudomonas aeruginosa,
mucoidy and the chronic infection phenotype in cystic fibrosis.
Trends Microbiol. 3, 351–356 (1995)

232. Pier, G.B.:Pseudomonas aeruginosa:a key problem in cystic fibro-
sis. 64, 339-347 (1998)

233. Thornton, D.J., Rousseau, K., McGuckin, M.A.: Structure and
function of the polymeric mucins in airways mucus. Annu. Rev.
Physiol. 70, 459–486 (2008)

234. Henke, M.O., Ratjen, F.: Mucolytics in cystic fibrosis. Paediatr.
Respir. Rev. 8, 24–29 (2007)

235. Guo, X., Pace, R.G., Stonebraker, J.R., Commander, C.W., Dang,
A.T., Drumm, M.L., Harris, A., Zou, F., Swallow, D.M., Wright,
F.A., O’Neal, W.K., Knowles, M.R.: Mucin variable number tan-
dem repeat polymorphisms and severity of cystic fibrosis lung
disease: significant association with MUC5AC. PLoS One 6,
e25452 (2011)

236. Dahiya, R., Kwak, K.S., Ho, S.B., Yoon, W.H., Kim, Y.S.: Cystic
fibrosis and pancreatic cancer cells synthesize and secrete MUC1
type mucin gene product. Biochem. Mol. Biol. Int. 35, 351–362
(1995)

237. Hovenberg, H.W., Davies, J.R., Carlstedt, I.: Different mucins are
produced by the surface epithelium and the submucosa in human
trachea: identification of MUC5AC as a major mucin from the
goblet cells. Biochem. J. 318, 319–324 (1996)

238. Davies, J.R., Hovenberg, H.W., Lindén, C.J., Howard, R.,
Richardson, P.S., Sheehan, J.K., Carlstedt, I.: Mucins in airway
secretions from healthy and chronic bronchitic subjects. Biochem.
J. 313, 431–439 (1996)

239. Fujisawa, T., Velichko, S., Thai, P., Hung, L.Y., Huang, F.,Wu, R.:
Regulation of airway MUC5AC expression by IL-1beta and IL-
17A; the NF-kappaB paradigm. J. Immunol. 183, 6236–43 (2009)

240. Li, J.D., Dohrman, A.F., Gallup, M., Miyata, S., Gum, J.R., Kim,
Y.S., Nadel, J.A., Prince, A., Basbaum, C.B.: Transcriptional ac-
tivation of mucin byPseudomonas aeruginosa lipopolysaccharide
in the pathogenesis of cystic fibrosis lung disease. Proc. Natl.
Acad. Sci. U. S. A. 94, 967–972 (1997)

241. Puchelle, E., Bajolet, O., Abély, M.: Airway mucus in cystic fi-
brosis. Paediatr. Respir. Rev. 3, 115–119 (2002)

242. Shori, D.K., Genter, T., Hansen, J., Koch, C., Wyatt, H.,
Kariyawasam, H.H., Knight, R.A., Hodson, M.E., Kalogeridis,
A., Tsanakas, I.: Altered sialyl- and fucosyl-linkage on mucins

in cystic fibrosis patients promotes formation of the sialyl-Lewis
X determinant on salivary MUC-5B and MUC-7. Pflugers Arch.
443, 55–61 (2001)

243. Schulz, B.L., Sloane, A.J., Robinson, L.J., Prasad, S.S., Lindner,
R.A., Robinson, M., Bye, P.T., Nielson, D.W., Harry, J.L., Packer,
N.H., Karlsson, N.G., Harry, J.L., Packer, N.H., Karlsson, N.G.:
Glycosylation of sputum mucins is altered in cystic fibrosis pa-
tients. Glycobiology 17, 698–712 (2007)

244. Henke, M.O., John, G., Germann, M., Lindemann, H., Rubin,
B.K.: MUC5AC and MUC5B mucins increase in cystic fibrosis
airway secretions during pulmonary exacerbation. Am. J. Respir.
Crit. Care Med. 175, 816–821 (2007)

245. Henke,M.O., Renner, A., Huber, R.M., Seeds, M.C., Rubin, B.K.:
MUC5AC and MUC5B mucins are decreased in cystic fibrosis
airway secretions. Am. J. Respir. Cell Mol. Biol. 31, 86–91 (2004)

246. Venkatakrishnan, V., Packer, N.H., Thaysen-Andersen, M.: Host
mucin glycosylation plays a role in bacterial adhesion in lungs of
individuals with cystic fibrosis. Expert Rev. Respir. Med. 7, 553–
576 (2013)

247. Dohrman, A., Miyata, S., Gallup, M., Li, J.D., Chapelin, C.,
Coste, A., Escudier, E., Nadel, J., Basbaum, C.: Mucin gene
(MUC 2 and MUC 5AC) upregulation by Gram-positive and
Gram-negative bacteria. Biochim. Biophys. Acta 1406, 251–259
(1998)

248. Jany, B., Basbaum, C.B.: Mucin in disease.Modification of mucin
gene expression in airway disease. Am Rev Respir Dis. 144, S38–
A41 (1991)

249. Guo, X., Pace, R.G., Stonebraker, J.R., O’Neal, W.K., Knowles,
M.R.: Meconium ileus in cystic fibrosis is not linked to central
repetitive region length variation in MUC1, MUC2, and
MUC5AC. J. Cyst. Fibros. 13, 613–616 (2014)

250. Sugiyama, Y.: Diffuse panbronchiolitis. Clin. ChestMed. 14, 765–
772 (1993)

251. Homma, H., Yamanaka, A., Tanimoto, S., Tamura, M.,
Chijimatsu, Y., Kira, S., Izumi, T.: Diffuse panbronchiolitis. A
disease of the transitional zone of the lung. Chest 83, 63–69
(1983)

252. Lin, X., Lu, J., Yang, M., Dong, B.R., Wu, H.M.: Macrolides for
diffuse panbronchiolitis. Cochrane Database Syst. Rev. 1,
CD007716 (2015)

253. Ginori, A., Barone, A., Bennett, D., Butorano, M.A.,
Mastrogiulio, M.G., Fossi, A., Rottoli, P., Spina, D.: Diffuse
panbronchiolitis in a patient with common variable immunodefi-
ciency: a casual association or a pathogenetic correlation? Diagn.
Pathol. 9, 12 (2014)

254. Kamio, K., Matsushita, I., Hijikata, M., Kobashi, Y., Tanaka, G.,
Nakata, K., Ishida, T., Tokunaga, K., Taguchi, Y., Homma, S.,
Nakata, K., Azuma, A., Kudoh, S., Keicho, N.: Promoter analysis
and aberrant expression of the MUC5B gene in diffuse
panbronchiolitis. Am. J. Respir. Crit. Care Med. 171, 949–957
(2005)

255. Kamio, K., Matsushita, I., Tanaka, G., Ohashi, J., Hijikata, M.,
Nakata, K., Tokunaga, K., Azuma, A., Kudoh, S., Keicho, N.:
Direct determination of MUC5B promoter haplotypes based on
the method of single-strand conformation polymorphism and their
statistical estimation. Genomics 84, 613–622 (2004)

256. Stock, S., Redaelli, M., Luengen, M., Wendland, G., Civello, D.,
Lauterbach, K.W.: Asthma: prevalence and cost of illness. Eur.
Respir. J. 25, 47–53 (2005)

257. Bochner, B.S., Busse, W.W.: Allergy and asthma. J. Allergy Clin.
Immunol. 115, 953–959 (2005)

258. Kumar, V., Abbas, A.K., Fausto, N., Aster, J.: Robbins and Cotran
pathologic basis of disease (8th ed.). pp 688 Saunders (2010)

259. Williams L, Wilkins: Stedman’s Medical Dictionary (28 ed.).
(2005)

Glycoconj J (2015) 32:575–613 607



260. Martinez, F.D.: Genes, environments, development and asthma: a
reappraisal. Eur. Respir. J. 29, 179–184 (2007)

261. Lemanske, R.F., Busse, W.W.: Asthma: clinical expression and
molecular mechanisms. J. Allergy Clin. Immunol. 125, S95–
S102 (2010)

262. Kelly, F.J., Fussell, J.C.: Air pollution and airway disease. Clin.
Exp. Allergy 41, 1059–1071 (2011)

263. Kaliner, M., Shelhamer, J.H., Borson, B., Nadel, J., Patow, C.,
Marom, Z.: Human respiratory mucus. Am. Rev. Respir. Dis.
134, 612–621 (1986)

264. Rogers, D.F.: Mucus pathophysiology in COPD: differences to
asthma, and pharmacotherapy. Monaldi Arch. Chest Dis. 55,
324–332 (2000)

265. Holgate, S.T.: The epidemic of allergy and asthma. Nature 402,
B2–B4 (1999)

266. Rose, M.C., Voynow, J.A.: Respiratory tract mucin genes and
mucin glycoproteins in health and disease. Physiol. Rev. 86,
245–278 (2006)

267. Li, Y., Martin, L.D., Minnicozzi, M., Greenfeder, S., Fine, J.,
Pettersen, C.A., Chorley, B., Adler, K.B.: Enhanced expression
of mucin genes in a guinea pig model of allergic asthma. Am. J.
Respir. Cell Mol. Biol. 25, 644–651 (2001)

268. Watson, A., Troxler, R.F., Pena, M., Kandil, A., Berger, J., Rose,
M.C.: Muc7 mucin glycoprotein is present in airway secretions of
asthmatic, but not control, patients. Am. J. Respir. Crit. Care Med.
167, A65 (2003)

269. Watson, A.M., Ngor, W.M., Gordish-Dressman, H., Freishtat,
R.J., Rose, M.C.: MUC7 polymorphisms are associated with a
decreased risk of a diagnosis of asthma in an African American
population. J. Investig. Med 57, 882–886 (2009)

270. Dizier, M.H., Margaritte-Jeannin, P., Madore, A.M., Esparza-
Gordillo, J., Moffatt, M., Corda, E., Monier, F., Guilloud-
Bataille, M., Franke, A., Weidinger, S., Annesi-Maesano, I.,
Just, J., Pin, I., Kauffmann, F., Cookson, W., Lee, Y.A., Laprise,
C., Lathrop, M., Bouzigon, E., Demenais, F.: The ANO3/MUC15
locus is associated with eczema in families ascertained through
asthma. J. Allergy Clin. Immunol. 129, 1547–1553 (2012)

271. Lai, H., Rogers, D.F.: New pharmacotherapy for airway mucus
hypersecretion in asthma and COPD: targeting intracellular sig-
naling pathways. J. Aerosol Med. Pulm. Drug Deliv. 23, 219–231
(2010)

272. Bahn, R.S., Heufelder, A.E.: Pathogenesis of Graves
ophtalmopathy. N. Engl. J. Med. 329, 1468–1475 (1993)

273. Panwala, C.M., Jones, J.C., Viney, J.L.: A novel model of inflam-
matory bowel disease: mice deficient for the multiple drug resis-
tance gene, mdr1a, spontaneously develop colitis. J. Immunol.
161, 5733–5744 (1998)

274. Feldman, M., Friedman, L.S., Sleisenger, M.H.: Gastrointestinal
and Liver Disease 7th edition. In: Sands, B.E., Jewell, D.P. (eds.)
Crohn’s disease, Ulcerative colitis, vol. 2, pp. 2005–2067.
Saunders, Philadelphia (2002)

275. Devkota, S., Wang, Y., Musch, M.W., Leone, V., Fehlner-Peach,
H., Nadimpalli, A., Antonopoulos, D.A., Jabri, B., Chang, E.B.:
Dietary-fat-induced taurocholic acid promotes pathobiont expan-
sion and colitis in Il10-/- mice. Nature 487, 104–108 (2012)

276. Mukhopadhya, I., Hansen, R., El-Omar, E.M., Hold, G.L.: IBD-
what role do Proteobacteria play? Nat. Rev. Gastroenterol.
Hepatol. 9, 219–230 (2012)

277. Aroniadis, O.C., Brandt, L.J.: Fecal microbiota transplantation:
past, present and future. Curr. Opin. Gastroenterol. 29, 79–84
(2013)

278. Ou, G., Baranov, V., Lundmark, E., Hammarström, S.,
Hammarström, M.L.: Contribution of intestinal epithelial cells
to innate immunity of the human gut–studies on polarized mono-
layers of colon carcinoma cells. Scand. J. Immunol. 69, 150–161
(2008)

279. Dicksved, J., Halfvarson, J., Rosenquist, M., Järnerot, G., Tysk,
C., Apajalahti, J., Engstrand, L., Jansson, J.K.: Molecular analysis
of the gut microbiota of identical twins with Crohn’s disease.
ISME J. 2, 716–727 (2008)

280. Frank, D.N., St Amand, A.L., Feldman, R.A., Boedeker, E.C.,
Harpaz, N., Pace, N.R.: Molecular-phylogenetic characterization
of microbial community imbalances in human inflammatory bow-
el diseases. Proc. Natl Acad. Sci. USA 104, 13780–13785 (2007)

281. Nishida, A., Lau, C.W., Zhang, M., Andoh, A., Shi, H.N.,
Mizoguchi, E., Mizoguchi, A.: The membrane-bound mucin
Muc1 regulates T helper 17-cell responses and colitis in mice.
Gastroenterology 142, 865–874 (2012)

282. Lee, K.D., Guk, S.M., Chai, J.Y.: Toll-like receptor 2 and Muc2
express ion on human in tes t ina l epi thel ia l ce l ls by
Gymnophalloides seoi adult antigen. J. Parasitol. 96, 58–66
(2010)

283. Senapati, S., Ho, S.B., Sharma, P., Das, S., Chakraborty, S., Kaur,
S., Niehans, G., Batra, S.K.: Expression of intestinal MUC17
membrane-bound mucin in inflammatory and neoplastic diseases
of the colon. J. Clin. Pathol. 63, 702–707 (2010)

284. Lozupone, C.A., Stombaugh, J.I., Gordon, J.I., Jansson, J.K.,
Knight, R.: Diversity, stability and resilience of the human gut
microbiota. Nature 489, 220–230 (2012)

285. Gomes, A.C., Bueno, A.A., de Souza, R.G., Mota, J.F.: Gut mi-
crobiota, probiotics and diabetes. Nutr. J. 13, 1–13 (2014)

286. Tlaskalová-Hogenová, H., Stepánková, R., Hudcovic, T.,
Tucková, L., Cukrowska, B., Lodinová-Zádníková, R.,
Kozáková, H., Rossmann, P., Bártová, J., Sokol, D., Funda,
D.P., Borovská, D., Reháková, Z., Sinkora, J., Hofman, J.,
Drastich, P., Kokesová, A.: Commensal bacteria (normal micro-
flora), mucosal immunity and chronic inflammatory and autoim-
mune diseases. Immunol. Lett. 93, 97–108 (2004)

287. Jostins, L., Ripke, S., Weersma, R.K., Duerr, R.H., McGovern,
D.P., Hui, K.Y., Lee, J.C., Schumm, L.P., Sharma, Y., Anderson,
C.A., Essers, J., Mitrovic, M., Ning, K., Cleynen, I., Theatre, E.,
Spain, S.L., Raychaudhuri, S., Goyette, P., Wei, Z., Abraham, C.,
Achkar, J.P., Ahmad, T., Amininejad, L., Ananthakrishnan, A.N.,
Andersen, V., Andrews, J.M., Baidoo, L., Balschun, T., Bampton,
P.A., Bitton, A., Boucher, G., Brand, S., Büning, C., Cohain, A.,
Cichon, S., D’Amato, M., De Jong, D., Devaney, K.L., Dubinsky,
M., Edwards, C., Ellinghaus, D., Ferguson, L.R., Franchimont, D.,
Fransen, K., Gearry, R., Georges, M., Gieger, C., Glas, J.,
Haritunians, T., Hart, A., Hawkey, C., Hedl, M., Hu, X.,
Karlsen, T.H., Kupcinskas, L., Kugathasan, S., Latiano, A.,
Laukens, D., Lawrance, I.C., Lees, C.W., Louis, E., Mahy, G.,
Mansfield, J., Morgan, A.R., Mowat, C., Newman, W., Palmieri,
O., Ponsioen, C.Y., Potocnik, U., Prescott, N.J., Regueiro, M.,
Rotter, J.I., Russell, R.K., Sanderson, J.D., Sans, M., Satsangi,
J., Schreiber, S., Simms, L.A., Sventoraityte, J., Targan, S.R.,
Taylor, K.D., Tremelling, M., Verspaget, H.W., De Vos, M.,
Wijmenga, C., Wilson, D.C., Winkelmann, J., Xavier, R.J.,
Zeissig, S., Zhang, B., Zhang, C.K., Zhao, H., International IBD
Genetics Consortium (IIBDGC), Silverberg, M.S., Annese, V.,
Hakonarson, H., Brant, S.R., Radford-Smith, G., Mathew, C.G.,
Rioux, J.D., Schadt, E.E., Daly, M.J., Franke, A., Parkes, M.,
Vermeire, S., Barrett, J.C., Cho, J.H.: Host-microbe interactions
have shaped the genetic architecture of inflammatory bowel dis-
ease. Nature 491, 119–124 (2012)

288. Baumgart, D.C., Carding, S.R.: Inflammatory bowel disease:
cause and immunobiology. Lancet 369, 1627–1640 (2007)

289. Baumgart, D.C., Sandborn, W.J.: Inflammatory bowel disease:
clinical aspects and established and evolving therapies. Lancet
369, 1641–1657 (2007)

290. Xavier, R.J., Podolsky, D.K.: Unravelling the pathogenesis of in-
flammatory bowel disease. Nature 448, 427–434 (2007)

608 Glycoconj J (2015) 32:575–613



291. Sartor, R.B.: Current concepts of the etiology and pathogenesis of
ulcerative colitis and Crohn’s disease. In: Peppercorn, M.A. (ed.)
Gastroenterology clinics of North America. Inflamm. Bowel Dis.
24, 475–507 (1995)

292. Neutra, M.R., Forstner, J.F.: Gastrointestinal mucus: synthesis,
secretion and function. In: Johnson, L.R. (ed.) Physiology of the
gastrointestinal tract, 2nd edn, pp. 975–1009. Raven, New York
(1987)

293. Buisine, M.P., Desreumaux, P., Leteurtre, E., Copin, M.C.,
Colombel, J.F., Porchet, N., Aubert, J.P.: Mucin gene expression
in intestinal epithelial cells in Crohn’s disease. Gut 49, 544–551
(2001)

294. Pullan, R.D., Thomas, G.A., Rhodes, M., Newcombe, R.G.,
Williams, G.T., Allen, A., Rhodes, J.: Thickness of adherent mu-
cus gel on colonic mucosa in humans and its relevance to colitis.
Gut 35, 353–359 (1994)

295. Kyo, K., Muto, T., Nagawa, H., Lathrop, G.M., Nakamura, Y.:
Associations of distinct variants of the intestinal mucin gene
MUC3A with ulcerative colitis and Crohn’s disease. J. Hum.
Genet. 46, 5–20 (2001)

296. Barrett, J.C., Hansoul, S., Nicolae, D.L., Cho, J.H., Duerr, R.H.,
Rioux, J.D., Brant, S.R., Silverberg, M.S., Taylor, K.D., Barmada,
M.M., Bitton, A., Dassopoulos, T., Datta, L.W., Green, T.,
Griffiths, A.M., Kistner, E.O., Murtha, M.T., Regueiro, M.D.,
Rotter, J.I., Schumm, L.P., Steinhart, A.H., Targan, S.R., Xavier,
R.J., NIDDK IBDGenetics Consortium, Libioulle, C., Sandor, C.,
Lathrop, M., Belaiche, J., Dewit, O., Gut, I., Heath, S., Laukens,
D., Mni, M., Rutgeerts, P., Van Gossum, A., Zelenika, D.,
Franchimont, D., Hugot, J.P., de Vos, M., Vermeire, S., Louis,
E., Belgian-French IBD Consortium, Wellcome Trust Case
Control Consortium, Cardon, L.R., Anderson, C.A., Drummond,
H., Nimmo, E., Ahmad, T., Prescott, N.J., Onnie, C.M., Fisher,
S.A., Marchini, J., Ghori, J., Bumpstead, S., Gwilliam, R.,
Tremelling, M., Deloukas, P., Mansfield, J., Jewell, D., Satsangi,
J., Mathew, C.G., Parkes, M., Georges, M., Daly, M.J.: Genome-
wide association defines more than 30 distinct susceptibility loci
for Crohn's disease. Nat. Genet. 40, 955–962 (2008)

297. Wang, G.F., Ren, J.A., Liu, S., Chen, J., Gu, G.S., Wang, X.B.,
Fan, C.G., Li, J.S.: Clinical characteristics of non-perianal
fistulating Crohn’s disease in China: a singlecenter experience of
184 cases. Chin Med J (Engl) 125, 2405–2410 (2013)

298. Stein, J., Hartmann, F., Dignass, A.U.: Diagnosis andmanagement
of iron deficiency anemia in patients with IBD. Nat. Rev.
Gastroenterol. Hepatol. 7, 599–610 (2010)

299. Liu, S., Ren, J., Zhao, Y., Han, G., Hong, Z., Yan, D., Chen, J., Gu,
G., Wang, G., Wang, X., Fan, C., Li, J.: Nonthyroidal illness
syndrome: is it far away from Crohn’s disease? J. Clin.
Gastroenterol. 47, 153–159 (2013)

300. Shirazi, T., Longman, R.J., Corfield, A.P., Probert, C.S.: Mucins
and inflammatory bowel disease. Postgrad. Med. J. 76, 473–478
(2000)

301. Lapensée, L., Paquette, Y., Bleau, G.: Allelic polymorphism and
chromosomal localization of the human oviductin gene (MUC9).
Fertil. Steril. 68, 702–708 (1997)

302. Yamamoto-Furusho, J.K., Mendivil-Rangel, E.J., Fonseca-
Camarillo, G.: Reduced Expression of Mucin 9 (MUC9) in
Patients with Ulcerative Colitis. Inflamm. Bowel Dis. 18, E601
(2012)

303. Sands, B.E., Podolsky, D.K.: The trefoil peptide family. Annu.
Rev. Physiol. 58, 253–73 (1996)

304. Satsangi, J., Parkes, M., Louis, E., Hashimoto, L., Kato, N.,
Welsh, K., Terwilliger, J.D., Lathrop, G.M., Bell, J.I., Jewell,
D.P.: Two stage genome-wide search in inflammatory bowel dis-
ease provides evidence for susceptibility loci on chromosomes 3,
7 and 12. Nat. Genet. 14, 199–202 (1996)

305. Satsangi, J., Jewell, D.P., Bell, J.I.: The genetics of inflammatory
bowel disease. Gut 40, 572–574 (1997)

306. Kyo, K., Parkes, M., Takei, Y., Nishimori, H., Vyas, P., Satsangi,
J., Simmons, J., Nagawa, H., Baba, S., Jewell, D., Muto, T.,
Lathrop, G.M., Nakamura, Y.: Association of ulcerative colitis
with rare alleles of the human intestinal mucin gene, MUC3.
Hum. Mol. Genet. 8, 307–311 (1999)

307. Moehle, C., Ackermann, N., Langmann, T., Aslanidis, C., Kel, A.,
Kel-Margoulis, O., Schmitz-Madry, A., Zahn, A., Stremmel, W.,
Schmitz, G.: Aberrant intestinal expression and allelic variants of
mucin genes associated with inflammatory bowel disease. J. Mol.
Med. 84, 1055–1066 (2006)

308. Parisi, M.A., Pagon, R.A., Adam, M.P., Ardinger, H.H., Wallace,
S.E., Amemiya, A., Bean, L.J.H., Bird, T.D., Dolan, C.R., Fong,
C.T., Smith, R.J.H., Stephens, K.: Hirschsprung Disease
Overview, GeneReviews Seattle (WA), pp. 1993–2015.
University of Washington, Seattle (2002)

309. Aslam, A., Spicer, R.D., Corfield, A.P.: Biochemical analysis of
colonic mucin glycoproteins in children with Hirschsprung dis-
ease show disease specific alterations. Biochem. Soc. Trans. 25,
8S (1997)

310. Aslam, A., Spicer, R.D., Corfield, A.P.: Children with
Hirschsprung’s disease have an abnormal colonic mucus defen-
sive barrier independent of the bowel innervation status. J.
Pediatr. Surg. 32, 1206–1210 (1997)

311. Aslam, A., Spicer, R.D., Corfield, A.P.: Histochemical and genetic
analysis of colonic mucin glycoproteins in Hirschsprung’s disease.
J. Pediatr. Surg. 34, 330–333 (1999)

312. Aslam, A., Spicer, R.D., Corfield, A.P.: Turnover of radioactive
mucin precursors in the colon of patients with Hirschsprung’s
disease correlates with the development of enterocolitis. J.
Pediatr. Surg. 33, 103–105 (1998)

313. Johansson, M.E., Hansson, G.C.: Mucus and the goblet cell. Dig.
Dis. 31, 305–309 (2013)

314. Thiagarajah, J.R., Yildiz, H., Carlson, T., Thomas, A.R.,
Steiger, C., Pieretti, A., Zukerberg, L.R., Carrier, R.L.,
Goldstein, A.M.: Altered goblet cell differentiation and sur-
face mucus properties in Hirschsprung disease. PLoS One
9, e99944 (2014)

315. Mattar, A.F., Coran, A.G., Teitelbaum, D.H.: MUC-2 mucin pro-
duction in hirschsprung’s disease: possible association with en-
terocolitis development. J. Pediatr. Surg. 38, 417–421 (2003)

316. Williams, G.T., Bussey, H.J.R., Morson, B.C.: Inflammatory
Bcap^ polyps of the large intestine. Br. J. Surg. 72, S133 (1985)

317. Bookman, I.D., Redston, M.S., Greenberg, G.R.: Successful treat-
ment of cap polyposis with infliximab. Gastroenterology 126,
1868–1871 (2004)

318. Campbell, A.P., Cobb, C.A., Chapman, R.W., Kettlewell, M.,
Hoang, P., Haot, B.J., Jewell, D.P.: Cap polyposis–an unusual
cause of diarrhoea. Gut 34, 562–564 (1993)

319. Géhénot, M., Colombel, J.F., Wolschies, E., Quandalle, P., Gower,
P., Lecomte-Houcke, M., Van Kruiningen, H., Cortot, A.J.A.: Cap
polyposis occurring in the postoperative course of pelvic surgery.
Gut 35, 1670–1672 (1994)

320. Oshitani, N., Moriyama, Y., Matsumoto, T., Kobayashi, K.,
Kitano, A.: Protein-losing enteropathy from cap polyposis.
Lancet 346, 1567 (1995)

321. Buisine, M.P., Colombel, J.F., Lecomte-Houcke, M., Gower, P.,
Aubert, J.P., Porchet, N., Janin, A.: Abnormal mucus in cap
polyposis. Gut 42, 135–138 (1998)

322. Suzuki, H., Sato, M., Akutsu, D., Sugiyama, H., Sato, T.,
Mizokami, Y.: A case of cap polyposis remission by
betamethasone enema after antibiotics therapy including
helicobacter pylori eradication. J. Gastrointestin. Liver Dis. 23,
203–206 (2014)

Glycoconj J (2015) 32:575–613 609



323. Curti, B., Jana, B.R.P., Javeed, M.,Makhoul, I., Sachdeva, K., Hu,
W., Perry, M., Talavera, F.: (26 February 2014). Harris, JE, ed.
BRenal Cell Carcinoma^. Medscape Reference. WebMD (2014)

324. Rini, B.I., Rathmell, W.K., Godley, P.: Renal cell carcinoma. Curr.
Opin. Oncol. 20, 300–306 (2008)

325. Singer, E.A., Gupta, G.N., Marchalik, D., Srinivasan, R.:
Evolving therapeutic targets in renal cell carcinoma. Curr. Opin.
Oncol. 25, 273–280 (2013)

326. Devine, P.L., McKenzie, I.F.C.: Mucins: structures, functions and
associations with malignancy. Bioessays 14, 619–625 (1992)

327. Gendler, S.J., Spicer, A.P.: Epithelial mucin genes. Annu. Rev.
Physiol. 57, 607–634 (1995)

328. Porchet, N., Buisine, M.P., Desseyn, J.L., Moniaux, N., Nollet, S.,
Degand, P., Pigny, P., Van Seuningen, I., Laine, A., Aubert, J.P.:
MUC genes: a superfamily of genes? Towards a functional classi-
fication of human apomucins. J. Soc. Biol. 193, 85–99 (1999)

329. Cao, Y., Karsten, U., Zerban, H., Bannasch, P.: Expression of
MUC1, Thomsen-Freidenreich-related antigens and cytokeratin
19 in human renal cell carcinomas and tubular clear cell lesions.
Virchows Arch. 436, 119–126 (2000)

330. Leroy, X., Copin, M.C., Devisme, L., Buisine, M.P., Aubert, J.P.,
Gosselin, B., Porchet, N.: Expression of human mucin genes in
normal kidney and renal cell carcinoma. Histopathology 40, 450–
457 (2002)

331. Leroy, X., Zerimech, F., Zini, L., Copin, M.C., Buisine, M.P.,
Gosselin, B., Aubert, J.P., Porchet, N.: MUC1 expression Is cor-
related with nuclear grade and tumor progression in pT1 renal
clear cell carcinoma. Am. J. Clin. Pathol. 118, 47–51 (2002)

332. Fujita, K., Denda, K., Yamamoto, M., Matsumoto, T., Fujime, M.,
Irimura, T.: Expression of MUC1mucins inversely correlated with
post-surgical survival of renal cell carcinoma patients. Br. J.
Cancer 80, 301–308 (1999)

333. Taylor-Papadimitriou, J., Burchell, J., Miles, D.W., Dalziel, M.:
MUC1 and cancer. Biochim. Biophys. Acta 1455, 301–313
(1999)

334. Brockhausen, I., Yang, J.M., Burchell, J., Whitehouse, C., Taylor-
Papadimitriou, J.: Mechanisms underlying aberrant glycosylation
ofMUC1mucin in breast cancer cells. Eur. J. Biochem. 233, 607–
617 (1995)

335. Rahn, J.J., Dabbagh, L., Pasdar, M., Hugh, J.C.: The importance
of MUC1 cellular localization in patients with breast carcinoma:
an immunohistologic study of 71 patients and review of the liter-
ature. Cancer 91, 1973–1982 (2001)

336. Hughson, M.D., Johnson, L.D., Silva, F.G., Kovacs, G.:
Nonpapillary and papillary renal cell carcinoma: a cytogenetic
and phenotypic study. Mod. Pathol. 6, 449–456 (1993)

337. Wierecky, J., Mueller, M., Brossart, P.: Dendritic cell-based cancer
immunotherapy targeting MUC-1. Cancer Immunol. Immunother.
55, 63–67 (2006)

338. Bleyer, A.J., Hart, P.S., Kmoch, S.: Hereditary interstitial kidney
disease. Semin. Nephrol. 30, 366–373 (2010)

339. Bleyer, A.J., Kmoch, S., et al.: Medullary Cystic Kidney Disease
Type 1. In: Pagon, R.A., Adam, M.P., Ardinger, H.H. (eds.)
GeneReviews® [Internet], pp. 1993–2014. University of
Washington, Seattle (2014)

340. Kirby, A., Gnirke, A., Jaffe, D.B., Barešová, V., Pochet, N.,
Blumenstiel, B., Ye, C., Aird, D., Stevens, C., Robinson, J.T.,
Cabili, M.N., Gat-Viks, I., Kelliher, E., Daza, R., DeFelice, M.,
Hůlková, H., Sovová, J., Vylet’al, P., Antignac, C., Guttman, M.,
Handsaker, R.E., Perrin, D., Steelman, S., Sigurdsson, S.,
Scheinman, S.J., Sougnez, C., Cibulskis, K., Parkin, M., Green,
T., Rossin, E., Zody, M.C., Xavier, R.J., Pollak, M.R., Alper, S.L.,
Lindblad-Toh, K., Gabriel, S., Hart, P.S., Regev, A., Nusbaum, C.,
Kmoch, S., Bleyer, A.J., Lander, E.S., Daly, M.J.: Mutations caus-
ing medullary cystic kidney disease type 1 (MCKD1) lie in a large

VNTR in MUC1 missed by massively parallel sequencing. Nat.
Genet. 45, 299–303 (2013)

341. Horne, A.W., White, J.O., Margara, R.A., Williams, R., Winston,
R.M., Lalani, E.: MUC 1: a genetic susceptibility to infertility?
Lancet 357, 1336–1337 (2001)

342. Fowler, J.C., Teixeira, A.S., Vinall, L.E., Swallow, D.M.:
Hypervariability of the membrane-associated mucin and cancer
marker MUC1. Hum. Genet. 113, 473–479 (2003)

343. Oudard, S., Rixe, O., Beuselinck, B., Linassier, C., Banu, E.,
Machiels, J.P., Baudard, M., Ringeisen, F., Velu, T., Lefrere-
Belda, M.A., Limacher, J.M., Fridman, W.H., Azizi, M., Acres,
B., Tartour, E.: A phase II study of the cancer vaccine TG4010
alone and in combination with cytokines in patients with metasta-
tic renal clear-cell carcinoma: clinical and immunological find-
ings. Cancer Immunol. Immunother. 60, 261–271 (2011)

344. Lander, E., Kruglyak, L.: Genetic dissection of complex traits:
guidelines for interpreting and reporting linkage results. Nat.
Genet. 11, 241–247 (1995)

345. Purcell, S., Neale, B., Todd-Brown, K., Thomas, L., Ferreira,
M.A., Bender, D., Maller, J., Sklar, P., de Bakker, P.I., Daly,
M.J., Sham, P.C.: PLINK: a tool set for whole-genome association
and population-based linkage analyses. Am. J. Hum. Genet. 8,
559–575 (2007)

346. Abecasis, G.R., Cherny, S.S., Cookson, W.O., Cardon, L.R.:
Merlin—rapid analysis of dense genetic maps using sparse gene
flow trees. Nat. Genet. 30, 97–101 (2002)

347. Dwivedi, A.N., Jain, S., Dixit, R.: Gall bladder carcinoma: aggres-
sive malignancy with protean loco-regional and distant spread.
World J. Clin. Cases 3, 231–244 (2015)

348. Shukla, H.S., Awasthi, K., Naithani, Y.P., Gupta, S.C.: A clinico-
pathological study of carcinoma of the gall bladder. Indian J.
Cancer 18, 198–201 (1981)

349. Strasberg, S.M.: Clinical practice. Acute calculous cholecystitis.
N. Engl. J. Med. 358, 2804–2811 (2008)

350. Greenberger, N.J., Paumgartner, G.: Chapter 311. Diseases of the
Gallbladder and Bile Ducts. In: Longo, D.L., Fauci, A.S., Kasper,
D.L., Hauser, S.L., Jameson, J., Loscalzo, J. (eds.) ‘Harrison’s
Principles of Internal Medicine, 18e. McGraw-Hill, New York
(2012)

351. Nunes, D.P., Afdhal, N.H., Offner, G.D.: A recombinant bovine
gallbladder mucin polypeptide binds biliary lipids and accelerates
cholesterol crystal appearance time. Gastroenterology 116, 936–
942 (1999)

352. Afdhal, N.H., Ostrow, J.D., Koehler, R., Niu, N., Groen, A.K.,
Veis, A., Nunes, D.P., Offner, G.D.: Interaction of gallbladder
mucin and calcium-binding protein: effects on calcium phosphate
precipitation. Gastroenterology 109, 1661–1672 (1995)

353. Baeckström, D., Karlsson, N., Hansson, G.C.: Purification and
characterization of sialyl-Le(a)-carrying mucins of human bile;
evidence for the presence of MUC1 and MUC3 apoproteins. J.
Biol. Chem. 269, 14430–14437 (1994)

354. Vandenhaute, B., Buisine, M.P., Debailleul, V., Clément, B.,
Moniaux, N., Dieu, M.C., Degand, P., Porchet, N., Aubert, J.P.:
Mucin gene expression in biliary epithelial cells. J. Hepatol. 27,
1057–1066 (1997)

355. Keates, A.C., Nunes, D.P., Afdhal, N.H., Troxler, R.F., Offner,
G.D.: Molecular cloning of a major human gall bladder mucin:
complete Cterminal sequence and genomic organization of
MUC5B. Biochem. J. 324, 295–303 (1997)

356. Kasprzak, A., Malkowski, W., Helak-Łapaj, C., Seraszek, A.,
Kaczmarek, E., Adamek, A., Zabel, M.: Polysaccharides and mu-
cin 5AC (MUC5AC) expression in gallbladder mucosa of young
patients with gallstones as evaluated by spatial visualization and
quantification. Folia Histochem. Cytobiol. 48, 646–657 (2010)

357. Chuang, S.C., His, E., Wang, S.N., Yu, M.L., Lee, K.T., Juo, S.H.:
Polymorphism at the mucin-like protocadherin gene influences

610 Glycoconj J (2015) 32:575–613



susceptibility to gallstone disease. Clin. Chim. Acta 412, 2089–
2093 (2011)

358. Maurya, S.K., Tewari, M., Khan, A.A., Shukla, H.S.: Expression
of MUC5B protein and mRNA in gallbladder membrane directly
correlated with gallstone nucleation. Anat. Physiol. 4, 1–4 (2014)

359. Buisine, M.P., Devisme, L., Degand, P., Dieu, M.C., Gosselin, B.,
Copin, M.C., Aubert, J.P., Porchet, N.: Developmental mucin gene
expression in the gastroduodenal tract and accessory digestive
glands. II. Duodenum and liver, gallbladder, and pancreas. J.
Histochem. Cytochem. 48, 1667–1676 (2000)

360. van Klinken, B.J., Dekker, J., van Gool, S.A., van Marle, J.,
Büller, H.A., Einerhand, A.W.: MUC5B is the prominent mucin
in human gallbladder and is also expressed in a subset of colonic
goblet cells. Am. J. Physiol. 274, G871–G878 (1998)

361. Afdhal, N.H., Offner, G.D., Murray, F.E., Troxler, R.F., Smith,
B.F.: Isolation and characterization of peptides from the protein
core of bovine gallbladder mucin. Gastroenterology 98, 1633–
1641 (1990)

362. Ho, S.B., Shekels, L.L., Toribara, N.W., Gipson, I.K., Kim, Y.S.,
Purdum 3rd, P.P., Cherwitz, D.L.: Altered mucin core peptide
expression in acute and chronic cholecystitis. Dig. Dis. Sci. 45,
1061–1071 (2000)

363. Morgenstern, S., Koren, R., Moss, S.F., Fraser, G., Okon, E., Niv,
Y.: Does Helicobacter pylori effect gastric mucin expression?
Relationship between gastric antralmucin expression and H. pylori
colonization. Eur. J. Gastroenterol. Hepatol. 13, 19–23 (2001)

364. Vilkin, A., Nudelman, I., Morgenstern, S., Geller, A., Bar Dayan,
Y., Levi, Z., Rodionov, G., Hardy, B., Konikoff, F., Gobbic, D.,
Niv, Y.: Gallbladder inflammation is associated with increase in
mucin expression and pigmented stone formation. Dig. Dis. Sci.
52, 1613–1620 (2007)

365. Ghosh, M., Kamma, H., Kawamoto, T., Koike, N., Miwa, M.,
Kapoor, V.K., Krishnani, N., Agrawal, S., Ohkohchi, N.,
Todoroki, T.: MUC 1 core protein as a marker of gallbladder
malignancy. Eur. J. Surg. Oncol. 31, 891–896 (2005)

366. Kashiwagi, H., Kijima, H., Dowaki, S., Ohtani, Y., Tobita, K.,
Yamazaki, H., Nakamura, M., Ueyama, Y., Tanaka, M.,
Inokuchi, S., Makuuchi, H.: MUC1 and MUC2 expression in
human gallbladder carcinoma: a clinicopathological study and re-
lationship with prognosis. Oncol. Rep. 8, 485–489 (2001)

367. Takagawa, M.,Muguruma, N., Oguri, K., Imoto, Y., Okamoto, K.,
Ii, K., Ito, S.: Prediction of prognosis in gallbladder carcinoma by
mucin and p53 immunohistochemistry. Dig. Dis. Sci. 50, 1410–
1413 (2005)

368. Takeji, Y., Urashima, H., Aoki, A., Shinohara, H.: Rebamipide
increases the mucin-like glycoprotein production in corneal epi-
thelial cells. J. Ocul. Pharmacol. Ther. 28, 259–263 (2012)

369. Fraunfelder, F.T., Sciubba, J.J., Mathers, W.D.: The role of medi-
cations in causing dry eye. J. Ophthalmol. 2012, 285851 (2012)

370. Watanabe, H.: Significance of mucin on the ocular surface. Cornea
21, S17–22 (2002)

371. Gipson, I.K., Argüeso, P.: Role of mucins in the function of the
corneal and conjunctival epithelia. Int. Rev. Cytol. 231, 1–49
(2003)

372. Hori, Y., Spurr-Michaud, S., Russo, C.L., Argüeso, P., Gipson,
I.K.: Differential regulation of membrane-associated mucins in
the human ocular surface epithelium. Invest. Ophthalmol. Vis.
Sci. 45, 114–122 (2004)

373. Uchino, Y., Uchino, M., Yokoi, N., Dogru, M., Kawashima, M.,
Okada, N., Inaba, T., Tamaki, S., Komuro, A., Sonomura, Y.,
Kato, H., Argüeso, P., Kinoshita, S., Tsubota, K.: Alteration of
tear mucin 5ac in office workers using visual display terminals:
the Osaka study. JAMA Ophthalmol. 132, 985–992 (2014)

374. Song, X.J., Li, D.Q., Farley, W., Luo, L.H., Heuckeroth, R.O.,
Milbrandt, J., Pflugfelder, S.C.: Neurturin-deficient mice develop

dry eye and keratoconjunctivitis sicca. Invest. Ophthalmol. Vis.
Sci. 44, 223–229 (2003)

375. Seo, K.Y., Chung, S.H., Lee, J.H., Park, M.Y., Kim, E.K.:
Regulation of membrane-associated mucins in the human corneal
epithelial cells by dexamethasone. Cornea 26, 709–14 (2007)

376. Ali, M.-S.: Nasosinus mucin expression in normal and inflamma-
tory conditions. Curr. Opin. Allergy Clin. Immunol. 9, 10–15
(2009)

377. Ali, M.S., Hutton, D.A., Wilson, J.A., Pearson, J.P.: Major secre-
tory mucin expression in chronic sinusitis. Otolaryngol. Head
Neck Surg. 133, 423–428 (2005)

378. Viswanathan, H., Brownlee, I.A., Pearson, J.P., Carrie, S.:
MUC5B secretion is up-regulated in sinusitis compared with con-
trols. Am. J. Rhinol. 20, 554–557 (2006)

379. Ding, G.Q., Zheng, C.Q.: The expression of MUC5AC and
MUC5B mucin genes in the mucosa of chronic rhinosinusitis
and nasal polyposis. Am. J. Rhinol. 21, 359–366 (2007)

380. Xue-Kun, H., Yuan, L., Jin, Y., Peng, L., Hong, L.: Expression of
MUC2 andMUC5B in ethmoid sinusmucosa of patients with
chronic rhinosinusitis. Sci. Res. Essays 5, 1690–1696 (2010)

381. Jung, H.H., Lee, J.H., Kim, Y.T., Lee, S.D., Park, J.H.: Expression
of mucin genes in chronic ethmoiditis. Am. J. Rhinol. 14, 63–70
(2000)

382. Ali, M.E.S., Pearson, J.P.: More than one disease process in chron-
ic sinusitis based on mucin fragmentation patterns and amino acid
analysis. Int. J. Otolaryngol. 2015, 7084752015 (2015)

383. Beck, J.D., Offenbacher, S.: Oral health and systemic disease:
periodontitis and cardiovascular disease. J. Dent. Educ. 62, 859–
870 (1998)

384. Kejriwal, S., Bhandary, R., Thomas, B., Kumari, S.: Estimation of
levels of salivarymucin, amylase and total protein in gingivitis and
chronic periodontitis patients. J. Clin. Diagn. Res 8, 56–60 (2014)

385. Sánchez, G.A., Miozza, V., Delgado, A., Busch, L.: Determination
of salivary levels of mucin and amylase in chronic periodontitis
patients. J. Periodont. Res. 46, 221–227 (2011)

386. Chang, W.I., Chang, J.Y., Kim, Y.Y., Lee, G., Kho, H.S.: MUC1
expression in the oral mucosal epithelial cells of the elderly. Arch.
Oral Biol. 56, 885–890 (2011)

387. Biesbrock, A.R., Bobek, L.A., Levine, M.J.: MUC7 gene expres-
sion and genetic polymorphism. Glycoconj. J. 14, 415–422 (1997)

388. Gururaja, T.L., Ramasubbu, N., Venugopalan, P., Reddy, M.S.,
Ramalingam, K., Levine, M.J.: Structural features of human sali-
vary mucin, MUC7. Glycoconj. J. 15, 457–467 (1998)

389. Fisher, S.J., Prakobphol, A., Kajisa, L., Murray, P.A.: External
radiolabelling of components of pellicle on human enamel and
cementum. Arch. Oral Biol. 32, 509–517 (1987)

390. Liu, B., Rayment, S.A., Gyurko, C., Oppenheim, F.G., Offner,
G.D., Troxler, R.F.: The recombinant N-terminal region of human
salivary mucin MG2 (MUC7) contains a binding domain for oral
Streptococci and exhibits candidacidal activity. Biochem. J. 345,
557–564 (2000)

391. Liu, B., Rayment, S.A., Soares, R.V., Oppenheim, F.G., Offner,
G.D., Fives-Taylor, P., Troxler, R.F.: Interaction of human salivary
mucin MG2, its recombinant N-terminal region and a synthetic
peptide with Actinobacillus actinomycetemcomitans. J.
Periodontal Res. 37, 416–424 (2002)

392. Soares, R.V., Liu, B., Oppenheim, F.G., Offner, G.D., Troxler,
R.F.: Structural characterisation of cysteines in a bacterial-
binding motif of human salivary mucin MG2. Arch. Oral Biol.
47, 591–597 (2002)

393. Soares, R.V., Siqueira, C.C., Bruno, L.S., Oppenheim, F.G.,
Offner, G.D., Troxler, R.: MG2 and lactoferrin form a heterotypic
complex in salivary secretions. J. Dent. Res. 82, 471–475 (2003)

394. Greenstein, G., Hart, T.C.: A critical assessment of interleukin-1
(IL-1) genotyping when used in a genetic susceptibility test for
severe chronic periodontitis. J. Periodontol. 73, 231–247 (2002)

Glycoconj J (2015) 32:575–613 611



395. Groenink, J., Ligtenberg, A.J., Veerman, E.C., Bolscher, J.G.,
Nieuw Amerongen, A.V.: Interaction of the salivary low-
molecular-weight mucin (MG2) with Actinobacillus
actinomycetemcomitans. Antonie Van Leeuwenhoek 70, 79–87
(1996)

396. Sánchez, G.A., Miozza, V., Delgado, A., Busch, L.: Determination
of salivary levels of mucin and amylase in chronic periodontitis
patients. J. Periodontal Res 46, 221–227 (2011)

397. Auclair, P.L., Ellis, G.L.: Mucoepidermoid carcinoma. In: Ellis,
G.L., Auclair, P.L., Gnepp, D.R. (eds.) Surgical pathology of the
salivary glands, pp. 269–298. W.B. Saunders Company,
Philadelphia (1991)

398. Marchevsky, A.M.: Bronchial gland tumors. In: Saldana, M.J.
(ed.) Pathology of pulmonary disease, pp. 597–607. Lippincott
& Co, Philadelphia (1994)

399. Seifert, G., Miehlke, A., Haubrich, J., Chilla, R.: Diseases of the
salivary glands. Pathology—diagnosis—treatment—facial nerve
surgery, pp. 231–238. Georg Thieme Verlag, Stuttgart (1986).
281–285

400. Alos, L., Lujan, B., Castillo, M., Nadal, A., Carreras, M.,
Caballero, M., de Bolos, C., Cardesa, A.: Expression of
membrane-bound mucins (MUC1 and MUC4) and secreted mu-
cins (MUC2, MUC5AC, MUC5B, MUC6 and MUC7) in
mucoepidermoid carcinomas of salivary glands. Am. J. Surg.
Pathol. 29, 806–813 (2005)

401. Shemirani, N., Osipov, V., Kolker, A., Khampang, P., Kerschner,
J.E.: Expression of mucin (MUC) genes in mucoepidermoid car-
cinoma. Laryngoscope 121, 167–170 (2011)

402. Bluestone, C.D.: Eustachian tube: structure, function, role in otitis
media, pp. 1–219. BC Decker, Hamilton (2005)

403. Donaldson, J.D.: BAcute Otitis Media^. Medscape. Retrieved 17
March 2013(2013)

404. Lin, J., Tsuprun, V., Kawano, H., Paparella, M.M., Zhang, Z.,
Anway, R., Ho, S.B.: Characterization of mucins in human middle
ear and Eustachian tube. Am. J. Physiol. Lung Cell. Mol. Physiol.
280, L1157–L1167 (2001)

405. Moon, S.K., Yoo, J.H., Kim, H.N., Lim, D.J., Chung, M.H.:
Effects of retinoic acid, triiodothyronine and hydrocortisone on
mucin and lysozyme expression in cultured human middle ear
epithelial cells. Acta Otolaryngol. 120, 944–949 (2000)

406. Reddy, M.S., Murphy, T.F., Faden, H.S., Bernstein, J.M.: Middle
ear mucin glycoprotein: purification and interaction with
nontypeable Haemophilus influenzae and Moraxella catarrhalis.
Otolaryngol. Head Neck Surg. 116, 175–180 (1997)

407. Carnoy, C., Scharfman, A., Van Brussel, E., Lamblin, G.,
Ramphal, R., Roussel, P.: Pseudomonas aeruginosa outer mem-
brane adhesins for human respiratory mucus glycoproteins. Infect.
Immun. 62, 1896–1900 (1994)

408. Kawano, H., Paparella, M.M., Ho, S.B., Schachern, P.A.,
Morizono, N., Le, C.T., Lin, J.: Identification of MUC5B mucin
gene in human middle ear with chronic otitis media.
Laryngoscope 110, 668–673 (2000)

409. Lin, J., Ho, S., Shekels, L., Paparella, M.M., Kim, Y.: Mucin gene
expression in rat middle ear: an improved method for RNA har-
vest. Ann. Otol. Rhinol. Laryngol. 108, 762–768 (1999)

410. Audie, J.P., Janin, A., Porchet, N., Copin, M.C., Gosselin, B.,
Aubert, J.P.: Expression of human mucin genes in respiratory,
digestive, and reproductive tracts ascertained by in situ hybridiza-
tion. J. Histochem. Cytochem. 41, 1479–1485 (1993)

411. Kerschner, J.E., Tripathi, S., Khampang, P., Papsin, B.C.:
MUC5ac expression in human middle ear epithelium of otitis
media patients. Arch. Otolaryngol. Head Neck Surg. 136, 819–
824 (2010)

412. Hebbar, V., Damera, G., Sachdev, G.P.: Differential expression of
MUC genes in endometrial and cervical tissues and tumors. BMC
Cancer 5, 124 (2005)

413. Mitsuhashi, A., Yamazawa, K., Nagai, Y., Tanaka, N., Matsui, H.,
Sekiya, S.: Correlation between MUC5AC expression and the
prognosis of patients with adenocarcinoma of the uterine cervix.
Ann. Surg. Oncol. 11, 40–44 (2004)

414. Brix, T.H., Kyvik, K.O., Christensen, K., Hegedüs, L.: Evidence
for a major role of heredity in Graves’ disease: a population-based
study of two danish twin cohorts. J. Clin. Endocrinol. Metab. 86,
930–934 (2001)

415. Chu, X., Pan, C.M., Zhao, S.X., Liang, J., Gao, G.Q., Zhang,
X.M., Yuan, G.Y., Li, C.G., Xue, L.Q., Shen, M., Liu, W., Xie,
F., Yang, S.Y., Wang, H.F., Shi, J.Y., Sun, W.W., Du, W.H., Zuo,
C.L., Shi, J.X., Liu, B.L., Guo, C.C., Zhan, M., Gu, Z.H., Zhang,
X.N., Sun, F.,Wang, Z.Q., Song, Z.Y., Zou, C.Y., Sun,W.H., Guo,
T., Cao, H.M., Ma, J.H., Han, B., Li, P., Jiang, H., Huang, Q.H.,
Liang, L., Liu, L.B., Chen, G., Su, Q., Peng, Y.D., Zhao, J.J.,
Ning, G., Chen, Z., Chen, J.L., Chen, S.J., Huang, W., Song,
H.D.: China Consortium for Genetics of Autoimmune Thyroid
Disease.: a genome-wide association study identifies two new risk
loci for Graves’ disease. Nat. Genet. 43, 897–902 (2011)

416. Yeung, Sai-Ching Jim.: Graves Disease. Medscape. Retrieved 12
December 2013 (2014)

417. Chelala, E., EI Rami, H., Dirani, A., Fakhoury, H., Fadlallah, A.:
Extensive superior limbic keratoconjunctivitis in Graves’ disease:
case report and mini-review of the literature. Clin. Ophthalmol. 9,
467–468 (2015)

418. World Cancer Report 2014. World Health Organization. pp.
Chapter 1.1. ISBN 9283204298 (2014)

419. Copin, M.C., Buisine, M.P., Devisme, L., Leroy, X., Escande, F.,
Gosselin, B., Aubert, J.P., Porchet, N.: Normal respiratory muco-
sa, precursor lesions and lung carcinomas: differential expression
of human mucin genes. Front. Biosci. 6, D1264–D1275 (2001)

420. Russo, C.L., Spurr-Michaud, S., Tisdale, A., Pudney, J.,
Anderson, D., Gipson, I.K.: Mucin gene expression in human
male urogenital tract epithelia. Hum. Reprod. 21, 2783–2793
(2006)

421. Sóñora, C., Mazal, D., Berois, N., Buisine, M.P., Ubillos, L.,
Varangot, M., Barrios, E., Carzoglio, J., Aubert, J.P., Osinaga,
E.: Immunohistochemical analysis of MUC5B apomucin expres-
sion in breast cancer and non-malignant breast tissues. J.
Histochem. Cytochem. 54, 289–299 (2006)

422. Van Klinken, B.J., Dekker, J., Büller, H.A., Einerhand, A.W.:
Mucin gene structure and expression: protection vs. adhesion.
Am. J. Physiol. 269, G613–G627 (1995)

423. Desseyn, J.L., Rousseau, K., Laine, A.: Fifty-nine bp repeat poly-
morphism in the uncommon intron 36 of the human mucin gene
MUC5B. Electrophoresis 20, 493–496 (1999)

424. Ahn, E.K., Kim, W.J., Kwon, J.A., Choi, P.J., Kim,W.J., Sunwoo,
Y., Heo, J., Leem, S.H.: Variants ofMUC5BMinisatellites and the
Susceptibility of Bladder Cancer. DNA Cell Biol. 28, 169–176
(2009)

425. Neidhart, M., Wehrli, R., Brühlmann, P., Michel, B.A., Gay, R.E.,
Gay, S.: Synovial fluid Cd146 (Muc18). A marker for synovial
membrane angiogenesis In rheumatoid arthritis. Arthritis Rheum.
42, 622–630 (1999)

426. Houssiau, F.A., Devogelaer, J.P., Van Damme, J., de
Deuxchaisnes, C.N., Van Snick, J.: Interleukin-6 in synovial fluid
and serum of patients with rheumatoid arthritis and other inflam-
matory arthritides. Arthritis Rheum. 31, 784–788 (1988)

427. Hamaguchi, M., Kawahito, Y., Ishino, H., Takeuchi, N.,
Tokunaga, D., Hojo, T., Yamamoto, A., Kadoya, M., Seno, T.,
Kohno, M., Nakada, H.: Mucin from rheumatoid arthritis synovi-
al fluid enhances interleukin-6 production by human peripheral
blood mononuclear cells. Hum. Immunol. 72, 241–248 (2011)

428. Volin, M.V., Shahrara, S., Haines 3rd, G.K., Woods, J.M., Koch,
A.E.: Expression of mucin 3 and mucin 5 AC in arthritic synovial
tissue. Arthritis Rheum. 58, 46–52 (2007)

612 Glycoconj J (2015) 32:575–613



429. Harris, A., Reid, C.: Cystic fibrosis andmucins. J.Med. Genet. 35,
82–83 (1997)

430. Harris, A.: Towards an ovine model of cystic fibrosis. Hum. Mol.
Genet. 6, 2191–2193 (1997)

431. Mizejewski, G.J.: Review of the adenocarcinoma cell surface re-
ceptor for human alpha-fetoprotein; proposed identification of a
widespread mucin as the tumor cell receptor. Tumor Biol. 34,
1317–1336 (2013)

432. International Diabetes Federation IDF Diabetes Atlas, Sixth
Edition. Available from: http://www.idf.org/sites/default/files/
EN_6E_Atlas_Full_0.pdf (2013)

433. Report of a WHO Study Group: Prevention of diabetes mellitus.
World Health Organ. Tech. Rep. Ser. 844, 1–100 (1994)

434. WHO:World Health Organization:World Health Statistics WHO/
FAO. WHO, Geneva (2012)

435. Berg, R.D.: The indigenous gastrointestinal microflora. Trends
Microbiol. 4, 430–435 (1996)

436. Han, J.L., Lin, H.L.: Intestinal microbiota and type 2 diabetes:
from mechanism insights to therapeutic perspective. World J.
Gastroenterol. 20, 17737–17745 (2014)

437. Everard, A., Belzer, C., Geurts, L., Ouwerkerk, J.P., Druart, C.,
Bindels, L.B., Guiot, Y., Derrien, M., Muccioli, G.G., Delzenne,
N.M., de Vos, W.M., Cani, P.D.: Cross-talk between Akkermansia
muciniphila and intestinal epithelium controls diet-induced obesi-
ty. Proc. Natl. Acad. Sci. U. S. A. 110, 9066–9071 (2013)

438. Rodríguez, J.M., Murphy, K., Stanton, C., Ross, R.P., Kober, O.I.,
Juge, N., Avershina, E., Rudi, K., Narbad, A., Jenmalm, M.C.,
Marchesi, J.R., Collado, M.C.: The composition of the gut micro-
biota throughout life, with an emphasis on early life. Microb. Ecol.
Health Dis. 26, 26050 (2015)

439. Tilg, H., Moschen, A.R.: Microbiota and diabetes: an evolving
relationship. Gut 63, 1513–21 (2014)

440. Turnbaugh, P.J., Ley, R.E., Mahowald, M.A., Magrini, V., Mardis,
E.R., Gordon, J.I.: An obesity-associated gut microbiome with
increased capacity for energy harvest. Nature 444, 1027–1031
(2006)

441. Osborn, O., Olefsky, J.M.: The cellular and signaling networks
linking the immune system and metabolism in disease. Nat.
Med. 18, 363–374 (2012)

442. Cani, P.D., Bibiloni, R., Knauf, C., Waget, A., Neyrinck, A.M.,
Delzenne, N.M., Burcelin, R.: Changes in gut microbiota control
metabolic endotoxemiainduced inflammation in high-fat diet-in-
duced obesity and diabetes in mice. Diabetes 57, 1470–1481
(2008)

443. Cani, P.D., Possemiers, S., Van de Wiele, T., Guiot, Y., Everard,
A., Rottier, O., Geurts, L., Naslain, D., Neyrinck, A., Lambert,
D.M., Muccioli, G.G., Delzenne, N.M.: Changes in gut microbiota
control inflammation in obese mice through a mechanism involv-
ing GLP-2-driven improvement of gut permeability. Gut 58,
1091–1103 (2009)

444. Muccioli, G.G., Naslain, D., Bäckhed, F., Reigstad, C.S., Lambert,
D.M., Delzenne, N.M., Cani, P.D.: The endocannabinoid system
links gut microbiota to adipogenesis. Mol. Syst. Biol. 6, 392
(2010)

445. Bäckhed, F., Ley, R.E., Sonnenburg, J.L., Peterson, D.A., Gordon,
J.I.: Host-bacterial mutualism in the human intestine. Science 307,
1915–1920 (2005)

446. Probert, H., Gibson, G.: Bacterial biofilms in the human gastroin-
testinal tract. Curr. Issues Intest. Microbiol. 3, 23–27 (2002)

447. Moore, E.: Physiology of intestinal and electrolyte absorption.
American Gastroenterological Society. Milner-Fenwick,
Baltimore (1976)

448. Atuma, C., Strugala, V., Allen, A., Holm, L.: The adherent gastro-
intestinal mucus gel layer: thickness and physical state in vivo.
Am. J. Physiol. Gastrointest. Liver Physiol. 280, G922–G929
(2001)

449. Derrien, M., Vaughan, E.E., Plugge, C.M., de Vos, W.M.:
Akkermansia muciniphila gen. nov., sp. nov., a human intestinal
mucin-degrading bacterium. Int. J. Syst. Evol. Microbiol. 54,
1469–1476 (2004)

450. Everard, A., Belzer, C., Geurts, L., Ouwerkerk, J.P., Druart, C.,
Bindels, L.B., Guiot, Y., Derrien, M., Muccioli, G.G., Delzenne,
N.M., de Vos, W.M., Cani, P.D.: Cross-talk between Akkermansia
muciniphila and intestinal epithelium controls diet-induced obesi-
ty. Proc. Natl. Acad. Sci. U. S. A. 110, 9066–9071 (2013)

Glycoconj J (2015) 32:575–613 613

http://www.idf.org/sites/default/files/EN_6E_Atlas_Full_0.pdf
http://www.idf.org/sites/default/files/EN_6E_Atlas_Full_0.pdf

	Exploring the role and diversity of mucins in health and disease with special insight into non-communicable diseases
	Abstract
	Visiting mucins
	Human cancers
	Breast cancer
	Ovarian cancer
	Colon and rectal
	Rectal cancer
	Prostate cancer
	Pseudomyxoma peritonei
	Pancreatic cancer
	Stomach
	Gastric carcinoma

	Lung
	Lung cancer
	Idiopathic pulmonary fibrosis (Lung disease)
	Cystic fibrosis
	Diffuse panbronchiolitis
	Asthma

	Intestine
	Inflammatory bowel disease (IBD)
	Crohn’s disease
	Ulcerative colitis
	Hirschsprung’s disease
	Cap polyposis

	Kidney
	Renal clear cell carcinoma (von hippel-lindau disease and adenoma)
	Medullary cystic kidney disease type 1

	Gallbladder
	Gallbladder inflammation and stone formation

	Eye
	Dry eye disease (DED)

	Ethmoid bones
	Ethmoid sinusitis

	Mouth
	Chronic periodontitis
	Mucoepidermoid carcinomas of salivary glands

	Ear
	Middle ear with chronic otitis media

	Uterus
	Uterine cervix

	Thyroid
	Graves’ disease

	Bladder
	Bladder cancer

	Bones (joints)
	Rheumatoid arthritis

	Gland
	Adenocarcinoma
	Gut microbiota and type 2 diabetes
	Summary and future prospects

	References


