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Mucins are high molecular weight glycoproteins that are heavily glycosylated with many oligosaccharide side 
chains linked O-glycosidically to the protein backbone. With the recent application of molecular biological 
methods, the structures of apomucins and regulation of mucin genes are beginning to be understood. At least nine 
human mucin genes have been identified to date. Although a complete protein sequence is known for only three 
human mucins (MUC1, MUC2, and MUC7), common motifs have been identified in many mucins. The pattern of 
tissue and cell-specific expression of these mucin genes are emerging, suggesting a distinct role for each member 
of this diverse mucin gene family. In epithelial cancers, many of the phenotypic markers for pre-malignant and 
malignant cells have been found on the carbohydrate and peptide moieties of mucin glycoproteins. The expression 
of carbohydrate antigens appears to be due to modification of peripheral carbohydrate structures and the exposure 
of ilmer core region carbohydrates. The expression of some of the sialylated carbohydrate antigens appears to 
correlate with poor prognosis and increased metastatic potential in some cancers. The exposure of peptide 
backbone structures of mucin glycoproteins in malignancies appears to be due to abnormal glycosylation during 
biosynthesis. Dysregulation of tissue and cell-specific expression of muein genes also occurs in epithelial cancers. 
At present, the role of mucin glycoproteins in various stages of epithelial cell carcinogenesis (including the pre- 
neoplastic state and metastasis), in cancer diagnosis and immunotherapy is under investigation. 
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Introduction 

It has long been demonstrated that quantitative and 
qualitative alterations in mucin glycoproteins occur in 
epithelial cancer cells using histochemical and biochem- 
ical methods [1-6]. Although the precise mechanism of  
these alterations is still not well understood, considerable 
progress has been made during the past decade in our 
understanding of  the changes that occur in malignant 
transformation o f  epithelial cells. This is due to consider- 
able advances in monoclonal antibody and lectin technol- 
ogy, sensitive analytical methods for studying small 
amounts of  glycoprotein samples, molecular cloning, 
sequencing and expression methods as well as cell 
biological methods. In this review, the biochemical 
properties of  mucin glycoproteins, their synthesis and 
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the current state of  our knowledge on human mucin genes 
will be briefly discussed. Then the mucin glycoprotein 
changes that occur in epithelial mucosal cells during 
carcinogenesis progressing from pre-malignant to malig- 
nant and metastatic states will be described. And finally, 
the possible functional significance of  these changes and 
diagnostic and therapeutic potential will be discussed. 
Although several different types of  epithelial cancers will 
be mentioned, mucin glycoproteins in gastrointestinal 
neoplasia such as colorectal and pancreatic cancer will 
be discussed in more detail. 

Biochemical properties of mucin glycoproteins 

Mucin glycoproteins consist of  a protein backbone with 
many carbohydrate side chains of  varying lengths, 
sequence, compositions and anomeric linkages. They have 
a very large molecular weight (400 to >1000 kDa), many 
'O-glycosidically' linked carbohydrate side chains which 
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may constitute 50-85% of the total molecular weight, a 
high content of serine, threonine and proline in the protein 
backbone structure, and a buoyant density much higher 
than non-glycosylated proteins (1.35-1.50 g cm -3) due to 
their high carbohydrate content [7-9]. Mucins may be 
broadly classified into two forms: membrane associated or 
secreted. The secreted forms can perhaps be further 
subdivided by their propensity to form a gel and the 
nature of the gel formed. 

Mucin genes and protein backbone structure 
(apomucins) 

Heterogeneity of mucin species in particular organs has 
long been suspected. However, little was known about the 
structure of apomucins until recently. This is mainly due to 
the heavy glycosylation of mucins which makes biochem- 
ical characterization difficult. Most procedures used to 
deglycosylate mucins result in extensive degradation of the 
polypeptide backbone. With the recent application of 
molecular biological methods, however, the structures of 
apomucins are beginning to be understood. To date, at least 
nine human mucin genes have been identified (Table 1) 
[10-24]. Although only MUC1, MUC2 and MUC7 human 
mucin cDNAs have been fully sequenced, available data 
from mammalian [25-28] and amphibian mucins [29, 30] 
indicate that mucins share certain structural features. For 
example, a predominant feature of most, if not all mucins 
is the central region consisting of repeat peptide sequences 
flanked on either side by non-repetitive domains. The 
repeat unit of each mucin gene differs in the amino acid 
sequences and the lengths of these repeats, but they all 

have a high content of threonine and/or serine, potential O- 
glycosylation sites. The repeat sequences are repeated in 
tandem along the length of the molecule and thus are 
called tandem repeat regions. 

An example of membrane-bound mucin is MUC1, 
shown in Fig. 1. This mucin has been previously 

MUC 1 
• Membrane Associated Mucin 
• Mammary, Pancreatic 

MUC 2 1000 a.a. 
• Secretory Mucin I I 
• Intestinal 
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Figure 1. Schematic drawing of MUC1 and MUC2 structure. 
MUC1 is a membrane mucin that is thought to protrude from the 
cell surface with a rigid but hydrophilic structure. It contains 
relatively short amino and carboxyl terminus domains. The 
transmembrane domain is found near the carboxyl terminus. 
MUC2 is a secretory mucin. It has two internal repetitive domains 
that are rich in potential O-glycosylation sites (Ser and Thr 
residues). As described in Fig. 2, sequences with homology to vWF 
flank the internal glycosylated domains and comprise the majority 
of the amino and carboxyl termini. 

Table 1. Characteristics of human mucins. The sequence of the repeat peptide, tissues exhibiting high expression, and chromosomal 
location are given. 

Mucin Repeat peptide High level Chromosomal 
type sequence expression location 

MUC1 PDTRPAPGSTAPPAHGVTSA Breast, Pancreas lq21 
MUC2 PTTTPITTTTTVTPTPTPTGTQT Colon, S.I., T.B. 11p15 
MUC3 HSTPSFTSSITTTETTS Colon, S.I., G.B. 7@2 
MUC4 TSSASTGHATPLPVTD T.B., Colon 3q29 
MUC5AC TTSTTSAP T.B., Stomach 1 lp l5  
MUC5B a S STPGTAHTLTVLTTTATTPTATGSTATP T.B. 11 p 15 
MUC6 SPFSSTGPMTATSFQTTTTYPTPSHPQTTLPTHVPPFSTSLVTPSTGT- Stomach, G.B. 1 lp l5  

VITPTHAQMATSASIHSTPTGTIPPPTTLKATGSTHTAPPMTPTTSGTS- 
QAHSSFSTAKTSTSLHSHTSSTHHPEVTPTSTTTITPNPTSTGTSTP- 
VAHTTSAT S SRLPTPFTTHSPPTGS 
TTAAPPTPSATTPAPPS S SAPPG 
TSCPRPLQEGTPGSRAAHALSRRGHRVHELPTS SPGGDTGF 

MUC7 Salivary 4 
MUC8 b T.B. 

aThe DNA encoding this tandem repeat array exhibits insertions and deletions thus altering the reading frame. The most common amino acid sequence 
encoded is shown. 

bThe encoding DNA consists of a 41 bp array with occasional deletions, thus regular reading frame shifts are observed with MUC8. This results in different 
portions of the basic repeat unit being alternatively expressed. 

°S.I., small intestine. 
T.B., tracheobronchus. 
G.B., gallbladder 
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designated as PUM, PEM (polymorphic epithelial mucin), 
MAM-6 and DF-3 [10-13,31-33]. MUC1 is highly 
expressed in lactating mammary glands ~/nd is a major 
glycoprotein component of the milk fat globule mem- 
brane. This mucin is often highly expressed in certain 
adenocarcinomas, particularly of the breast and pancreas. 
By convention, this mucin has been named MUC1 and 
subsequent mucins are numbered sequentially in order of 
their discovery. The MUC1 gene is highly polymorphic 
due to different alleles with variable numbers of tandem 
repeats, and has been mapped to human chromosome 
lq21-24. The protein encoded by MUC1 is 120-300 kDa 
in size in the apomucin form and 300-600 kDa in the 
glycosylated form. It has a relatively large extracellular 
domain extending above a short transmembrane sequence 
(31 amino acids) with a cytoplasmic domain of 69 amino 
acids in the carboxyl terminus which may interact with 
cytoskeletal components. The extracellular domain con- 
tains a large central tandem repeat region consisting of 
20-80 peptide units (depending on the allele) of 20 
amino acids each containing 25% serine and threonine 
(potential O-glycosylation sites) extending rod-like ap- 
proximately 200-500 A above the cell surface. MUC1 is 
typically localized to the apical membrane of epithelial 
cells and may shield epithelial surface molecules such as 
receptors and antigens in certain pathological conditions 
[33-35]. Another membrane associated mucin-like mole- 
cule, leukosialin (CD43) present on leukocytes, has been 
reported to be synthesized and released into the medium 
by a colon cancer cell line [36]. 

The secretory mucins constitute the major component 
of mucus gels that cover the epithelial surfaces of the 
gastrointestinal, respiratory and reproductive organs. 
Eight distinct human secretory mucins have been 
described to date [6]. In the human intestine, at least 
two forms of secreted mucins are present in abundance, 
MUC2 and MUC3 [15, 16, 22, 37-41]. Sequence analysis 
suggests that these mucins have substantially different 
structures. MUC2, the most studied secreted form of 
human mucin, is a very large protein and consists of 
approximately 5100 amino acids in the most common 
allelic form (Fig. 1). The dominant structural feature of 
the protein is a central core of approximately 100 tandem 
repeats of 23 amino acids each. This central core region 
contains a very high density of threonine residues 
(potential O-glycosylation sites) and is flanked on either 
side by unique sequences that also contain a fairly high 
density of potential O-glycosylation sites. Upstream, there 
is another repetitive sequence in the amino-terminus 
portion of the molecule. It contains imperfect tandem 
repeats ranging from 7 to 40 amino acids with a very 
high density of both threonine and serine. As is the case 
with MUC1 protein, there are potential N-glycosylation 
sites particularly in the non-repetitive region. The unique 
sequences that flank the tandem repeat region are very 

rich in cysteine, which may be involved in joining mucin 
monomers together to form large molecules. This model 
is consistent with the long thread-like molecules observed 
in electron microscopy of mucins. 

In addition to two highly glycosylated tandem repeat 
domains, MUC2 has amino-terminal signal peptide 
sequences followed by four D domains (three in the 
amino terminus and one in the carboxyl terminus) that 
are cysteine-rich regions with a high degree of sequence 
similarity to four D-domains of pre-pro vWF [39] 
(Fig. 2). In addition to the D-domains, there is consider- 
able sequence similarity between MUC2 and pre-pro 
vWF in other regions of the molecule. By analogy to pre- 
pro vWF which is well characterized with regard to the 
formation of large polymers (>12 000 kDa) via inter- 
molecular disulfide bond formation, these regions may be 
important in the processing and polymerization of MUC2. 
Moreover, genetic lesions in this region of the molecule 
could result in a mucin unable to polymerize. 

MUC3 is a second major intestinal mucin [16]. Only 
the partial sequence of this mucin is known. The MUC3 
gene is located on chromosome 7@2 [40] and encodes a 
repetitive peptide of 17 amino acids containing seven 
threonine, five serine and one proline residue. The 
carboxy terminal region down stream of the tandem 
repeat region consists of a 'mucin-like' domain rich in 
threonine, serine and proline and a cysteine rich domain 
with an epidermal growth factor-like structural motif. 

The molecular functions of MUC2 and MUC3 may be 
substantially different. Because of its cysteine-rich 
composition and similarity to vWF, MUC2 may form a 
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Figure 2. Common domain structure of MUC2 and Pre-Pro vWE 
In addition to its internal glycosylated domains, MUC2 also 
contains four domains with significant similarity to the D-domains 
of vWE Other portions of the molecule exhibit significant 
similarity of vWF as well, including a cysteine rich region near 
the carboxyl terminus that may be involved in dimer formation. 
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highly polymerized structure that functions as a physical 
barrier. Although the complete sequence of MUC3 is not 
yet known, it clearly has a very different structure and 
may even be incapable of polymerization. The presence 
of an EGF-like carboxy terminal domain suggests a 
possible role in ligand/receptor interactions involving 
pathogens on intestinal mucosal cell surfaces. For 
example, this interaction may facilitate the wotmd healing 
process since the addition of mucin glycoproteins alone 
or with human intestinal trefoil factor caused attenuation 
of the damage to intestinal epithelial cell monolayer 
integrity [42, 43]. 

Recently, two major human gastric mucin genes have 
been characterized, MUC5AC (MUC5) and MUC6 [17- 
20, 22, 41]. Both mucin genes are highly expressed in the 
stomach but MUC5 is also highly expressed in the airway 
and MUC6 in the gallbladder-and small intestine. 
Tandem repeat units of MUC5 consist of eight amino 
acid residues while that of MUC6 consists of  169 amino 
acid residues. 3' cysteine-rich domains are present in 
both types of mucin. The carboxyl terminus of MUC5 
has sequence similarity to pre-pro vWE By analogy to 
MUC2 and pre-pro-vWF, MUC5 may protect against HC1 
and peptic digestion. MUC6 mucin may be a soluble 
mucin functioning to protect glands locally from diges- 
tion or may be secreted to bind bacteria to be eliminated 
from the stomach [42]. 

In addition to the relatively organ specific pattern of 
expression, mucin genes are also expressed in a cell type 
specific manner. For example, in situ hybridization and 
immunohistochemical studies indicate that MUC2 is 
expressed in goblet cells while MUC3 is expressed in 
both goblet and absorptive cells of the intestine [37, 44]. 
MUC5 is expressed predominantly in surface mucous 
cells in both fundus and antrum of the stomach while 
MUC6 is expressed in the neck mucous cells of fundus 
and antral or pyloric gland cells [44-46]. It is of interest 
that four mucin genes, MUC5AC, MUC5B, MUC6 and 
MUC2 are very closely linked and located in the 
chromosome llp15 gene cluster. The significance of this 
interesting clustering of mucin genes is unclear. 

Carbohydrate side chains of muein 

The majority of the carbohydrate side chains of mucin 
glycoproteins are attached to the protein backbone through 
O-glycosidic linkages between N-acetylgalactosamine 
(GalNAc) and serine/threonine residues. Although it was 
long thought that mucin glycoproteins contain only O- 
glycosidically linked oligosaccharides, recent studies 
indicate that a small number of N-glycosidically linked 
carbohydrates (between N-acetylglucosamine and aspar- 
agine of the protein backbone) may also be present in 
mucin glycoproteins [47,48]. Five different sugars are 
commonly found in O-glycosidic mucin glycoproteins. 

These are N-acetylgalactosamine (GalNAc), N-acetylglu- 
cosamine (GlcNAc), N-acetylneuraminic acid (NeuAc), 
galactose (Gal) and fucose (Fuc). Carbohydrate side chains 
are often branched, with 1 to >20 sugars per chain. They 
may be negatively charged, owing primarily to NeuAc and 
ester sulfate on Gal or GlcNAc. Up to a third of the total 
amino acid residues may be linked to carbohydrate side 
chains, making the protein backbone resistant to proteo- 
lysis. O-linked oligosaccharide side chains may be 
arbitrarily divided into three regions: inner core, backbone, 
and periphery. The sugar or sugars that are attached to the 
GalNAc that is linked to the protein backbone compose the 
core region carbohydrates. Eight different types of core 
region carbohydrates have been identified [7,49-51] as 
follows: Core 1, Galfll-3 GalNAc-R; Core 2, GlcNAcfll- 
6[Galfll-3]GalNAc-R; Core 3, GlcNAcfll-3 GalNAc-R; 
Core 4, [GlcNAcfll-6] GlcNAcfll-3 GalNAc-R; Core 5, 
GalNAcal-3 GalNAc-R; Core 6, GlcNAcfll-6 GalNAc-R; 
Core 7, GalNAcal-6 GalNAc-R; and Core 8, Galal-3 
GalNAc-R. Although the precise relative proportions of 
core sugar structures of mucins from different organs are 
not known, core 3 structures appear to be the predominant 
one in normal human colon [52, 53], while core types 1 
and 2 are found in normal gastric mucin [54, 55]. 

In the normal human adult gastrointestinal mucosa in 
man, the core structures are usually elongated by the 
major basic backbone structure consisting of a type 1 
backbone chain (Galfll-3 GlcNAcfll-3Galfl-R). This 
backbone structure may be replaced with a type 2 
(lactosamine) chain (Galfll-4 GlcNAcfll-3Galfl-R), and 
less frequently with a type 3 chain (Galfll-3 GalNAcal- 
3Galfll-R) and a type 4 chain (Galfll-3 GalNAcfll- 
3Galfll-R) [4]. The type 2 chain may be repeated in the 
same oligosaccharide side chain to form a poly N- 
acetyllactosamine backbone, but the type 1 chain is 
usually not repeated. The type 1 and type 2 chain 
backbone structures can also be branched in a ill-6 
configuration using Gal as branch point. The backbone 
chains are terminated or terminally branched by a-linked 
sugars such as NeuAc, fucose, N-acetylgalactosamine, N- 
acetylglucosamine or galactose in the peripheral region 
and terminal sulfate may be present. All three regions of 
the oligosaccharide side chains provide specific recogni- 
tion sites for carbohydrate-specific antibodies and can 
serve as ~lmor markers recognized by monoclonal 
antibodies and lectins. Except for the core region 
carbohydrates which are unique to mucin glycoproteins, 
most of the backbone and peripheral region carbohydrates 
may be found in both the O- and N-glycosidic 
glycoproteins and in glycolipids [4]. 

Alteration of mucin glycoproteins in cancer 

Previous histochemical studies indicated that both quali- 
tative and quantitative changes in mucins occur in cancer 
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[1, 3]. In the case of colon cancer, these include a decrease 
in mucin content, a decrease in sulfomucin, an increase in 
sialomucin and a decrease in O-acetylated sialic acid 
[1, 3]. Recent biochemical studies on mucin glycoproteins 
isolated from normal and cancerous colons indicate a 
reduction in carbohydrate content, and fewer and shorter 
oligosaccharide chains in colonic cancer mucin [2, 56-58]. 
Although further extensive analyses of mucin oligosac- 
charides of normal and cancerous colonic mucosa are 
necessary, the predominance of the core 1 structure in 
cancerous colonic mucin is evident. Analysis of mucin 
isolated from human rectal cancer [59, 60] and human 
colon cancer cell lines [61] showed core types 1, 3 and 5 
and core types 1, 2 and 4 respectively. This contrasts with 
normal colonic mucins which apparently contain primarily 
core 3 structures [52, 53]. Thus, there appears to be a 
major difference between core structures of normal and 
cancerous colonic mucin. 

With the recent availability of monoclonal antibodies 
of defined specificities, structural alterations in mucin 
glycoproteins in epithelial cancer cells are beginning to 
be defined. Three groups of mucin glycoprotein tumor 
markers with different specificities are shown (Table 2). 
These tumor markers include those with carbohydrate 
epitopes, those specific for peptide moieties of mucin 
glycoproteins, and those for which the epitope specifi- 
cities have not been determined. 

Carbohydrate antigens 

Cancer associated changes in the carbohydrate moieties of 
mucin may be broadly classified into four categories: those 
arising from incomplete synthesis, increased levels of 
expression over that found in normal tissues, modification 
of existing structures, and inappropriate Or incompatible 
expression of antigens (Table 3). These changes could 

Table 2. Mucin glycoprotein tumor markers of epithelial cancers. 

Carbohydrate epitopes 
Peripheral and backbone region carbohydrate changes 

A, B, H, Le a , Le b 
Sialyl Le a (CA19-9), sialyl type 1 chain (CA50), SPan-1 
Sialyl Le x, extended Le x, polymeric Le x 
Extended Le y 
Type 2 polyactosamine (i) 

Core region carbohydrate changes 
T, Tn, sialyl "In 

Peptide epitopes 
Apomucins 

MUC 1-MUC6 
Undetermined epitopes 

M1 antigen, crypt cell antigens 
S1MA, LIMA, NCC-CO-450 antigen 
DU-PAN2, YPan-1, CA-125 

Le, Lewis antigen. 

occur in the peripheral, backbone and inner core regions 
of oligosaccharide side chains. Incomplete synthesis is 
illustrated by the appearance in adenocarcinomas of core 
region carbohydrates Tn, T (Thomsen-Friedenreich) and 
sialyl Tn antigens (Table 4) which are normally masked by 
additional sugar residues in normal tissues [62-68]. Tn 
and T antigens have been reported to be expressed in 
greater than 90% of primary adenocarcinomas and their 
metastasis [62]. Sialyl Tn is also considered to be a 'pan- 
carcinoma' antigen. This antigen has been reported to be 
expressed in adenocarcinomas of the colon (94%), breast 
(84%), lung (non-small cell, 96%), and ovary (100%) and 
in most pancreatic, gastric and esophageal cancers 
examined [65]. Tn, T and sialyl Tn antigens are not 
detectable in mucosa of normal colon but are expressed in 
colon cancers (Tn 81%, T 71%, sialyl Tn 89%) [5, 67, 68]. 
The T antigen is preferentially expressed by moderately 
well differentiated and well differentiated adenocarcino- 
mas while Tn antigens are also present in poorly 
differentiated adenocarcinoma and colloid cancer of the 
colon [67]. Furthermore, Tn, T and sialyl Tn antigens are 
expressed in over 50% of adenomatous polyps and the 
expression of these antigens is correlated with the 
malignant potential of polyps (size, histological type and 
degree of dysplasia) [68]. These findings indicate that 
these antigens may serve as useful premalignant and 
malignant markers. Using MAbs, T and sialyl T antigens 
were shown to be present in high molecular weight mucin 
glycoproteins isolated from human carcinoma cell lines 
[69, 70]. 

The examples of modification of existing structures 
include sialylation of type 1 backbone chains without or 
with fucosylation which are CA-50 antigen [71,72], 
sialyl lacto-N-tetraose and sialyl Le a antigen (NeuAca2, 
3Galfll,3[Fucal,4]GlcNAc) [72], also known as CA19-9 
[72] and GICA antigen [73, 74] (Table 4). SPan-1 MAb 
recognizes the epitope on both CA50 and sialyl Le a 
antigens [75, 76], while DU-PAN2 MAb recognizes only 
the CA50 epitope [77]. These antigens are found on 
glycolipids and mucin and non-mucin glycoproteins of a 
variety of adenocarcinomas. Interestingly, these antigens 
are released into the circulation or secreted into 
pancreatic secretions mainly on mucin glycoproteins 
[76, 78]. Although serum sialyl 19-9, CA50 and SPan-1 
defined antigens have a relatively high degree of 
specificity for pancreatic cancer, these antigens are 
expressed in both normal and cancerous pancreas [75- 
77, 79-81]. In contrast with normal colon, sialyl Le a 
expression is increased in fetal colon, hyperplastic and 
adenomatous polyps, and in most colorectal cancers 
regardless of location or differentiation [79]. Sialyl Le a 
expression does not correlate with stage, DNA aneuploi- 
dy or prognosis in colorectal carcinoma patients [75]. 
Most endometrial, gastric, and pancreatic carcinomas 
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Table 3. Cancer-associated changes in the carbohydrate moiety of mucin glycoproteins. 
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Incomplete synthesis 
Deletion of normally expressed antigens (e.g. deletion of A, B and Le b antigens) 
Blocked synthesis with accumulation or exposure of precursors (e.g. expression of T, Tn and sialyl Tn) 

Increased level of expression over that found in normal tissues (e.g. short chain Le x and Le y) 
Modification of existing structures 

Extension/elongation of type 2 carbohydrate chain (e.g. i antigen) 
Increased sialylation and fucosylation of type 1 and/or type 2 carbohydrate chains [e.g. sialyl Le a (19-9), siatyl Le x, extended Le x 
and Le y, polymeric Le x] 
Decreased O-acetylation of sialic acid (expression of sialyl Tn, sialyl Le x 

Inappropriate or incompatible expression of blood group antigens 
Inappropriate: (re-expression of ABH and Le b antigens in colon cancers in distal colon where these antigens are not expressed) 
Incompatible: (expression of incompatible A, B, H, Le a and Le b antigens) 

Le b, Lewis antigen. 

express focal sialyl Le a immunoreactivity, whereas only 
5% of breast adenocarcinomas are positive [73, 79, 80]. 

Numerous alterations of  the type 2 backbone chains 
have been described in adenocarcinomas of  the gastro- 
intestinal tract, breast, and lung (Table 3). Type 2 chains 
synthesized as a simple, repeating, unbranched structure 
(poly N-acetyl lactosamine backbone structure i.e. i 
antigen), are highly expressed in colon and hepatocellular 
carcinomas and in large cell and squamous cell 
carcinomas of  the lung, and are absent or weakly 
expressed in corresponding normal tissues [81]. In the 
normal colon, most type 2 chains are branched by 
fil,6GlcNAc transferase leading to synthesis of  I 
antigens. Fucosylated and/or sialylated type 2 chains are 
also preferentially expressed by carcinomas compared 
with normal epithelium. The distribution of  these 
antigens in colonic and pancreatic disease has been 
described in detail [82-85]. Short chain Le x determinants 
are expressed in the normal colon with decreasing 
proximal to distal gradient, and are absent in normal 
pancreas. Expression of this antigen is enhanced in 
colorectal and particularly pancreatic cancer. Extended 
Le x type antigens (Table 4) recognized by monoclonal 

antibodies FH4, and FH6 are rarely expressed in normal 
colon and pancreas or chronic pancreatitis specimens. In 
contrast, these antigens are expressed in the majority of 
adenomatous polyps and colon and pancreatic cancers. 
The di- and trifucosylated Le x structures are recognized 
by the MAb FH4, while sialylated Le x structures are 
recognized by the MAb FH6 [82]. Expression of these 
antigens in adenomatous polyps correlates with criteria 
indicative of  a greater potential for malignant transfor- 
mation (increasing size, villous histology, and dysplasia) 
[84]. The finding of  FH6 immunoreactivity in 60% of 
hyperplastic colonic polyps which do not have malignant 
potential indicates that these antigens may also become 
expressed in mucosa with abnormal growth characteristics 
which are not considered to be prema!ignant [83]. 

The extended and trifucosylated type 2 chain (Le y 
type) antigens are weakly expressed in normal colon 
(proximal site only) but highly expressed in the majority 
of  adenomas with increased risk for malignant transfor- 
mation and in colon cancers [84]. These epitopes are 
absent in hyperplastic polyps which do not have 
malignant potential. However, these extended or poly- 
fucosylated Le y antigens do not differ between normal, 

Table 4. Structures of carbohydrate antigens. 

Antigen Structure 

Tn 
Sialyl-Tn 
T 
i 
Sialyl Le a 
Le x 
Difucosyl Le x 
Sialyl Le x 
Sialyl Le x 
(extended) 
Le y (short) 
Le y (extended) 
Le y (polymeric) 

GalNAca-Thr/Ser 
NeuAca2,6 GalNAca-Thr/Ser 
Galfll,3 GalNAca-Thr/Ser 
Galfll,4 GlcNAcfll,3Galfl-R 
NeuAca2,3 Galfll,3(Fucal,4)GlcNAefl-R 
Galfl 1,4(Fuea 1,3)GleNAcfl-R 
Galfl 1,4(Fuca 1,3)GlcNAcfl 1,3Galfl 1,4(Fucal,3)GlcNAcfl-R 
NeuAca2,3 Galfll,4(Fucal,3)GlcNAcfl-R 
NeuAca2,3 Galfll,4(Fuca l,3 )GlcNAcfl- l,3Galfll,4(Fuca l,3 ) 
GlcNAc/3-R 
Fuca 1,2Galfl 1,4(Fuca 1,3)GlcNAcfl-R 
Fuca 1,2Galfl 1,4(Fuca 1,3)GlcNAcfl 1,3Galfl 1,4GlcNAcfi-R 
Fnca 1,2Galfil,4(Fuca 1,3)GlcNAcfl 1,3Galfll,4(Fuca 1,3) 
GlcNAcfl-R 
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benign or malignant disease in the pancreas [85]. These 
antigens are considered to be oncodevelopmental since 
they are expressed in neoplastic and fetal tissues but 
rarely in normal adult tissues. 

In the human embryo and fetus, blood group antigens 
A, B, H, Le a and Le b are expressed thronghout the colon 
[86, 87]. After birth, however, ABH and Le b antigens are 
no longer expressed in the distal normal colon. These 
antigens are re-expressed in 90% of all cases of cancer in 
the distal colon. Furthermore, in 60-80% of cases of 
cancer of both the proximal and the distal colon, blood 
group antigens incompatible with the host's blood type 
are expressed [88]. About one-third of cases of 
adenomatous polyps re-expressed A, B and H antigens 
or expressed incompatible blood group A or B antigens. 
Deletion of A, B and H blood group antigens in 
pancreatic cancers was found to occur in 33% of cases; 
and incompatible expression of B antigen only was found 
in 13% of cases [80,89]. Thus, re-expression and/or 
incompatible expression of blood group A or B antigens 
appears to be a pre-malignant or malignant phenomenon. 

Mucin-related antigens with undetermined epitopes 

Some of these mucin-associated antigens are not fully 
characterized chemically. These include Crypt Cell Anti- 
gen 90, M1 [91], SIMA, LIMA [92], Cora antigen [93], 
NCC-CO-450 antigen [94] YPan-1 [76] and CA-125 [95]. 
These antigens are generally strongly expressed by a 
variety of adenocarcinomas relative to corresponding 
normal tissues, and are frequently secreted into the 
circulation (Table 2). 

Biochemical mechanisms of altered carbohydrate 
antigens 

In considering the biochemical mechanisms responsible 
for the altered expression of carbohydrate antigens in 
cancer cells, the following possibilities may be considered: 
dysregulation of glycosyltransferases resulting in changes 
in enzyme activity and/or specificity for specific sub- 
strates, altered availability of nucleotide sugar substrates 
or de novo expression of a novel glycosyltransferase 
leading to altered pathways of glycosylation. It is now 
well established that glycosyltransferase genes are ex- 
pressed transcriptionally in a tissue and cell specific 
manner [96]. For example, Gala2,6-sialyltransferase 
mRNA varies up to 100-fold in various rat tissues as 
does its enzyme activity. Genomic sequencing of Gala2,6- 
sialyltransferase indicates that in this family of sialyl- 
transferases multiple transcripts are produced via a 
combination of alternative splicing and alternate promoter 
use which is regulated in a tissue-specific fashion [97]. 
However, it is not known whether other glycosyltransfer- 
ase genes have similar organizational and regulatory 

structure. The Gala2,6-sialyltransferase [98] and Galfil- 
3GalNAca2,3 sialyltransferase [99] activities are increased 
in colon cancer. 

The biosynthesis of mucin associated O-glycan struc- 
tures and related antigens in cancer cells appears to be 
subject to complex control mechanisms. Although it is 
difficult to generalize, recent studies indicate that a 
significant reduction in the activity of GalNAcfll, 
3GlcNAc transferase synthesizing core 3 appears to be 
in part responsible for the increase in Tn and T (core 1) 
antigens in colon cancer tissues [99-101] (Fig. 3). The 
biochemical basis for the increased expression of sialyl 
Tn antigen in cancer cells is unclear. However, the 
available data indicate that it may be in part due to the 
fact that in normal tissues particularly in colon, O- 
acetylation of sialic acid predominates masking the 
antigenic epitopes of sialyl Tn, while in neoplastic 
tissues there is a marked reduction in O-acetylation of 
sialic acid [102-104]. A similar explanation may account 
for the increased expression of sialyl Le x and sialyl Le a 
antigens in colon cancer [104]. This raises the possibility 
that there may be a difference in the level of O- 
acetyltransferase activity between normal and cancerous 
tissues. 

Regarding altered backbone structure, the accumulation 
of i antigen, an extended unbranched type 2 chain 
appears to be due to ~ an increase in fll,3GlcNAc 
transferase activity in addition to a loss of branching in 
colonic adenocarcinoma [100, 105]. As for modifications 
of existing structures resulting in the expression of 
extended sialyl Le x antigen in cancer cells, expression 
of a 1,3 fucosyltransferases capable of modifying accep- 
tors containing a2,3 sialic acid substituted lactosamino- 
glycans appears to be the critical step. A similar process 
may apply to the expression of sialyl Le a where the 
expression of a 1,4 fucosyltransferase capable of modify- 
ing acceptors containing a2,3 sialic acid substituted type 
1 chains appears to be an important step. Thus, the two 
critical steps in the synthesis of sialyl Le X and sialyl Le a 
antigens are the a2,3 sialylation of type 2 and type 1 
chain followed by a 1,3 or a 1,4 fucosylation of sialylated 
precursors, respectively. Several different a2,3 sialyltrans- 
ferase and al,3 fucosyltransferases have been cloned and 
their acceptor specificities analysed. At least one 
sialyltransferase (ST3N) and one fucosyltransferase 
(FUT3) are thought to be able to generate both sialylated 
type 1 and type 2 chains and both subterminal Fucal,3 
and Fucal,4 linkages thus producing either sialyl Le X or 
sialyl Le a epitopes respectively, depending on the type of 
carbohydrate backbone structures available [106-109]. 
However, when a3/4 fucosyl transferase activity was 
compared in normal and cancerous colonic tissues, no 
apparent difference was noted [99]. 

In the case of A, B, H, and Le b and Le a blood group 
antigens, glycosyltransferase activities responsible for A 
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APOMUCIN (R) 

NeuAca6GalNAc-R . ~ . ~ ~  GalNAc-R ~ .~_~ockincoloncancer?.~ 
(SialyI-Tn) (Tn) 

~ - -  ~ 'ock  in colon eance~.~ 
Galfl3GalNAc-R GIcNAcfl3GalNAc-R 

NeuAc[OAc]a6GalNAo-R / ~ (T) 

NeuAc NeuAc 
l a 3 la 6 GIoNAc GIoNAc 

Gal/~3GalNAc-R Galf l3GalNAc-R GIcNAc/~3GalNAc, R 

? T 
1 Further elongation and branching by the addition of Gal, GIcNAc, Fuc, NeuAc, GalNAc and Sulfate 

Figure3. Biosynthesis of some core region carbohydrates of mucin glycoproteins. Gal, galactose; Fuc, fucose; GalNAc, N- 
acetylgalactosamine; GlcNAc, N-acetylglucosamine; NeuAc, N-acetylneuraminic acid; NeuAc[OAc], O-acetyl, N-acetylneuraminic acid. 

and B determinants were reduced in colon cancer tissues 
compared to normal tissues, while those involved in the 
synthesis of non-blood group determinant carbohydrate 
structures remained at a similar level [56, 110]. Recently, 
when the presence of immunoreactive blood group 
antigens was compared with the activities of glycosyl- 
transferase and glycosidase enzymes in normal colon and 
colon cancers, the activities of their corresponding 
glycosyltransferase enzymes were the same in proximal 
and distal normal colonic specimens, although blood 
group A, B, H, and Le b antigens were not found in 
human adult distal colon [111]. Cancer tissues had 
generally lower A and B glycosyltransferase activities 
but similar H glycosyltransferase activity compared with 
paired normal mucosa. No difference in glycosidase 
activities were observed. However, A and B glycosyl- 
transferase activities showed no direct relationship to the 
level of expression of A, B, and H antigens in cancer and 
paired normal mucosa. Similar findings were made in a 
study using colon cancer cell lines, and weak incompa- 
tible blood group A and B immunoreactivity was 
observed in two cell lines respectively [112]. 

The A, B and O alleles of the ABO blood group 
system are very similar. Although the full genomic 
structure is not known, A and B alleles differ by only 4 
amino acids. The O allele differs by a single nucleotide 
deletion at nucleotide position 261, resulting in a shift in 
the reading frame giving rise to a truncated protein with 

no catalytic activity [113]. Recently, when 31 cases of 
gastric tumors of phenotype O were examined for the 
incompatible expression of blood type A and A-gene- 
defined glycosyltransferase, three cases were positive for 
the presence of both A antigen and A-gene defined 
enzyme. From these data it would appear that the 
incompatible blood group antigen in cancer may be 
synthesized by an active transferase protein derived from 
O gene by additional mutations (deletion/insertion) or 
alternative splicing [114]. These data indicate that 
although the presence of specific glycosyltransferase 
activity is necessary, it does not account entirely for 
the specific blood group antigen expression and that the 
altered availability of precursor substances (via diversion 
into alternate synthetic pathway) and the altered regula- 
tion of blood group gene specified enzymes (alternative 
splicing, mutations) may be important factors in the 
altered expression of blood group antigens in neoplasia. 

Altered muc in  gene expression in cancer 

Recent studies indicate that the levels and the patterns of 
mucin mRNA and protein are frequently altered in 
adenocarcinomas compared to normal tissues. Alterations 
include increased expression, decreased or lost expression 
and aberrant expression. Studies using antibodies that 
recognize the tandem repeat sequences of mucin protein 
backbone structure often demonstrate increased immuno- 
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reactive mucin proteins in epithelial cancers compared 
with normal tissues, most likely due to incomplete 
glycosylation and unmasking and exposure of peptide 
epitopes [115-119]. With respect to MUC1, increased 
mucin peptide immunoreactivity generally correlates with 
increased mRNA in breast and other carcinomas 
[119, 120]. This has been attributed in part to increased 
MUC1 gene copy number in one allele. Loss of one 
MUC1 allele occurred in 29% of the tumor DNA among 
the tumor specimens that were informative (64%), while a 
gain of an allele or an additional copy of an existing allele 
has also been reported [119, 120]. Analysis of oligosac- 
charide side chains revealed that they were shorter in 
breast cancer cells than on the normally processed mucins, 
further supporting the theory that incomplete glycosylation 
contributes to increased exposure of peptide epitopes 
[121,122]. The enzymatic basis, for these changes in 
several breast cancer cell lines was shown to be an 
increase in core 1 a2,3-sialyltransferase expression and 
the loss of core 2 synthesis by fil,6GlcNAc transferase 
[123]. Although MUC1, 2 and 3 mucin peptide immunor- 
eactivity is increased in premalignant polyps and cancer of 
the colon, the levels of mRNA (MUC1, 2 and 3) are 
decreased or unchanged in moderate to well-differentiated 
colon cancers and polyps [116, 124]. In contrast, MUC2 
and MUC3 mRNA levels were increased incolloid colon 
cancer compared with normal tissue. Gastric cancers of all 
histological subtypes demonstrated increased MUC5 and 
MUC6 mRNA peptide immunoreactivity but decreased 
levels of mRNA expression [45, 125]. 

Furthermore, with malignant transformation the tissue 
and cell-specific expression of mucin genes becomes 
dysregulated [42]. For example, while normal pancreas 
mainly expressed MUC1 mucin with weak to undetect- 
able expression of MUC2, MUC3, MUC4 and MUC5 at 
the mRNA and apomucin levels, pancreatic cancer tissues 
and cells showed increased expression of MUC2, MUC4, 
and MUC5 at the mRNA and apomucin levels in addition 
to MUC1 mRNA [126,127]. In addition, different 
histological types of the tumors of the same organ may 
express different mucin types. In the pancreas, the MUC1 
apomucin but not MUC2 apomucin is expressed in 
invasive ductal carcinoma while MUC2, but not MUC1 
apomucin is expressed in intraductual papillary tumors 
with much better prognosis [117]. Similarly, mucinous 
carcinoma of the breast expressed both MUC1 and 
MUC2 apomucins while invasive ductal carcinoma of the 
breast expressed only MUC1 apomucin but not MUC2 
[128]. The levels of mRNA and apomucin expression for 
MUC1, MUC5 and MUC6 are also low to barely 
detectable in normal colon but have recently been shown 
to be increased in premalignant type of adenomatous 
polyps and colon cancer [129]. In cholangiocarcinoma, 
non-invasive bile duct crypt adenomas with favorable 
prognosis generally expressed MUC2 apomucin while 

most invasive non-papillary cholangiocarcinomas with 
poor prognosis expressed MUC1 but not MUC2 apomu- 
cins [130]. When the intrahepatic duct cells were 
examined in fetal and adult livers, switching of MUC1 
apomucin expression before birth to that of MUC3 was 
observed after birth [131]. Thus, the expression of MUC1 
in invasive non-papillary cholangiocarcinoma represents 
oncodevelopmental phenomena. 

Recent studies indicate that a colon cancer cell line 
HT29 which normally expresses MUC2 and MUC3 genes 
and only a trace level of the MUC5 gene, upregulates 
MUC5 and mRNA at the transcription level in HT29- 
MTX cells selected by adaptation/resistance to metha- 
trexate [132,133]. This change is associated with 
significantly increased expression of gastric mucin and 
apomucin antigens in HT29-MTX cells indicating a shift 
of predominantly colonic type mucins to the gastric type. 
Clearly, the mechanisms involved in the regulation of cell 
and tissue specific expression of mucin genes in normal 
and malignant cells should be elucidated. 

Mucin antigens in cancer progression and metastasis 

Altered cell surface glycoproteins of cancer cells have 
been implicated in tumor progression to metastasis. For 
example, sialylated cell surface glycoproteins have been 
reported to b e  associated with enhanced metastatic 
potential in a variety of malignant cell types in experi- 
mental animals [134-136]. Colorectal cancer cells with 
increased metastatic potential have been reported to 
express altered lectin reactivities and altered expression 
of mucin glycoprotein associated carbohydrate antigens 
[138, 139]. These include reduced peanut agglutinin 
reactivity and increased expression of sialomucin, sialyl 
Tn and sialyl extended Le x antigens. When the sialyl 
difucosyl Le x antigen level was assayed in the tissue 
lysates of primary and metastatic human colorectal cancer 
specimens using antibody inhibition methods, it was 
higher in metastasis compared with primary tumors and 
lower in early stage primary tumors compared with more 
invasive or later stage primary tumors [140]. Immunoblot 
analysis indicated that this antigenic activity was asso- 
ciated with high molecular weight mucin-like glycopro- 
teins in these specimens. Furthermore, inhibition of 
glycoprotein glycosylation by competitive inhibitors of 
sialyltransferase [141] or by aryl a-GalNAc [142, 143], a 
competitive inhibitor of GalNAcfll,3Gal transferase and 
GalNAcfll,3GlcNAc transferase, or the N-glycosylation 
inhibitor tunicamycin [144] results in diminished meta- 
static activity of cancer cells. 

The mechanism by which sialylation alters metastatic 
activities of cancer cells appears to be multifactoriaI. 
Sialylation of mucin and other glycoconjugates may 
affect growth regulation, cellular or cell-substratum 
adhesion and invasion [145-150]. Sialylated tumor 
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associated antigens have recently been shown to be 
ligands for binding to selectins. Selectins are a family of 
cell adhesion molecules that share a common structural 
motif consisting of an amino terminal lectin-like domain 
[151]. Three main types of selectins, E, L and P are 
expressed on the cell surfaces of endothelial cells (E and 
P) leukocytes (L) and platelets (P). The ligands for the 
lectimlike domain of selectins include sialyl Le x, sialyl 
Le a, sulfated Le x and sulfated Le a antigenic epitopes. 
These structures are also frequently expressed on 
malignant cells and have been reported to be involved 
in selectin-mediated adhesion of cancer cells to endothe- 
lial cells and platelets, a prelude to subsequent coloniza- 
tion in the metastatic sites [152-155]. Recent studies 
suggeset that L- and P-selectins interact primarily with 
mucin-type ligands on colon cancer cells, while E- 
selectin can recognize ligands on both mucin and non- 
mucin type  glycoproteins [156]. In addition, highly 
mucinous human colon cancer cell lines expressing both 
sialyl Le x, sialyl Le a and sulfated epitopes showed greater 
metastatic behavior in nude mouse models of human 
colon cancer metastasis [157]. This property could be 
significantly inhibited by treatment of the cells with 
Benzyl-aGalNAc, an inhibitor of mucin glycoprotein 
glycosylation concomitant with marked reduction in the 
expression of these antigenic epitopes by these cells. 

Membrane-associated mucin gtycoproteins have a rigid 
rod-like conformation that extends far above the plasma 
membrane: Studies on the effect of deglycosylation 
suggests that carbohydrates play an important role in 
the three dimensional structure of mucins due to 
hydrophilicity and anionic charge. Removal of sialic 
acids from mucin oligosaccharides reduces the extended 
conformation, while complete removal of oligosacchar- 
ides causes mucin to collapse like denatured globular 
proteins [158]. The overexpression of cell surface mucins 
may shield cell surface antigens or receptors from their 
ligands. Recently, MUCt has also been demonstrated to 
have antiadhesion properties due to its highly sialylated 
extended and rigid rod-like structure [34,35]. For 
example, transfection of MUC1 mucin cDNAs into 
human melanoma or fibroblast cell lines results in 
reduced cellular aggregation and reduced tumor growth 
and incidence in nude mice [159]. This suggests that 
MUC1 mucin may block normal cellular aggregation 
sites. The tandem repeat peptide of MUC1 apomucin was 
also expressed to a much higher extent in metastasis 
compared with primary colorectal tumors [160]. 

The expression of sialyl Tn and sialyl Le x antigens in 
primary colorectal carcinomas has also been reported to 
be an important variable for predicting patient survival 
(disease-free and overall) [161,162]. These observations 
strongly indicate the importance of~arbohydrate depen- 
dent cellular behavior during carcinogenesis, tumor 
progression and metastasis. 

Clinical application 

No mucin glycoprotein antigenic markers have yet been 
shown to be sensitive or specific enough to be clinically 
useful as diagnostic serological markers for epithelial 
cancers. Although high levels of mucin glycoprotein 
antigens such as CA19-9, CA50, SPan-1 and DuPan-2 
are observed in the serum of patients with pancreatic 
cancer and are relatively specific and sensitive for 
pancreatic cancer (about 80%), the serum assays for these 
antigens are used mainly to follow the course of the 
patients after surgical resection and/or chemotherapy 
[163-165]. CA15-3 is also elevated in the blood of some 
patients with cancers of breast, ovary and pancreas. This 
assay employs two MAbs directed to epitopes on the 
MUC1 apomucin [166]. However, it lacks the sensitivity 
and specificity to be clinically useful. At present, little is 
known about the mechanisms or factors leading to the 
high levels of these antigens in the serum of patients with 
cancer. 

Monoclonal antibodies against mucin-related antigens 
may also be used for targeting radioisotopes (131I, 111In, 
13aTc) for imaging and therapy or for targeting cytotoxic 
drugs. Much of the work in this field has been carried 
out with MAb B72.3 directed to sialyl Tn and Tn 
epitopes [167-171]. Recently, other MAbs directed to 
epitopes on mucin glycoproteins, PAM4 [172] and Nd2 
[79] have also been used particularly for pancreatic 
cancer, rain-labeled Nd2 MAb was found to detect 
relatively small pancreatic cancer in 67% of the cases 
[173]. Furthermore 131labeled Nd2 MAb suppressed the 
growth of pancreatic cancer xenografts in nude mice 
[174] Nds MAb conjugated to Adriamycin injected either 
i.v. or intratumorally into athymic nude mice suppressed 
growth of pancreatic cancer xenograft rumors while free 
Adriamycin did not [175]. 

A form of passive immunotherapy is the administration 
of previously activated lymphocytes that attack rumor 
cells, e.g. adoptive transfer. Autologous tumor cells, 
allogeneic pancreatic cancer cell lines and autologous B 
cells that have been immortalized by infection with 
Epstein-Barr virus and transfected with MUC1 cDNA 
have been used to stimulate lymphocytes [176, 177]. 
These cells act as both stimulator and target cells for 
cytotoxic T lymphocytes (CTL). CTL cell lines devel- 
oped from pancreatic patients inhibit tumor formation in 
nude mice when injected along with pancreatic tumor 
cells [178]. Cytotoxic T cells derived from pancreatic 
[179], breast [176] and ovarian [180] cancer patients 
recognize cell surface MUC1 tandem repeat peptide 
sequences. This recognition is not major histocompat- 
ibility complex-restricted presumably due to the presence 
of multiple well exposed, poorly glycosylated tandem 
repeat peptides which facilitate cross-linking of T cell 
receptors on mucin-specific T cells and the rod-like 
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conformation of MUC1 molecule on cancer cells, which 
may mask the histocompatibility complex [177, 180, 181]. 
Furthermore, cytotoxic T cells readily r6cognize target 
cells which are transfected with MUC1 cDNA encoding 
only two 20 amino acid tandem repeat sequences [182]. 
These data indicate that differences in glycosylation are 
mainly responsible for tumor associated mucin antigen 
expression and T cell recognition rather than differences 
in the mucin protein itself. This also indicates that a 
patient can mount an immune response against tumor- 
associated mucin glycoprotein components. However, 
stimulation of cytotoxic T cells by tandem repeat 
sequences of other mucins such as MUC2 and MUC3 
have not been examined to date. In addition, it has been 
observed that cell surface carbohydrates containing a2,6 
linked NeuAc may be important in a post-binding event 
in natural killer cell mediated lysis [183]. Recently, two 
monoclonal antibodies directed to LeY-related, cell sur- 
face antigens of cancer cells (including colonic cancer 
cells) which exhibit a high tumor specificity for 
gastrointestinal and other epithelial cancers have been 
described. Both are internalized by antigen-positive cells 
and one monoclonal antibody has a direct cytotoxic effect 
on antigen positive tumor cells [184]. 

Stimulation of anti-tumor immune responses can also 
be accomplished by immunization with specific carbo- 
hydrate and peptide portions of mucin glycoproteins 
[4, 185]. Carbohydrate antigenic determinants with tumor 
specificity such as Tn [186, 187], T [187, 188] and sialyl- 
Tn [189, 190], are being tested. A synthetic tumor- 
associated conjugate consisting of synthetic T antigen 
coupled to carrier proteins was developed for active 
specific immunotherapy of'a murine mammary carcinoma 
and was found to be useful i n  increasing the survival 
time of immunized mice compared with untreated ones 
[187]. Sialyl Tn is currently in Phase II clinlcal trials 
[191]. Cytokines modify the magnitude and specificity of 
the immune response to these antigens [192]. The peptide 
portion of MUC1 mucins [191,193] and antiidiotype 
antibodies that mimic the structure of the MUC1 
polypeptide [194] can also elicit immune responses. 
Human B cells from tumor draining lymph nodes of 
breast cancer patients often produce antibodies that react 
with MUC1 peptides [195]. Moreover, immunization of 
mice with synthetic MUC1 peptides or with cells 
transfected with human MUC1 reduce the incidence, 
and delay the growth, of tumors produced by a mouse 
mammary epithelial tumor cell line transfected with 
MUC1 in a syngeneic mouse model [193, 196]. 

Conclusion 

In epithelial cancers, many of the phenotypic markers for 
malignancy have been found to be mucin glycoproteins. 

Alterations in both the carbohydrate and protein moieties 
of mucin glycoproteins in colorectal cancer cells have 
been amply documented. However, limited information is 
available on the biochemical and molecular mechanisms 
involved in these changes. Specifically, the mechanism of 
altered regulation of the mucin gene family and of the 
multiglycosyltransferase system in malignant transforma- 
tion should be elucidated. In addition, further studies are 
needed to elucidate the structure-function relationship of 
the carbohydrate and peptide moieties of mucin glycopro- 
teins of epithelial cancer cells. Currently, mucin associated 
carbohydrates and peptides in epithelial cancer cells are 
being exploited for immunohistochemical diagnosis and 
prognostic assessment, serological detection, radio-immu- 
nolocalization and immunotherapy. Development of meth- 
ods to modulate mucin gene regulation and carbohydrate 
and peptide moieties of mucin glycoprotein antigens may 
play an important role in the prevention and treatment of 
epithelial cancer. 

Acknowledgements 

This work is supported in part by USPHS grant CA24321 
from the National Cancer Institute, the Department of 
Veterans Affairs Medical Research Service, a grant from 
the Theodora Betz Foundation (Y.S.K., J.G.) and the 
Medical Research Council of Canada (I.B.). The assis- 
tance of Ms Rita Burns in the preparation of this 
manuscript is gratefully acknowledged. 

References 

1. Allen DC, Connolly NS, Biggart JD (1988) HistopathoIogy 
13: 399~411. 

2. Gold DV, Miller F (1978) Cancer Res 38: 3204-11. 
3. Jass JR, Roberton AM (1994) Pathol Int 44: 487-504. 
4. Hakomori SI (1989) Adv Cancer Res 52: 257-331. 
5. Kim YS, Byrd JC (1991) In Biochemical and Molecular 

Aspect of  Selected Cancers, Vol. 1 (Pretlow TG II, Pretlow 
TR eds) pp. 277-311, New York: Academic Press. 

6. Kim YS (1993) Eur J Gastroenterol Hepatol 5" 219-25. 
7. Neutra MR, Forstner JF (1987) In Physiology o f  the Digestive 

Tract 2 edn, (Johnson LR, ed) pp. 975-1009. New York: 
Raven Press. 

8. Strous GF, Dekker J (1992) CRC Crit Rev Biochem Mol Biol 
27: 57-92. 

9. Rose MC (1992) Am J Physiol 263: L413-29. 
10. Siddiqui J, Abe M, Hayes D, Shani E, Yunis E, Kufe D 

(1988) Proc Natl Acad Sci USA 85: 2320-23. 
11. Gendler S J, Lancaster CA, Taylor-Papadimitriou J, Duhig T, 

Peat N, Burchell J, Pemberton L, Lalani E, Wilson D (1990) 
J Biol Chem 265: 15286-93. 

12. Wreschner DH, Hareuveni M, Tsarfaty H, Smorodinsky N, 
Horev J, Zaretsky J, Kotkes P, Weiss M, Lathe R, Dion A, 
Keydar I (1990) Eur J Biochem 189: 463-73. 



704 Kim et al. 

13. Ligtenberg MJL, Vos HL, Gennissen AMC, Hilkens J (1990) 
J Biol Chem 265: 5573-78. 

14. Lan MS, Batra SK, Qi W, Metzgar RS, Hollingsworth MA 
(1990) J Biol Chem 265: 15294-99. 

15. Gum JR, Byrd JC, Hicks JW, Toribara NW, Lamport DTA, 
Klm YS (1989) J Biol Chem 264: 6480-87. 

16. Gum JR, Hicks JW, Swallow DM, Lagace RE, Byrd JC, 
Lamport DTA, Siddild B, Kim YS (1990) Biochem Biophys 
Res Comm 171: 407-15. 

17. Aubert JP, Porchet N, Crepin M, Duterque-Coquillaud M, 
Vergnes G, Mazzuca M, Debuire B, Pretiprez D, Degand P 
(1991) Am J Respir Cell Mol Biol 5: 178-85. 

18. Porchet N, Van Cong N, Dufosse J, Audie JP, Guyonnet- 
Duperat V, Gross MS, Denis C, Degard P, Bernheim A, 
Aubert JP (1991) Biochem Biophys Res Comm 175: 414-22. 

19. Meerzaman D, Charles P, Daskal E, Polymerophoulos MH, 
Martin BM, Rose MC (1994) J Biol Chem 269: 12932-39. 

20. Lesuffleur T, Roches F, Hill AS, Lacasa M, Fox M, Swallow 
DM, Zweibaum A, Real FX (1995) JBiol  Chem 270: 13665- 
73. 

21. Guyonnet Duperat V, Audie JP, Debailleul V, Laine A, 
Buisine AMP, Galiegue-Zouitina S, Pigny P, Degand P, Aubert 
JP, Porchet N (1995) Biochem J 305: 211-19. 

22. Toribara NW, Roberton AM, Ho SB, Kuo WL, Hicks JW, 
Gum E, Gum JR, Byrd JC, Siddiki B, Kim YS (1993) J Biol 
Chem 268: 5879-85. 

23. Bobek LA, Tsai H, Biesbrock AR, Levine MJ (1993) J Biol 
Chem 268: 20563-69. 

24. Shankar V, Gilmore MS, Elkins RC, Sachdev GP (1994) 
Biochem J 300: 295-98. 

25. Bhargava AK, Woitach JT, Davidson EA, Bhavanandan VP 
(1990) Proc Natl Acad Sci USA 87: 6798-802. 

26. Eckhardt A, Tlmpte C, Abemathy J, Toumadje A, Johnson. 
WJ, Hill R (1987) J Biol Chem 262: 11339-44. 

27. Spicer AP, Parry G, Patton S, Gendler SJ (1991) JBiol  Chem 
266: 15099-109. 

28. Gum JR, Hicks JW, Lagace RE, Byrd JC, Toribara NW, 
Siddiki B, Fearney FJ, Lamport DTA, Kim YS (1991) J Biol 
Chem 266: 22733-38. 

29. Hoffmann W (1988) J Biol Chem 263: 7686-90. 
30. Hoffmann W, Hanser F (1993) Trends Biochem Sci 18: 

239-43. 
31. Swallow DM, Gendler S, Griffiths B, Comey G, Taylor- 

Papadimitriou J, Bramwell ME (1987) Nature 328: 82-84. 
32. Swallow DM, Gendler S, Griffiths B, Kearney A, Povey S, 

Sheer D, Palmer RW, Taylor-Papadimitrious J (1987) Ann 
Hum Genet 51: 289-94. 

33. Hilkens J, Buijs F, Ligtenberg M (1989) Cancer Res 49: 
786-93. 

34. Hilkens J, Ligtenberg MJ, Vos HL, Litvinov SV (1992) 
Trends in Biochem Sci 17: 359-63. 

35. Jentcroft N (1990) Trends Biochem Sci 15: 291-94. 
36. Baeckstr6m D, Zhang K, Asker N, Riietsch UEM, Hansson 

GC (1995) J Biol Chem 270: 13688-92. 
37. Chang S-K, Dohrman AF, Basbaum CB, Ho SB, Toribara 

NW, Gum JR, Kim YS (1994) Gastroenterology 107: 
28-36. 

38. Gum JR, Hicks JW, Toribara NW, Rothe EM, Lagace RE, 
Kim YS (1992) J Biol Chem 267: 21375-83. 

39. Gum JR, Hicks JW, Toribara NW, Siddiki B, Klm YS (1994) 
J Biol ~ Chem 269:2440-461 

40. Fox MF, Lahbib F, Pratt W, Attwood J, Gum JR, Kim YS, 
Swallow DM (1992) Ann Hum Genet 56: 281-'87. 

41. Toribara NW, Gum E, Lau P, Gum JR, Klm YS (1996) 
Gastroenterology, Abstract: in press. 

42. Kim YS, Gum JR (1995) Gastroenterology 109: 999-1013. 
43. Kindon H, Pothoulakis C, Thim L, Lynch-Devaney K, 

Podolsky DK (1995) Gastroenterology 109: 516-23. 
44. Audie JP, Janin A, Porchet N, Copin MC, Gosselin B, Aubert 

JP (1993) J Histochem Cytochdm 41: 1479-85. 
45. Ho SB, Roberton AM, Shekels L, Lyftogt CT, Niehans GA, 

Toribara NW (1995) Gastroenterology 109: 735-47. 
46. de Bol6s C, Garrido M, Real FX (1995) Gastroenterology 

109: 723-34. 
47. Ligtenberg MJL, Kruijshaar L, Buijs F, Van Meijer M, 

Litvinov SV, Hilkens J (1992) J Biol Chem 267: 6171-77. 
48. Ohara S, Byrd JC, Gum J, Klm YS (1994) Biochem J 297: 

509-16. 
49. Roussel P, Larnblin G, Lhermitte M, Houdret N, Lafitte J, 

Perini J, Klein A, Scharfman A (1988) Biochemie 70: 1471- 
82. 

50. Schachter H, Brockhausen I (1992) In: Glycoconjugates, 
Composition, Structure and Function (Allen HJ, Klsailus EC, 
eds) pp. 263-332. New York: Marcel Dekker. 

51. BroCkhausen I (1995) In: New Comprehensive Biochemistry 
Vol. 29a. Glycoproteins (Montreuil L, Vliegenthart HFG, 
Schachter H, eds)pp. 201-59. Amsterdam: Elsevier. 

52. Podolsky DK (1985) J Biol Chem 260: 15510-15. 
53. Podolsky DK (1985) J Biol Chem 260: 8262-71. 
54. Slomiany BL, Zdebska E, Slomiany A (1984) J Biol Chem 

259: 2863-69. 
55. Slomiany A, Zdebska E, Slorniany BL (1984) J Biol Chem 

259: 14743-49. 
56. Kim YS, Isaacs R (1975) Cancer Res 35: 2092-97. 
57. Shimamoto C, Deshmukh GD, Rigot WL, Boland CR (1989) 

Biochem Biophys Acta 991: 284--95. 
58. Boland CR, Deshmukh GD (1990) Gastroenterology 98: 

1170-77. 
59. Kurosaka A, Nakajima H, Funakoshi I, Matsuyama M, 

Nagayo T, Yamashina I (1983) J Biol Chem 258: 11594-98. 
60. Kurosaka A, Fukui S, Kitagawa H, Nakada H, Numata Y, 

Funakoshi I, Kawasaki T, Yamashina I (1987) FEBS Lett 215: 
137-39. 

61. Capon C, Laboisse CL, Wieruszeki JM, Maoret JJ, Augeron 
C, Fournet B (1992) J Biol Chem 267: 19248-57. 

62. Springer GF, Ghazizadeh M, Desai PR, Tegtrneyer H (1995) 
Cancer Detect Prevent 19: 1-73-82. 

63. Takahashi HI(, Metoki R, Hakomori S (1988) Cancer Res 48: 
4361--67. 

64. Longenecker BM, Willans D J, Maclean GD, Selvaraj S, Suresh 
MR, Noujaim AA (1987) J Natl Cancer lnst 78: 489-96. 

65. Thor A, Ohuchi N, Szpak C, Johnston W, Schlom J (1986) 
Cancer Res 46: 3118-24. 

66. Siddiki BB, Huang J, Ho JJL, Byrd JC, Lau E, Yuan M, Kim 
YS (1993) Int J Cancer 54: 467-74. 

67. Itzkowitz SH, Yuan M, Montgomery CK, Kjeldsen T, 
Takahashi HK, Bigbee WL, Kim YS (1989) Cancer Res 
49: 197-204. 



Mucin glycoproteins in neoplasia 705 

68. Itzkowitz SH, Bloom EJ, Lau T-S, Kim YS (1992) Gut 33: 
518-23. 

69. Johnson V, Schlom J, Paterson A, Bennett J, Magnani J, 
Colcher D (1986) Cancer Res 46: 850-57. 

70. Samuel J, Noujaim A, MacLean G, Suresh M, Longenecker B 
(1990) Cancer Res 50: 4801-8. 

71. Nilsson O, Mansson J-E, Lindholm L, Holmgren J, 
Svennerholm L (1985) FEBS Lett 182: 398-402. 

72. Mansson J-E, Fredman P, Nilsson O, Lindholm L, Holmgren 
J, Svelmerholm L (1985) Biochim Biophys Acta 834: 110-17. 

73. Atkinson BF, Ernst CS, Herlyn M, Steplewski Z, Sears HF, 
Koprowski H (1982) Cancer Res 42: 4820-23. 

74. Arends JW, Wiggers T, Schutte B, Thijs CT, Verstijen C, 
Hilgers J (1983) Int J Cancer 32: 289-93. 

75. Chung YS, Ho JJL, Kim YS, Tanaka H, Nakata B, Hiura A, 
Motoyoshi H, Satake K, Umeyama K (1987) Cancer 60: 
1636-43. 

76. Ho JJL, Chung Y, Fujimoto Y, Bi N, Yuan S, Byrd JC, Kim 
YS (1988) Cancer Res 48: 3924-31. 

77. Metzgar R, Rodriguez N, Finn O, Lan M, Daasch V, Femsten 
P (1984) Proc Natl Aead Sci USA 81: 5242-46. 

78. Magnani JL, Steplewski Z, Koprowski H, Ginsburg V (1983) 
Cancer Res 43: 5489-92. 

79. Itzkowitz SH, Yuan M, Fukushi Y, Lee H, Shi Z, Zurawski V, 
Jr, Hakomori SI, Kim YS (1988) Cancer Res 48: 3834-42. 

80. Pour PM, Tempero MM, Takasaki H, Uehida E, Takiyama Y, 
Burnett DA (1988) Cancer Res 48: 5422-26. 

81. Miyake M, Kohno N~ Nudelman E, Hakomori S (1989) 
Cancer Res 49: 5689-95. 

82. Itzkowitz SH, Yuan M, Fukushi Y, Palekar A, Phelps PC, 
Shamsuddin AM, Trump BF, Hakomori SI, Kim YS (1986) 
Cancer Res 46: 2627-32. 

83. Yuan M, Itzkowitz SH, Ferrell LD, Fukushi Y, Palekar A, 
Hakomori SI, Kim YS (1987) J Natl Cancer Inst 78: 479-88. 

84. Kim YS, Yuan M, Itzkowitz SH, Sun Q, Kaizu T, Palekar A, 
Trump BF, Hakomori S (1986) Cancer Res 46: 5985-92. 

85. Kim YS, Itzkowitz SH, Yuan M, Chung YS, Satake K, 
Umeyama K, Hakomori SI (1988) Cancer Res 48: 475-82. 

86. Szulman AE (1964) J Exp Med 119: 503-15. 
87. Szulman AE, Marcus DM (1973) Lab Invest 28: 565-74. 
88. Yuan M, Itzkowitz SH, Palekar A, Shamsuddin AM, Phelps 

PC, Trump BF, Kim YS (1985) Cancer Res 45: 4499-511. 
89. Itzkowitz SH, Yuan M, Ferrell LD, Ratcliffe RM, Chung YS, 

Satake K, Umeyama K, Jones RT, Kim YS (1987) J Natl 
Cancer Inst 79: 425-34. 

90. Quaroni A, Weiser MM, Herrera L, Fay D (1989) hnmunol 
Invest 18: 391-404. 

91. Bara J, Gautier R, Daher N, Zaghouani H, Burtin P (1986) 
Cancer Res 46: 3983-89. 

92. Filipe MI, Barbatis C, Sandey A, Ma J (1988) Hum Pathol 
19: 19-26. 

93. Gottlinger HG, Lobo FM, Grimm TW, Riethmuller G, 
Johnson JP (1988) Cancer Res 48: 2198-203. 

94. Sakurai Y, Hirohashi S, Shimosato Y, Kodaira S, Abe O 
(1988) Cancer Res 48: 4053-58. 

95. Davis H, Jr, Vz RB, Jr, Klug T (1986) Cancer Res 46: 
6143-48. 

96. Paulson JC, Weinstein J, Schauer A (1989) J Bioi Chem 264: 
10931-34. 

97. Wen DX, Svensson EC, Paulson JC (1992) JBiol  Chem 267: 
2512-18. 

98. Dall'Olio F, Malagolini N, Stefano G, Minni F, Marrano D, 
Serafinicessi F (1989) Int J Cancer 44: 434-39. 

99. Yang J-M, Byrd JC, Siddiki BB, Chung Y-S, Okuno M, Sowa 
M, Kim YS, Matta KL, Brockhausen I (1994) Glycobiology 
4: 873-84. 

100. Vavasseur F, Yang J-M, Dole K, Paulsen H, Brockhausen I 
(1995) Glycobiology 5: 351-57. 

101. King M-J, Chan A, Roe R, Warren F, Dell A, Morris HR, 
Bartolo CC, Durdey P, Corfield AP (1994) Glycobiology 4: 
267-79. 

102. Sugihara K, Jass JR (1986) J Clin Pathol 39: 1088-95. 
103. Hutchins JT, Reading CL, Giavazzi R, Hoaglund J, Jessup JM 

(1988) Cancer Res 48: 483-89. 
104. Ogata S, Ho I, Chen A, Dubois D, Maklansky J, Singhal A, 

Hakomori S (1995) Cancer Res 55: 1869-74. 
105. Holmes EH, Hakomori S, Ostrander GK (1987) J Biol Chem 

262: 15649-58. 
106. Lowe J, Kukowska-Latallo J, Nair R, Larsen R, Marks R, 

Macher B, Kelly R, Ernst L (1991) J Biol Chem 266: 
17467-77. 

107. Tyrrell D, James P, Rao N, Foxall C, Abbas S, Dasgupta F, 
Nashed M, Hasegawa A, Kiso M, Asa D, Kidd J, Brandley B 
(1991) Proc Natl Acad Sci 88: 10372-76. 

108. Nelson RM, Dolich S, Aruffo A, Cecconi O, Bevilacqua MP 
(1993) J Clin Invest 91: 1157-66. 

109. Majuri M-L, Niemel~i R, Tiisala S, Renkonen O, Renkonen R 
(1995) Int J Cancer 63: 551-59. 

110. Kim YS, Isaacs R, Perdomo J (1974) Proe Natl Acad Sci 
USA 71: 4869-73. 

111. Itzkowitz SH, Dahiya R, Byrd JC, Kim YS (1990) 
Gastroenterology 99: 431-42. 

112. Dahiya R, Itzkowitz SH, Byrd JC, Kim YS (1989) Cancer 
Res 49: 4550-58. 

113. Yamamoto F, Clausin H, White T, Marken J, Hakomori S 
(1990) Nature (Lond.) 345: 229-33. 

114. David L, Leitao D, Sobrinho-Simoes M, Bennett EP, White T, 
Mandel U, Dabelsteen E, Clausen H (1993) Cancer Res 53: 
5494-500. 

115. Yah PS, Ho SB, Itzkowitz SH, Byrd JC, Siddiqui B, Kim YS 
(1990) Lab Invest 62: 698-706. 

116. Ho SB, Niehans GA, Lyftogt CT, Yan P-S, Cherwitz DL, 
Gum ET, Dahiya R, Kim YS (1993) Cancer Res 53: 641- 
51. 

117. Osaka M, Yonezawa S, Siddiki B, Huang J, Ho JJL, Kim YS, 
Sato E (1993) Cancer 71: 2191-99. 

118. Girling A, Bartkova J, Burchell J, Gendler S, Gillett C, 
Taylor-Papadimitriou J (1989) Int J Cancer 43: 1072-75. 

119. Merlo GR, Siddiqui J, Cropp CS, Liscia DS, Lidereau R, 
Callahan R, Kufe D (1989) Cancer Res 49: 6966--71. 

120. Gendler SJ, Cohen EP, Craston A, Duhig T, Johnstone G, 
Barnes D (1990) Int J Cancer 45: 431-35. 

121. Hanisch FG, Uhlenbruch G, Dienst C, Stottrop M, Hippaunf 
E (!985) Eur J Biochem 149: 323-30. 

122. Hull S, Bright K, Carraway K, Abe M, Hayes D, Kufe D 
(1989) Cancer Commun 1: 262--67. 

123. Brockhausen I, Yang J-M, Burchell J, Whitehouse C, Taylor- 
Papadimitrious J (1995) Eur J Bioehem 233: 607-17. 



706 Kim et al. 

124. Ogata S, Ueham H, Chen A, Itzkowitz SH (t992) Cancer 
Res 52: 5971-78. 

125. Ho SB, Shenkels LL, Toribara NW, Kim YS, Lyftogt CT, 
Cherwitz DL, Niehans GA (1995) Cancer Res 55: 2681- 
90. 

126. Balag~ C, Gambfis G, Carrato C, Porchet N, Aubert J-P, Kim 
YS, Real FX (1994) Gastroenterology 106: 1054-61. 

127. Hollingsworth MA, Strawhecker JM, Caffrey TC, Mack DR 
(1994) Int J Cancer 57: 198-203. 

128. Yonezawa S, Nomoto M, Matsuldta S, Xing P-X, McKenzie 
IFC, Hilkens J, Kim YS, Sato E (1995) Cytochem 28: 239- 
46. 

129. Sanderson SJ, Ewing SL, Shekels LL, Evans MK, Toribara 
NW, Ho SB (1996) Gastroenterology (abstracO: in press. 

130. Yamashita K, Yonezawa S, Tanaka S, Shirahama H, Sakoda 
K, Imai K, Xing P-X, McKenzie IFC, Hilkens J, Kim YS 
(1993) lnt J Cancer 55: 82-91. 

131. Sasaki M, Nakanuma Y, Terada T, Kim YS (1995) Am J 
Pathol 147: 574-79. 

132. Lesuffteur T, Porchet N, Aubert J-P, Swallow D, Gum JR, 
Kim YS, Real FX, Zweibaum A (1993) J Cell Science 106: 
771-83. 

133. Kitamura H, Cho M, Gum JR, Lee B-H, Toribara NW, 
Lesuffleur T, Zweibaum A, Kim YS (1995) Europ J Cancer: 
in press. 

134. Yogeeswaran G, Salk PL (1981) Science 212: 1514-16. 
135. Dennis J, Waller C, Timpl R, Schirrmacher V (1982)Nature 

300: 274-76. 
136. Bresalier RS, Boland CR, Kim YS (1984) Gastroenterology 

87: 115-22. 
137. Harvey BE, Toth CA, Wagner HE, Steele GD, Thomas P 

(1992) Cancer Res 52: 1775-79. 
138. Bresalier RS, Rockwell RW, Dahiya R, Kim YS (1990) 

Cancer Res 50: 1299-307. 
139. Bresalier RS, Ho SB, Shoeppner HL, Kim YS, Sleisenger 

MH, Brodt, P, Byrd JC (1995) Gastroenterology: in press. 
140. Hoff SD, Matsushita Y, Ota DM, Cleary KR, Yamori T, 

Hakomori S, Irimura T (1989) Cancer Res 49: 6883-88. 
141. Kijima-Suda I, Miyamoto Y, Toyoshima S, Itoh M, Osawa T 

(1986) Cancer Res 46: 858-62. 
142. Kuan S-F, Byrd JC, Basbaum CB, Kim YS (1987) Cancer 

Res 47: 5715-24. 
143. Bresalier RS, Niv Y, Byrd JC, Duh Q-Y, Tofibara NW, 

Rockwell R, Dahiya R, Kim YS (1991) J Clin Invest 87: 
1037-45. 

144. Irimura T, Gonzalez R, Nicolson GL (1981) Cancer Res 41: 
3411-18. 

145. Schirrmacher V (1985) Adv Cancer Res 43: 1-73. 
146. Stanford DR, Starkey JR, Magnuson JA (1986) Int J Cancer 

37: 435-44. 
147. Dube VE (1987) Cancer Metastasis Rev 6: 541-57. 
148. Bharathan S, Moriar~y J, Moody CE, Sherblom AP (1990) 

Cancer Res 50: 5250-56. 
149. Carraway K, Fregien N, Carraway-3d K, Carraway C (1992) 

J Cell Sci 103: 299-307. 
150. Sawada T, Ho JJL, Sogabe T, Yoon W-H, Chung Y-S, Sowa 

M, Kim YS (i993) Biochem Biophys Res Commun 195: 
1096-103. 

151. Bevilacqua MP, Nelson RM (1993) J Clin Invest 91: 379-87. 

152. Majuri M-L, Mattila P, Renkonen R (1992) Biochem Biophys 
Res Commun 182: 1376-82. 

153. Kojima N, Handa K, Newman W, Hakomori S (1992) 
Biochem Biophys Res Commun 182: 1288-95. 

154. Hareuveni M, Gautier C, Kieny M-P, Wreschner DH, 
Chambon P, Lathe R (1990) Proc Natl Acad Sci USA 87: 
9498-502. 

155. Yuen C-T, Bezouska K, O'Brien J, Stoll M, Lemoine R, 
Lubineau A, Kiso M, Hasegawa A, Bockovich N J, Nicolaou 
KC, Feizi T (1994) J Biol Chem 269: 1595-98. 

156. Marmori G, Crottet P, Cecconi O, Hanasaki K, Aruffo A, 
Nelson RM, Varki A, Bevilacqua MP (1995) Cancer Res 55: 
4425--31. 

157. Huang J, Byrd JC, Yoon W-H, Kim YS (1992) Ontology Res 
4: 507-15. 

158. Shogren R, Gerken TA, Jentoft N (1989) Biochemistry 28: 
5525-36. 

159. Ligtenberg MJ, Buijs F, Vos HL, Hilkens J (1992) Cancer 
Res 52: 2318-24. 

160. Nakamori S, Ota DM, Cleary KR, Shirotani K, Irimura T 
(1994) Gastroenterology 106: 353-61. 

161. Itzkowitz SH, Bloom EJ, Kokal WA, Modin G, Hakomori S, 
Kim YS (1990) Cancer 66: 1960-66. 

162. Nakamori S, Kameyama M, Imaoka S, Fumkawa H, Ishikawa 
O, Sasaki Y, Kabuto T, Iwanaga T, Matsushita Y, Irimua T 
(1993) Cancer Res 53: 3632-37. 

163. Satake K, Chung Y-S, Umeyarna K, Takeuchi T, Kim YS 
(1991) Cancer 68: 149-52. 

164. Ho JJL, Chung YS, Yuan M, Henslee J, Kim YS (1992) Int J 
Cancer 52: 693-700. 

165. Chung Y-S, Nakata B, Sawada T, Yamashita K, Ho JJL, Kim 
YS, Sowa M (1993) Int J Oncotogy 2: 921-26. 

166. Ho JJL, Kim YS (1994) Pancreas 9: 674-91. 
167. Brown BA, Comeau RD, Jones PL (1987) Cancer Res 47: 

1149-54. 
168. Colcher D, Esteban JM, Carrasquillo JA, Schlom J (1987) 

Cancer Res 47: 1t85-89. 
169. Schlom J, Horan Hand H, Greiner JW (1990) Cancer Res 

50(suppl): 820s-7s. 
170. Meredity RF, Khazaeli MB, Plott WE (1992) JNucl  Med 33: 

23-29. 
171. Homn Hand P, Kashmiri SVS, Schlom J (1994) Cancer 78: 

1105-13. 
172. Gold DV, DeMartino JA, Shi B, Daugherty BL, Mark GE 

(1993) Proc Am Assoc Cancer Res 34: 480. 
173. Sawada T, Chung YS, Kondo Y, Satake K, Sowa M, 

Umeyama K, Ochi I, Ho JJL, Kim YS (1991) Antibody 
lmmunoconjugates and Radiopharmaceuticals 4: 493-99. 

174. Chung Y-S, Kondo Y, Inui A (1993) Proc Am Assoc Cancer 
Res 34: 474. 

175. Kondo Y, Chung Y-S, Sawada T, Inui A, Yamashita Y, 
Hirayama K, Nakata B, Ho JJL, Kim YS, Sowa M (1995) 
Jap J Cancer Res 86: 1072-79. 

176. Jerome KR, Domenech N, Film OJ (1993) J Immunol 151: 
1654-62. 

177. Bu D, Domenech N, Lewis J, Taylor-Papadimitriou J, Finn OJ 
(1993) J Immunother 14: 127-35. 

178. Wahab ZA, Metzgar RS (1991) Pancreas 6: 307-17. 
179. Jerome KR, Barnd DL, Bendt KM, Boyer CM, Taylor- 



Mucin glycoproteins in neoplasia 707 

Papadimitriou J, McKenzie FC, Bast RC, Finn OJ (1991) 
Cancer Res 51: 2908-16. 

180. Ioannides CG, Fisk B, Jerome KR, Irimura T, Wharton JT, 
Finn OJ (1993) J Immunol 151: 3693-703. 

181. Wolfel T, Herr W, Coulie P (1993) Int J Cancer 54: 
636-44. 

182. Magarian-Blander J, Domenech N, Finn OJ (1993) Annal NY 
Aead Sci 690: 231-43. 

183. Ogata S, Maimonis PJ, Itzkowitz SH (1992) Cancer Res 52: 
4741-46. 

184. Hellstrom I, Garrigues JH, Garrigues V, Hellstrom KE (1990) 
Cancer Res 50: 2183-90. 

185. Hakomori S-I (1991) Curr Opin Immunol 3: 646-53. 
186. Singhal A, Fotm M, Hakomori S (1991) Cancer Res 51: 

1406-11. 
187. Springer GF, Desai PR, Tegtmeyer H, Spencer BD, Scanlon 

EF (1993) Ann NYAcad Sci 690: 355-57. 
188. Fung PYS, Madej M, Koganty RR, Longenecker BM (1990) 

Cancer Res 50: 4308-14. 

189. O'Boyle KP, Zamore R, Adlui S, Cohen A, Kemeny N, Welt 
S, Lloyd KO, Oettgen HF, Old LJ, Livingston PO (1992) 
Cancer Res 52: 566347. 

190. MacLean GD, Reddish M, Koganty RR (1993) Cancer 
Immunol Immunother 36: 215-22. 

191. Taylor-Papadimitriou J, Stewart L, Burchell J, Beverley P 
(1993) Ann NY Acad Sci 690: 69-79. 

192. Piera M, de Bolos C, Castro R, Real FX (1993) Int J Cancer 
55: 148-52. 

193. Ding L, Lalani E-N, Reddish M (1993) Cancer Immunol 
Immunother 36: 9-17. 

194. Bashford JL, Robins RA, Price MR (1993) Int J Cancer 54: 
778-83. 

195. Rughetti A, Turchi V, Ghetti CA, Scambia G, Pacini PB, 
Roncucci G, Mancuso S, Frati L, Nuti M (1993) Cancer Res 
53: 2457-59. 

196. Lalani E-N, Berdichevsky F, Boshell M, Shearer M, Wilson 
D, Strauss H, Gendler SJ, Taylor-Papadimitriou J (1991) 
J Biol Chem 266: 15420-26. 


