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Abstract

:

Simple Summary


Colorectal cancer is the second leading cause of cancer-related deaths in the United States with an overall 5-year survival of 65%. While there have been many advances in the treatment of this disease over the past few decades, there has been minimal change in the overall five-year survival in the past twenty years. Thus, there is still a need for the improved detection and treatment of this malignancy that affects many patients. Mucins are a family of glycoproteins (MUC1–MUC24) expressed by many epithelial tissues and some have been implicated in the progression of various malignancies. Mucins have diverse expression profiles amongst pre-malignant, malignant, and normal colonic tissues. This review article focuses on mucin expression profiles in normal and malignant colonic tissue as well as mucins’ role in diagnostics, therapeutics, and prognostication.




Abstract


Mucins (MUC1–MUC24) are a family of glycoproteins involved in cell signaling and barrier protection. They have been implicated in the progression of numerous malignancies including gastric, pancreatic, ovarian, breast, and lung cancer. Mucins have also been extensively studied with respect to colorectal cancer. They have been found to have diverse expression profiles amongst the normal colon, benign hyperplastic polyps, pre-malignant polyps, and colon cancers. Those expressed in the normal colon include MUC2, MUC3, MUC4, MUC11, MUC12, MUC13, MUC15 (at low levels), and MUC21. Whereas MUC5, MUC6, MUC16, and MUC20 are absent from the normal colon and are expressed in colorectal cancers. MUC1, MUC2, MUC4, MUC5AC, and MUC6 are currently the most widely covered in the literature regarding their role in the progression from normal colonic tissue to cancer.
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1. Introduction


Colorectal cancer (CRC) is the second leading cause of cancer-related deaths in the United States [1]. When detected early (T1), 5-year survival rates can be as high as 91%. Unfortunately, despite screening efforts, many colon cancers are still detected at advanced stages, making the overall 5-year survival 65% [2].



A series of well-defined malignant transformations has been described for the progression to CRC. These include the tubular adenoma (TA) and sessile serrated adenoma (SSA) pathways that form precancerous polyps and eventually progress to CRC [3,4,5,6,7]. TAs account for 65–70% of CRCs, while SSAs account for 15–30% of CRCs [8]. A hallmark of CRC is the inactivation of tumor suppressor genes such as adenomatous polyposis coli (APC), p53, and KRAS. Most CRCs (70–80%) possess a mutation in the APC gene, including both sporadic and germline mutations [9].



Mucins are a family of high-molecular-weight glycoproteins primarily synthesized by epithelial cells [10]. Mucins are characterized by tandem repeat structures and a high proportion of proline, threonine, and serine (the PTS domain) [11]. The human family of mucins consists of 24 members (MUC1 to MUC24), which can be subclassified into transmembrane or secreted mucins. Transmembrane mucins include MUC1, MUC3A/B, MUC4, MUC11-13, MUC15-17, MUC20, and MUC21. Secreted mucins include the gel-forming MUC2, MUC5AC/B, MUC6, and MUC19, and the non-gel-forming MUC7 [12,13] (Table 1).



The molecular mechanisms and signaling pathways of mucins are diverse. Transmembrane mucins contain EGF domains that allow them to participate in signal transduction [14]. The involved signaling pathways include MUC1 and TAK1, MUC1/MUC4 and WNT/β-catenin, MUC13 and ERK, and MUC16 and JAK/STAT [15,16,17]. They also play important roles in forming protective barriers, antigen presentation, and the production of antimicrobial peptides [14,18].



Mucins have been implicated in chronic inflammatory states and the promotion of oncogenesis in numerous malignancies including breast, lung, gastric, biliary, pancreatic, colorectal, and ovarian cancers. A large body of work has been generated since the first international meeting on “carcinoma-associated mucins” that was held in San Francisco in 1990 [19]. It is hypothesized that the abnormal expression of mucins disrupts cell–cell adhesions, thus facilitating tumor invasion [20]. For this review, we focus on mucins’ role in colorectal cancers, exploring the research behind their role in promoting tumorigenesis and how they can be used for diagnosis, prognostication, and potential treatment.




2. Methods


PubMed and Google Scholar were searched for publications on human mucins related to both normal colonic tissue and colon cancers published through January 2023. Inclusion criteria were as follows: (1) research concerning the investigation of human mucin proteins in colorectal cancer or their expression in the normal colon, (2) research with non-retracted findings, and (3) research accessible by the University of California, San Diego (UCSD) library. Exclusion criteria were as follows: (1) abstracts without published manuscripts available for review and (2) publications not available in English. For each mucin gene, the phrases “MUC#” OR “mucin#” AND “colon” OR “colorectal” were used as search terms (e.g., MUC3 colon). This returned 1356 entries, and each abstract was screened for possible inclusion; thus, 346 papers remained and were examined further. Upon reviewing their citations, an additional 9 papers were identified and a total of 129 papers were included in this review.




3. Results


3.1. Mucin 1


MUC1 is a large and highly glycosylated transmembrane mucin that was originally termed milk mucin, given its high expression in mammary glands [21,22,23]. It is known to have minimal or absent expression within normal colonic tissues (reported up to 10%), while it is upregulated in 54.5–100% of colorectal cancers (CRCs) [24,25,26,27,28,29,30,31]. In a 1994 study, Nakamori et al. showed that MUC1 expression increased with the advanced stage of the disease and when a tumor had metastasized [27]. Of the patients with Dukes stage C or D, 33.3% (7 of 21) had MUC1 levels five times that of normal tissue according to Western blotting, while 91.6% (11 of 12) of patients with Duke’s stage A or B had MUC1 expression levels less than two times that of normal tissue. Wang et al. observed MUC1 expression in 34.5% (9 of 26) of patients’ tumors without lymph node metastasis, while MUC1 expression was seen in 84.2% (16 of 19) of patients’ tumors with lymph node metastasis [28]. Within the signet ring subtype of CRC, 42% (n = 12) of cases were found to express MUC1 [32]. Baeckström et al. showed that the CRC cell lines Colo205 and SW1116 express MUC1, while LoVo did not express MUC1 [33]. Additionally, Devine et al. reported MUC1 to be expressed by HT29 [34]. Conflicting data have been reported on LS174T, with a slightly higher proportion of groups reporting negative MUC1 expression [33,34,35,36,37].



3.1.1. MUC1 Mouse Studies


Mukherejee et al. demonstrated the ability of a MUC1 vaccine to prevent tumor growth in mice [38]. In the mice treated with a combination of MUC1 vaccine, granulocyte macrophage colony-stimulating factor (GM-CSF), and CpG motifs 7 days prior to injection with the CRC cell line MC38, all eight mice failed to grow tumors. When rechallenged with tumor cells two months later, the tumors again failed to grow. Suprunuik et al. studied the synergistic effects of platinum-based chemotherapeutics and anti-MUC1 antibodies in mouse models of colon cancer [39]. Using two human colon cancer cell lines, they studied the rates of apoptosis and changes in both mRNA and protein expression after treatment with each drug alone or in combination. The rate of apoptosis, as noted by Annexin V and Propidium iodine staining, increased from 13.7% to 30% when PtPz6 (a pyrazole-platinum complex) was combined with an anti-MUC1 monoclonal antibody. They further showed that the mRNA of the pro-survival proteins Bcl-xL and Bcl-2 was suppressed after treatment, while the pro-apoptotic factors Bax, Bad, Bim, and Bid were increased. One conflicting finding, however, was that while Bcl-xL mRNA was suppressed, protein expression was increased.




3.1.2. Therapeutic Applications of MUC1


In 2006, Loveland et al. published a phase 1 clinical trial that utilized autologous dendritic cells treated with mannin-MUC1 fusion protein in ten patients with adenocarcinomas that were either stage IV or had progressed during prior therapy. They included patients with colorectal, esophageal, lung, ovarian, fallopian, breast, and renal cell cancers. They showed that this treatment elicited an IFNγ-mediated T-cell response in all patients, among which a patient with CRC had stable disease for 7 months, and two patients (breast and renal CA) were able to achieve 3-year remission with subsequent dendritic cell immunotherapy [40]. When the study progressed to phase 2 testing among ovarian cancer patients, a statistically significant improvement in progression free survival and overall survival was seen in the subset that had required second-line therapies to achieve remission [41,42]. Karanikas et al. attempted direct immunization with a mannin-MUC1 fusion protein in patients with primarily breast or colorectal cancer, though only 20% demonstrated cellular immunity following vaccination [43,44].



More recently, a phase 1 trial of an anti-MUC1 monoclonal antibody was completed in 2013 [45]. Multiple MUC1-expressing tumors were analyzed in the study, including colon (33.5%), ovarian (27%), breast (9.5%), non-small cell lung cancer (9.5%), and pancreatic cancer (6.8%). Unfortunately, when the tested antibody, Gatipotuzumab, was taken to phase 2 testing in ovarian cancer, no benefit was seen compared to the placebo [46]. A phase 2 trial of another MUC1 vaccine is currently underway to evaluate its ability to decrease recurrence rates in patients with a history of advanced adenoma (those with high-grade dysplasia, villous/tubulovillous features, or tumors larger than 1 cm) [47].



Another therapeutic use of MUC1 was explored by affixing MUC1 aptamers to exosomes containing doxorubicin for selective drug delivery. While in vitro studies did not show an improvement over doxorubicin alone, when implemented in in vivo mouse models, the tumor volume growth rate was significantly reduced. Additionally, all mice survived to 30 days compared to only two of the five mice surviving when treated with doxorubicin containing exosomes alone, while none of the control mice survived [48].




3.1.3. Prognostication with MUC1


Li et al. performed a meta-analysis of 16 studies and found that high MUC1 expression was associated with worse overall survival (HR 1.51) (95% CI 1.30–1.75, p-value < 0.00001). Additionally, high MUC1 expression was associated with a higher stage (RR 1.44), depth of invasion (RR 1.30), and lymph node metastasis (RR 1.47) [49].
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3.2. Mucin 2


MUC2 is part of the secreted and gel-forming subset within the mucin family that is synthesized and secreted by goblet cells [50]. The intestinal epithelium is covered by a thick layer of mucus for protection, of which MUC2 is a major component [51]. MUC2 has been shown to be expressed in normal colonic tissue, while its decreased expression is associated with non-mucinous colon adenocarcinomas [52,53,54,55,56] (Figure 1). Although decreased MUC2 expression is associated with colorectal adenocarcinoma, its expression is always maintained in mucinous carcinomas [57]. A large study of 702 patients conducted by Walsh et al. revealed that 33% of the analyzed tumors expressed MUC2 [58]. Bu et al. found similar results, with MUC2 expression seen in 46.2% of colorectal adenocarcinoma (n = 26), 100% of mucinous carcinoma (n = 15), and 87.5% of signet-ring cell carcinoma (n = 8) [59].



3.2.1. MUC2 Expression within Polyps


MUC2 expression is maintained in hyperplastic polyps, sessile serrated polyps, and traditional serrated adenomas [60]. This pattern is not surprising, as normal colonic tissue expresses MUC2; therefore, these polyps have not yet lost their expression the way some non-mucinous adenocarcinomas have. Using multivariate analysis, Krishn et al. were able to demonstrate that the loss of MUC2 was a significant predictor of adenoma/adenocarcinoma vs. hyperplastic polyps [61].




3.2.2. MUC2 Mouse Studies


In mice deficient in Muc2, colonic inflammation and superficial erosions are seen that mimic ulcerative colitis as early as 5 weeks old [62]. When allowed to survive for 6 months, they develop adenomas; at 1 year, the majority have progressed to adenocarcinomas [63].




3.2.3. Prognostication with MUC2


Cecchini et al. evaluated multiple biomarkers’ ability to predict prognosis in stage II colon cancer [64]. They focused on stage II, as prior studies noted variable prognosis within this stage and sought to identify a subgroup for which a survival benefit might be found for adjuvant chemotherapy. They evaluated 210 cases of stage II colon cancer and found that the complete loss of MUC2 expression resulted in a hazard ratio of 3.32 (95% CI 1.20–9.20).



Low levels of MUC2 expression have also been shown to correlate with lymph node metastasis [56]. Wang et al. evaluated low-MUC2- and high-MUC2-expressing colon tumors and found that 52.8% (38 of 72) of low-MUC2-expressing tumors had lymph node metastasis compared to 35.8% (24 of 67) of high-MUC2-expressing tumors (p-value < 0.05). Additionally, they showed a significantly reduced 5-year survival for low-MUC2-expressing tumors of 40.2% compared to 73.9% for high-MUC2-expressing tumors [56]. In a meta-analysis, Li et al. found low MUC2 expression corresponded to a worse overall survival with an HR of 1.67 [65].
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3.3. Mucin 3


MUC3, part of the membrane-bound subset within the mucin family, has two discrete yet very similar MUC3 genes (MUC3A and MUC3B) [66,67]. In addition to MUC1, MUC2, and MUC4, MUC3 is expressed in normal colonic tissue [52,68,69]. Throughout the body, the highest expression of MUC3 is seen in the duodenum [70]. Williams et al. evaluated ten CRC cell lines (Caco-2, LIM1215, LIM1899, HCT116, SW116, LoVo, LS174T, KM12SM, LISP-1, and SW620) and found that all lines except SW620 expressed MUC3 according to RT-PCR data [71]. However, when Gum et al. performed similar experiments, LS174T only expressed MUC3 (by RNA blot) when cultured in the presence of Butyrate (the main energy source of intestinal cells) [70]. When comparing the MUC3 expression levels in colon cancers to normal tissue, lower levels were seen in CRCs via immunohistochemistry and in situ hybridization [55].
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3.4. Mucin 4


MUC4, a transmembrane mucin protein, is normally expressed in respiratory and colonic epithelial cells [68,70,72]. Abnormal expression of MUC4 has been implicated in breast [73], ovarian [74], lung [75], gallbladder [76], and biliary malignancies [77]. Regarding CRC, there have been conflicting reports as to whether MUC4 is overexpressed or lost. Shanmugam et al. characterized 132 CRCs and found that 25% (n = 33) had high MUC4 expression while 6% (n = 8) had a complete loss of MUC4 expression [78] (Figure 2). However, Krishn et al. reported undetectable levels of MUC4 in 63% of colorectal adenocarcinomas, a large difference from the 6% loss of MUC4 that Shanmugam et al. reported, though only 16 samples were evaluated [61].



3.4.1. MUC4 Expression within Polyps


Krishn et al. evaluated 10 hyperplastic polyps and 30 adenomatous polyps, in which the majority were found to have lower expression of MUC4 compared to normal tissue, and only 13% of adenomas had strong expression [61].



In a study by Biemer-Hüttmann et al., hyperplastic polyps showed a reduction in MUC4 expression, with 6 of 12 completely negative for MUC4 and 4 showing reduced staining patterns. No change in the expression of tubular adenomas was seen compared to normal tissue, while serrated adenomas showed a complete loss of MUC4 [79].




3.4.2. MUC4 Mouse Studies


In Muc4 knockout mouse studies (Muc4-/-), Muc2 mRNA was significantly increased compared to wild-type (WT) mice. When inflammation was induced with dextran sodium sulfate (DDS), Muc3 was also found to increase. Following DDS treatment, these Muc4-/- mice had improved survival compared to the wild type. Interestingly, both the Muc4-/- and WT female mice had improved survival compared to their male counterparts (survival at 21 days: Muc4-/- female 100%, WT female 30%, Muc4-/- male 10%, and WT male 0%) [80].



In orthotopic mouse models of CRC, MUC4 conjugated to a near-infrared dye (IR800) effectively targeted and labeled primary colorectal tumors and liver metastasis (Figure 3). Both a cancer cell line (LS174T) and a patient-derived tumor were used in these experiments. In vivo imaging was performed, and tumor-to-background ratios (TBR) of ~2 were observed for primary tumors, while TBRs of 1.56 were observed for liver metastasis [81].




3.4.3. Prognostication with MUC4


MUC4 mutation has been shown to be an independent predictor of survival among CRC patients. Peng et al. evaluated the tumor mutational burden of over seven hundred samples from The Cancer Genome Atlas (TCGA) and the International Cancer Genome Consortium (ICGC) and found 17 genes that were commonly mutated amongst both groups (APC, TP53, TNN, KRAS, MUC16, MUC4, SYNE1, FLG, FAT4, OBSCN, FAT3, RYR2, PIK3CA, FBXW7, DNAH11, MUC5B, and ZFHX4). MUC4 mutation was the only gene associated with a significantly worse survival compared to wild type MUC4 for the patients in the TCGA (p-value of 0.009) [82].



Shanmugam et al. reported shorter disease-free survival for high-MUC4-expressing CRCs, with a hazard ratio of 2.07 (95% CI 1.14–3.75, p-value of 0.017). This shortened survival was most pronounced in early-stage (I and II) CRC with a hazard ratio of 3.77 (95% CI 1.46–9.73, p-value of 0.006) [78]. Additionally, in patients without distant metastasis, two single nucleotide polymorphisms (SNPs) of the MUC4 gene, rs3107764 and rs842225, were associated with differential overall survival and event-free survival [83]. Lu et al. demonstrated that the substitution of GG for CC at this SNP resulted in a reduction in 5-year survival from ~78% to ~42% [83].
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Figure 3. Orthotopic model of LS174T labeled with MUC4-IR800 reported by Turner et al., The American Journal of Surgery 2022, reprinted with permission [81]. (A) Bright light image of an LS174T tumor growing from the cecum. (B) Fluorescence imaging of MUC4-IR800 brightly labelling a cecal tumor. Yellow arrows: tumor. Scale: 1 cm. 






Figure 3. Orthotopic model of LS174T labeled with MUC4-IR800 reported by Turner et al., The American Journal of Surgery 2022, reprinted with permission [81]. (A) Bright light image of an LS174T tumor growing from the cecum. (B) Fluorescence imaging of MUC4-IR800 brightly labelling a cecal tumor. Yellow arrows: tumor. Scale: 1 cm.



[image: Cancers 15 01491 g003]




[image: Cancers 15 01491 i004]



3.5. Mucin 5


MUC5AC and MUC5B are secreted, gel-forming mucin proteins. Both MUC5AC and MUC5B are absent (or have been found to be present at extremely low levels) in normal colonic tissue [52,61,84]. MUC5AC expression has been noted in many CRCs, most often in mucinous carcinomas [53]. A large study of 702 patients in Melbourne revealed that 50% of the tumors expressed MUC5AC, and 53% expressed MUC5B [58]. MUC5AC expression has also been reported in the HT29 and SW620 CRC cell lines [85]. When evaluating histopathologic subtypes of CRCs, Imai et al. found that 30.2% of well-to-moderately differentiated CRCs (n = 63) expressed MUC5AC while 51.6% of poorly differentiated CRCs (n = 91) expressed MUC5AC [86].



3.5.1. MUC5 Expression within Polyps


Numerous groups have reported varying percentages for MUC5AC expression amongst different subtypes of colonic polyps (Table 2, Figure 4). For hyperplastic polyps, these values have ranged from 11–100%, while traditional and sessile serrated adenomas (TSA and SSA) ranged from 31–43% and 61–100%, respectively [60,84,87].



An interesting subclass that Bartman et al. evaluated was that of adenomas with villous features. Of the 120 colonic polyps they evaluated, which ranged from 0.5 cm to greater than 2 cm, adenomas with villous features had a higher percentage of MUC5AC expression at 40.7% (n = 86) compared to that of 24% for tubular (n = 25) [84].



Kim et al. also further examined polyp subgroups, evaluating adenomas with low-grade vs. high-grade dysplasia, though no difference in MUC5AC expression was observed (12% for low-grade vs. 10% for high-grade). However, when evaluating 175 microsatellite-unstable (MSI-H) CRCs, of which 76 were sporadic and 99 were associated with lynch syndrome, MUC5AC-positive tumors were significantly associated with sporadic tumors (54% vs. 27% for lynch syndrome; p-value < 0.001). Another significant difference was observed regarding the location of the tumor. Of the MUC5AC-positive tumors, 46% were proximal compared to 25% that were distal (p-value of 0.005) [87].




3.5.2. Tumor Imaging with MUC5AC


MUC5AC has been used for detecting xenografts of human colon cancer lines via MRI. Rossez et al. screened peptides against MUC5AC for positive selection and MUC2 for negative selection, given the latter’s abundant expression in normal colonic tissue. By attaching the best peptide (the peptide with the highest affinity to MUC5AC and lowest or no affinity to MUC2) to small iron oxide particles, they could visualize tumors with MRI. They confirmed its specificity for labeling MUC5AC-producing tumors by using the HT29 cell line as a positive control and HCT116 as a negative control [89].




3.5.3. Prognostication with MUC5AC


High-MUC5AC-expressing tumors have been shown to more commonly be poorly differentiated [56,86]. Additionally, Wang et al. demonstrated that these tumors were more likely to have higher rates of lymph node metastasis (p-value < 0.01) and higher tumor stages (p-value < 0.01). The 5-year survival was also significantly reduced for high-MUC5AC-expressing tumors at 29.8% compared to 69.9% for low-MUC5AC-expressing tumors (p-value < 0.001) [56].



While poorly differentiated CRCs have a worse prognosis than well-to-moderately differentiated CRCs, and are more likely to express MUC5AC, a lack of MUC5AC expression amongst poorly differentiated CRCs indicates a worse prognosis. Recurrence-free 5-survival was ~53% vs 20% for high- vs. low-MUC5AC-expressing tumors (p-value of 0.004). Overall survival showed a similar trend, though it was non-significant, with a p-value of 0.1 [86].
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Figure 4. IHC of MUC5AC and MUC5B from Krishn et al., Cancer Letters 2016, reprinted with permission [61]. (A) No MUC5AC staining was present within the normal colon. (B–D) Increased MUC5AC expression was seen in hyperplastic polyps, adenomas, and adenocarcinoma. (E) No MUC5B staining was seen within the normal colon. (F–H) Rare instances of MUC5B expression were seen in hyperplastic polyps, adenomas, and adenocarcinoma. 
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3.6. Mucin 6


MUC6 is a member of the gel-forming secreted subset of mucins. It was originally called gastric mucin when it was first described in 1992 by Toribara et al. due to its high expression within the stomach [90]. MUC6 has minimal to no expression within normal colonic tissue [68,84]. Reports on MUC6 expression within CRCs range from 18.8–39% [58,61,68]. In the signet-ring cell subtype, 0% (n = 12) were found to express MUC6 [32]. Amongst microsatellite-unstable CRCs, Kim et al. reported that 13.7% (24 of 175) expressed MUC6 protein, and no significant difference was seen between sporadic and hereditary non-polyposis colorectal cancer [87]. High levels of MUC6 expression have been reported in the CRC cell line LS174T [91].



MUC6 Expression within Polyps


Numerous groups have reported varying percentages for MUC6 expression amongst different subtypes of colonic polyps, with values ranging from 0–16.9% for hyperplastic polyps, 0–16% for adenomas, and 20–100% for sessile serrated adenomas (SSA) (Table 3) [60,61,68,84,87,92,93]. A few of these studies noted significant differences in MUC6 expression based on the proximal vs. distal location of the polyps. Fujita et al. noted that 60% of proximal HPs expressed MUC6 compared to only 4% of distal polyps (p-value < 0.0001) [60]. Within SSAs, IHC revealed that 94.1% of proximal polyps expressed MUC6 compared to only 26.9% of distal polyps [93].
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3.7. Mucins 7 and 8


MUC7 and MUC8 expression have not been observed within the small bowel or colon [52].
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3.8. Mucin 11


MUC11 is a member of the transmembrane subtype of mucins. It was first described in 1999 by Williams et al. [94]. Via Northern blotting, they were able to show that MUC11 was expressed in normal colon samples and was either absent or significantly reduced in paired CRC samples. They also evaluated MUC11 mRNA expression in multiple CRC cell lines and found that HT29, LIM1215, LIM1899, and LIM1863 had very faint expression, while SW620 and SW480 had relatively high levels of MUC11 expression. In patient-derived tumor samples, 80% (12 of 15) had down-regulated MUC11 levels compared to paired normal colon samples.
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3.9. Mucin 12


MUC12 is a transmembrane mucin that is expressed within the normal colon and weakly in the pancreas [94]. Multiple studies have shown the downregulation of MUC12 mRNA in some CRCs compared to normal colons [94,95,96,97]. Although, some CRCs still express relatively high levels of MUC12. Pham at el. found that 62.9% (39 of 62) of CRCs expressed MUC12, of which 35.9% (n = 14) had weak or mild staining and 64.1% (n = 25) had intense staining [98]. When only evaluating the 37 CRCs with metastatic disease, similar ratios were found for the staining patterns (13.5% weak/mild and 40.5% intense). When present in CRC, MUC12 localization is altered, with apical staining observed in normal colons and a loss of polarity seen in CRCs [98]. Additionally, Williams et al. found that MUC12 mRNA was not expressed in the colon cancer cell lines HT29, LIM1215, LIM1899, LIM1863, SW620, or SW480 [94].



Prognostication with MUC12


Matsuyama et al. evaluated the MUC12 mRNA expression levels in 73 patients with stage II or III CRC and found that the 3-year disease-free survival was reduced to 66.1% for patients with low-MUC12-expressing tumors compared to 90.9% for those with high-MUC12-expressing tumors (p-value of 0.02). Worse survival for low-MUC12-expressing tumors of any stage was also demonstrated by Wu et al. [99]. Upon multivariate analysis, tumor MUC12 expression levels were found to be an independent prognostic factor [100].
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3.10. Mucin 13


MUC13 is a transmembrane mucin that is cleaved into two subunits and then undergoes homodimerization [101]. It has been shown to be expressed in the normal colon to varying degrees and is confined to the apical membrane [101,102,103]. There have been discrepancies regarding MUC13 expression in CRC; Packer et al. and Williams et al. both reported a downregulation of MUC13 mRNA levels [95,101], while Walsh et al. and Gupta et al. reported MUC13 expression equal to or greater than paired normal samples in 100% of tumors evaluated by IHC [102,103]. Additionally, Gupta et al. demonstrated that aberrant localization of MUC13 staining (i.e., expression on the basal surface, in the cytoplasm, or in the nucleus) was more commonly seen in metastatic CRCs. Cytoplasmic staining was seen in 23.7% of non-metastatic tumors compared to 89.3% for metastatic disease. Nuclear staining was observed in 10.5% of non-metastatic tumors and 64.3% of metastatic tumors. Variable expression has been observed within colon cancer cell lines. SW620, LoVo, T-84, and HT-29 had detectable MUC13 RNA levels, while these were faint or absent from SW48 and SW480 [103]. LIM2463, LS513, SW116, and SW620 were found to have high levels of MUC13 mRNA [91,101].



In subsequent work, Gupta et al. further characterized the role of MUC13 in tumorigenesis by creating CRC cell lines that had exogenous MUC13 expression (by transfecting a GFP-tagged MUC13 vector) or knock-down expression (with a shRNA lentivirus). The MUC13-overexpressing line showed statistically significant increases in cell growth, the ability to form colonies, and cell migration compared to the control. Importantly, the inverse was true for the MUC13 knock-down cell line, wherein a significant reduction was seen in all three tumorigenic features [104].



3.10.1. MUC13 Mouse Studies


Using a Muc13 knockout mouse (Muc13-/-) and a colitis-associated colorectal (CAC) tumorigenesis model induced by AOM and followed by DDS, Sheng et al. showed that Muc13-/- mice had fewer and smaller tumors and decreased hyperplasia compared to wild-type CAC models [105]. They also found that the anti-apoptotic protein Bcl-xL was upregulated in WT mice but not in Muc13-/- mice, suggesting that Muc13 was important for the prevention of apoptosis. However, when Bcl-xL was blocked, no change in the number of tumors was seen in the WT or Muc13-/- mice, which conflicted with the prior hypothesis.




3.10.2. Prognostication with MUC13


Sheng et al. evaluated 88 cases of CRC and found that low MUC13 expression (by IHC) predicted a significantly reduced 5-year survival of 45% (n = 60) compared to 90% (n = 28) for high-MUC13-expressing tumors (p-value of 0.0006) [105]. However, Sojka et al. found improved survival with low MUC13 expression (n = 187) [106].
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3.11. Mucin 14


MUC14 is a transmembrane mucin protein that has been scarcely researched with respect to its expression profiles or roles in human tissues. In a genomic analysis, Reynolds et al. reported a higher rate of MUC14 mutations in microsatellite-stable mucinous CRC (4.44%) compared to non-mucinous CRC (0.24%) [107].
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3.12. Mucin 15


MUC15 is a transmembrane mucin of ~100–120 kDa that was first described by Pallesen et al. in 2002 [108]. Low levels of MUC15 mRNA have been reported in normal colonic tissue, while many CRCs exhibit overexpression (sometimes as high as 10-fold compared to matched normal tissue) [108,109]. Huang et al. found that 70.8% (51 of 72) of patient-derived CRCs had MUC15 overexpression (as determined by RT-PCR) while 82.7% (43 of 52) had overexpression determined via IHC [109]. MUC15 has also been shown to be more highly expressed in poorly differentiated CRC compared to well- or moderately differentiated CRC [110].



Huang et al. also utilized the transfection of MUC15 vectors into HCT116 (a low-MUC15-expressing CRC cell line) with or without shRNA to study its effects on cell proliferation, apoptosis, and tumor growth. They found that MUC15 overexpression led to a statistically significant increase in cell proliferation, which was blocked by treatment with shRNA; however, no effect on apoptosis was seen [109].



MUC15 Mouse Studies


When the HCT116 cells transfected with MUC15 vectors were implanted subcutaneously in mice, the tumors were significantly larger (with a six-fold higher weight) compared to tumors grown from cells transfected with a mock vector. Additionally, Ki67 expression was significantly increased in the MUC15-positive cells compared to the control (74.3% versus 38.0%, p-value of 0.01), indicating increased cell proliferation [109].
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3.13. Mucin 16


MUC16 is the largest of the transmembrane mucins and is clinically known as cancer antigen 125 (CA125) [111]. Streppel et al. demonstrated that MUC16 is not expressed within normal colonic tissue, while 64.1% (25 of 39) of CRCs express MUC16 (Figure 5) [111]. A significant difference in the rates of MUC16 expression between right-sided CRCs (23%, n = 206) and left-sided CRCs (9.8%, n = 214) was observed by Ward et al. [112]. A significant difference was also seen in the MUC16 expression levels between stages A–B and stages C–D, with lower expression levels seen in the earlier stages of CRC (p-value of 0.037) [113]. Liu et al. also demonstrated that elevated levels of MUC16 mRNA can be detected in the peripheral blood of patients with CRC compared to healthy individuals [114].



Huang et al. investigated the predictive value of MUC16 serum levels towards the presence of peritoneal disease compared to CEA [115]. They found that MUC16 had improved specificity (89.2%) compared to CEA (62.8%), though its sensitivity was lower at 61.4% for MUC16 vs. 75.4% for CEA (p-value < 0.01). However, no significant difference in MUC16 levels was seen with increasing stages except for stage IV with peritoneal dissemination (PD). Interestingly, CEA levels predicted stage IV disease, although only if PD was absent [115].



Prognostication with MUC16


Multiple groups have investigated the prognostic value of MUC16 expression towards CRC, the majority of which found a significantly worse prognosis for those with elevated serum MUC16 levels (Table 4 and Table 5). Giessen-Jung et al. did not find a statistically significant difference in 5-year survival based on MUC16 expression; however, they excluded patients with metastatic disease and patients who received neoadjuvant therapy [116]. Streppel et al. evaluated CRCs via IHC and found that absent MUC16 expression (n = 14) had significantly worse mean survival compared to CRCs with focal staining (n = 15), namely, 87.3 months (95% CI 34.0–140.5) vs. 182.6 months (95% CI 143.1–222.1), respectively [111].
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3.14. Mucin 17


MUC17 is a transmembrane mucin that is expressed in the normal colon and small intestine [61,70]. MUC17 is downregulated in inflammatory states such as ulcerative colitis and ischemic colitis [118]. Wolff et al. evaluated 148 CRC samples for mutations in 38 genes of interest and found that 21.6% (32 of 148) of CRCs had a MUC17 mutation [119]. Additionally, the human colon cancer cell line LS174T has consistently been shown to express MUC17 [70,118,120].



MUC17 has been shown to play a role in cell adhesion, adherence, and migration. Luu et al. used siRNA to MUC17 to silence its expression in LS174T cells. They saw reduced adhesion (96.25% vs. 91.67%; p-value < 0.002), reduced aggregation, and 67% less migration (p-value < 0.0001) compared to the controls. Additionally, when cells were treated with etoposide, those treated with MUC17 siRNA showed a significant increase in rates of apoptosis (6.52% vs. 1.75%; p-value < 0.002) [120].



3.14.1. MUC17 Expression within Polyps


Krishn et al. showed that 60% of adenomas (n = 30) had strong MUC17 expression while hyperplastic polyps (n = 10) showed similar staining levels to those of the normal colon [61]. The work by Delker et al. also highlighted MUC17 expression as a distinguisher between sessile serrated adenomas and hyperplastic polyps as they found an 82-fold increase in MUC17 RNA expression in SSAs compared to HPs [121].




3.14.2. MUC17 Mouse Studies


In mouse models of induced colitis (using acetic acid or dextran sodium sulfate), Luu et al. reported a significant reduction in crypt damage scores and degrees of ulceration for mice treated with exogenous MUC17 compared to the controls [120].
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3.15. Mucin 18


MUC18 is a membrane-bound, mucin-like protein that is also known as CD146 and the melanoma cell adhesion molecule (MCAM). MUC18 is not expressed within the normal colonic mucosa [122]. Tian et al. found that 20% (n = 1080) of CRC samples expressed MUC18. Additionally, a higher proportion of MUC18 expression was seen in those with liver metastasis (39.2%, n = 102) vs. those without liver metastasis (18%, n = 978) [123]. Liu et al. also reported MUC18 expression in the CRC cell lines HT29 and SW948; this expression was absent from the SW480, SW620, and Colo205 lines [122].



MUC18 Mouse Studies


In knockdown xenograft models of MUC18 using CRC cell lines transfected with MUC18 shRNA, tumors lacking MUC18 grew faster than the controls (tumors visible at ~20 days compared to ~36 days) [122].
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3.16. Mucin 19


MUC19 is a secreted mucin that has been limitedly researched with regard to colorectal cancer. However, amongst CRC lung metastasis samples, MUC19 mutations have been identified that are not present in the primary tumor, thus suggesting a role played by MUC19 concerning distant spread [124].




3.17. Mucin 20


MUC20 is a membrane-bound mucin for which minimal research has been conducted compared to other mucins. Xiao et al. is the only group to publish research on MUC20 and its role in CRC [125]. They reported MUC20 expression in 61.7% (91 of 150) of CRC and only 12% (18 of 150) of adjacent normal colon cells (p-value < 0.05). They also transfected CRC cell lines (LoVo and SW620) with GFP-shRNA-MUC20 or GFP-MUC20 to silence or express MUC20, respectively. They reported significantly reduced cell migration in the cells transfected with the shRNA; the opposite was seen in the GFP-MUC20-transfected cells.



Prognostication with MUC20


Xiao et al. reported MUC20 overexpression correlated with both increased recurrence and death [125]. Of the 47 patients with recurrence, 76.6% (n = 36) had MUC20-expressing tumors, while only 23.4% (n = 11) had tumors lacking MUC20 (p-value of 0.016). The rates of MUC20 positivity were similar in the patients without recurrence (55.6% MUC20+ and 44.4% MUC20-). Of the 41 deaths, 78% (n = 32) had MUC20-positive tumors, while 21.9% (n = 9) did not express MUC20 (p-value of 0.015).
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3.18. Mucin 21


MUC21 is a transmembrane mucin that Ito et al. first described in 2007 [126]. They reported MUC21 mRNA expression in the lung, thymus, and colon. However, when King et al. evaluated mRNA expression, they found MUC21 was absent from the normal colon and that its expression increased with the increasing stage of CRC [127].



Prognostication with MUC21


Vymetalkova et al. evaluated microRNA binding site polymorphisms in multiple mucin genes and their relation to colorectal cancer [128]. They reported that after adjusting for sex, age, smoking status, and cancer stage, there was a statistically significant reduction in overall survival for the CC genotype of rs886403 in MUC21 (HR 2.63, 95% CI 1.69–4.10, and p-value < 0.0001).
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4. Discussion


Mucins are a family of glycoproteins containing 24 members that play diverse roles in cell signaling, barrier protection, and cell migration in many organ systems. They have been implicated in chronic inflammatory states and the promotion of oncogenesis in numerous malignancies, including breast [73], lung [75], gastric [11,129], biliary [76,77], pancreatic [11,111], colon, and ovarian cancers [46,74]. It is hypothesized that they aid tumor invasion by disrupting cell–cell adhesions [13].



While there is variability amongst colorectal cancers, general expression patterns have been established for many of the mucins. Those found to be expressed in normal colons include MUC2, MUC3, MUC4, MUC11, MUC12, MUC13, and MUC15 (at low levels) [52,53,54,55,68,70,94,101,102,103,108,109]. Those absent from the normal colon, and, subsequentially, found to be aberrantly expressed in CRC, include MUC5, MUC6, MUC16, and MUC20 [52,61,68,84,111,121]. This group of mucins that is absent from normal colons, yet is abnormally expressed in colorectal cancer, is a potential target for continued research into imaging studies geared towards improved detection or the delivery of therapeutic agents. Unfortunately, of these four genes, the highest percentage of positivity within CRCs was only 61.7% for MUC20.



Many mucins were also shown to be independent predictors of prognosis (Table 6), with worse prognosis for the low expression of MUC2, MUC12, and MUC13 [65,100,105] and the high expression of MUC4, MUC5, MUC16, and MUC20 [56,78,86,112,113,116,117,121].



When evaluating new biomarkers for colon cancer, MUC1, MUC2, MUC4, MUC5AC, and MUC6 are currently documented in the largest bodies of work regarding their role in the progression from normal colonic tissue to malignancy. Of these mucins, MUC6 seems promising in terms of its role as a biomarker of colorectal cancer, given its lack of expression in normal tissue and the relative consensus on its polyp expression profile (specifically, its expression is absent from benign hyperplastic polyps yet present in sessile serrated adenomas). However, MUC6 expression within CRC is lower (up to 39%) compared to other mucins such as MUC1, which is expressed in 84% of patients with lymph node metastases [28,68]. Thus, a combined approach utilizing multiple mucin proteins might be the next step for the specific labeling of pre-malignant and malignant tumors or for the targeted delivery of therapeutics.




5. Conclusions


In this review, we provided an overview of the current data on the mucin expression profiles in normal colons, benign and pre-malignant polyps, and colon cancer. While there have been some variations in these expression patterns, trends regarding the presence or absence of mucins in various tissue types can be ascertained. This includes the absence of MUC5, MUC6, MUC16, and MUC20 from the normal colon; maintained MUC2 expression in polyps; aberrant MUC5AC expression in sessile serrated adenomas; and the lack of MUC6 expression in benign hyperplastic polyps. Overall, there has been extensive research into the roles mucins play in the progression of colorectal cancer, and this work provides promising material for future developments in mucin-related diagnostics or therapeutics.







Author Contributions


Conceptualization, K.E.C. and M.B.; literature review, K.E.C.; writing—original draft preparation, K.E.C.; writing—review and editing, K.E.C., S.L., T.M.L., R.M.H., S.K.B. and M.B. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the following grants: VA Merit Review: 1 I01 BX003856-01A1 and 1 I01 BX004494-01 (M.B.) and National Institute of Health Training Grant: T32CA121938 (K.E.C.).




Conflicts of Interest


S.K.B. is one of the co-founders of Sanguine Diagnostics and Therapeutics, Inc. All other authors declare no conflict of interest.




References


	



Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer statistics, 2022. CA Cancer, J. Clin. 2022, 72, 7–33. [Google Scholar] [CrossRef] [PubMed]

	



Viale, P.H. The American Cancer Society’s Facts & Figures: 2020 Edition. J. Adv. Pract. Oncol. 2020, 11, 135–136. [Google Scholar] [PubMed]

	



Carethers, J.M.; Jung, B.H. Genetics and Genetic Biomarkers in Sporadic Colorectal Cancer. Gastroenterology 2015, 149, 1177–1190 e1173. [Google Scholar] [CrossRef] [PubMed]

	



Okugawa, Y.; Grady, W.M.; Goel, A. Epigenetic Alterations in Colorectal Cancer: Emerging Biomarkers. Gastroenterology 2015, 149, 1204–1225 e1212. [Google Scholar] [CrossRef]

	



Pancione, M.; Remo, A.; Colantuoni, V. Genetic and epigenetic events generate multiple pathways in colorectal cancer progression. Pathol. Res. Int. 2012, 2012, 509348. [Google Scholar] [CrossRef] [PubMed]

	



Buda, A.; De Bona, M.; Dotti, I.; Piselli, P.; Zabeo, E.; Barbazza, R.; Bellumat, A.; Valiante, F.; Nardon, E.; Probert, C.S.; et al. Prevalence of different subtypes of serrated polyps and risk of synchronous advanced colorectal neoplasia in average-risk population undergoing first-time colonoscopy. Clin. Transl. Gastroenterol. 2012, 3, e6. [Google Scholar] [CrossRef]

	



Crockett, S.D.; Snover, D.C.; Ahnen, D.J.; Baron, J.A. Sessile serrated adenomas: An evidence-based guide to management. Clin. Gastroenterol. Hepatol. 2015, 13, 11–26 e11. [Google Scholar] [CrossRef]

	



Hetzel, J.T.; Huang, C.S.; Coukos, J.A.; Omstead, K.; Cerda, S.R.; Yang, S.; O’Brien, M.J.; Farraye, F.A. Variation in the detection of serrated polyps in an average risk colorectal cancer screening cohort. Am. J. Gastroenterol. 2010, 105, 2656–2664. [Google Scholar] [CrossRef]

	



Fearon, E.R. Molecular genetics of colorectal cancer. Annu. Rev. Pathol. 2011, 6, 479–507. [Google Scholar] [CrossRef]

	



Johansson, M.E.; Sjövall, H.; Hansson, G.C. The gastrointestinal mucus system in health and disease. Nat. Rev. Gastroenterol. Hepatol. 2013, 10, 352–361. [Google Scholar] [CrossRef]

	



Kufe, D.W. Mucins in cancer: Function, prognosis and therapy. Nat. Rev. Cancer 2009, 9, 874–885. [Google Scholar] [CrossRef] [PubMed]

	



Kaur, S.; Kumar, S.; Momi, N.; Sasson, A.R.; Batra, S.K. Mucins in pancreatic cancer and its microenvironment. Nat. Rev. Gastroenterol. Hepatol. 2013, 10, 607–620. [Google Scholar] [CrossRef] [PubMed]

	



Bhatia, R.; Gautam, S.K.; Cannon, A.; Thompson, C.; Hall, B.R.; Aithal, A.; Banerjee, K.; Jain, M.; Solheim, J.C.; Kumar, S.; et al. Cancer-associated mucins: Role in immune modulation and metastasis. Cancer Metastasis Rev. 2019, 38, 223–236. [Google Scholar] [CrossRef]

	



Breugelmans, T.; Oosterlinck, B.; Arras, W.; Ceuleers, H.; De Man, J.; Hold, G.L.; De Winter, B.Y.; Smet, A. The role of mucins in gastrointestinal barrier function during health and disease. Lancet Gastroenterol. Hepatol. 2022, 7, 455–471. [Google Scholar] [CrossRef] [PubMed]

	



Pothuraju, R.; Krishn, S.R.; Gautam, S.K.; Pai, P.; Ganguly, K.; Chaudhary, S.; Rachagani, S.; Kaur, S.; Batra, S.K. Mechanistic and Functional Shades of Mucins and Associated Glycans in Colon Cancer. Cancers 2020, 12, 649. [Google Scholar] [CrossRef] [PubMed]

	



Jahan, R.; Kaur, S.; Macha, M.A.; Batra, S.K. Mucins (MUCs). In Encyclopedia of Signaling Molecules; Choi, S., Ed.; Springer: New York, NY, USA, 2016. [Google Scholar]

	



Bafna, S.; Kaur, S.; Batra, S.K. Membrane-bound mucins: The mechanistic basis for alterations in the growth and survival of cancer cells. Oncogene 2010, 29, 2893–2904. [Google Scholar] [CrossRef] [PubMed]

	



Coleman, O.I.; Haller, D. Microbe-Mucus Interface in the Pathogenesis of Colorectal Cancer. Cancers 2021, 13, 616. [Google Scholar] [CrossRef] [PubMed]

	



Taylor-Papadimitriou, J. Report on the first international workshop on carcinoma-associated mucins. Int. J. Cancer 1991, 49, 1–5. [Google Scholar] [CrossRef]

	



Hollingsworth, M.A.; Swanson, B.J. Mucins in cancer: Protection and control of the cell surface. Nat. Rev. Cancer 2004, 4, 45–60. [Google Scholar] [CrossRef]

	



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

	



Spicer, A.P.; Duhig, T.; Chilton, B.S.; Gendler, S.J. Analysis of mammalian MUC1 genes reveals potential functionally important domains. Mamm. Genome 1995, 6, 885–888. [Google Scholar] [CrossRef] [PubMed]

	



Patton, S.; Gendler, S.J.; Spicer, A.P. The epithelial mucin, MUC1, of milk, mammary gland and other tissues. Biochim. Biophys. Acta 1995, 1241, 407–423. [Google Scholar] [CrossRef] [PubMed]

	



Girling, A.; Bartkova, J.; Burchell, J.; Gendler, S.; Gillett, C.; Taylor-Papadimitriou, J. A core protein epitope of the polymorphic epithelial mucin detected by the monoclonal antibody SM-3 is selectively exposed in a range of primary carcinomas. Int. J. Cancer 1989, 43, 1072–1076. [Google Scholar] [CrossRef] [PubMed]

	



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

	



Bando, T.; Muguruma, N.; Ito, S.; Musashi, Y.; Inayama, K.; Kusaka, Y.; Tadatsu, M.; Kunio, I.; Irimura, T.; Shibamura, S.; et al. Basic studies on a labeled anti-mucin antibody detectable by infrared-fluorescence endoscopy. J. Gastroenterol. 2002, 37, 260–269. [Google Scholar] [CrossRef] [PubMed]

	



Nakamori, S.; Ota, D.M.; Cleary, K.R.; Shirotani, K.; Irimura, T. MUC1 mucin expression as a marker of progression and metastasis of human colorectal carcinoma. Gastroenterology 1994, 106, 353–361. [Google Scholar] [CrossRef]

	



Wang, H.S.; Wang, L.H. The expression and significance of Gal-3 and MUC1 in colorectal cancer and colon cancer. OncoTargets Ther. 2015, 8, 1893–1898. [Google Scholar] [CrossRef]

	



Gendler, S.J.; Spicer, A.P. Epithelial mucin genes. Annu. Rev. Physiol. 1995, 57, 607–634. [Google Scholar] [CrossRef]

	



Ajioka, Y.; Allison, L.J.; Jass, J.R. Significance of MUC1 and MUC2 mucin expression in colorectal cancer. J. Clin. Pathol. 1996, 49, 560–564. [Google Scholar] [CrossRef]

	



Limburg, P.J.; Ahlquist, D.A.; Gilbert, J.A.; Harrington, J.J.; Klee, G.G.; Roche, P.C. Immunodiscrimination of colorectal neoplasia using MUC1 antibodies: Discrepant findings in tissue versus stool. Dig. Dis. Sci. 2000, 45, 494–499. [Google Scholar] [CrossRef]

	



Terada, T. An immunohistochemical study of primary signet-ring cell carcinoma of the stomach and colorectum: II. Expression of MUC1, MUC2, MUC5AC, and MUC6 in normal mucosa and in 42 cases. Int. J. Clin. Exp. Pathol. 2013, 6, 613–621. [Google Scholar] [PubMed]

	



Baeckström, D.; Nilsson, O.; Price, M.R.; Lindholm, L.; Hansson, G.C. Discrimination of MUC1 mucins from other sialyl-Le(a)-carrying glycoproteins produced by colon carcinoma cells using a novel monoclonal antibody. Cancer Res. 1993, 53, 755–761. [Google Scholar] [PubMed]

	



Devine, P.L.; Layton, G.T.; Clark, B.A.; Birrell, G.W.; Ward, B.G.; Xing, P.X.; McKenzie, I.F. Production of MUC1 and MUC2 mucins by human tumor cell lines. Biochem. Biophys. Res. Commun. 1991, 178, 593–599. [Google Scholar] [CrossRef]

	



van Bracht, E.; Stolle, S.; Hafmans, T.G.; Boerman, O.C.; Oosterwijk, E.; van Kuppevelt, T.H.; Daamen, W.F. Specific targeting of tumor cells by lyophilisomes functionalized with antibodies. Eur. J. Pharm. Biopharm. 2014, 87, 80–89. [Google Scholar] [CrossRef] [PubMed]

	



Blockzjil, A.; Nilsson, K.; Nilsson, O. Epitope characterization of MUC1 antibodies. Tumour. Biol. 1998, 19 (Suppl. 1), 46–56. [Google Scholar] [CrossRef] [PubMed]

	



Saxena, A.; Baliga, M.S.; Ponemone, V.; Kaur, K.; Larsen, B.; Fletcher, E.; Greene, J.; Fayad, R. Mucus and adiponectin deficiency: Role in chronic inflammation-induced colon cancer. Int. J. Colorectal Dis. 2013, 28, 1267–1279. [Google Scholar] [CrossRef] [PubMed]

	



Mukherjee, P.; Pathangey, L.B.; Bradley, J.B.; Tinder, T.L.; Basu, G.D.; Akporiaye, E.T.; Gendler, S.J. MUC1-specific immune therapy generates a strong anti-tumor response in a MUC1-tolerant colon cancer model. Vaccine 2007, 25, 1607–1618. [Google Scholar] [CrossRef]

	



Supruniuk, K.; Czarnomysy, R.; Muszyńska, A.; Radziejewska, I. Anti-cancer effects of pyrazole-platinum(II) complexes combined with anti-MUC1 monoclonal antibody versus monotherapy in DLD-1 and HT-29 colon cancer cells. Transl. Oncol. 2022, 18, 101348. [Google Scholar] [CrossRef]

	



Loveland, B.E.; Zhao, A.; White, S.; Gan, H.; Hamilton, K.; Xing, P.X.; Pietersz, G.A.; Apostolopoulos, V.; Vaughan, H.; Karanikas, V.; et al. Mannan-MUC1-pulsed dendritic cell immunotherapy: A phase I trial in patients with adenocarcinoma. Clin. Cancer Res. 2006, 12 Pt 1, 869–877. [Google Scholar] [CrossRef]

	



Mitchell, P.L.; Quinn, M.A.; Grant, P.T.; Allen, D.G.; Jobling, T.W.; White, S.C.; Zhao, A.; Karanikas, V.; Vaughan, H.; Pietersz, G.; et al. A phase 2, single-arm study of an autologous dendritic cell treatment against mucin 1 in patients with advanced epithelial ovarian cancer. J. Immunother. Cancer 2014, 2, 16. [Google Scholar] [CrossRef]

	



Gray, H.J.; Benigno, B.; Berek, J.; Chang, J.; Mason, J.; Mileshkin, L.; Mitchell, P.; Moradi, M.; Recio, F.O.; Michener, C.M.; et al. Progression-free and overall survival in ovarian cancer patients treated with CVac, a mucin 1 dendritic cell therapy in a randomized phase 2 trial. J. Immunother. Cancer 2016, 4, 34. [Google Scholar] [CrossRef]

	



Karanikas, V.; Hwang, L.A.; Pearson, J.; Ong, C.S.; Apostolopoulos, V.; Vaughan, H.; Xing, P.X.; Jamieson, G.; Pietersz, G.; Tait, B.; et al. Antibody and T cell responses of patients with adenocarcinoma immunized with mannan-MUC1 fusion protein. J. Clin. Investig. 1997, 100, 2783–2792. [Google Scholar] [CrossRef]

	



Karanikas, V.; Thynne, G.; Mitchell, P.; Ong, C.S.; Gunawardana, D.; Blum, R.; Pearson, J.; Lodding, J.; Pietersz, G.; Broadbent, R.; et al. Mannan mucin-1 peptide immunization: Influence of cyclophosphamide and the route of injection. J. Immunother. 2001, 24, 172–183. [Google Scholar] [CrossRef] [PubMed]

	



Fiedler, W.; DeDosso, S.; Cresta, S.; Weidmann, J.; Tessari, A.; Salzberg, M.; Dietrich, B.; Baumeister, H.; Goletz, S.; Gianni, L.; et al. A phase I study of PankoMab-GEX, a humanised glyco-optimised monoclonal antibody to a novel tumour-specific MUC1 glycopeptide epitope in patients with advanced carcinomas. Eur. J. Cancer 2016, 63, 55–63. [Google Scholar] [CrossRef] [PubMed]

	



Ledermann, J.A.; Zurawski, B.; Raspagliesi, F.; De Giorgi, U.; Arranz Arija, J.; Romeo Marin, M.; Lisyanskaya, A.; Póka, R.L.; Markowska, J.; Cebotaru, C.; et al. Maintenance therapy of patients with recurrent epithelial ovarian carcinoma with the anti-tumor-associated-mucin-1 antibody gatipotuzumab: Results from a double-blind, placebo-controlled, randomized, phase II study. ESMO Open 2022, 7, 100311. [Google Scholar] [CrossRef]

	



Schoen, R.E. Vaccine Therapy in Treating Patients with Newly Diagnosed Advanced Colon Polyps. Registry Number: NCT02134925. Available online: Clinicaltrials.gov (accessed on 28 January 2023).

	



Bagheri, E.; Abnous, K.; Farzad, S.A.; Taghdisi, S.M.; Ramezani, M.; Alibolandi, M. Targeted doxorubicin-loaded mesenchymal stem cells-derived exosomes as a versatile platform for fighting against colorectal cancer. Life Sci. 2020, 261, 118369. [Google Scholar] [CrossRef] [PubMed]

	



Li, C.; Liu, T.; Yin, L.; Zuo, D.; Lin, Y.; Wang, L. Prognostic and clinicopathological value of MUC1 expression in colorectal cancer: A meta-analysis. Medicine (Baltimore) 2019, 98, e14659. [Google Scholar] [CrossRef]

	



Gum, J.R.; Byrd, J.C.; Hicks, J.W.; Toribara, N.W.; Lamport, D.T.; Kim, Y.S. Molecular cloning of human intestinal mucin cDNAs. Sequence analysis and evidence for genetic polymorphism. J. Biol. Chem. 1989, 264, 6480–6487. [Google Scholar] [CrossRef]

	



Johansson, M.E.; Phillipson, M.; Petersson, J.; Velcich, A.; Holm, L.; Hansson, G.C. The inner of the two Muc2 mucin-dependent mucus layers in colon is devoid of bacteria. Proc. Natl. Acad. Sci. USA 2008, 105, 15064–15069. [Google Scholar] [CrossRef]

	



Reid, C.J.; Harris, A. Developmental expression of mucin genes in the human gastrointestinal system. Gut 1998, 42, 220–226. [Google Scholar] [CrossRef]

	



Ishizu, H.; Kumagai, J.; Eishi, Y.; Takizawa, T.; Koike, M. Mucin core protein expression by colorectal mucinous carcinomas with or without mucus hyperplasia. J. Gastroenterol. 2004, 39, 125–132. [Google Scholar] [CrossRef]

	



Manne, U.; Weiss, H.L.; Grizzle, W.E. Racial differences in the prognostic usefulness of MUC1 and MUC2 in colorectal adenocarcinomas. Clin. Cancer Res. 2000, 6, 4017–4025. [Google Scholar] [PubMed]

	



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 1994, 107, 28–36. [Google Scholar] [CrossRef]

	



Wang, H.; Jin, S.; Lu, H.; Mi, S.; Shao, W.; Zuo, X.; Yin, H.; Zeng, S.; Shimamoto, F.; Qi, G. Expression of survivin, MUC2 and MUC5 in colorectal cancer and their association with clinicopathological characteristics. Oncol. Lett. 2017, 14, 1011–1016. [Google Scholar] [CrossRef] [PubMed]

	



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. Expression of MUC2-mucin in colorectal adenomas and carcinomas of different histological types. Int. J. Cancer 1994, 59, 301–306. [Google Scholar] [CrossRef] [PubMed]

	



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.; et al. Expression of MUC2, MUC5AC, MUC5B, and MUC6 mucins in colorectal cancers and their association with the CpG island methylator phenotype. Mod. Pathol. 2013, 26, 1642–1656. [Google Scholar] [CrossRef] [PubMed]

	



Bu, X.D.; Li, N.; Tian, X.Q.; Li, L.; Wang, J.S.; Yu, X.J.; Huang, P.L. Altered expression of MUC2 and MUC5AC in progression of colorectal carcinoma. World J. Gastroenterol. 2010, 16, 4089–4094. [Google Scholar] [CrossRef]

	



Fujita, K.; Hirahashi, M.; Yamamoto, H.; Matsumoto, T.; Gushima, M.; Oda, Y.; Kishimoto, J.; Yao, T.; Iida, M.; Tsuneyoshi, M. Mucin core protein expression in serrated polyps of the large intestine. Virchows Arch. 2010, 457, 443–449. [Google Scholar] [CrossRef]

	



Krishn, S.R.; Kaur, S.; Smith, L.M.; Johansson, S.L.; Jain, M.; Patel, A.; Gautam, S.K.; Hollingsworth, M.A.; Mandel, U.; Clausen, H.; et al. Mucins and associated glycan signatures in colon adenoma-carcinoma sequence: Prospective pathological implication(s) for early diagnosis of colon cancer. Cancer Lett. 2016, 374, 304–314. [Google Scholar] [CrossRef]

	



Van der Sluis, M.; De Koning, B.A.; De Bruijn, A.C.; Velcich, A.; Meijerink, J.P.; Van Goudoever, J.B.; Büller, H.A.; Dekker, J.; Van Seuningen, I.; Renes, I.B.; et al. Muc2-deficient mice spontaneously develop colitis, indicating that MUC2 is critical for colonic protection. Gastroenterology 2006, 131, 117–129. [Google Scholar] [CrossRef]

	



Velcich, A.; Yang, W.; Heyer, J.; Fragale, A.; Nicholas, C.; Viani, S.; Kucherlapati, R.; Lipkin, M.; Yang, K.; Augenlicht, L. Colorectal cancer in mice genetically deficient in the mucin Muc2. Science 2002, 295, 1726–1729. [Google Scholar] [CrossRef] [PubMed]

	



Cecchini, M.J.; Walsh, J.C.; Parfitt, J.; Chakrabarti, S.; Correa, R.J.; MacKenzie, M.J.; Driman, D.K. CDX2 and Muc2 immunohistochemistry as prognostic markers in stage II colon cancer. Hum. Pathol. 2019, 90, 70–79. [Google Scholar] [CrossRef]

	



Li, C.; Zuo, D.; Yin, L.; Lin, Y.; Li, C.; Liu, T.; Wang, L. Prognostic Value of MUC2 Expression in Colorectal Cancer: A Systematic Review and Meta-Analysis. Gastroenterol. Res. Pract. 2018, 2018, 6986870. [Google Scholar] [CrossRef]

	



Pratt, W.S.; Crawley, S.; Hicks, J.; Ho, J.; Nash, M.; Kim, Y.S.; Gum, J.R.; Swallow, D.M. Multiple transcripts of MUC3: Evidence for two genes, MUC3A and MUC3B. Biochem. Biophys. Res. Commun. 2000, 275, 916–923. [Google Scholar] [CrossRef]

	



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

	



Perçinel, S.; Savaş, B.; Ensari, A.; Kuzu, I.; Kuzu, M.A.; Bektaş, M.; Cetinkaya, H.; Kurşun, N. Mucins in the colorectal neoplastic spectrum with reference to conventional and serrated adenomas. Turk. J. Gastroenterol. 2007, 18, 230–238. [Google Scholar]

	



Apostolopoulos, V.; Xing, P.X.; McKenzie, I.F. Anti-peptide monoclonal antibodies to intestinal mucin 3. J. Gastroenterol. Hepatol. 1995, 10, 555–561. [Google Scholar] [CrossRef] [PubMed]

	



Gum, J.R.; Crawley, S.C.; Hicks, J.W.; Szymkowski, D.E.; Kim, Y.S. MUC17, a novel membrane-tethered mucin. Biochem. Biophys. Res. Commun. 2002, 291, 466–475. [Google Scholar] [CrossRef]

	



Williams, S.J.; Munster, D.J.; Quin, R.J.; Gotley, D.C.; McGuckin, M.A. The MUC3 gene encodes a transmembrane mucin and is alternatively spliced. Biochem. Biophys. Res. Commun. 1999, 261, 83–89. [Google Scholar] [CrossRef] [PubMed]

	



Xing, P.X.; Apostolopoulos, V.; Pietersz, G.; McKenzie, I.F. Anti-mucin monoclonal antibodies. Front. Biosci. 2001, 6, D1284–D1295. [Google Scholar] [CrossRef]

	



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 2011, 1815, 224–240. [Google Scholar] [CrossRef] [PubMed]

	



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. 2006, 19, 1386–1394. [Google Scholar] [CrossRef] [PubMed]

	



Majhi, P.D.; Lakshmanan, I.; Ponnusamy, M.P.; Jain, M.; Das, S.; Kaur, S.; Shimizu, S.T.; West, W.W.; Johansson, S.L.; Smith, L.M.; et al. Pathobiological implications of MUC4 in non-small-cell lung cancer. J. Thorac. Oncol. 2013, 8, 398–407. [Google Scholar] [CrossRef] [PubMed]

	



Miyahara, N.; Shoda, J.; Ishige, K.; Kawamoto, T.; Ueda, T.; Taki, R.; Ohkohchi, N.; Hyodo, I.; Thomas, M.B.; Krishnamurthy, S.; et al. MUC4 interacts with ErbB2 in human gallbladder carcinoma: Potential pathobiological implications. Eur. J. Cancer 2008, 44, 1048–1056. [Google Scholar] [CrossRef]

	



Tamada, S.; Shibahara, H.; Higashi, M.; Goto, M.; Batra, S.K.; Imai, K.; Yonezawa, S. MUC4 is a novel prognostic factor of extrahepatic bile duct carcinoma. Clin. Cancer Res. 2006, 12 Pt 1, 4257–4264. [Google Scholar] [CrossRef]

	



Shanmugam, C.; Jhala, N.C.; Katkoori, V.R.; Wan, W.; Meleth, S.; Grizzle, W.E.; Manne, U. Prognostic value of mucin 4 expression in colorectal adenocarcinomas. Cancer 2010, 116, 3577–3586. [Google Scholar] [CrossRef]

	



Biemer-Hüttmann, A.E.; Walsh, M.D.; McGuckin, M.A.; Ajioka, Y.; Watanabe, H.; Leggett, B.A.; Jass, J.R. Immunohistochemical staining patterns of MUC1, MUC2, MUC4, and MUC5AC mucins in hyperplastic polyps, serrated adenomas, and traditional adenomas of the colorectum. J. Histochem. Cytochem. 1999, 47, 1039–1048. [Google Scholar] [CrossRef]

	



Das, S.; Rachagani, S.; Sheinin, Y.; Smith, L.M.; Gurumurthy, C.B.; Roy, H.K.; Batra, S.K. Mice deficient in Muc4 are resistant to experimental colitis and colitis-associated colorectal cancer. Oncogene 2016, 35, 2645–2654. [Google Scholar] [CrossRef]

	



Turner, M.A.; Hollandsworth, H.M.; Amirfakhri, S.; Lwin, T.M.; Nishino, H.; Neel, N.C.; Natarajan, G.; Kaur, S.; Mallya, K.; Hoffman, R.M.; et al. Anti-mucin 4 fluorescent antibody brightly targets colon cancer in patient-derived orthotopic xenograft mouse models: A proof-of-concept study for future clinical applications. Am. J. Surg. 2022, 224, 1081–1085. [Google Scholar] [CrossRef]

	



Peng, L.; Li, Y.; Gu, H.; Xiang, L.; Xiong, Y.; Wang, R.; Zhou, H.; Wang, J. Mucin 4 mutation is associated with tumor mutation burden and promotes antitumor immunity in colon cancer patients. Aging (Albany NY) 2021, 13, 9043–9055. [Google Scholar] [CrossRef]

	



Lu, S.; Catalano, C.; Huhn, S.; Pardini, B.; Partu, L.; Vymetalkova, V.; Vodickova, L.; Levy, M.; Buchler, T.; Hemminki, K.; et al. Single nucleotide polymorphisms within MUC4 are associated with colorectal cancer survival. PLoS ONE 2019, 14, e0216666. [Google Scholar]

	



Bartman, A.E.; Sanderson, 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 1999, 80, 210–218. [Google Scholar] [CrossRef]

	



Zhu, X.; Long, X.; Luo, X.; Song, Z.; Li, S.; Wang, H. Abrogation of MUC5AC Expression Contributes to the Apoptosis and Cell Cycle Arrest of Colon Cancer Cells. Cancer Biother. Radiopharm. 2016, 31, 261–267. [Google Scholar] [CrossRef] [PubMed]

	



Imai, Y.; Yamagishi, H.; Fukuda, K.; Ono, Y.; Inoue, T.; Ueda, Y. Differential mucin phenotypes and their significance in a variation of colorectal carcinoma. World J. Gastroenterol. 2013, 19, 3957–3968. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.H.; Kim, K.J.; Rhee, Y.Y.; Bae, J.M.; Cho, N.Y.; Lee, H.S.; Kang, G.H. Gastric-type expression signature in serrated pathway-associated colorectal tumors. Hum. Pathol. 2015, 46, 643–656. [Google Scholar] [CrossRef] [PubMed]

	



Krishn, S.R.; Kaur, S.; Sheinin, Y.M.; Smith, L.M.; Gautam, S.K.; Patel, A.; Jain, M.; Juvvigunta, V.; Pai, P.; Lazenby, A.J.; et al. Mucins and associated O-glycans based immunoprofile for stratification of colorectal polyps: Clinical implication for improved colon surveillance. Oncotarget 2017, 8, 7025–7038. [Google Scholar] [CrossRef]

	



Rossez, Y.; Burtea, C.; Laurent, S.; Gosset, P.; Léonard, R.; Gonzalez, W.; Ballet, S.; Raynal, I.; Rousseaux, O.; Dugué, T.; et al. Early detection of colonic dysplasia by magnetic resonance molecular imaging with a contrast agent raised against the colon cancer marker MUC5AC. Contrast Media Mol. Imaging 2016, 11, 211–221. [Google Scholar] [CrossRef]

	



Toribara, N.W.; Roberton, A.M.; Ho, S.B.; Kuo, W.L.; Gum, E.; Hicks, J.W.; Gum, J.R.; Byrd, J.C.; Siddiki, B.; Kim, Y.S. Human gastric mucin. Identification of a unique species by expression cloning. J. Biol. Chem. 1993, 268, 5879–5885. [Google Scholar] [CrossRef]

	



Chik, J.H.; Zhou, J.; Moh, E.S.; Christopherson, R.; Clarke, S.J.; Molloy, M.P.; Packer, N.H. Comprehensive glycomics comparison between colon cancer cell cultures and tumours: Implications for biomarker studies. J. Proteom. 2014, 108, 146–162. [Google Scholar] [CrossRef]

	



Owens, S.R.; Chiosea, S.I.; Kuan, S.F. Selective expression of gastric mucin MUC6 in colonic sessile serrated adenoma but not in hyperplastic polyp aids in morphological diagnosis of serrated polyps. Mod. Pathol. 2008, 21, 660–669. [Google Scholar] [CrossRef]

	



Bartley, A.N.; Thompson, P.A.; Buckmeier, J.A.; Kepler, C.Y.; Hsu, C.H.; Snyder, M.S.; Lance, P.; Bhattacharyya, A.; Hamilton, S.R. Expression of gastric pyloric mucin, MUC6, in colorectal serrated polyps. Mod. Pathol. 2010, 23, 169–176. [Google Scholar] [CrossRef] [PubMed]

	



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. 1999, 59, 4083–4089. [Google Scholar] [PubMed]

	



Packer, L.M.; Williams, S.J.; Callaghan, S.; Gotley, D.C.; McGuckin, M.A. Expression of the cell surface mucin gene family in adenocarcinomas. Int. J. Oncol. 2004, 25, 1119–1126. [Google Scholar] [PubMed]

	



Aziz, M.A.; AlOtaibi, M.; AlAbdulrahman, A.; AlDrees, M.; AlAbdulkarim, I. Mucin Family Genes are Downregulated in Colorectal Cancer Patients. J. Carcinog. Mutagen. 2014, S10, 009. [Google Scholar] [CrossRef]

	



Iranmanesh, H.; Majd, A.; Nazemalhosseini Mojarad, E.; Zali, M.R.; Hashemi, M. Investigating the Relationship between the Expression Level of Membrane-Bound Mucin (MUC12) and Clinicopathological Characterization of Colorectal Cancer. Arch. Adv. Biosci. 2021, 12, 31–36. [Google Scholar]

	



Pham, E.; Friedrich, M.; Aeffner, F.; Lutteropp, M.; Mariano, N.F.; Deegen, P.; Dahlhoff, C.; Vogel, F.; Bluemel, C.; Harrold, J.M.; et al. Preclinical Assessment of a MUC12-Targeted BiTE (Bispecific T-cell Engager) Molecule. Mol. Cancer Ther. 2021, 20, 1977–1987. [Google Scholar] [CrossRef]

	



Wu, Z.; Liu, Z.; Ge, W.; Shou, J.; You, L.; Pan, H.; Han, W. Analysis of potential genes and pathways associated with the colorectal normal mucosa-adenoma-carcinoma sequence. Cancer Med. 2018, 7, 2555–2566. [Google Scholar] [CrossRef]

	



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 2010, 127, 2292–2299. [Google Scholar] [CrossRef]

	



Williams, S.J.; Wreschner, D.H.; Tran, M.; Eyre, H.J.; Sutherland, G.R.; McGuckin, M.A. Muc13, a novel human cell surface mucin expressed by epithelial and hemopoietic cells. J. Biol. Chem. 2001, 276, 18327–18336. [Google Scholar] [CrossRef]

	



Walsh, M.D.; Young, J.P.; Leggett, B.A.; Williams, S.H.; Jass, J.R.; McGuckin, M.A. The MUC13 cell surface mucin is highly expressed by human colorectal carcinomas. Hum. Pathol. 2007, 38, 883–892. [Google Scholar] [CrossRef]

	



Gupta, B.K.; Maher, D.M.; Ebeling, M.C.; Sundram, V.; Koch, M.D.; Lynch, D.W.; Bohlmeyer, T.; Watanabe, A.; Aburatani, H.; Puumala, S.E.; et al. Increased expression and aberrant localization of mucin 13 in metastatic colon cancer. J. Histochem. Cytochem. 2012, 60, 822–831. [Google Scholar] [CrossRef] [PubMed]

	



Gupta, B.K.; Maher, D.M.; Ebeling, M.C.; Stephenson, P.D.; Puumala, S.E.; Koch, M.R.; Aburatani, H.; Jaggi, M.; Chauhan, S.C. Functions and regulation of MUC13 mucin in colon cancer cells. J. Gastroenterol. 2014, 49, 1378–1391. [Google Scholar] [CrossRef] [PubMed]

	



Sheng, Y.H.; Wong, K.Y.; Seim, I.; Wang, R.; He, Y.; Wu, A.; Patrick, M.; Lourie, R.; Schreiber, V.; Giri, R.; et al. MUC13 promotes the development of colitis-associated colorectal tumors via β-catenin activity. Oncogene 2019, 38, 7294–7310. [Google Scholar] [CrossRef] [PubMed]

	



Sojka, L.; Opattova, A.; Bartu, L.; Horak, J.; Korenkova, V.; Novosadova, V.; Krizkova, V.; Bruha, J.; Liska, V.; Schneiderova, M.; et al. MUC13-miRNA-4647 axis in colorectal cancer: Prospects to identifications of risk factors and clinical outcomes. Oncol. Lett. 2023, 25, 72. [Google Scholar] [CrossRef] [PubMed]

	



Reynolds, I.S.; O’Connell, E.; Fichtner, M.; McNamara, D.A.; Kay, E.W.; Prehn, J.H.M.; Furney, S.J.; Burke, J.P. Mucinous adenocarcinoma of the colon and rectum: A genomic analysis. J. Surg. Oncol. 2019, 120, 1427–1435. [Google Scholar] [CrossRef] [PubMed]

	



Pallesen, L.T.; Berglund, L.; Rasmussen, L.K.; Petersen, T.E.; Rasmussen, J.T. Isolation and characterization of MUC15, a novel cell membrane-associated mucin. Eur. J. Biochem. 2002, 269, 2755–2763. [Google Scholar] [CrossRef]

	



Huang, J.; Che, M.I.; Huang, Y.T.; Shyu, M.K.; Huang, Y.M.; Wu, Y.M.; Lin, W.C.; Huang, P.H.; Liang, J.T.; Lee, P.H.; et al. Overexpression of MUC15 activates extracellular signal-regulated kinase 1/2 and promotes the oncogenic potential of human colon cancer cells. Carcinogenesis 2009, 30, 1452–1458. [Google Scholar] [CrossRef]

	



Iranmanesh, H.; Entezari, M.; Rejali, L.; Nazemalhosseini-Mojarad, E.; Maghsoudloo, M.; Aghdaei, H.A.; Zali, M.R.; Hushmandi, K.; Rabiee, N.; Makvandi, P.; et al. The association of clinicopathological characterizations of colorectal cancer with membrane-bound mucins genes and LncRNAs. Pathol.-Res. Pract. 2022, 233, 153883. [Google Scholar] [CrossRef]

	



Streppel, M.M.; Vincent, A.; Mukherjee, R.; Campbell, N.R.; Chen, S.H.; Konstantopoulos, K.; Goggins, M.G.; Van Seuningen, I.; Maitra, A.; Montgomery, E.A. Mucin 16 (cancer antigen 125) expression in human tissues and cell lines and correlation with clinical outcome in adenocarcinomas of the pancreas, esophagus, stomach, and colon. Hum. Pathol. 2012, 43, 1755–1763. [Google Scholar] [CrossRef]

	



Ward, T.M.; Cauley, C.E.; Stafford, C.E.; Goldstone, R.N.; Bordeianou, L.G.; Kunitake, H.; Berger, D.L.; Ricciardi, R. Tumour genotypes account for survival differences in right- and left-sided colon cancers. Colorectal Dis 2022, 24, 601–610. [Google Scholar] [CrossRef]

	



Björkman, K.; Mustonen, H.; Kaprio, T.; Haglund, C.; Böckelman, C. Mucin 16 and kallikrein 13 as potential prognostic factors in colon cancer: Results of an oncological 92-multiplex immunoassay. Tumour. Biol. 2019, 41, 1010428319860728. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Z.; Gu, Y.; Li, X.; Zhou, L.; Cheng, X.; Jiang, H.; Huang, Y.; Zhang, Y.; Xu, T.; Yang, W.; et al. Mucin 16 Promotes Colorectal Cancer Development and Progression Through Activation of Janus Kinase 2. Dig. Dis. Sci. 2022, 67, 2195–2208. [Google Scholar] [CrossRef] [PubMed]

	



Huang, C.J.; Jiang, J.K.; Chang, S.C.; Lin, J.K.; Yang, S.H. Serum CA125 concentration as a predictor of peritoneal dissemination of colorectal cancer in men and women. Medicine (Baltimore) 2016, 95, e5177. [Google Scholar] [CrossRef]

	



Giessen-Jung, C.; Nagel, D.; Glas, M.; Spelsberg, F.; Lau-Werner, U.; Modest, D.P.; Schulz, C.; Heinemann, V.; Di Gioia, D.; Stieber, P. Preoperative serum markers for individual patient prognosis in stage I-III colon cancer. Tumour Biol. 2015, 36, 7897–7906. [Google Scholar] [CrossRef]

	



Björkman, K.; Mustonen, H.; Kaprio, T.; Kekki, H.; Pettersson, K.; Haglund, C.; Böckelman, C. CA125: A superior prognostic biomarker for colorectal cancer compared to CEA, CA19-9 or CA242. Tumour Biol. 2021, 43, 57–70. [Google Scholar] [CrossRef] [PubMed]

	



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. 2010, 63, 702–707. [Google Scholar] [CrossRef] [PubMed]

	



Wolff, R.K.; Hoffman, M.D.; Wolff, E.C.; Herrick, J.S.; Sakoda, L.C.; Samowitz, W.S.; Slattery, M.L. Mutation analysis of adenomas and carcinomas of the colon: Early and late drivers. Genes Chromosomes Cancer 2018, 57, 366–376. [Google Scholar] [CrossRef]

	



Luu, Y.; Junker, W.; Rachagani, S.; Das, S.; Batra, S.K.; Heinrikson, R.L.; Shekels, L.L.; Ho, S.B. Human intestinal MUC17 mucin augments intestinal cell restitution and enhances healing of experimental colitis. Int. J. Biochem. Cell Biol. 2010, 42, 996–1006. [Google Scholar] [CrossRef]

	



Delker, D.A.; McGettigan, B.M.; Kanth, P.; Pop, S.; Neklason, D.W.; Bronner, M.P.; Burt, R.W.; Hagedorn, C.H. RNA sequencing of sessile serrated colon polyps identifies differentially expressed genes and immunohistochemical markers. PLoS ONE 2014, 9, e88367. [Google Scholar] [CrossRef]

	



Liu, D.; Du, L.; Chen, D.; Ye, Z.; Duan, H.; Tu, T.; Feng, J.; Yang, Y.; Chen, Q.; Yan, X. Reduced CD146 expression promotes tumorigenesis and cancer stemness in colorectal cancer through activating Wnt/β-catenin signaling. Oncotarget 2016, 7, 40704–40718. [Google Scholar] [CrossRef]

	



Tian, B.; Xhang, Y.; Li, N. CD146 Protein as a Marker to Predict Postoperative Liver Metastasis in Colorectal Cancer. Cancer Biother. Radiopharm. 2013, 28, 466–470. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, N.; Di, J.; Wang, Z.; Gao, P.; Jiang, B.; Su, X. Genomic profiling of colorectal cancer with isolated lung metastasis. Cancer Cell Int. 2020, 20, 281. [Google Scholar] [CrossRef] [PubMed]

	



Xiao, X.; Wang, L.; Wei, P.; Chi, Y.; Li, D.; Wang, Q.; Ni, S.; Tan, C.; Sheng, W.; Sun, M.; et al. Role of MUC20 overexpression as a predictor of recurrence and poor outcome in colorectal cancer. J. Transl. Med. 2013, 11, 151. [Google Scholar] [CrossRef] [PubMed]

	



Itoh, Y.; Kamata-Sakurai, M.; Denda-Nagai, K.; Nagai, S.; Tsuiji, M.; Ishii-Schrade, K.; Okada, K.; Goto, A.; Fukayama, M.; Irimura, T. Identification and expression of human epiglycanin/MUC21: A novel transmembrane mucin. Glycobiology 2008, 18, 74–83. [Google Scholar] [CrossRef] [PubMed]

	



King, R.J.; Yu, F.; Singh, P.K. Genomic alterations in mucins across cancers. Oncotarget 2017, 8, 67152–67168. [Google Scholar] [CrossRef]

	



Vymetalkova, V.; Pardini, B.; Rosa, F.; Jiraskova, K.; Di Gaetano, C.; Bendova, P.; Levy, M.; Veskrnova, V.; Buchler, T.; Vodickova, L.; et al. Polymorphisms in microRNA binding sites of mucin genes as predictors of clinical outcome in colorectal cancer patients. Carcinogenesis 2017, 38, 28–39. [Google Scholar] [CrossRef]

	



Kim, D.H.; Shin, N.; Kim, G.H.; Song, G.A.; Jeon, T.Y.; Kim, D.H.; Lauwers, G.Y.; Park, D.Y. Mucin expression in gastric cancer: Reappraisal of its clinicopathologic and prognostic significance. Arch. Pathol. Lab. Med. 2013, 137, 1047–1053. [Google Scholar] [CrossRef]








[image: Cancers 15 01491 g001 550] 





Figure 1. Immunohistochemistry of MUC2 from Wang et al., Oncology Letters 2017, reprinted with permission [56]. (A) Cytoplasmic MUC2 staining in normal colon. (B) Minimal to no staining within carcinoma. Magnification 200x. 
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Figure 2. IHC of MUC4 from Shanmugam et al., Cancer 2010, reprinted with permission [78]. (A) MUC4 staining was noted in crypts of the normal colon. (B) Strong cytoplasmic staining within CRC. (C) Weak staining of CRC compared to adjacent normal tissue. Thin arrows—normal colonic epithelium; thick arrows—CRC. Scale: (A) 200 μm; (B) 600 μm; (C) 200 μm. 
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Figure 5. IHC of MUC16 and MUC16 from Streppel et al., Human Pathology 2012, reprinted with permission [111]. (A) No MUC16 staining was seen in an adenoma with low-grade dysplasia. (B) Focal and (C) Diffuse MUC16 staining within carcinoma samples. Magnification: (A) 10x; (B,C) 20x. 
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Table 1. The Mucin family of proteins.
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	Gene
	Cytogenetic Band
	Form





	MUC1
	1q22
	Membrane-bound mucin



	MUC2
	11p15.5
	Secreted



	MUC3
	7q22
	Membrane-bound mucin



	MUC4
	3q29
	Membrane-bound mucin



	MUC5AC
	11p15.5
	Secreted



	MUC5B
	11p15.5
	Secreted



	MUC6
	11p15.5
	Secreted



	MUC7
	4q13.3
	Secreted



	MUC8
	12q24.33
	Secreted



	MUC9
	1p13.2
	Secreted



	MUC12
	7q22.1
	Membrane-bound mucin



	MUC13
	3q21.2
	Membrane-bound mucin



	MUC14
	4q24
	Membrane-bound mucin



	MUC15
	11p14.2
	Membrane-bound mucin



	MUC16
	19p13.2
	Membrane-bound mucin



	MUC17
	7q22.1
	Membrane-bound mucin



	MUC18
	11q23.3
	Membrane-bound mucin



	MUC19
	12q12
	Secreted



	MUC20
	3q29
	Membrane-bound mucin



	MUC21
	6p21.33
	Membrane-bound mucin



	MUC22
	6p21.33
	Membrane-bound mucin



	MUC24
	6q21
	Membrane-bound mucin
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Table 2. MUC5AC expression within polyps.
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	Normal Colon
	HP
	Adenoma
	TSA
	SSA
	Study





	-
	75.4% (49/65)
	-
	43.1% (31/72)
	80.4% (41/51)
	Fujita et al. [60]



	0% (0/9)
	20% (2/10)
	27% (8/30)
	-
	-
	Krishn et al. [61]



	10.7% (3/28)
	100% (8/8)
	100% (19/19)
	-
	100% (10/10)
	Perçinel et al. [68]



	0% (0/26)
	11% (1/9)
	24% (6/25)
	-
	-
	Bartman et al. [84]



	0% (0/18)
	43.4% (23/53)
	-
	31% (5/16)
	61% (19/31)
	Kim et al. [87]



	-
	15.2% (5/33)
	8.3% (3/36)
	-
	61.5% (24/39)
	Krishn et al. [88]







HP = Hyperplastic polyp, TSA = Tubular serrated adenoma, and SSA = Sessile serrated adenoma.
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Table 3. MUC6 expression within polyps.






Table 3. MUC6 expression within polyps.





	HP
	Adenoma
	SSA
	Study





	16.9% (11/65)
	-
	39.2% (20/51)
	Fujita et al. [60]



	-
	10% (1/10)
	-
	Krishn et al. [61]



	-
	15.8% (3/19)
	20% (2/10)
	Perçinel et al. [68]



	0% (0/9)
	16% (4/25)
	-
	Bartman et al. [84]



	4.3% (1/23)
	0% (0/63)
	51.6% (16/31)
	Kim et al. [87]



	0% (0/48)
	-
	100% (26/26)
	Owens et al. [92]



	17.4% (16/92)
	0% (0/87)
	53.5% (23/43)
	Bartley et al. [93]







HP = Hyperplastic polyp, SSA = Sessile serrated adenoma.
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Table 4. MUC16’s effect on 5-year survival.






Table 4. MUC16’s effect on 5-year survival.





	Study
	Sample Size
	5-Year Survival
	p-Value





	Björkman et al. 2019 [113]
	148
	75.3% (low expression) vs. 50.7% (high expression)
	<0.001



	Giessen-Jung et al. [116]
	472
	87.1% (elevated MUC16) vs. 84.9% (overall)
	0.3114



	Björkman et al. 2020 [117]
	282
	66.7% (low expression) vs. 41.1% (high expression)
	<0.001
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Table 5. MUC16 Hazard Ratios.






Table 5. MUC16 Hazard Ratios.





	Study
	Sample Size
	Hazard Ratio
	95% Confidence Interval
	p-Value





	Ward et al. [112]
	420
	2.06
	1.51–8.14
	0.011



	Björkman et al. 2019 [113]
	148
	1.91
	1.45–2.53
	<0.001



	Björkman et al. 2020 [117]
	282
	2.48
	1.68–3.65
	<0.001
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Table 6. Hazard ratios for overall survival based on variable expression levels of mucins.






Table 6. Hazard ratios for overall survival based on variable expression levels of mucins.













	Mucin and Level
	Subset of CRC
	HR
	95% CI
	p-Value
	Study





	High MUC1
	
	1.51
	1.30–1.75
	<0.00001
	Li et al. [49]



	Loss of MUC2
	Stage II
	3.32
	1.20–9.20
	0.021
	Cecchini et al. [64]



	Low MUC2
	
	1.67
	1.43–1.94
	<0.00001
	Li et al. [65]



	High MUC4
	
	2.07
	1.14–3.75
	0.017
	Shanmugam et al. [78]



	High MUC4
	Stage I and II
	3.77
	1.46–9.73
	0.006
	Shanmugam et al. [78]



	High MUC16
	
	2.06
	1.51–8.14
	0.011
	Ward et al. [112]



	High MUC16
	
	1.91
	1.45–2.53
	<0.001
	Björkman et al. [113]



	High MUC16
	
	2.48
	1.68–3.65
	<0.001
	Björkman et al. [117]
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