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Abstract

Mucins are high molecular weight; multifunctional glycoproteins comprised of two structural
classes - the large transmembrane mucins and the gel-forming or secreted mucins. The primary
function of mucins is to protect and lubricate the luminal surfaces of epithelium-lined ducts in the
human body. Recent studies have identified a differential expression of both membrane bound
(MUC1, MUC4 and MUC16) and secreted mucins (MUC2, MUC5AC, MUC5B and MUCS) in
breast cancer tissues when compared with the non-neoplastic breast tissues. Functional studies
have also uncovered many unique roles of mucins during the progression of breast cancer, which
include modulation in proliferative, invasive and metastatic potential of tumor cells. Mucins
function through many unique domains those can form complex association with various signaling
molecules including growth factor receptors and intercellular adhesion molecules. While there is
growing information about mucins in various malignancies including breast cancer, no focused
review is there on the expression and functional roles of mucins in breast cancer. In this present
review, we have discussed the differential expression and functional roles of mucins in breast
cancer. The potential of mucins as diagnostic and prognostic markers and as therapeutic targets in
breast cancer have also been discussed.
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1. Introduction

Breast cancer (BC) is the second leading cause of cancer-related deaths in women
worldwide after lung cancer. In the year 2010, BC accounted for an estimated 28% of all
new cancer cases in the United States, while nearly 15% deaths from this malignancy
occurred in the same period. While most BCs are sporadic in nature, approximately, 5% of
BC patients have a hereditary predisposition to develop this malignancy. Evidences are
emerging those suggest that BC is a heterogeneous disease at the molecular level having a
number of distinct entities with specific pathologic features and biologic behaviors.
Traditional grading systems based on characteristics of the nucleus have given a way to
more molecular approach that relies on distinct gene signatures to separate the different BC
subtypes. The recent advances in molecular classification of BC have been studied by
several groups of investigator. These approaches are an attempt to avoid over or under-
treatment and personalize therapy based on the predicted behavior of a given subtype.

Molecular markers are particularly helpful as an alternative to conventional diagnostic
modalities as expression of mucins generally precedes morphological change by a
considerable lag period. According to currently available information, the development of
BC represents a continuum of events and is believed to progress from non-neoplastic
epithelium through the stages of usual epithelial hyperplasia (UEH also called ductal
hyperplasia DH), atypical ductal hyperplasia (ADH), carcinoma in situ (CIS) and finally
invasive carcinoma. Molecular studies seem to support the hypothesis that the transition
between UEH and ADH represents the boundary between benign hyperplasia and CIS (the
stage preceding invasive carcinoma). Molecular markers that can distinguish these two
lesions could thus have the potential to be immensely useful to identify patients at an
elevated risk for BC and therefore requiring enhanced surveillance.

The overexpression, mutation, and deletion of specific genes are major mechanisms
underlying the progression and metastasis of BC. Mucins (denoted by the gene symbol
MUC) encompass a family of high molecular weight, heavily O-glycosylated proteins those
are differentially expressed in several epithelial malignancies. These proteins have been
demonstrated to play a pivotal role in the development of BC. Mucins are normally
expressed by epithelial cells and contribute to the lubrication of hollow tubular surfaces such
as ducts and the passages in the respiratory and gastrointestinal systems. They also serve as
a mechanical barrier to extrinsic physical and biological assaults. Mucins are broadly
classified structurally into two main classes: membrane-bound mucins (MUC1, MUC3A,
MUC3B, MUC4, MUC12, MUC13, MUC15, MUC16, MUC17, and MUC20) and secreted
or gel-forming mucins (MUC2, MUC5AC, MUC5B, MUC6, MUC7, MUC8 and MUC19).
All mucins share certain common structural features, but are distinct in the sequence,
domain organization, length, and number of their respective tandem repeat sequences. The
structure and general biology of mucins have been reviewed in several excellent review
articles.

An altered expression of mucin has been reported to be associated with cancer progression,
which in turn, influences cellular growth, differentiation, transformation, adhesion, invasion,
and immune surveillance. Mucin 1 (MUCL) is mostly-studied mucin in BC. However, recent
studies have demonstrated that other mucins, including MUC2, MUC3, MUC4, MUC5AC,
MUC5B, MUCS6, and MUCY are also differentially expressed in BC cells. In this present
review, we have discussed the current knowledge concerning the expression, clinical
relevance and functional role of mucins in BC. Investigation of several research groups
reveal that mucins have important roles in pathological state and have immense potential as
diagnostic or prognostic markers and as therapeutic targets in BC.
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2. Expression of mucins in normal breast and their aberrant expression in
benign and malignant breast diseases

2.1. Expression of mucins in normal breast

Several mucins have been reported to be expressed by the non-neo-plastic breast
(summarized in Figure 1 and Table 1). MUC1, the best studied mucin in BC, is expressed in
nearly 59% of normal breast tissues (without an adjoining malignancy) with a similar degree
of positivity in the malignant ducts adjacent to the normal tissue. MUC4 (92%-100%
positivity in a single study and to a lesser extent MUC5AC (4% positivity) and MUC6
(9%-14% positivity) are also expressed in the ductal epithelium of the healthy breast. MUC2
expression is however entirely absent. MUC5B, while not expressed in the non-neoplastic
ductal epithelium, was detected in cancer adjacent normal tissues (42% positive cases in one
study). At the sub-cellular level, MUC1, MUCS5AC and MUCSG are expressed mostly in the
cytoplasm; while MUCSB is expressed in the apical portion of the non-neoplastic ductal
cells of the breast.

2.2. Expression of mucins in benign and potentially malignant breast diseases

Present models of BC development suggest that it develops through the stages of
hyperplasia (two types - usual and atypical), carcinoma in situ and invasive adenocarcinoma.
However, while every carcinoma develops from a carcinoma in situ, not every carcinoma in
situ develops into a carcinoma. Molecular markers are thus particularly helpful as an
alternative to conventional diagnostic modalities to identify potentially malignant lesions as
their expression precedes morphological changes by a considerable lag period. Several
studies have demonstrated that the expression of mucins is altered in benign and pre or
potentially malignant breast diseases. For instance, the expression of the membrane mucin
MUCSB is upregulated in fibroadenomas, a fibrocystic disease of the breast and in
sclerosing papillomas. MUCS, on the other hand, is expressed in fibrocystic disease without
atypia, and its expression increases in cases with accompanying atypical features (41%
positivity in cases without atypia vs. 100% in those with atypia). MUC1, MUC2, MUC5AC,
MUCS5B, and MUCES are also expressed in pre-malignant breast lesions like ductal
carcinoma in situ (DCIS), while MUC2 expression is upregulated in lobular carcinoma in
situ (LCIS), the precursor to invasive lobular carcinoma. MUC1 and MUCS6 (but not
MUCSAC) are also expressed in simple ductal hyperplasia without atypia. A case report
noted that there was positive staining for MUC1 (92%-100% positive cells) but not for
MUC2 or MUCS5AC in two cases of ductal adenoma of the breast. Weak MUCS6 positivity
(5% positive cells) was also seen in one case in the same study, while the other was entirely
negative.

Using monoclonal antibodies that recognize epitopes in either the tandem repeat (TR) region
(C595, HMFG2 and SM3) or the cytoplasmic tail (CT33) of MUCL1, it was observed that
normal breast ductal epithelium was variably immunopositive (range: 8%-92%). Majority
(>70%) of the normal breast tissue sections exhibited an apical, predominantly linear MUC1
staining with the remaining cases showing a non-apical cytoplasmic staining. MUC1
positivity, particularly with the CT33 antibody was maintained in a range of benign
(fibroadenoma, non-proliferative lesions, usual epithelial hyperplasia) and pre-malignant
lesions (atypical hyperplasia). The incidence of MUC1 immunopositivity, however, was
significantly lower with the SM3 anti-TR antibody (ranging from 4%-14%) compared to the
other two TR antibodies, HMFG2 (36%-65%) and C595 (44%-61%). Significantly, the
highest reactivity (between 71%-96%) was noted with the antibody directed against the
MUCL1 cytoplasmic tail (MUC1-CT) in both normal breast tissues and those from patients
with benign breast diseases. These differences in reactivity to MUCL1 antibodies are
suggested to be a result from the differential reactivity of anti-MUC1 antibodies against
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normal and under-glycosylated forms of mucin those are expressed by non-neoplastic/
benign cells and cancer cells respectively. While MUCL1 does not appear to be useful to
distinguish between benign an pre-malignant breast tumors, the secreted mucin MUC6
exhibited significant specificity for atypical fibrocystic disease (100% positivity compared
to 41% positivity for fibrocystic disease without atypia) and invasive carcinoma (positivity
ranged from 92% for lobular to 100% for ductal carcinoma)

2.3. Expression of mucins in malignant breast tumors

Both membrane-bound and secreted mucins are upregulated in ductal adenocarcinoma of the
breast (summarized in Table 3 and 4 respectively). In BC tissues, MUC1 (74%-77%
positivity), MUC3 (91% positivity), and MUC4 (79%-95% positivity) among the membrane
bound mucins and MUC2 (19% positivity), MUC5AC (7%-37% positivity), MUC5B (19%
positive), and MUC6 (20%-100% positivity) among the secreted mucins, show a significant
up-regulation compared to the normal breast epithelium. In addition to up-regulation of gene
transcription, the copy number of MUC1 was also shown to be significantly increased in BC
cells (but not in the non-neoplastic breast ductal cells). When staining of mucin was
correlated with the expression of estrogen receptor (ER), progesterone receptor (PR), human
epidermal growth factor receptor-2 (HER-2/ErbB2), and p53, only the cytoplasmic
expression of MUCL1 correlated positively with ER expression, while a membranous
distribution of MUC3 staining and MUCS6 positivity correlated negatively with ER status in
most of those cases. Hormone receptor status and expression of HER-2/ErbB2 have been
demonstrated to be significant prognostic indicators or surrogate markers for response to
anti-hormonal (Tamoxifen and Fulvestrant) and anti-ErbB2 (Trastuzumab) therapy
respectively. MUC3 expression has also been demonstrated to be upregulated in MCF-7 BC
cells following treatment with steroids (progesterone, p-estradiol, testosterone, and
hydrocortisone) in vitro suggesting a potential association between alteration in hormone
levels and aberrant expression of mucins in BC. Further, it appears that there is no
significant relationship between mucin expression with expression of either PR, HER-2, or
p53 in BC. It has also been shown that tumor cells initially loose MUC4 expression, but
MUCA4 is re-expressed in tumor cells in lymph node metastases. This indicates that selective
modulation of the expression of MUC4 at different stages confers a metastatic advantage to
the BC cells.

Mucinous carcinomas constitute a distinct and significantly rare pathological entity
accounting for only about 2% of breast malignancies. Although rare, but mucinous
carcinomas are clinically highly relevant owing to the observation that purely mucinous
carcinomas have a significantly better prognosis than ductal carcinoma mainly due to lower
incidence of lymph node metastasis. A comparison of selected mucin expression in
mucinous and ductal carcinomas revealed that MUC2 and MUCG6 expression is significantly
more common in mucinous carcinomas (94% and 71% respectively) than in ductal
adenocarcinomas (15% and 15% respectively). MUC1, which was highly expressed in both
types of BC (65%-100% in mucinous and 92%-100% in ductal carcinoma and MUC5AC,
which was rarely expressed (12% and 4% positivity in mucinous and ductal cancer
respectively, however, did not show any difference between these two histologic subtypes.
An interesting observation in this study was the difference in the proportion of strongly
immune-reactive cancer cells using antibodies recognizing the differentially glycosylated
forms of MUCL. For instance, NCL-MUC1-CORE, an antibody that recognizes the mucin
core peptide (TRPAPG) showed a significantly lower immunopositivity in both mucinous
and ductal carcinoma (incidence of strong immunopositivity 48% and 24% respectively)
than DF3, which also recognizes the mucin core peptide (TRPAPGS) but whose
immunoreactivity is enhanced by presence of carbohydrate side chains (incidence of strong
immunoreactivity being 87% and 88% for mucinous and ductal cancer respectively).
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Notably, the incidence of strong immunostaining (>50% of cancer cells positive) with both
the above mentioned antibodies was decreased upon pre-treatment of the tissues with
sialidase to 0% and 15% for NCL-MUC1-CORE and to 35% and 30% for DF3 for mucinous
and ductal cancer respectively. In comparison, immunoreactivity to antibodies that
recognize the fully glycosylated forms of MUC1 (mAbs HMFG-1 and HMFG-2) was
significantly increased following sialidase treatment. 18% to 100% and 78% to 96% change
for mucinous and ductal carcinoma respectively with HMFG-1 and 41% to 82% and 33% to
85% for mucinous and ductal carcinoma respectively with HMFG-2. This modulation of
immunoreactivity of mucin antibodies by silaidase treatment underscores the important role
of glycosylation in mucin biology, with particular relevance to mucin based biomarkers and
therapeutic studies.

Invasive micropapillary carcinoma of the breast (IMPC) is another rare variant of invasive
ductal carcinoma characterized by the presence of micropapillary structures surrounded by
clear spaces. Clinically, they are extremely aggressive and characterized by a high incidence
of axillary lymph node metastasis. Immunohistochemical analysis of 37 cases of IMPC
(invasive micropapillary carcinoma) using a commercial monoclonal antibody against
MUC16 (CA125), only 9 (24%) cases showed a strong expression with the remaining being
only focally positive.

While ductal carcinoma is the predominant histologic type of BC encountered, signet ring
cell carcinoma (SRCC) is a comparatively rarer entity. Metastatic SRCCs present a
diagnostic dilemma as the primary site of origin is often difficult to identify. It has been
noted that the mucin expression profile of SRCCs could help to pinpoint the site of the
primary tumor. A comparison of primary and metastatic SRCCs arising from the stomach,
colorectum, or breast revealed that each had a unique mucin expression profile. 100% of
primary and metastatic SRCCs from the breast were positive (14%) for MUC1, and no
positivity were found in SRCC arising from the stomach and also no detectable MUC1
expression in SRCCs arising from the colon.

Not just the expression, but the sub-cellular localization of mucins also appears to be altered
in BC. MUC1 staining varies from cytoplasmic (with SM3 mADb) to a heterogenous
combination of luminal and cytoplasmic with or without a membranous accentuation (with
Ma695 mADb). The pattern of staining appears to have important pathobiological
implications, as tumors with primarily cytoplasmic MUCL1 staining are often ER positive,
while a cytoplasmic staining with membrane accentuation is a feature of high-grade tumors,
and a luminal or a combination of luminal and cytoplasmic staining is more common in low-
grade tumors. MUC2 and MUCS5AC exhibit a cytoplasmic and granular staining pattern in
ductal adenocarcinomas. In contrast, MUC5B has a cytoplasmic and perinuclear distribution
in ductal carcinoma and a predominantly apical distribution in colloid carcinoma.

Immune complexes comprised of IgM or 1gG antibody and MUCL1 have also been reported
in the serum of BC patients although no significant difference in levels was found when
compared to healthy women or those with benign breast disease.

3. Importance of mucins in the diagnosis and prognosis of breast cancer

The differential expression of mucins has been investigated for its potential diagnostic and
prognostic relevance in BC and other malignancies. Potential of mucins as diagnostic and
prognostic markers in other malignancies has been reviewed by many investigators
previously. These studies have been mainly targeted MUC1, although MUC4 and other
mucins are being increasingly investigated as potential targets.
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3.1. Tissue-based profiling of mucins in the diagnosis or prognosis of breast cancer

Detection of mucins, primarily based on immunohistochemical analysis using specific
antibodies, has been shown to correlate with several clinicopathologic characteristics in BC
patients. For instance, a significant correlation was observed between the sub-cellular
distribution of MUC1 and prognosis in BC patients. Using the Ma695 monoclonal antibody,
a luminal staining for MUC1 was positively correlated to the presence of vascular invasion,
lymph nodal spread and distant metastasis. On the other hand, presence of both cytoplasmic
and membrane staining was associated with a significantly lower survival than cases with
luminal staining. Further, positivity for MUCL1 (by immunofluorescence), when combined
with that for E-cadherin was 80% sensitive and 100% specific in identifying cancer-positive
margins in an intra-operative setting. A real-time PCR based assay for MUC1 was 67%
sensitive and 82% specific in identifying micro-metastasis in axillary lymph nodes of BC
patients. In a study of 200 BC and 81 cases of CIS, MUC2 expression was weak or absent
completely from normal breast tissues. In comparison, 100% of mucinous carcinomas, but
only 8% of lobular and 19% of ductal carcinomas were positive for the mucin. Breast cancer
patients whose tumors were positive for MUC2 had a significantly shorter survival (49
months) compared to those with MUC2 non-expressing tumors (75 months). This study
suggests that differential expression of MUC2 could be potentially useful in the
prognostication of patients with a suspected diagnosis of BC. MUC6 expression on the other
hand appears to improve survival, although it is expressed only in about 20% of BCs. Both
MUC3 and MUC4 appear to correlate with prognosis. While the expression of the former
was shown to be significantly higher in patients with vascular invasion, nodal metastasis and
correlated with the recurrence of BC, MUC4 staining showed a significant positive
correlation with higher tumor grade. MUCS, by virtue of its strong expression in atypical
fibrocystic disease of the breast (a precursor to invasive ductal carcinoma) appears to hold
significant clinical potential as a marker for the early identification of pre-malignant breast
lesions. Given the propensity for variations in the number of tandem repeats (termed as
variable number of tandem repeat polymorphism or VNTR polymorphism) and the degree
of glycosylation, the availability of domain and glycosylation specific antibodies against
mucins offers a unique array of reagents for potential use as biomarkers. Prospective,
multicenter trials are then needed using the most promising antibodies to investigate whether
a combination of mucin markers is able to aid both the early detection and predict prognosis
of BC patients.

3.2. Mucins as serum based biomarkers for breast cancer

Mucins have not only been investigated to explore in tissue based diagnostics but also have
emerged as novel blood based biomarkers for the detection and prognostication of BC. The
tumor marker antigen CA15.3 which corresponds to an immuno-dominant epitope in the
extracellular portion of the membrane bound mucin MUC1, is shed into the bloodstream and
can be detected with a number of monoclonal antibodies. The epitope is a stretch of seven
amino acids (PDTRPAP) that are in turn part of the 20-amino acid tandem repeat sequence
of MUCL. The specificity of different anti-MUC1 mAbs for either the core peptide or the
carbohydrate side chains has been examined. Several commercial kits are currently available
to measure CA15.3 levels and have shown a high degree of specificity in both diagnosing
BC and detecting recurrence of the malignancy following treatment (Table 2). CA15.3
(MUC1) levels appear to correlate with stage but not with histologic type of BC. In one
study, 6/108 (6%) stage 1, 5/52 (10%) stage 2 and 9/39 (18%) BC patients had elevated
serum CA15.3 levels (=30 U/ml) at diagnosis. During a 12-month follow-up during which
serum CA15.3 levels were measured once every 3 months, the levels of CA15.3 declined to
normal levels in all the patients except three (one from each stage) who were then diagnosed
with metastatic disease. However, CA15.3 (MUC1) levels were not significantly different
between patients with ductal, lobular or tubular type of BC. A comparison of the CA15.3
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assay with one employing the epithelial membrane core antigen (EMCA, also against
MUCY1) found that serial measurement of serum MUC1 levels with a threshold of 33 U/ml
(prior to start of therapy and then at 2, 4, and 6 months after starting therapy) significantly
correlated with progression of the disease (non-progression being defined as having either a
complete/partial response or stable disease). The sensitivity and specificity of CA15.3 in
detecting progressive disease being 85% and 91% at 2 months, 96% and 96% at 4 months,
and 92% and 100% at 6 months respectively. Similar results were also reported by other
investigator. In a retrospective analysis, an initial surge (>10% increase from baseline
levels) in serum CA15.3 levels in BC patients following chemotherapy was shown to be
significantly correlated with the risk of disease progression as measured by a shortened
progression free survival (24 months in those with a surge vs. 35 months in those without
any surge). Significantly, the surge in CA15.3 levels appeared to be independent of the type
of prior therapy (anthracyclines, taxanes, gemcitabine, endocrine-based or trastuzumab)
given to the patients.

CA15.3 levels in serum are also elevated in 50%-80% of BC patients with metastatic BC.
Using ELISA and normality defined as <25 U/ml, only 1/14 (7%) patients with local
recurrence of BC had elevated CA15.3 levels in a single center retrospective study. In
comparison, 22/23 (96%) patients with both local recurrence and distant metastasis had
elevated circulating CA15.3 levels. In a large study of 3,953 patients with BC followed for
detection of disease recurrence (following therapy), 274 of the 784 patients (35%) who had
recurrence of the disease had at least one abnormally elevated CA15.3 measurement (>30 U/
ml). Further, elevated CA15.3 levels were associated with a 30% higher risk of recurrence
during follow-up. The level of CA15.3 (MUC1) in patients with metastatic BC appears to
correlate not with the level of HER-2 expression but with the hormone receptor (HR) status
of the primary tumor. In a study examining the effect of HR (ER and PR) and HER-2 status
on CA15.3 levels in metastatic BC patients, the incidence of CA15.3 positivity was
observed to be higher in patients with hormone receptor positive tumors (69% in
HR*HER-2" and 56% in HR*HER2* patients vs. 46% in HR"HER2* and 41% in HR"HER2"
patients). This is supported by the observation that a high level of MUCL1 expression in BC
tissues correlated positively with the occurrence of axillary node metastasis.

A prospective study comparing the abilities of CA15.3, mucin-like carcinoma associated
antigen (MCA), and CEA to predict the onset of metastasis in BC patients observed that
CA15.3, at a cut-off of >27 U/ml, could predict metastasis in 36% of BC patients compared
to 64% for MCA and 33% for CEA. CA15.3 elevation in the serum appeared to be more
sensitive (78%-96% sensitive with a range of 56-140 U/ml) to detect patients with mixed
metastasis (both bony and soft tissue metastasis) than those with either an isolated bony or
soft tissue metastasis (32%-75% sensitivity for bone metastasis, range: 21-40 U/ml and
47%-83% sensitivity for soft tissue metastasis, range: 22-67 U/ml). While MCA was a better
early marker of metastasis than either CA15.3 or CEA, neither marker was very good at
predicting disease relapse. Other studies however found no correlation between serum
CA15.3 levels and the site of metastasis of BC. In a study of 144 BC patients, 73 of whom
were clinically free of the disease at the time of entry into the study, none of the five patients
with elevated CA15.3 (cut-off 35 U/ml) relapsed during a follow-up time ranging from
14-18 months.

The levels of CA15.3 (MUC1) also appear to be significantly influenced by the presence of
one or more single nucleotide polymorphisms (SNPs) in the MUC1 gene. In a study among
Dutch women to investigate the effect of the 568 A/G polymorphism in MUC1 on serum
CA15.3 levels, it was observed that women who had the GG genotype (21% of healthy, 24%
of benign breast disease and 27% of BC patients) had significantly higher levels of serum
CA15.3 compared to those with the AG or AA genotype. These differences were attributed
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to the variable number of tandem repeats, with patients having the GG genotype having a
larger number of repeats (and hence a higher expression of MUCL1) than those with other
genotypes. These studies raise an important need in the area of mucin based BC diagnosis.
In addition to inter-laboratory standardization, establishment of unique cut-offs based on the
presence of a given SNP are required to increase the sensitivity of serum CA15.3 (MUC1) in
detecting BC.

When taken together, the existing evidence from clinical studies suggests that serum levels
of MUC1/CA15.3 correlates with stage of the disease and is positively correlated to the
expression of hormone receptors by BC cells. This suggests that serum CA15.3
measurement could be potentially useful to select patients for clinical trials of novel targeted
therapies in BC. In addition, tissue staining and subcellular localizations for mucins appears
to correlate with survival, an observation that needs to be investigated further, particularly in
combination with other modalities like imaging. However, a major drawback of CA15.3 as a
biomarker is its false elevations in patients with non-malignant systemic diseases such as
liver failure, diabetes and fatty liver. Further, in a proportion of patients, the primary and/or
metastatic tumor may not secrete the antigen (MUC1), leading to false negative results. The
role of CA15.3 as a biomarker in BC has been extensively reviewed in a recent article.

3.3. Mucins as markers of circulating tumor cells in the blood

The detection of circulating tumor cells (CTCs) in the blood and disseminated tumor cells
(DTCs) in the bone marrow have been used to identify micro-metastasis, and therefore,
predict prognosis in BC patients (reviewed recently by Ross and Slodkowska). A study
aimed at examining the mucin expression profile of DTCs in the bone marrow of
preoperative BC patients showed that MUC2, MUC3, MUC5B, MUC6, and MUC7 were
detectable in at least one bone marrow specimen (1/11 BC patients positive for MUC2 and
MUC3, 7/15 for MUC5B, 3/14 for MUCS, and 5/12 for MUC7). MUC5B was the most
discriminating mucin marker, distinguishing between healthy and cancer patients with a
sensitivity of 47% and specificity of 100%. Although MUCTY is as sensitive as MUC5B
(42%), it lacks specificity (77%). Based on the results in the bone marrow, a nested RT-PCR
assay was designed to detect MUCSB transcripts in the peripheral blood of BC patients. This
test was moderately sensitive (52%) but highly specific (100%), suggesting it could be used
clinically to identify the appearance of DTCs in BC patients. When applied to the bone
marrow samples of BC patients collected at the time of surgery, however, nested PCR for
MUCSB was as sensitive (19.5%) as that for carcino-embryonic antigen (CEA, 17%) and
inferior to PCR for CK19 (41% sensitivity) in identifying DTCs. While the diagnostic
potential of MUC5B remains to be examined further, the study uncovered that MUC5B
expression in the bone marrow positively correlates with the size of the tumor and stage (but
not the nodal status). These results suggest a role for the mucin in the metastasis of BC cells.
The expression of membrane-bound and secreted mucins in normal, pre-malignant, and
various malignant breast tumor tissues are summarized in Table 3 and Table 4, respectively.
Immunomagnetic separation using one or more anti-MUCL1 antibodies is now commonly
used to isolate CTCs (or DTCs) from the peripheral blood of BC patients. In one study, PCR
analysis of isolated CTCs revealed that 58% of BC patients with detectable DTCs were
positive for MUC1 expression. Further, the percentage of MUC1-positive DTCs increased
progressively with increasing stage of the disease (0%, 6%, and 33% positive cases in stage
1, 2, and 3 BC, respectively), nodal involvement (7%, 16%, and 33% positivity in patients
without nodal involvement, or with N1 and N2 disease, respectively) and metastasis.

4. Mucin mediated cellular signaling events in breast cancer

In addition to the emerging role in the diagnosis and prognosis of BC, mucins have been
demonstrated to be involved in several signaling pathways in malignant cells. Among all the
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cell surface-associated mucins, MUCL is the best characterized with respect to its role in
signal transduction in BC cells. Overexpression of MUC1 in BC cells has been
demonstrated to block cell death in response to oxidative stress, DNA damage, and hypoxia
and induce anchorage-independent growth and tumorigenicity.

The migration of tumor cells to the site of metastases depends upon its interaction with the
vascular endothelium. Intercellular adhesion molecule 1 (ICAM-1), a protein that is
expressed on endothelial cells and leucocytes, plays a major role in stabilizing the
interaction of BC cells with the vascular endothelium. ICAM-1 present on endothelial cells
can bind to MUCL1 on the surface of tumor cells. This, in turn, activates a signaling cascade
mediated via the MUCL1 cytoplasmic tail (MUC1-CT) and includes calcium dependent
signaling, involving Src kinase, phosphoinositol 3-kinase (PI-3K), phospholipase C (PLC),
and lipid rafts (Figure 2A). Due to this, ICAM-1 has been proposed as a transmembrane
ligand for MUCL1.

MUC1 has been shown to bind with fibroblast growth factor receptor (FGFR). FGF, a
growth factor involved in angiogenesis, development and wound repair induces
phosphorylation of the MUC1 cytoplasmic tail (MUC1-CT) on a YEKV motif via activation
of the non-receptor tyrosine kinase c-Src. This results the MUC-CT being transported into
the nucleus where it drives the transcription of B-catenin, estrogen receptor a (ERa) and p53
target genes. The phosphorylated MUC1-CT also interacts with the molecular chaperone
Hsp90 to be delivered to the mitochondria. These signals, in turn, prevent activation of the
intrinsic apoptosis pathways in time of stress, and thus contribute to the survival of BC cells
(Figure 2B).

MUCL1 has also been shown to bind with ErbB1 (EGFR/HER1) on the cell surface following
activation by its ligand epidermal growth factor (EGF). This interaction, in turn, inhibits
EGF-stimulated ubiquitination and internalization of ErbB1, thus allowing prolonged
activation of EGF-mediated downstream signaling events (Figure 2C). Galectin-3, a secreted
glycoprotein interacts with the MUC1-CT (at Asn-36) and through this interaction, acts as a
bridge to stabilize the MUC1-ErbB1 interaction. The N-glycosylated MUC1-CT also helps
to stabilize the galectin-3 mRNA levels by suppressing the expression of micro RNA
miR-322.

Transforming growth factor a (TGF o), through its binding to and activation of EGFR, is
another potent inducer of cellular transformation. Mouse Mucl has been shown to modulate
TGFa-dependent BC progression in the WAP-TGFa transgenic animals, when it crossed
with Muc1”". The WAP-TGFa/Mucl*/* transgenic mice had a significantly higher incidence
(100%) of mammary tumors when compared to Muc1-null (WAP-TGFa/Mucl™") (37%)
after one year. Further analysis revealed that the activation of cyclin D1 was significantly
suppressed in tumors derived from the Mucl null transgenic animals (compared to the Mucl
expressing mice), suggesting a potential mechanism underlying Mucl driven breast
tumorigenesis. In another study, the down regulation of MUCL significantly decreased the
interaction between the nucleus-localized EGFR and the cyclin D1 promoter followed by a
significant down regulation of cyclin D1 protein expression. These studies suggest that
MUC1 could modulate BC cell proliferation through regulating EGF mediated cyclin D1
transcription.

Cleavage of a single polypeptide generates the two subunits of MUC1, an N-terminal mucin
subunit (MUC1-N) and a C-terminal cytoplasmic tail (MUC1-CT). Shedding of the MUC1-
N subunit leaves MUC1-CT to transduce intracellular signals that confer cellular growth and
survival. The MUC1-CT is translocated to the nucleus, where it interacts with estrogen
receptor o (ERa) and activates downstream target genes. Importantly, the MUC1-CT
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activates the expression of genes, predicting not only a response to tamoxifen (estrogen
receptor antagonist), but also the overall survival of BC patients. The set of genes induced
by the MUC1-CT in BC cells has been termed the “MUC1 tumorigenesis signature” and
include ADA, ASPM, BUB1B, CDC20, CENPE, CST3, CTSC, DHCR7, ECT2, FADS1,
FAMG64A, FDPS, GBP2, IDI1, IFI44L, IMPAL, ISG15, KIF20A, MKI167, MTHFD1, NET1,
NSDHL, PGD, PSAT1, RNASE4, RRM2, SIDT2, SLIT2, SOATL, SQLE, STAT1, TFRC,
UBD, UBL3, and VCAML1 (the names correspond to their Entrez gene IDs).

MUCL1 has also been shown to be involved in HER2 (also known as ErbB2) mediated
signaling events. Stimulation of BC cells with heregulin (HRG) leads to phosphphorylation
of the MUC1-CT (at the YEKYV motif). The phosphorylated MUC1-CT then interacts with
molecules such as y-catenin and p120 catenin, following which the complex is transported
into the nucleus by Nup62, a nucleoprotein located on the nuclear pore. Within the nucleus,
MUC1-CT interacts with the transcription factors ERa, p-catenin, p120 catenin, STAT1
(Signal Transducer and Activator of Transcription 1) and p53 and drives the transcription of
several genes that promote tumor cell growth and invasiveness (Figure 2D).

Recent studies have shown that the MUC1-CT associates with STAT1 in response to
interferon y in non-malignant epithelial cells, and these two proteins interact constitutively
in BC cells (Figure 2E). This MUC1-STAT1 interaction, in turn, activates STAT1 target
genes, including MUCL. A correlative study of MUC1 and STAT1 expression in tumor
sections showed that patients whose tumors co-expressed both markers had a significantly
higher risk of recurrence and death. This correlation was independent of ER status and size
of the primary tumor. However, BC patients with grade 2 and 3 tumors that co-expressed
MUC1 and STAT1 had a significantly higher risk of death compared to those that expressed
only one antigen, suggesting the synergistic effect of the two proteins in promoting BC
aggressiveness.

[-catenin is an oncogenic protein that contributes to the metastasis of several types of
malignant epithelial cells. MUC1 interacts with B-catenin and results in its redistribution to
the margin of invading cells, in turn leading to increased invasiveness of the tumor cells.
The expression of B-catenin is tightly regulated by several proteins including the
Adenomatous polyposis coli (APC). APC is a tumor suppressor gene whose expression is
downregulated through promoter methylation or loss of heterozygosity in nearly 25-60% of
primary breast tumors. EGF stimulation increases the interaction of MUC1 with APC and
promotes B-catenin mediated gene transcription. MUC1 also associates with p53, a tumor
suppressor that is often inactivated in BC. Specifically, the MUC1-CT binds directly to the
regulatory domain of p53 and co-activates the transcription of genes that promote p53-
dependent growth arrest.

MUCA4 is a transmembrane mucin (like MUC1) and frequently displays an altered
expression in many cancers. It has been proposed to act as an anti-adhesive barrier on the
surface of epithelial tumor cells. Muc4 also can bind to the receptor tyrosine kinase HER2
and alter its cellular signaling (Figure 2F). Sialomucin complex (SMC), the rat homologue
of human MUC4, has been demonstrated to mask the surface antigens on target tumor cells,
and thus suppresses tumor cell killing by cytotoxic lymphocytes. SMC and MUC4 have both
been demonstrated to interact with HER2, although whether the interaction is direct or
through an intermediate adaptor protein is unknown. Muc4 expression promotes HER2 and
HERS3 translocation to the cell surface and thereby augment the number of available
receptors for signaling through the phosphoinositol 3 kinase (P13K) (Figure 2). The PI3K
pathway is one of the important regulators of cell proliferation and survival in BC
development, and it has been showed that PI3K is essential for HER2/HER3 mediated breast
tumor cell proliferation. Aberrant expression of Muc4 in almost all cancer cell lines induces
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the phosphorylation of HER2 and subsequent inactivation of the pro-apoptotic proteins such
as Bad and increased expression of pro-survival proteins like Bcl-xL.

Studies in BC and other malignancies suggest that mucins play a pivotal role in several
aspects of the behavior of a cancer cell. Most studies in BC have focused on the role of
MUCL1 and only recently the roles of other mucins are being uncovered. Future studies are
expected to accumulate more information regarding the functional significance of these
glycoproteins in the initiation, progression and metastasis of BC.

5. Importance of mucins in the therapy of breast cancer

MUCL1 has been the most widely targeted mucin for the therapy of BC. Several approaches,
including vaccination, gene therapy, immunotherapy, radio-immunotherapy, and
conjugation with immunotoxins, have been used with limited success (summarized in Table
5). Recently, antibodies developed against tumor-specific variants of MUC1 (e.g., the
12ESC-6 mADb), and against other mucins including MUC4 and MUC16 (cytoplasmic tail),
have opened avenues for targeting multiple mucin epitopes simultaneously for a better anti-
tumor effect. Several research groups have successfully used the MUC1 promoter in
transcriptional targeting strategies of various cancers, including BC. The purpose of using
this MUC1 promoter is to deliver and express imaging reporter genes specifically in breast
tumor metastases in living subjects.

Trastuzumab (Herceptin™), a monoclonal antibody targeting the extracellular portion of the
HER-2 receptor is one of the drugs at the forefront of HER-2 positive BC. Recent reports
indicate that both MUC1 and MUC4 can confer resistance to trastuzumab treatment in BC
cells. Similarly, overexpression of mucins has recently been demonstrated to be associated
with the resistance of cancer cells to chemotherapeutic drugs. While these findings need to
be confirmed and the underlying mechanisms need to be elucidated, these studies
nonetheless affirm the importance of mucin expression as important determinants of
response of cancer cells to chemotherapy.

Immunotherapy, particularly against MUC1 has been extensively explored for possible
application in the treatment of BC. Their failure however to translate pre-clinical success
into clinical efficacy in human patients has cast doubts on the practical application of these
approaches. The limited success of immunotherapy against mucin antigens can be attributed
to several potential mechanisms. The immunogen used for many of these studies (using
MUCY1) is the tandem repeat peptide, a stretch of 20 amino acids. This region, which is
highly glycosylated in normal breast epithelial cells is under-glycosylated in tumors and
hence an attractive target for therapy. However, tumors are heterogenous in the extent of
glycosylation which might account for the variable response to antibodies raised against the
TR region. A second possibility is that the TR region in tumors may interact with other
molecules and such interactions can potentially block its interaction with the anti-MUC1
antibodies. The small size of the TR is another limiting factor as it results in the generation
of fewer immunogenic epitopes and further, some of the haplotypes of MHC molecules
generated against these epitopes have been suggested to be incapable of mounting an
effective immune response. Strategies relying on generation of dendritic cells (DCs: antigen
presenting cells that process and present antigens to the T-cells) specific for the tumor
antigen have also suffered from several difficulties including inadequate loading of antigens
onto DCs, specific targeting DCs to sites of tumor spread and ensuring their survival long
enough (after pulsing with antigen) to mediate an immune response. Protein transduction
domains (PTDs) also called cell permeable peptides or membrane translocating sequences
(MTS) are small peptides capable of transporting much larger molecules across the cell
membrane through a mechanism independent of the classical endocytosis pathway. PTDs
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such as the tat protein of human immunodeficiency virus (HIV) have been demonstrated to
efficiently transport immunogens (like MUC1) into DCs. Further, tat conjugated peptides
have been shown to allow the efficient processing and presentation of the antigen by DCs to
the helper and cytotoxic T-cells (via MHC class-11 and class-I1 molecules respectively). The
N-terminal region of MUC1 (amino acids 2-147) fused to the PTD domain of the HIV tat
protein was shown to induce a more effective Th1 response in vivo (assessed by induction of
interferon-gamma and tumor necrosis factor-alpha) and cytotoxic T-cell response in vitro
compared to the MUC-1 N-terminal peptide alone (minus tat fusion). Significantly,
administration of dendritic cells pulsed with the MUC1 N-terminal tat fusion significantly
delayed the development of breast tumors in a spontaneous mouse model of BC (MUC1/
PyMT double transgenic mouse) compared to animals who received DCs pulsed with the
MUC1 N-terminal peptide alone. This study, although in the preclinical stage, but points
toward the exciting possibilities for immunotherapy of MUC1 expressing BCs.

6. Conclusions and perspectives

Breast cancer is the second leading cause of cancer deaths and is a problem worldwide.
Although efforts are being made to identify factors those are responsible for its
aggressiveness of this disease but the exact succession of molecular events underlying the
development of this devastating disease has remained unclear. Mucins have emerged as
important molecules in the progression and metastasis of BC. Changes in their expression,
glycosylation and presence of multiple splice variants are currently under active
investigation to better understand their role in BC pathogenesis. Current and emerging
evidences suggest that mucins are differentially expressed during progression and metastasis
of BC, and thus, could be extremely useful in either early detection or predicting prognosis
or both of BC patients. Recent developments in molecular biology have used mucins as
molecular beacons to identify occult sites of micrometastasis. For instance, an adenovirus
mediated tumor targeting system has recently been developed that employs the firefly
luciferase gene driven by the MUC1 promoter. The luciferase gene permits imaging of the
target cells while MUCL targets the cancer cells that express a high level of the mucin. Pre-
clinical studies with this bioluminescent probe in mice have revealed that it is highly
specific in detecting experimentally induced lymph node and hepatic metastasis in BC. As
the current strategies for identifying nodal, particularly sentinel node spread of the cancer (a
“sentinel node” is defined as the first lymph node that drains lymph from the site of
malignancy) rely on injection of lymphotropic dyes or radiolabelled colloids into the tumor
and are thus quite invasive, the development of molecular probes using mucins as targets
could offer sensitive, minimally invasive alternatives to accurate staging and early detection
of micrometastasis. However, both these techniques are quite invasive and have the potential
for complications for the patient

Furthermore, mucins particularly the MUC1, due to its differential expression, has emerged
as promising target for vaccine development and targeted therapy for BC, Recent studies
have unraveled that in addition to serving as biophysical barriers involved in protection and
lubrication of epithelial surfaces, mucins are active partners in cellular signaling, important
regulators of gene expression, and also determinants of drug resistance in BC. In order to
mediate such diverse biological processes, mucins interact with a multitude of proteins and
such interactions could be potential targets for a new wave of therapeutic intervention
(reviewed recently in). A significant first step in this direction is the development of a cell-
permeable peptide inhibitor G0-201 that blocks MUC1-CT oligomerization. In BC cells this
inhibitor was demonstrated to block MUC1-CT nuclear localization, induce growth arrest
and cell death in vitro, and inhibit tumorigenicity in vivo. It is conceivable that therapies
targeting such oncogenic interactions of mucins with other molecules will become available
in the near future. Information regarding the molecular structure of mucins is currently
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nonexistent. With the realization of the involvement of various mucin domains in diverse
biological processes, future studies should focus on elucidating the structure of mucins for
understanding the interaction of mucins with other proteins at molecular level. Such
information will be of prime importance for rational design of drugs (or /inhibitors) targeting
the interaction of mucins.

Cancer stem cells (reviewed recently in) are thought to be responsible for not only the
initiation of cancer but also mediate disease aggressiveness, metastasis and promote
resistance to chemotherapy. Recently, MUC1 was shown to be expressed in mammary stem/
progenitor cells. This reveals a potentially novel mechanism underlying the role of mucins
in modulating aggressiveness of cancer in general and BC in particular. MUC1 could be
explored, in future, as a specific therapeutic target against mammary cancer stem cells for
tumor relapse.

MicroRNAs comprise a group of gene repressors that work by the process of
posttranscriptional repression. They have emerged as novel modulators of tumor initiation
and progression. Growing evidences indicate that microRNAs play a fundamental role in BC
progression including modulating cell proliferation, differentiation, apoptosis and influence
treatment relevant characteristics including chemoresistance. In cancer, microRNAs may
function both as oncogenes and tumor suppressors, hence often termed as ‘oncomiRs’. The
micro RNA mir-1226 was shown in a recent study to downregulate the expression of MUC1
and thereby induce cell death, while miR-145, whose expression is down regulated in tumor
tissues has been demonstrated to inhibit tumor cell growth and invasion by targeting MUCL.
Further, miR-125b has also been shown to suppress translation of the MUC1 oncoprotein
and in this way might function as a tumor suppressor in BC. Interestingly mucins can also
regulate the expression of microRNAs. The MUC1-CT was found to suppress the expression
of the microRNA miR-322 which led to the stabilization of galectin-3 mMRNA levels These
recent advances in the regulation of mucins by micro RNAs and some microRNAS by
mucins add a new layer of complexity to mucin biology. The role of miRNAs in regulating
other mucins and resulting biologic significance remains a question to be elucidated in
future studies.
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Abbreviations

BC breast cancer

UEH usual epithelial hyperplasia (also called ductal hyperplasia DH)
ADH atypical ductal hyperplasia

CIS carcinoma in situ

SRCC signet ring cell carcinoma

FGF fibroblast growth factor

EGFR epidermal growth factor receptor (also called ErbB1)
MUC1-CT MUC1 cytoplasmic tail

EGF epidermal growth factor

PTD Protein transduction domains

MTS membrane translocating sequences

MCA mucin-like carcinoma associated antigen
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Invasive carcinoma

Detected Normal Duct Atypical DCIS/LCIS Invasive
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MUC7 - - NE - +

Figure 1. Expression of mucins during the progression of breast cancer
Breast cancer is currently believed to develop through a series of well-defined stages:
Normal duct > DH (ductal hyperplasia) > Atypical ductal hyperplasia (ADH) > Carcinoma
in situ (CIS): DCIS/LCIS (ductal or lobular carcinoma in situ) > Invasive carcinoma (ductal
or lobular). Both secreted and membrane-bound mucins have been demonstrated to be
expressed during the progression from normal ducts to invasive adenocarcinoma. (+
indicates mucin detected and — indicates mucin undetected, NE not examined, £ <5% cells
positive, ¥ expressed in mucinous carcinoma (in addition to ductal carcinoma), T Expressed
in lobular carcinoma (in addition to ductal carcinoma), ¥ Expressed in LCIS (in addition to

DCIS).
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Figure 2. Mucin mediated cellular signaling events in breast cancer. MUC1-ICAML1 interaction
MUC1-ICAM-1 interactions regulate different heterotypic cell- cell adhesions.
Phosphorylated MUC1-CT can contribute to Grb2—-Sos-mediated activation of the Ras—ERK
pathway or activation of phospholipase Cy (PLCy)-mediated signaling events. (B) MUC1-
FGF1 interaction: FGF1 induces phosphorylation of the MUC1-CT on the YEKV motif
via activation of the non-receptor tyrosine kinase c-Src which results in nuclear translocation
of MUC1-CT to drive the transcription of B-catenin, estrogen receptor o (ERa) and p53
target genes. The MUC1-CT-HSP70/HSP90 interaction facilitates translocation of MUC1-
CT to mitochondria, and attenuates activation of the intrinsic apoptotic pathway in the
response to stress. (C) MUC1-EGFR interaction: MUCL binds to ErbB1 (EGFR)
following activation by EGF. This interaction is bridged by the secreted glycoprotein
galectin-3. The interaction (between MUC1 and EGFR) inhibits EGF-stimulated
ubiquitination and internalization of ErbB1, thus driving EGF-mediated downstream
signaling events. (D) MUC1-HER?2 interaction: Stimulation of BC cells with heregulin
(HRG), a soluble ligand for HER2, leads to phosphphorylation of the MUC1-CT (at the
YEKYV motif). The phosphorylated MUC1-CT interacts with molecules such as y-catenin
and p120 catenin, following which the complex is translocated into the nucleus by Nup62, a
nucleoprotein located on the nuclear pore. (E) Nuclear localization of MUC1-CT: The
MUC1-CT interacts with the nucleoprotein Nup62, an interaction that regulates the transport
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of the MUC1-CT into the nucleus. In the nucleus, the MUC1-CT interacts with and
regulates transcription of ERa, B-catenin, p120 catenin, STAT1 and p53 target genes. (F)
MUC4 mediated cell signaling in breast cancer cells: MUCA4 can bind to the receptor
tyrosine kinase HER2 and alter its cellular signaling by activation of the PI3-kinase and Erk
pathways. MUC4 induced phosphorylation of HER2 leads to the inactivation of pro-
apoptotic proteins such as Bad and an increase in expression of pro-survival proteins like
Bcl-xL. (Abbreviations: Gal-3-Galectin -3, NPC-Nuclear Pore Complex, MUC1-mucin 1,
MUC4-mucin 4, DAG-diacylglycerol, ER- endoplasmic reticulum, NF-kB- nuclear factor
kB; PKC-protein kinase C, PM- plasma membrane, EGF-Epidermal Growth Factor, TGFj-
Transforming Growth Factor , AR-Amphiregulin, EP-Epiregulin).
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