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Abstract

Development of biomarkers that detect early stage resectable premalignant lesions of colon can
provide critical aid in prevention of colorectal cancer. Recent evidences advocate the utility of
mucin expression to predict malignant transformation of colon pre-neoplastic lesions. In this study,
we investigated the combined expression of multiple mucins and mucin-associated glycans during
the adenoma-carcinoma sequence of colon cancer progression. Further, we evaluated their
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applicability as markers for differentiating adenomas/adenocarcinomas from hyperplastic polyps.
Immunohistochemical analyses performed on colon disease tissue microarrays revealed that
MUC?2, MUC4 expression were downregulated (p<0.0001) and MUC1, MUC5AC expression
were upregulated (p=0.01) during adenoma-adenocarcinoma progression. Expression of MUC17
was downregulated in inflamed tissues compared to normal tissues, but its increased expression
differentiated adenomas (p=0.0028) and adenocarcinomas (p=0.025) from inflammation. MUC1
specific glycan-Tn/STn-MUC1 showed higher expression in hyperplastic polyps (p=0.023),
adenomas (p=0.042) and adenocarcinomas (p=0.0096) compared to normal. Multivariate
regression analyses indicated that a combination of MUC2, MUC5AC, and MUC17 could
effectively discriminate adenoma-adenocarcinoma from hyperplastic polyps. Altogether, a
combined analysis of altered mucins and mucin-associated glycans is a useful approach to
distinguish premalignant/malignant lesions of colon from benign polyps.
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1. Introduction

For colorectal cancer (CRC), incidence and mortality rates are high worldwide [1]. CRC is
the third most common cancer in both men and women, and the second leading cause of
cancer deaths in the US [1]. In 2015, about 132,700 people will be diagnosed with CRC, and
about 49,700 people will die of the disease [2]. Survival from CRC is associated with the
stage of cancer when diagnosed, with the advanced disease having the worst outcome; the 5-
year survival being 13% [3]. Only 40% of CRCs are diagnosed at early stages, due in part to
the underuse of screening modalities. Thus, there is a need for specific and sensitive
modalities for early diagnoses.

CRC is a heterogeneous disease. Its etiology involves modifiable, medical and hereditary
risk factors, and the precise events vary from one individual to another [4]. Various pathways
of neoplastic progression contribute to the molecular and biological heterogeneity exhibited
by CRCs [5]. About 85% of CRCs are sporadic and progress slowly by accumulating
multiple genetic mutations (APC, KRAS, p53, and DCC) in precancerous lesions (polyps/
adenomas). The process is referred to as adenoma-carcinoma sequence [6]. Recent studies
highlight the diagnostic potential of the mucin expression profiles in pre-neoplastic colon
polyps [7, 8]. Intestinal mucosal and goblet cells produce, store, and secrete heavily
glycosylated proteins termed mucins (MUCSs) which are the building blocks of the
gastrointestinal (GI) mucus system. Mucins provide a selective molecular barrier for luminal
protection of the Gl tract against factors such as food, acid, enzymes and bacteria [9, 10]. To
date, 21 mucin genes have been identified and categorized into two subgroups: membrane-
bound and secretory mucins [11]. The apical cell surfaces of intestinal enterocytes and
colonic columnar cells anchor membrane-bound mucins (MUC1, MUC4, and MUC17) [10].
These mucins sense the intestinal environment to mediate intracellular signaling and provide
a diffusion barrier [10]. In contrast, secretory mucins (MUC2, MUC5B, MUC5AC, and
MUCS6) form polymeric gels that facilitate lubrication and protection of Gl system [10].
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Various inflammatory, benign (hyperplastic polyps), premalignant (adenomas), and
malignant conditions of colon are associated with alterations in mucin expression,
organization, glycosylation which in turn impact their functioning. Mucin aberrations affect
a variety of cellular activities, including growth, differentiation, transformation, adhesion,
invasion, and immune surveillance [12]. Several studies have investigated the expression of
mucins, including MUC1, MUC2, MUC4, MUC5AC, MUCB6, and MUC17 and their
associated glycans during the colon adenoma-carcinoma progression [13-17]. However,
there has been no analysis of these mucins as a panel of markers for differentiating
malignancies from normal/benign controls. The present study, for the first time, compared
concurrent expression of mucins (MUC1, MUC2, MUC4, MUC5B, MUC5AC, MUCS6, and
MUC17) and mucin-associated glycans (Tn/STn-MUC1, TAG72 and CA 19-9) in normal,
inflamed colon tissues as well as in tissues obtained from hyperplastic polyps, adenomas,
and adenocarcinomas of the colon, and investigated the value of a panel of markers to
differentiate premalignant and malignant lesions from benign conditions.

2. Materials and Methods

2.1 Tissue specimens

Colon tissue arrays (Cat# CO809a) having normal (9), inflamed (10), hyperplastic polyp
(10), adenomas including villous, tubulovillous, tubular and serrated subtypes (30), and
adenocarcinoma (16) samples were obtained from US Biomax, Rockville, MD.

2.2 Immunohistochemistry (IHC)

Following a standardized protocol, immunohistochemistry (IHC) was performed on the
colon tissue arrays listed above [18]. The colon disease arrays were baked overnight at 56°C,
followed by deparaffinization with xylene and rehydration with graded alcohols (5 min
each). Tissues were incubated with a methanolic solution of 3% H,0, for quenching
endogenous peroxidase activity, followed by heat induced antigen retrieval with 0.05M
citrate buffer (pH 6.0, 95°C) for 15 min. Sections were then blocked with 2.5% horse serum
(ImmPRESS Universal antibody kit; Vector Laboratories, Burlingame, CA) for 3 hr. The
tissue samples were incubated overnight at 4°C with well characterized and specific anti-
mucin and anti-mucin associated glycans antibodies listed in Table 1. Next, the tissue arrays
were washed and incubated with anti-rabbit/anti-mouse secondary antibody (IMmPRESS
Universal antibody Kit; Vector Laboratories) for 30 min. The color was developed by adding
substrate chromogen, 3, 3’-diaminobenzidine solution (DAB substrate kit; Vector
Laboratories). A reddish brown precipitate indicated positive expression. The slides were
counterstained with Harris hematoxylin, dehydrated in graded ethanol followed by xylene
and mounted with Permount (Vector Laboratories). Each tissue core in the array was
reviewed, confirmed for diagnosis, and evaluated by a pathologist (Dr. Sonny L. Johansson
at UNMC) to determine the staining score. The intensity of staining for each of the markers
was scored on a scale of 0-3 (0-negative, 1-weak, 2-moderate, 3-intense staining) to give
intensity scores (1S). The percentage of cells positive for mucin or glycan within a given
lesion was scored on a scale of 1-4 as follows: 1: 0-25%; 2: 26-50%; 3: 51-75%; and 4:
76-100% cells positive. The staining intensity scores and scores corresponding to the
percentage of immunoreactive cells were then multiplied to obtain a composite score (CS)
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representing overall expression ranging from 0-12. CS was further categorized as 0:
negative, 1-3: weak, 4-6: mild, 7-9: moderate, and 10-12: strong expression. A section was
considered “positive” for a particular marker if the CS was >1. Differences in CS for each
colon tissue type were converted into a heat map for better visualization (Supplementary
Fig. 1).

2.3 Statistical Analysis

3. Results

For statistical analysis, each spot on the array was considered as an individual sample. CS
and IS values were compared with the Kruskal-Wallis test and Wilcoxon test for pairwise
comparisons. No adjustments were made for multiple comparisons. Further, multivariate
logistic regression method was used to evaluate marker combinations as predictors of
hyperplastic polyps vs. adenoma/adenocarcinoma combined as well as two additional
models comparing polyps vs. adenoma and polyps vs. adenocarcinoma separately. For each
of the multivariate models, full models were fit, including marker (MUC17, MUC2, MUC4,
MUCSAC, and Tn/STn-MUC1) composite scores as continuous variables. This model
allows us to evaluate the effect of a single marker on outcome while adjusting for all the
other markers. Reduced models were also considered utilizing backward variable selection
with a set at 0.10 for variable inclusion in the model. Firth's penalized maximum likelihood
estimation was used to reduce bias in the parameter estimates because separability occurred
in some of the multivariate models. P-values <0.05 were considered to be statistically
significant. All statistical analyses were performed using SAS software Version 9.3 (SAS
Institute Inc., Cary, NC).

The comprehensive immunophenotypic expression profiling of mucins and mucin-associated
glycans was performed utilizing a commercial colon disease spectrum array. The primary
objective was to delineate differentially expressed mucins for discriminating normal and
benign tissues (hyperplastic polyps) from premalignant (adenomas) and malignant (colon
adenocarcinoma) lesions. A further goal was to identify a panel of markers that could
differentiate benign colon tissues from neoplastic precursor lesions and malignant lesions.

3.1 Expression of transmembrane mucins

Looking at previous reports of expression and association of transmembrane mucins
(MUC1, MUC4 and MUC17) with CRC, in this study, we investigated their comprehensive
expression profile during adenoma-carcinoma sequence.

MUC1—In normal colon tissues, a weak to mild MUC1 expression (meanSE CS, 3.5+0.5;
meanzSE IS, 1.7+0.2) was observed (Fig. 1A, Table I1). In comparison to normal tissues, no
appreciable difference in expression of MUC1 was observed in inflamed tissues (mean CS,
5.2£1.2; mean 1S, 1.9£0.3), hyperplastic polyps (mean CS, 3.8+1.1; mean IS, 2.1+0.3), or
adenomas (mean CS, 4.0+0.6; mean IS, 1.9+ 0.2) (Fig. 1B-D, Table Il). MUC1 expression
was higher in adenocarcinomas (mean CS, 5.8+0.9; mean IS, 2.4+0.2) in comparison to
normal tissues (Fig. 1E, Table I1). Notably, a significant increase in the intensity and extent
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of MUC1 expression was observed in adenocarcinomas (56% of tissues having 3+ intensity
scores) as compared to normal tissues (none having 3+ intensity scores).

MUC4—There was strong expression of MUC4 in 89% of the normal colon samples (mean
CS, 11.6+0.3; mean IS, 3+0) (Fig. 1F, Table I1); its expression was reduced to moderate
levels in inflamed tissues (mean CS, 7.9£1; mean 1S, 2.5+0.3) (Fig. 1G, Table I1). Relative
to normal tissues, expression of MUC4 was significantly low in hyperplastic polyps (mean
CS, 4.4+1.5; mean IS, 1.5+0.4) (Fig 1H, Table II). Further reduction in MUC4 expression in
adenomas (mean CS, 4.2+£0.7; mean IS, 1.620.2) significantly differentiated them from
normal and inflammatory tissues (Fig. 11, Table Il). However, 13% of adenoma tissues
exhibited strong expression of MUC4. Adenocarcinomas had drastic reduction in MUC4
expression with undetectable expression in 63% of samples (means CS, 0.6£0.3, mean IS,
0.5+0.2) (Fig. 1J, Table I1). Overall, expression of MUC4 was significantly downregulated
(p<0.0001) in the adenoma-carcinoma sequence.

MUC17—All normal tissues showed MUC17 positivity (mean CS, 8.5+1; mean IS,
2.4+0.2) (Fig. 1K, Table II), with mild, moderate, and strong expression distributed
uniformly. Relative to normal tissues, expression of MUC17 was downregulated in inflamed
tissues (mean CS, 5.6+0.9; mean IS, 2+0.3), with none of the tissues having strong
expression (Fig. 1L, Table II). There was no significant differences in MUC17 expression in
hyperplastic polyps compared to normal and inflamed tissues (mean CS, 7.7+1.5; mean IS,
2.3%0.3) (Fig. 1M, Table II). In adenomas, however, there was significantly higher MUC17
expression in comparison to inflamed tissues (mean CS, 9.5+0.6; mean IS, 2.5+0.1) (Fig.
1N, Table I1), with 60% of adenomas showing strong expression. Further, MUC17
expression significantly differentiated adenocarcinomas from inflamed tissues (mean CS,
9+0.8; mean IS, 2.4+0.1) (Fig. 10, Table II). Overall, higher MUC17 expression was a
significant marker (p=0.047) to differentiate premalignant and malignant lesions from
inflammation.

3.2 Expression of secretory mucins

Alterations in the expression of secretory mucins (MUC2, MUC5AC, MUC5B and MUC6)
have been associated with CRC. Next, we examined their comprehensive expression
signature during adenoma-carcinoma sequence.

MUC2—Strong expression of MUC2 was observed in all normal colon samples (mean CS,
12+0; mean IS, 30) (Fig. 2A, Table I11). In tissues with inflammation, there was a slight
decrease in MUC2 expression (mean CS, 11.4+0.4; Mean IS, 3+0) (Fig. 2B, Table 111).
Expression of MUC2 was significantly lower in hyperplastic polyps relative to normal
tissues (mean CS, 9.7+1.1; mean IS, 2.9£0.1) (Fig. 2C, Table I11), and in adenomas relative
to normal, inflamed tissues and hyperplastic polyps (mean CS, 7.4+0.6; mean IS, 2.8+0.1)
(Fig. 2D, Table 111). Interestingly, 13% of adenomas exhibited relatively strong MUC2
expression. In adenocarcinomas, significantly lower MUC2 expression (mean CS, 3.8+0.9;
mean IS, 2+0.3) was observed relative to normal, inflammation, hyperplastic polyps and
adenoma tissues (Fig. 2E, Table I11). Further, strong expression of MUC2 was reduced to
only 6% of adenocarcinomas. Overall, MUC2 expression was significantly decreased
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(p<0.0001) in the adenoma-carcinoma sequence. MUC5AC: The expression of MUC5AC
was undetectable in the normal colon tissues (mean CS, 0+0; mean IS, 0+0) (Fig. 2F, Table
I11), however 30% of inflamed tissues expressed MUCS5AC at low levels (mean CS, 0.5+0.3;
mean IS, 0.5+ 0.3) (Fig. 2G, Table I11). There was a further significant increase in expression
of MUC5AC in 50% of hyperplastic polyps (mean CS, 1.8+1; mean IS, 0.9+0.4) (Fig. 2H,
Table I11) and in 63% of adenomas (mean CS, 3.1+0.6; mean 1S, 1.5+0.2) (Fig. 21, Table I11)
relative to normal tissues. For adenocarcinomas, a statistically significant upregulation of
MUCS5AC was found in 38% of tissues relative to normal colon (mean CS, 1.7+0.7; mean
IS, 1.1+0.4) (Fig. 2J, Table 111). Overall, high MUCS5AC expression was a significant marker
(p=0.01) that differentiated neoplastic precursors and malignant lesions from normals.

MUCS5B and MUC6—None of the normal colon tissues expressed MUC5B and/or MUC6
(Fig. 2K & Fig. 2P, Table I11). However, expression of MUC5B was evident in a fraction of
inflamed tissues (20%) (Fig. 2L), hyperplastic polyps (20%) (Fig. 2M), adenomas (27%)
(Fig. 2N), and adenocarcinomas (12.5%) (Fig. 20). In adenomas, there was intense staining
of MUCSB relative to normal tissues (mean IS, 0.8+0.2) (Table I1I). In contrast to MUC5B,
MUCS expression was noted in only 10% of adenomas (Fig. 2S) and in 19% of
adenocarcinomas (Fig. 2T). Overall, the expression of MUC5B and MUCG6 were not
appreciably different between normal, inflammation, benign, and premalignant and
malignant colonic tissues.

3.3 Expression of mucin-associated glycans

Altered glycosylation is one of the hallmarks of cancers. Looking at previously reported
diagnostic potential of alterations in mucin-associated glycans CA 19-9, TAG72 during
CRC, we examined their expression signature during adenoma carcinoma sequence.

CA 19-9—Weak expression of CA 19-9 (mean CS, 2.8+0.9; IS, 1.9+0.5) was observed in
77.8% normal tissues (Fig. 3F, Table 1V) and a lack of expression in 22.2% cases. There was
a similar pattern in inflamed tissues (mean CS, 3+1; mean IS, 1.6+0.5) (Fig. 3G, Table IV).
Relative to normal tissues, there was a mild increase in expression of CA 19-9 in
hyperplastic polyps (mean CS, 3.3+0.9; mean IS, 2.1+0.3) (Fig. 3H, Table IV) and
adenomas (mean CS, 3.2+0.6; mean IS, 1.8+0.2) (Fig. 31, Table 1V). Further, there were
higher levels of CA 19-9 in adenocarcinomas relative to normal and inflamed tissues (mean
CS, 6.1£1.2; mean 1S, 2.2+0.3) (Fig. 3J, Table 1V). Interestingly, similar to normal colon,
25% of the adenocarcinomas were negative for CA 19-9 expression. In summary, CA 19-9
expression was higher in adenocarcinomas relative to normal tissues; however, this
expression did not allow significant differentiation between hyperplastic polyps, adenomas,
inflammatory and normal colon. TAG72: Normal colon tissues exhibited weak expression of
TAG72 (mean CS, 1.7£0.3; mean 1S, 1.1+0.2) (Fig. 3K, Table 1V). However, there was
elevated expression in inflamed tissues (mean CS, 3.5+0.3; mean IS, 1.7+0.3) (Fig. 3L,
Table 1V) and hyperplastic polyps (mean CS, 4.5+0.5; mean IS, 2.1+0.3) (Fig. 3M, Table
IV) relative to normal tissues. Further, TAG72 expression was significantly elevated in
adenomas (mean CS, 4.5+0.1; mean IS, 2.0+0.1) (Fig. 3N, Table 1V) and adenocarcinomas
(mean CS, 5.2+0.2; mean IS, 2.0+0.2) (Fig. 30, Table IV), differentiating these tissues from
normal tissues. Relative to normal tissues, 38% of cancers had intense staining (3+) for
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TAGT72. Overall, there was a progressive increase in TAG-72 expression during adenoma-
carcinoma sequence.

Tn/STn-MUC1—Considering the overexpression of MUC1 during CRC, we also
investigated the antigenic expression of MUC1-associated Tn/STn glycans during adenoma-
carcinoma sequence. Although MUC1 was expressed in normal tissues, the presence of Tn/
STn-MUC1 was not detectable in 89% samples (mean CS, 0.1£0.1; mean 1S, 0.1+0.1);
while positive samples exhibited weak expression (Fig. 3A, Table IV). The expression of Tn/
STn-MUC1 was higher in 40% of inflamed tissues (mean CS, 1.3+0.7; mean IS, 0.520.3)
(Fig. 3B, Table IV). Further, significantly high expression of Tn/STn-MUC1 was observed
in 60% of hyperplastic polyps (mean CS, 2.4+1; mean IS, 1.2+0.4), 47% adenomas (mean
CS, 1.8+0.5; mean IS, 0.9+0.2), and 63% adenocarcinomas (mean CS, 3.5£1.0; mean IS,
1.5+0.32) (Fig. 3C-E, Table IV) relative to normal tissues. Overall, Tn/STn-MUCL1 is
progressively increased during adenoma-carcinoma sequence and significantly differentiates
normal tissues from adenomas and adenocarcinomas.

3.4 Multivariate analyses to evaluate biomarker combinations as predictors of malignancy

To determine the ability of mucins and mucin-associated glycans as biomarkers for
discriminating adenoma/adenocarcinoma from hyperplastic polyp, we first performed
univariate analysis. We observed that loss of MUC2 was a significant predictor (p=0.016) of
adenoma/adenocarcinoma vs. hyperplastic polyps. We next investigated whether
combinations of significantly altered mucins (MUC2, MUC4, MUC5AC, and MUCL17) and
mucin-associated glycans (Tn/STn-MUC1) can improve prediction of benign lesions
(hyperplastic polyps) from neoplastic precursors (adenomas) and malignant lesions
(adenocarcinoma). For this multivariate logistic regression method was utilized. In a full
multivariate model, after adjusting for other variables, for each one-unit increase in CS of
MUC?2 it was 33% less likely to have adenoma/adenocarcinoma than hyperplastic polyp
(p=0.014) (Table V). Further, after adjusting for other variables, for each one-unit increase in
CS for MUC17 and MUCS5AC, the likelihood of adenoma/adenocarcinoma than hyperplastic
polyp was 25% and 34% respectively (Table V). In a backward selected model including
only MUC4 and MUC?2, after adjusting for MUC4, for each one-unit increase in CS for
MUC?2, it was 37% less likely to have adenocarcinoma than hyperplastic polyp (p=0.011)
(data not shown). In a reduced model which includes MUC17, MUC5AC, and Tn/STn-
MUCL1, for each one-unit increase in CS for MUC17 after adjusting for MUC5AC and Tn/
STn-MUC1, it was 31% more likely to have adenoma than hyperplastic polyp (p=0.040)
(data not shown). In summary, a combination of MUC2, MUC5AC, and MUC17 expression
profiles could be useful for predicting the odds of having premalignant and/or malignant
lesions of the colon.

4. Discussion

Alterations in the expression of mucin proteins and in their O-glycosylation are postulated to
be involved in colon carcinogenesis and are considered as molecular markers for clinical use
[19]. In this context, the present study is the first to comprehensively evaluate the differential
expression of mucins and mucin-associated glycans during sequential progression to colon
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carcinogenesis and to provide their utility in combinations for predicting the development of
colon cancer.

MUCL1 is a transmembrane mucin that is expressed in normal colon and overexpressed in
inflammatory bowel disease (IBD) [20]. It is expressed in 19—76% of adenomas and is
associated with increasing dysplasia along the adenoma-carcinoma sequence [14, 21].
Further, there is overexpression of MUCL in most colorectal tumors, with expression in the
range of 30-100% [22, 23]. Higher expression of MUC1 positively correlates with stage,
metastasis, poor tumor differentiation, and worse long-term survival [22-25]. Although our
results regarding MUCL1 are in accordance with aforementioned findings, its expression did
not serve as a statistically significant marker of tumor progression, a deficiency that could be
attributed to the limited sample size. However, MUCL1 can be considered as a prognostic
marker for colon cancer [22].

The present study represents a comprehensive analysis of MUC4 expression in the adenoma-
carcinoma sequence. MUCH4 is a high-molecular-weight transmembrane mucin that is
overexpressed in many carcinomas and is associated with a poor prognosis [26], especially
for early stage CRCs [27]. An inverse relationship of MUC4 expression with the severity of
Crohn's disease (CD) and ulcerative colitis (UC) has been established [28], and MUC4
expression is also reduced in hyperplastic polyps. Similarly, loss of MUC4 expression in
serrated adenomas has been suggested to be a useful marker to identify patients with an
elevated risk of developing colon cancer [13]. However, utilizing the Muc4” mice, it was
demonstrated that during conditions of increased inflammation, loss of Muc4 renders
resistance to chemical induced colitis and CRC. In addition, loss of Muc4 was shown to be
compensated by elevation of Muc2 and Muc3 in this colitis induced tumor model [29]. In
current study, we observed low MUC4 expression in inflammatory colon samples,
suggesting that different inflammatory pathways may be involved in its regulation. In this
regard, association of MUC4 with prognosis of IBD patients who develop CRC needs
further validation in a large cohort of samples. Further, association between MUC4
expression and colon cancer has been variable among several studies. Shanmugam et al.
reported the complete loss/decreased MUC4 expression in 75% of CRCs [27]. Biemer-
Huttmann et al. demonstrated MUC4 expression in 34% of adenocarcinomas and 47% of
mucinous colon cancers and suggested an inverse association between MUC4 expression
and tumor stage in MUCA4-positive tissues [30]. Similarly, Zhang et al. observed intense
MUCA4 expression in 50% of colon cancers [31]. The findings of the present study align with
Shanmugam et al [27] which demonstrated strong MUC4 expression in normal colon with
progressive decrease during progression to carcinoma. ldentification of the molecular
mechanisms underlying the downregulation of MUC4 expression during the adenoma-
carcinoma process could further establish its association with colon cancer carcinogenesis.

MUCL17 is another membrane-bound mucin found by our laboratory, to be highly expressed
on normal colon apical epithelium and crypt columnar epithelial cells and is downregulated
in ulcerative colitis, Crohn's disease, hyperplastic polyps, tubular, tubulovillous adenomas,
and adenocarcinomas [17]. Consistent with our previous report, there was mild to strong
expression of MUC17 in normal colon tissues, and it was reduced in inflamed colon.
However, contrary to our previous report, there was higher MUC17 expression in adenomas
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and adenocarcinomas relative to inflamed tissues. Similar to present observation, a recent
study reported that there was an 82-fold increase in MUC17 expression that differentiated
sessile serrated adenomas/polyps (SSA/P) from hyperplastic polyps, adenomatous polyps,
and normal tissues [32]. Further, our unpublished findings from another CRC cohort study
suggested that loss of the punctate immunostaining pattern and the diffused cytoplasmic
staining pattern of MUC17 were associated with aggressive behavior of CRCs and shortened
patient survival (data not shown). The observation conflicts could be due to limited sample
number, different site from where the tissues were obtained or different ethnicity of patient
population. Therefore, these observations warrant further investigation in a larger set of
subtypes of colorectal polyps and adenocarcinomas for defining MUC17 as a marker to
differentiate pre-malignant lesions and to establish its conclusive association with colorectal
carcinogenesis.

The gel-forming mucin, MUC2, is secreted by goblet and columnar cells of the colonic
epithelium and is organized into two layers of protective mucus [33]. In CRCs, there is
lower MUC?2 expression at both the mRNA and protein levels and low expression correlates
with reduced patient survival and a high incidence of liver and nodal metastases [34-36]. In
contrast to colon adenocarcinomas, colonic mucinous carcinomas are characterized by
overexpression of MUC2 [15, 37]. Consistent with these studies, we found a sequential and
significant reduction of MUC2 in the adenoma-carcinoma sequence. Loss of MUC2
differentiates adenomas and adenocarcinomas from normal and benign controls. Overall, the
findings suggest that a reduction of MUC2 in adenomas can be utilized as an early-stage
marker to identify precursor lesions with malignant potential.

MUCSAC is not expressed in normal colon mucosa [15], but there is aberrant
overexpression of MUC5AC in IBD [38], ulcerative colitis-associated dysplasia/neoplasms
[39], hyperplastic polyps (HP), tubular adenomas, and SSA/Ps [8, 15, 16, 40]. It is also
found in poorly differentiated adenocarcinomas located in the proximal colon independent
of microsatellite instability status [41] and in mucinous CRCs. Consistent with previous
studies, we found no expression of MUCS5AC in normal colon tissues, but its expression was
significantly higher in adenomas and adenocarcinomas. Higher MUC5AC expression
differentiated adenocarcinomas from normal colon tissues. Overall, expression of MUC5AC
in colon pathologies, its association with the adenoma-carcinoma sequence and its secretory
nature suggests that MUC5AC combined with other relevant markers could be a useful
marker for early diagnosis of CRC.

Among mucin-associated glycans, the TAG72 epitope is carried by high-molecular-weight
mucins and identified as Sialyl-Tn. It is overexpressed in several malignancies, including
CRC, and is considered as an early marker for CRC and other dysplastic colonic diseases
[42, 43]. The present results regarding TAG72 expression are consistent with those
previously reported studies. Although expression of TAG72 differentiated adenoma and
adenocarcinoma from normal colon, yet it could not emerge as a significant marker during
adenoma-carcinoma sequence.

The incidence of elevated serum CA 19-9 levels in CRCs ranges from 20-40% [44].
However, CA 19-9 is also expressed in normal colonic mucosa, thus limiting its diagnostic
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efficacy. We observed expression of CA 19-9 in 78% of normal colon tissues with weak/
mild reactivity. Prominent CA 19-9 expression was observed in 94.4% of ulcerative and
72.4% of Crohn's colitis tissues previously [45]. In contrast, we did not observe appreciable
alterations in CA 19-9 expression in inflammatory tissues relative to normal colon tissues.
Confounding views regarding the utility and feasibility of measuring CA 19-9 to
differentiate low and high-risk adenomatous polyps have been published. Despite positivity
for CA 19-9 in 60% of adenomas, its utility as a marker of the adenoma-carcinoma sequence
is questionable due to lack of correlation with degree of dysplasia, size of adenoma and
villous component [45, 46]. These results from previous studies are corroborated by our
finding that CA 19-9 was present in 90% of hyperplastic polyps and 67% of adenomas, but it
could not differentiate these lesions from benign or inflammatory conditions. Although the
diagnostic sensitivity and specificity of CA 19-9 for CRC has been estimated to be 70% and
61%, respectively [47], our results underscore the inability of CA 19-9 assays to differentiate
normal and inflammatory colon from adenocarcinoma, despite its increase in expression in
75% of tissues. Since the elevated CA 19-9 levels correlate with tumor stage and with the
highest sensitivity in patients with metastases [48], it may serve as a useful marker for
advanced disease.

The Tn and sialyl-Tn epitopes appear to be colon cancer-associated antigens that act as
markers of poorly differentiated adeno- and mucinous carcinomas [49]. Of colon carcinoma
tissues, 82% express Tn antigens, and 73% express STn antigens on mucins in the cytoplasm
or in luminal cell membranes [50]. Malignant effusions from breast, colon, gastric, and
ovarian cancers have Tn antigen on MUCL1 [51]. Proximity ligation assays have been applied
for detection of aberrant mucin glycoforms in cancer. Tn/STn-MUCL1 glycoforms are the
most frequently expressed cancer biomarkers in the series of mucinous colon carcinomas
[52]. Considering the overexpression of MUC1 and associated glycoforms in the adenoma-
carcinoma sequence and their association with increased malignant potential of colon
tissues, we investigated the antigenic expression of MUC1-associated Tn/STn glycans
utilizing 5E5 antibody characterized previously [53]. The antibody 5E5 reacts with all Tn
and STn glycoforms of the MUC1 tandem repeat but shows no reactivity with non-
glycosylated MUC1 peptides. Our results demonstrate the utility of Tn/STn-MUCL1 in
differentiating hyperplastic polyps (p<0.05), adenomas (p<0.05), and adenocarcinomas
(p<0.005) from normal colon. Of normal colon tissues, 89% did not express Tn/STn-MUC1
while the remaining 11% exhibited focal immunoreactivity. The incidences of Tn/STn-
MUCL1 in adenomas and adenocarcinomas were 47% and 63%, respectively. As Tn/STn-
MUCL1 is tumor associated antigen, its higher expression was observed in comparison to
MUCL1 in certain cases. A further analysis of histologically-defined subtypes of cancer-
associated adenomas and examination of adenocarcinomas and metastatic tissues are needed
to establish its utility as a diagnostic marker in the adenoma-carcinoma sequence.

In addition to determining the pattern of distribution of mucins and mucin-associated
glycans individually in the adenoma-carcinoma sequence, the present study performed
multivariate regression analyses to identify combinations of mucins and mucin-associated
glycans for predicting colon carcinogenesis at an early stage. The results suggest that a
combination of MUC2, MUC17, and MUCS5AC can be utilized to assess the likelihood of
adenoma and adenocarcinoma versus benign hyperplastic polyps.
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While this study utilized a comprehensive panel of mucin and associated glycan antibodies,
it is limited by the small sample size. The colon disease array used in this study did not
include mucinous adenocarcinoma and metastatic colon cancer samples, limiting the
complete picture of mucin and mucin-associated glycans expression in malignant tissues
(e.g. MUC2 and MUCS5AC which are highly expressed in mucinous adenocarcinomas).
Additionally, the lack of information about the sites in the colon from which the tissues were
procured and about associated mutations limits the interpretations with regard to prediction
of malignancy.

Overall, we investigated the signature of mucins and mucin-associated glycans associated
with the adenoma-carcinoma sequence and found significant alterations in expressions of
MUC2, MUC4, MUC5AC, MUCL17, and Tn/STn-MUCL1. We also explored combinations of
mucins and mucin-associated glycans for early-stage prediction of colon carcinogenesis. The
combination of MUC2, MUC5AC, and MUC17 may indicate the likelihood of a colon
lesion being premalignant and/or malignant versus benign. Future efforts are underway to
determine utility of mucin and mucin-associated glycans profile in risk stratification of
different colorectal polyp subtypes to enhance early stage management of this malignancy.
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Highlights

Comprehensive study of mucins and associated glycans during colon
carcinogenesis.

Significant alteration of mucins MUC4, MUC17, MUC2, MUC5AC and glycans
Tn/STn-MUCL.

MUC2/MUC5AC/MUCL17 panel discriminates adenoma/adenocarcinoma from
benign polyps.
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Fig. 1. Expression analysis of transmembrane mucins (MUC1, MUC4, and MUC17) in colon
disease tissue microarrays

Colon tissue microarrays were probed with MUC1 (HMFG-2), MUC4 (8G7) monoclonal
antibodies and MUCL17 polyclonal antibody (SN-1132) after nonspecific blocking with horse
serum. All sections were examined under microscope and the expression was evaluated on
the basis of reddish brown staining by a pathologist. Representative photomicrographs are
shown for MUC1 (A-E), MUC4 (F-J) and MUC17 (K-O) stained tissues of normal,
Inflammation, polyp, adenoma and adenocarcinoma of colon. Elevated expression of MUC1
was observed during inflammation (B), polyp (C), adenoma (D) and adenocarcinoma (E) of
colon in comparison to normal colon samples (A). Strong expression of MUC4 was
observed in normal colon tissues (F) that were gradually lost during further progression to
inflammation (G), hyperplastic polyps (H), adenoma (I) and adenocarcinoma (J). High
immunoreactivity of MUC17 observed in normal colon (K) was downregulated in colon
inflammation cases (L) and was observed to be significantly upregulated in polyp (M),
adenoma (N) and adenocarcinoma (O) cases in comparison to colonic inflammation cases.
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Adenocarcinoma
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Fig. 2. Expression analysis of secretory mucins (MUC2, MUC5AC, MUC5B and MUCS6) in colon
disease tissue array

Colon tissue microarrays was probed with MUC2 (EPR6145), MUC5AC (45M1), MUC5B
(19.4E) and MUCS6 (CLH5) monoclonal antibodies after non-specific blocking with horse
serum. All sections were examined under microscope and the positive expression was
evaluated on the basis of reddish brown staining by a pathologist. Representative
photomicrographs are shown for MUC2 (A-E), MUC5AC (F-J), MUC5B (K-O) and MUC6
(P-T) stained tissues of normal, Inflammation, polyp, adenoma and adenocarcinoma of
colon respectively. Strong expression of MUC2 observed in normal colon tissues (A).
Gradual loss of expression was observed during progression to inflammation (B),
hyperplastic polyps (C), adenoma (D) and adenocarcinoma (E). No immunoreactivity of
MUCS5AC was observed in normal colon cases (F). Expression was significantly enhanced
in polyp (H), adenoma (I) and adenocarcinoma (J) of colon in comparison to normal colon
(A) and inflammation cases (G). No MUCS5B expression was observed in normal colon (K),
while rare expression was observed during inflammation (L), polyp (M), adenoma (N) and
adenocarcinoma (O). Rare expression of MUC6 was observed in cases of adenoma (S) and
adenocarcinoma (T).
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Fig. 3. Expression analysis of mucin-associated glycans (Tn/STn-MUC1, CA 19-9 and TAG72 in
colon disease tissue array

Colon tissue microarrays were probed with Tn/STn-MUC1 (5E5), CA 19-9 (NS19.9) and
TAG72 (CC49) monoclonal antibodies after non-specific blocking with horse serum. All
sections were examined under microscope and the positive expression was evaluated on the
basis of reddish brown staining by a pathologist. Representative photomicrographs are
shown for Tn/STn-MUCL1 (A-E), CA 19-9 (F-J) and TAG72 (K-O) stained tissues of normal,
Inflammation, polyp, adenoma and adenocarcinoma of colon. Tn/STn-MUC1 expression
was elevated during colonic inflammation (B) that was further significantly enhanced in
polyp (C), adenoma (D) and adenocarcinoma (E) cases of colon when compared to normal
colon samples (A). An increase in CA 19-9 expression was observed in inflammation (G),
hyperplastic polyps (H), adenoma (I) and adenocarcinoma (J) when compared to normal
colon cases (F). Low expression of TAG72 was observed in normal colon cases (K). An
increase in its expression was observed in colon inflammation (L) and polyp (M) cases that
was significantly upregulated in colon adenomas (N) and adenocarcinoma (O) cases.
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Panel of antibodies used for IHC analysis of various mucins and associated glycans

Krishn et al.

S.no. Parameter Antibody | Source/Reference
1. MUC1 HMFG2 [54]
2. MUC4 8G7 [55]
3. MUC17 SN-1132 [56]
4. MuUC2 EPR6145 Abcam
5. MUC5B 19.4E Abcam
6. MUC5AC 45M1 Abcam
7. MUC6 CLH5 [57]

CA 19-9 NS19.9 ATCC
9, TAGT2 cc49 [58]
10. Tn/STn on MUC1 5E5 [53]
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