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Introduction

The term “mucin” has changed its meaning over the last
decades prompted by the impressive progress made in the field
of glycobiology. Up to the 1970s researchers exclusively used
this term to refer to the major glycoprotein components in
secreted mucus lining the surfaces of glandular epithelia. The
best characterized species during that time, the mucins from
ovine and bovine submaxillary glands, served as structural
models for this subclass of glycoproteins, since they exhibited
the features regarded as typical for mucins: a high carbohy-
drate content (exceeding 50% by weight) with a concomitant
high buoyant density and a threonine/serine rich peptide core
serving as a scaffold for the addition of uniform, simple and
mainly acidic oligosaccharides. A dense hydrophilic coat of O-
linked negatively charged glycans was a simple structural
model, but in accord with the proposed function of mucins
which was regarded to lie in the formation of a viscoelastic gel
serving in physicochemical protection of epithelial surfaces.

Two important observations, which were made during the
1980s, have changed this view and conferred the mucins
increased attraction as a research topic. Using advanced meth-
odology and sophisticated instrumentation (FABMS, 500 MHz
H-NMR) several groups could demonstrate by means of struc-
tural chemistry that mucins are much more complex glyco-
sylated than expected (Lamblin et al., 1984; Hanisch et al.,
1985, 1986; Hounsell et al., 1985, 1989; Mutsaers et al., 1986).
A second major point was the identification of tumor-associ-
ated epitopes on mucins as immunotargets on malignant
epithelial cells and their secretions (Magnani et al., 1983;
Hilkens et al., 1984; Burchell et al., 1987). In particular the
latter aspect has driven tremendous efforts to characterize
distinct mucin species by recombinant technology. In 1990
four groups were able to sequence the first human mucin gene
on the DNA level (Gendler et al., 1990; Lan et al., 1990;
Ligtenberg et al., 1990; Wreschner et al., 1990). Designated as

MUC1 in accord with the Human Genome Mapping conven-
tions, this mucin protein is identical to the polymorphic epithe-
lial mucin (PEM), the polymorphic urinary mucin (PUM),
Episialin, DF3 antigen, and several other glycoforms of MUC1
isolated from various sources. MUC1 and meanwhile a series
of other human mucins (MUC2 to MUC12) have revealed to
exhibit large domains of tandemly repeated peptides as a struc-
tural characteristic of the “real” mucins (Porchet et al., 1991;
Bobek et al., 1993; Toribara et al., 1993; Gum et al., 1994;
Meerzaman et al., 1994; Shankar et al., 1994; Van Klinken et
al., 1997; Lapensee et al., 1997; Nollet et al., 1998; Williams
et al., 1999). They can be discriminated in this way from
mucin-like glycoproteins, like GlyCAM1 or MadCAM1,
serving roles in cell adhesion (Shimizu and Shaw, 1993). The
currently known MUC species can be subdivided into two
groups dependent on their structural aspects and biosynthetic
routes. Membrane bound mucins (MUC1, MUC3, MUC4,
MUC12) exhibit hydrophobic sequences or “transmembrane
domains” responsible for their anchoring in the lipid bilayer
and C-terminal peptides enter the cytosol (Table I). With one
exception (MUC7) the secretory mucins (MUC2, MUC5AC,
MUC5B, MUC6) possess one or several von Willebrandt
factor-like D domains (Table I), cystein-rich peptides, which
function in the oligomerization of mucin monomers and in the
packaging into secretory vesicles (Perez-Vilar and Hill, 1999).

This review will focus on MUC1 by attempting to summa-
rize the actual knowledge on the structural, biosynthetic and
functional aspects accumulated over the last decade. While
previous reviews have concentrated on the mucin gene
(Gendler and Spicer, 1995), the processing of the protein and
its function in cell adhesion (Hilkens et al., 1992) or on MUC1
immunology (Apostolopoulos and McKenzie, 1994; Finn et
al., 1995), we will emphasize those aspects related to O-glyco-
sylation of MUC1 in health and disease. In this context refer-
ence will primarily be made to structural and enzymatic work
and only sporadically to evidence from immunochemical
studies. Recent findings have led to a series of revisions of
previous concepts on site-specific O-glycosylation of MUC1
and glycosylation-induced effects on MUC1 antigenicity.
These findings and their implications will be tied into the
current concepts of the field and discussed with reference to
ongoing developments of tumor defense strategies on the
humoral and cellular level.

MUC1 expression and function

MUC1 exhibits a ubiquitous organ distribution (Zotter et al.,
1988) including mammary gland acini and ducts, salivary1To whom correspondence should be addressed
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gland ducts and serous acini, but not mucinous acini; squa-
mous epithelium of the esophagus; parietal cells, canaliculi and
peptic cells of the stomach; acini and ducts of the pancreas;
bile ducts in the liver; enterocytes of the duodenum, but not the
large intestine; respiratory and ciliated epithelium of the lungs,
serous bronchial glands, but not mucinous ones; distal tubules
of the kidney and collecting ducts, but not proximal tubules;
bladder urothelium; prostate gland epithelium; resting
endometrium of the uterus; rete testis; (activated) mesothe-
lium. Important negative tissues are the skin epithelium and all
kinds of mesenchymal tissues.

Nonepithelial expression of the mucin has been described to
occur on lymphoid cells and lymphomas, especially on plasma
cells and myelomas (Zotter et al., 1988, and references therein;
Treon et al., 1999). The same authors described detection of
the mucin also on anaplastic large cell lymphomas, some T
lymphomas of the Ki-1 (activated) type, and on Reed-Stern-
berg cells in Hodgkin disease. Recently it was shown that a
selected panel of anti-MUC1 antibodies stained positive with a
fraction of normal proerythroblasts and erythroblasts in bone
marrow (Brugger et al., 1999). An important observation is
furthermore that activated T cells, but not resting T
lymphocytes switch on MUC1 expression (Agrawal et al.,
1998).

The cellular localization of MUC1 in normal ductal epithelia
is restricted to the apical surface facing the lumen of the duct.
There it may be responsible for the lubrication of the epithelial
surfaces, and for the entrapment of particles or cellular debris.
A potential protective function mediated by specific binding of
ingested bacterial or viral pathogens was demonstrated for
MUC1 in human milk (Schroten et al., 1992; Yolken et al.,
1992). While protective functions may be common to all

mucins including the secreted species, the cytoplasmic tail of
the membrane-integrated MUC1 has been proposed to be
involved in cell signaling events (Pandey et al., 1995). It
contains potential tyrosine phosphorylation sites for binding to
SH2 domains, like that on the adaptor protein Grb2. Although
the functional role of MUC1 mediated cell signaling is
unknown, there are hints that point to a possible involvement
in cell adhesion (Yamamoto et al., 1997). A cytoplasmic motif
on MUC1 was identified to bind β-catenin, and the interaction
with this protein was demonstrated to be induced by adherence
of epithelial cells to culture dishes. MUC1 interaction with β-
catenin is controlled by glycogen synthase kinase, which phos-
phorylates serine adjacent to proline in the STDRSPYE motif
(Li et al., 1998).

Among the numerous functions proposed for MUC1 its
potential role in tumor progression and metastasis has to be
emphasized. Malignant cells lose their polarity and MUC1
topology changes by expression also at the basolateral surface.
Among other factors, this aberrant expression has been
claimed to mediate the initial step in the metastatic cascade of
tumor cells by the antiadhesive effects exerted by the rod-like,
several hundred nanometer extending molecule that shields the
cell surface sterically and electrostatically (Hilkens et al.,
1992). In this way it is presumed to prevent the formation of
cell–cell contacts mediated by E-cadherin (Wesseling et al.,
1996) or cell matrix contacts mediated by integrins (Wesseling
et al., 1995). In the same way it may also be responsible for the
escape of metastasizing tumor cells from the surveillance by
the host’s immune system. This assumption is based on the
finding that mucin-expressing cells are generally resistant to
natural killer cells and cytotoxic T cells (Sherblom and Moody,
1986). Moreover, MUC1 on tumor cells was demonstrated to

Table I. The MUC series of human mucins

apm, genetic polymorphism with respect to the number of tandem repeats.
bMUC11 and MUC12 could represent proteins encoded by separate genes or originate from alternative mRNA splicing.

MUC species
secretory
membraneous D domains

Chromosomal
localization

Tandem repeats

ReferenceNumber Sequence (residue number)

MUC1 m,s - 1q21 pm a AHGVTSAPDTRPAPGSTAPP (20) Gendler et al., 1990

MUC2 s + 11p15.5 pm PTTTPITTTTTVTPTPPTPTGTQT (23) Gum et al., 1994

16 PPTTTPSPPTTTTTTP (16)

MUC3 m,s - 7q22 pm HSTPSFTSSITTTETTS (17) Van Klinken et al., 1997

MUC4 m,s - 3q29 pm TSSASTGHATPLPVTD (16) Nollet et al., 1998

MUC5AC s + 11p15.5 pm TTSAPTTS (8) Guyonnet Duperat et al., 1995

MUC5B s + 11p15.5 11 Irregular repeats of 29 aa Meerzaman et al., 1994

MUC6 s + 11p15.5 pm 169 aa repeat Toribara et al., 1993

MUC7 s - 4q13-21 6 TTAAPPTPSATTPAPPSSSAPPE (23) Bobek et al., 1993

MUC8 ? ? 12q24.3 ? TSCPRPLQEGTRV (13) and Shankar et al., 1994

TSCPRPLQEGTPGSRAAHALSRRG

HRVHELPTSSPGGDTGF (41)

MUC9 ? ? 1p13 pm GEKTLTPVGHQSVTP (15) Lapensee et al., 1997

MUC11b 7q22 ? SGLSEESTTSHSSPGSTHTTLSPASTTT (28) Williams et al., 1999a

MUC12b m,s ? 7q22 ? SGLSQESTTFHSSPGSTETTLSPASTTT (28) Williams et al., 1999a
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induce a local T cell anergy (Agrawal et al., 1997), an inhibi-
tion of proliferation which was reversible by interleukin-2.
Finally, MUC1 has been identified in vitro as a potential target
in the colonization of metastasizing tumor cells by interacting
with ICAM1 (Regimbald et al., 1996) or with E-selectin
(Zhang et al., 1996).

In line with these observations is the overexpression of
mucin by carcinoma cells making MUC1 a primary target for
tumor defense strategies. Since a fraction of the mucin is
secreted or shed from the tumor cell surface, MUC1 is detect-
able in the sera of cancer patients and has meanwhile devel-
oped to an established tumor marker (Ca15.3) in the clinical
postoperative diagnosis of breast cancer patients (Bon et al.,
1990).

Polymorphism of the MUC1 protein

The primary structure and domain architecture of MUC1
protein became accessible by cloning and sequencing of the
full-length cDNA derived from different human carcinoma cell
lines (Gendler et al., 1990; Lan et al., 1990; Ligtenberg et al.,
1990; Wreschner et al., 1990). The deduced organization of
exon and intron sequences revealed that among the seven
exons the second contains the entire region of multiply
repeated 60 bp units. On the protein level this domain can
make up about 50–80% of the molecule depending on the
number of icosapeptide repeats (Figure 1). This size variation

of the domain, which therefor is called a “variable number of
tandem repeats” (or VNTR) domain, underlies an inherited
polymorphism and comprises about 20–120 repeat units in the
northern European population with 40 and 80 repeats being the
most frequent (Gendler et al., 1988; Siddiqui et al., 1988). The
remainder of the protein consists of 480 amino acids. The
VNTR domain in the center of MUC1 is flanked by short
regions containing several degenerate repeat peptides with a
low percentage of sequence identity to the VNTR peptide
(Figure 1). The short N-terminal domain contains a signal
peptide and a splice site yielding two alternative products. The
more extended C-terminal portions outside the VNTR domain
comprise a transmembrane (31aa) and an intracellular domain
(69 aa).

While the human MUC1 and its mouse homologue have
only limited homology (30% identity) in their repeat domains,
the C-terminal cytoplasmic domains are >85% identical
(Spicer et al., 1991). This high degree of sequence conserva-
tion in conjunction with the cellular topology of the mucin
points to a functional relevance of the intracellular peptide. In
contrast to the mouse homologue the tandem repeats of the
human MUC1 have been reported to be more highly conserved
(Gendler et al., 1990; Spicer et al., 1991). In accord with this,
the entire domain has been interpreted as a recent expansion of
a single repeat (Vos et al., 1991). Unexpectedly, a sequencing
study of proteolytic fragments corresponding to the entire
VNTR core protein revealed that the established sequence of
the repeat may represent only one out of several alternative
icosapeptides (Müller et al., 1999). Starting with the AHG
motif three positions were reported to be replaced at high inci-
dence: Pro9 → Ala, Asp18 → Glu and Thr19 → Ser (Figure 1).
The latter two replacements which were found in about 50% of
the repeats occurred always concertedly. Originally reported
for a breast cancer cell line (T47D) the same VNTR peptide
variations, but also other replacements were detected in MCF-
7 and HPAF carcinoma cell lines on the DNA level (Siddiqui
et al., 1988; Müller and Hanisch, unpublished observations).
The occurrence of variant peptides is not restricted to cancer
cells, since MUC1 from individual milk samples showed a
similar series of amino acid replacements (Müller and Hanisch,
unpublished observations).

The term polymorphism refers also to several isoforms of the
mucin originating from alternative splicing events or from
processing on the protein level (Figure 1). The membrane-
associated MUC1 is expressed as a continuous polypeptide.
However, between VNTR and transmembrane domains a
proteolytic cleavage site is located which is used during
processing of the mucin protein in the Golgi (Ligtenberg et al.,
1992). Surface exposure of the cleavage products occurs by
formation of a non-covalent heterodimeric complex composed
of the mucin subunit and the C-terminal transmembrane unit
which anchors MUC1 (Figure 1). This mode of membrane
anchorage is not unique for MUC1, but has been reported also
for the rat homologue of human MUC4, the ASGP-1/ASGP-2
complex (Sheng et al., 1990). Two variant proteins that are
generated by alternative splicing from the MUC1 gene form a
similar complex (Baruch et al., 1999). The MUC1/Y isoform,
which is devoid of the tandem repeat domain (Zrihan-Licht et
al., 1994), spans the membrane and serves as a binding partner
for another splice variant of the MUC1 gene, the secreted
mucin-like polymorphic MUC1 protein MUC1/SEC (Figure

Fig. 1. Primary structure and domain architecture of human MUC1. The
primary structures of MUC1 protein splice variants (A) and of the MUC1
specific VNTR peptides (B) are shown. (A) Three isoforms of MUC1 protein
are presented, which are derived from the same gene by alternative splicing:
MUC1, MUC1/Y, and MUC1/SEC. (B) Several variant sequences of the
VNTR peptide were reported to occur in human carcinoma cell lines that
deviate from the established sequence (1) by a series of amino acid
replacements: cancer cell lines T47D (2,3), MCF-7 (4,5), HPAF (6,7).
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1), which contains a tandem repeat array (Baruch et al., 1999).
MUC1/SEC includes a C-terminal peptide sequence corre-
sponding to parts of intron 2, but no transmembrane domain,
and can be detected with sec-peptide specific antibodies in
carcinoma cell secretions and in the sera of breast cancer
patients.

Polymorphism of MUC1 glycosylation

Cellular biosynthesis of MUC1 glycans

Following the secretory pathway the MUC1 protein core
becomes post-translationally modified by extensive glycosyla-
tion within, but also outside the VNTR domain. The peptide
stretch between VNTR and transmembrane domains contains
five potential N-glycosylation sites (Ligtenberg et al., 1990).
Within the VNTR domain two serines and three threonines
represent five potential O-glycosylation sites per repeat, while
numerous putative target sites are distributed irregularly over
the remaining extracellular domains. N-Glycosylation by
cotranslational transfer of high-mannose glycans occurs in the
ER as the initial step (Hilkens and Buijs, 1988). After proteo-
lytic cleavage of the protein core the following processing of
N-linked chains to complex-type glycans and the initiation/
elongation of O-linked glycans take place in the cis to trans
Golgi. The latter process contributes mainly to the increase in
apparent molecular mass of MUC1 and takes about 30 min
(Hilkens and Buijs, 1988). However, the final addition of sialic
acids, which occurs in the trans Golgi, does not reach comple-
tion during the first run through, and an immature form of the
mucin is exposed on the plasma membrane. The fully mature
form, which is detectable after h on the cell surface, is gener-
ated by constitutive reinternalization of membrane exposed
molecules and their recycling through the trans Golgi network
(Litvinov and Hilkens, 1993). Several rounds of recycling are
necessary to fully sialylate the mucin. Accordingly, the
membrane-associated MUC1 comprises a mixture of prema-
ture and mature glycoforms, which both are constitutively
recycled to achieve or maintain a high degree of sialylation.
MUC1 that is released from the cell, on the other hand, corre-
sponds primarily to the mature form of the mucin.

Tissue-specific glycosylation patterns

The structural features of O-linked glycans on MUC1 are
common to mucin-type glycosylation, but vary in relation to
organ- and differentiation-dependent fluctuations. MUC1 from
lactating breast epithelium has been characterized to express
primarily long polylactosamine-type chains (Hull et al., 1989;
Hanisch et al., 1989, 1990), which are built-up by elongation
of the C6-branch of core2 (Figure 2A,B). This core-type,
which is formed by branching of the Ser/Thr-linked GalNAc at
C3 and C6, is the most frequent of the seven variants described
so far on mucins (Table II). A minor fraction of the MUC1
glycans is derived from core 1-disaccharide (F.-G.Hanisch,
A.M.Lawson, and T.Feizi, unpublished results), while the
occurrence of the less frequent cores 3 and 4 or of the rarely
expressed cores 5 to 7 (Table II) could not be demonstrated.
The secretory glycoform in human milk is dominated by
neutral glycans with linear and branched backbones, which can
comprise up to 16 monosaccharide units. The repetitive N-
acetyllactosamine units of the linear backbones were found to

be linked via C3 or C6 of galactose (Hanisch et al., 1989).
Fucose is added to subterminal and internal GlcNAc residues
in α4 and α3 linkages resulting in the formation of peripheral
and repetitive Lewis type sequences (Figure 2B).

Structural studies on MUC1-derived glycans from other
organs are rare. As a component of human gallbladder epithe-
lium MUC1 (epitectin) has been purified from urine and
analyzed with respect to the glycan sizes and structures
expressed in this organ (Bhavanandan et al., 1998). Deviating
from the patterns of lactating breast epithelium the sizes of the
major neutral glycans do not exceed a tetrasaccharide (Figure
2A). The predominant species Galβ1–3GalNAc, Galβ1–
3(GlcNAcβ1–6)GalNAc, and Galβ1–3(Galβ1–4GlcNAcβ1–
6)GalNAc were also identified as their sialylated derivatives.

Tumor-associated alterations of MUC1 O-glycosylation

In breast cancer the chain lengths of the O-linked glycans on
MUC1 are restricted to the core-type level (Hanisch et al.,
1996; Lloyd et al., 1996), and sialylated glycans predominate
over neutral ones (Figure 3). Enzymatic studies revealed that
some mammary carcinoma cell lines and individual breast
tumors do not express functional β-glucosaminyltransferases
(Brockhausen et al., 1995), which is in accord with the glycan
structures found on tumor-associated MUC1 (Figure 3). The
low expression or even lack of the core2 forming β6-
glucosaminyltransferase in breast cancer cells (Brockhausen et

Table II. Core structures of O-linked glycans on mucins

n.d., Not determined.
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al., 1995) leads to an accumulation of core1-disaccharide,
which serves as a substrate of Gal-specific α3-sialyltransferase
and of GalNAc-specific β6-sialyltransferases (Figure 3). There
is evidence for overexpression of CMP-NeuAc : Galβ1–
3GalNAc α3-sialyltransferase in these cells, which may
compete with the core 2 enzyme for substrate (Whitehouse et
al., 1997). In accord with this, the most prominent glycans
found on MUC1 from T47D breast cancer cells were the trisac-
charides NeuAcα2–3Galβ1–3GalNAc and NeuAcα2–
6(Galβ1–3)GalNAc, and no Lewis antigens were detectable
(Hanisch et al., 1996). It has to be emphasized, however, that
the outlined features of cancer-associated MUC1 are not
shared by all breast cancer cell lines analyzed so far on the
chemical level. An exceptionally high degree of complex glyc-
osylation has been found on recombinant MUC1 glycosylation
probes expressed in MCF-7 cells, which are able to synthetize
GlcNAc-containing oligosaccharides with fucosylated Lewis-
type epitopes (Lloyd et al., 1996; S.Müller and F.-G.Hanisch,
unpublished observations). On the other hand, T47D cell line
can serve as a representative model, reflecting the alterations
of O-glycosylation patterns in primary breast tumors in an
extreme state. Another alteration of O-glycosylation, which is
restricted to cancer-associated MUC1 and, hence, exhibits the
qualities of a specific tumor marker in breast cancer, is the
expression of the Hanganutsiu Deicher (HD) antigen. HD

antigen is identical to an N-glycolyl sialic acid variant
(NeuGc) that is not found in birds and man. However, ganglio-
sides of oncofetal origin (Kawai et al., 1991) and MUC1 from
breast carcinoma cells (cell lines and solid tumors) were
demonstrated immunochemically (Devine et al., 1991) and
chemically to contain this variant in a fraction of their sialic
acids (Hanisch et al., 1996).

Less specific information is available on MUC1 in colorectal
carcinomas, where it is coexpressed with the major intestinal
mucin, MUC2. Earlier structural studies on mucin glycosyla-
tion in rectal adenocarcinomas had revealed that the glycan
patterns were restricted to short core-type sequences derived
from the cores 1, 3 and 5 (Table II), which contained as a
common structural unit the disaccharide NeuAcα2–6GalNAc
(Kurosaka et al., 1983). Enzymatic studies suggested a general
shift of core synthesis in colorectal carcinomas from core 3,
which is predominant in the normal colon (Podolski, 1985a,b),
to core 2 (Brockhausen et al., 1991; Yang et al., 1994; Corfield
et al., 1995; Vavasseur et al., 1995).

Fig. 2. Structurally defined O-linked glycans on tissue-specific glycoforms of
human MUC1. Major glycans representing the glycosylation patterns of the
urinary MUC1 (PUM, epitectin) from human bladder epithelium (A) and of
human milk (B). Other core-types were reported to be characteristic for normal
human colon (core 3) or to occur in bronchial mucins (core 4). Core 5-based
glycans were not described as constituents of normal human mucins.

Fig. 3. Cancer-associated O-glycosylation of MUC1. A characteristic feature
of breast carcinoma cells is the reduced expression or lack of core 2-specific
β6-N-acetylglucosaminyltransferase (β6GnT) and the concomitant
overexpression of the α3-sialyltransferase (α3ST) terminating the elongation
of core 1 disaccharide by introducing NeuAc at C3 of galactose. This results in
the formation of short sialylated oligosaccharides (A) instead of long
polylactosamine-type chains synthesized by normal glandular cells during
lactation (B, representative structure). A further cancer-associated pathway is
initiated by α6-sialylation of the GalNAc-specific α6-sialyltransferase
(α6ST), which competes with β6GnT for core1-disaccharide substrate.
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No structural or enzymatic evidence is currently available
for tumor-associated MUC1 from other organ sites.

Site-specific O-glycosylation of MUC1

Site-specificity and regulation of initial O-glycosylation

Initial GalNAc transfer to serine and threonine by polypeptidyl
N-acetylgalactosaminyltransferases (ppGalNAc-Ts) is not
ruled by a consensus sequence of the peptide substrate. This
renders the prediction of O-glycosylated sites more difficult.
On the other hand, much progress has been made with respect
to our knowledge on the initial events regulating site-specific
incorporation of O-linked chains into mucin-type peptides.
This is partly due to approaches based on structural identifica-
tion of O-glycosylation sites on ex vivo–derived glycoproteins
(Gooley and Williams, 1994) enabling the training of neural
network algorithms with information on the actual glycosyla-
tion sites in vivo. Another trait that has been followed over the
last years is based on in vitro glycosylation of synthetic peptide
substrates using a panel of recombinant polypeptidyl N-acetyl-
galactosaminyl-transferases (rGalNAc-Ts). Up to seven
rGalNAc-Ts have been cloned and functionally expressed so
far (Clausen and Bennett, 1996; Bennett et al., 1998; Hagen et
al., 1998; Bennett et al., 1999; Ten Hagen et al., 1999) and
rGalNAc-T1 to -T3 were demonstrated to exhibit distinct, but
partially overlapping site specificities (Wandall et al., 1997;
Hanisch et al., 1999). While the rGalNAc-T1 and rGalNAc-T2
show nearly ubiquitous or broader expression, other enzyme
variants, like rGalNAc-T3 and rGalNAc-T6, are much more
restricted (Clausen and Bennett, 1996; Bennett et al., 1999).

In the MUC1 model the site-specific GalNAc transfer to the
five potential positions within the repeat peptide has been
extensively studied in vitro (Nishimori et al., 1994; Stadie et
al., 1995). rGalNAc-T1 prefers the Thr within VTSA (Figure
4), but is able to glycosylate also the Ser and Thr residues in the
GSTA motif (Wandall et al., 1997; Hanisch et al., 1999). On
the other hand, rGalNAc-T2 transfers the sugar more rapidly to
Thr within GSTA, while Thr in VTSA and Ser in GSTA are
less efficient substrate positions. The remaining sites, Ser in
VTSA and Thr in PDTR, cannot be glycosylated by these two
enzymes, but it has been shown that the “fill-up” reactions are
catalyzed by rGalNAc-T4 (Bennett et al., 1998), an enzyme
exhibiting a strict dependency on previous glycosylation. The
concerted action of rGalNAc-T1, -T2, and -T4, and possibly
also other rGalNAc-Ts, would expectedly yield a fully glyco-
sylated MUC1 tandem repeat peptide (Figure 4). Whether a
state of full glycosylation is reached or not may depend on
several parameters: the cellular repertoire and activity of
ppGalNAc-Ts and a postulated dynamic regulation of initial
O-glycosylation considering epigenetic effects of previous
glycosylation on the GalNAc transfer to other vicinal or prox-
imal sites. Such glycosylation-induced effects have been
demonstrated to exist in two in vitro studies (Brockhausen et
al., 1996; Hanisch et al., 1999). While positive effects were
revealed on the monosaccharide level of glycosylated MUC1
peptides, only negative influences were exerted by core 1-
disaccharide on glycosylation at adjacent and distant sites.
These antagonistic effects of mono- and di(oligo)saccharides
could underlie a postulated regulatory mechanism, which
assumes early competition of initial O-glycosylation with core
glycan synthesis in the cis Golgi. A competition of ppGalNAc-
Ts with the core-specific glycosyltransferases involved in core
1 and core 2 synthesis could finally determine the density of O-
glycosylation (Figure 4).

Localization of O-glycosylation sites on in vivo modified
MUC1

The predictions from the recent in vitro data are in accord with
the actual glycosylation patterns revealed for in vivo glyco-
sylated MUC1 from lactating breast epithelium or from breast
cancer cells (Figure 5). Proteolytic fragments generated by
cleavage of partially deglycosylated MUC1 from milk fat
membranes were demonstrated in a combined mass spectro-
metric and Edman sequencing approach to represent a mixture
of mono- to pentasubstituted repeat peptides (Müller et al.,
1997). Each of the five putative positions was identified as a
target site for GalNAc transfer, but on the average only 50% of
the sites were actually glycosylated (Figure 5). There is some
preference of particular sites (Thr in VTSA and Ser-Thr in
GSTA), but no regular site-specific pattern of GalNAc substi-
tution suggesting a random distribution of the glycans along
the peptide scaffold that yields multiple glycoforms of the
repeat peptide (Müller et al., 1997). In light of the above
outlined mechanistic model, the intermediate density of O-
glycosylation found on the lactation-associated MUC1 could
be explained by a rapid elongation of core-GalNAc at the
initially substituted sites and a concomitant inhibition of
further initiation events in proximal positions (Figure 4A).

These results from structural chemistry are in striking
conflict with assumptions based on immunological
approaches. Most antibodies reactive to peptide motifs local-

Fig. 4. Site-specific O-glycosylation of MUC1 tandem repeat peptide in vitro.
The sequential order of GalNAc addition to the five potential sites is shown. T1
to T4 correspond to the recombinant enzymes rGalNAc-T1 to rGalNAc-T4
acting in a site-selective and sequential manner. (A) Formation of core
structures by addition of Gal or GlcNAc to the Ser/Thr-linked GalNAc
presumably prevents initial glycosylation at proximal sites resulting in the low-
density glycosylation characteristic for MUC1 in milk. (B) If there is no
competition with core-specific enzymes, the peptide scaffold can be fully
glycosylated at each putative site resulting in the high-density glycoform
characteristic for some carcinoma cell lines. Open squares, GalNAc; solid
circles, Gal; solid squares, GlcNAc; diamonds, NeuAc; open triangles, Fuc.
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ized within the tandem repeats are negatively influenced in
their binding efficiency by GalNAc incorporation into prox-
imal positions (Stadie et al., 1995; Hanisch, 1998). This glyco-
sylation-induced effect on antibody binding can be assumed to
increase with the chain lengths of the glycans. In accord with
this was the observation that neither MUC1 from normal breast
epithelium nor the glycoform expressed by the lactating
mammary gland were bound by most of the peptide-specific
antibodies. As outlined above, both MUC1 glycoforms are
characterized by long polylactosamine-type chains, which
presumably by way of steric hindrance prevent access of the
antibody to the mucin peptide. Expectedly, the MUC1 glyco-
form on cancer cells exhibits strong binding activity with
peptide-specific antibodies, due to its glycosylation with
shorter glycan chains. However, it was also assumed that the
higher antigenicity of the tumor-associated glycoform should
result from under- or nonglycosylation of the immunodomi-
nant DTR motif within the repeats (Burchell et al., 1993). In
striking conflict with this assumption is the recent finding that
in a breast cancer cell line the motif is glycosylated in more

than 90% of the repeats (Müller et al., 1999). A high degree of
substitution at DTR is in line with the demonstration of nearly
full glycosylation at each of the five putative sites (Figure 5).
Whether such high density O-glycosylation revealed for the
secretory mature glycoform of a single cell line is a general
characteristic of breast cancer cells remains, however, to be
established. Earlier evidence from other laboratories had
suggested that MUC1 on breast cancer cells is underglyco-
sylated compared with normal epithelial cells in two ways, by
reduction of the glycan chain lengths and by reduced density of
O-glycosylation (Lloyd et al., 1996).

MUC1 O-glycosylation and immunogenicity/antigenicity

MUC1 as B cell immunotarget

Antibodies to MUC1 could serve functions in immunothera-
peutic approaches. While exerting a limited effect against the
primary tumor, they may be effective in eradicating circulating
single tumor cells or tumor cell embolies. Besides their estab-
lished roles in antibody-dependent cell-mediated cytotoxicity
and complement-mediated lysis, anti-MUC1 could exert
effects by uncovering cell surface receptors and restoring in
this way cell adhesion or allowing immune recognition of
tumor cells. In support of these considerations a recent study
on breast cancer patients revealed that naturally occurring anti-
MUC1 in their sera favorably influenced overall survival in
stage I and II patients (von Mensdorff-Pouilly et al., 1996, and
in press).

In the case of MUC1, the protein core, although heavily
glycosylated, seems to elicit the stronger immune response in
mice, since most hybridoma antibodies generated to this mucin
bind to peptide epitopes within the VNTR domain (Price et al.,
1997). The preferred target for most peptide-specific anti-
bodies generated to the tumor mucin is located at the DTR
motif within the repeat peptide (Price et al., 1997). In humans,
however, the natural B cell response to MUC1 shows a second
immunogenic motif (Petrarca et al., 1996). The most frequent
minimal epitope of natural IgM and IgG in healthy subjects as
well as in cancer patients was recently identified as RPAPGS,
followed by PPAHGVT and PDTRP (von Mensdorff-Poilly et
al., unpublished observations). Unlike the vaccine-induced
antibodies the natural anti-MUC1 reacts more strongly to the
glycosylated (GalNAc substituted) peptides. One would expect
that glycosylation of the DTR motif, as in the case of a tumor-
associated glycoform of the mucin, should reduce or abolish
binding of antibodies directed to this peptide sequence. Recent
evidence, however, suggests that glycosylation of the motif
with core-type glycans increases its antigenicity rather than to
reduce it (Karsten et al., 1998). Among a series of DTR-
specific hybridoma antibodies the majority showed this unex-
pected behavior (Table III). While recognition of the nonsub-
stituted DTR motif was demonstrated to be affected by
proximal glycosylation (Stadie et al., 1995), the fully glyco-
sylated repeat peptide with GalNAc or Gal-GalNAc in each of
the five positions exhibited similar binding activity as the
singly, DTR-glycosylated TR peptide (Karsten et al., 1998).

Overall these observations could be explained on the basis of
established interactions between the carbohydrate substituent
(GalNAc) and the peptide core. Glycosylation at DTR could
stabilize in this way a particular conformation of the peptide,

Fig. 5. Site-specific O-glycosylation of MUC1 tandem repeats in vivo. The
quantitative substitution patterns of the five potential O-glycosylation sites on
VNTR peptide are shown as revealed by combined mass spectrometric and
Edman sequencing. The PAP20 glycopeptide fragments were derived from
MUC1 on human milk fat globules or from secretory MUC1 isolated from the
supernatant of T47D breast cancer cells. (A) The degree of glycosylation (%)
at each of the five putative sites is shown. (B) The average degree of
glycosylation per repeat is given in percent of full substitution (five glycans per
repeat). Open squares, GalNAc; solid circles, Gal; solid squares, GlcNAc;
diamonds, NeuAc; open triangles, Fuc.
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which favorably interacts with the antibody binding site. This
would be in accord with the finding that substitution of the
motif with GalNAc is sufficient to induce the observed effect
(Karsten et al., 1998). DTR-specific antibodies, which remain
unaffected by glycosylation of the motif or which show even
enhancement of binding, should define a peptide epitope at the
backside of the glycosylated motif, where interaction with the
side chain of the Thr residue and sterical hindrance by the
sugar are unlikely to occur. In support of this hypothesis are
results of a recent x-ray crystallographic study on DTR-glyco-
sylated TR peptide in complex with antibody (SM-3) (Free-
mont et al., Workshop on Carbohydrates and the Immune
Response, Lesbos, 1999). The conformation of non-glyco-
sylated TR peptide in complex with SM-3 and the sites of
interaction with the antibody had previously been reported
(Dokurno et al., 1998). Reactivity of this and possibly other
antibodies seems not to be directed to a “knob-like” or convex
epitope as had been postulated (Fontenot et al., 1993). The
constraints inherent to this motif result more likely in a turn-
like, self-stabilizing, and more compact structure compared to
the flanking stretches (Kirnarsky et al., 1998). Two structural
models had been previously postulated for the immunodomi-
nant motif on the basis of NMR data, a type I reverse β-turn
formed by the PDTR sequence (Scanlon et al., 1992) and a
type II β-turn formed by the APDT sequence (Fontenot et al.,
1995). The flanking regions of the DTR motif seem to adopt
more extended conformations with polyproline II helical
elements (Kirnarsky et al., 1998), which can be stabilized by
GalNAc substitution.

MUC1 as T cell immunotarget

It remains to be established whether the glycosylation-induced
effects on antigenicity of the DTR motif have impact also on
its immunogenicity. B- and T-cell responses are dependent on
the proteolytic processing and MHC presentation of the protein
fragments, and currently only limited information is available

on these processes with regard to normal mature or cancer-
associated glycoforms of MUC1. Model studies with a nonim-
munogenic peptide from hemoglobin that had been substituted
with GalNAc and other short glycan moieties have indicated
that core-type glycans on MHC class II presented peptides can
be recognized by T cell receptors (Galli-Stampino et al., 1997;
Jensen et al., 1997). In accord with this, core 1 glycosylated
TR peptides of MUC1 were able to induce strong, polyclonal
proliferative responses of CD4+ T cells from both healthy
donors and breast cancer patients (Burchell et al., Workshop
on Carbohydrates and the Immune Response, Lesbos, 1999).
The Th1 type response was independent of a presentation of
the MUC1 glycopeptides by dendritic cells, but showed a strict
dependency on the site of glycan substitution within the repeat
peptide.

The first evidence that MUC1 can serve as a target antigen
for tumor specific cytotoxic T cells (CTL) came from studies
on breast cancer patients (Jerome et al., 1991). It could be
demonstrated that tumor-reactive T cells from peritumoral
lymph nodes of these patients were able to kill MUC1 positive
cancer cells. The epitopes recognized by these T cells were
localized within the VNTR domain of MUC1 and identified as
the SM-3 defined PDTRP peptide motif (Jerome et al., 1991).
The mode of CTL activation was unusual, since it was inde-
pendent of MUC1 processing and presentation. A likely expla-
nation of these unexpected findings was the assumption that
cross-linking of T cell receptors was mediated by their simul-
taneous binding to the repetitive epitopes within the VNTR
domain of the mucin. Unfortunately, such a mode of CTL acti-
vation circumventing the participation of T helper cells results
in responses of low efficacy. The induction of CD4+ T cell
responses, however, seems to be critically dependent on the
glycosylation state of MUC1. Secretory MUC1 glycoforms
from tumor ascites exhibiting a high degree of complex O-
glycosylation are unable to prime strong helper T cell
responses when administered to dendritic cells in vitro (Hilt-
bold et al., 1998). On the other hand, a synthetic peptide corre-
sponding to five unglycosylated repeats primed CD4+ T cells
from healthy donors when presented by dendritic cells (Hilt-
bold et al., 1998). The naturally processed class II epitope was
identified as the dodecapeptide PGSTAPPAHGVT, which was
restricted to presentation by HLA-DR3. Other peptide epitopes
of the VNTR domain had previously been shown to be
restricted to HLA-A2 (Apostolopoulos et al., 1997), and to
HLA-A11 (Domenech et al., 1995), but the responses were of
low efficacy and T helper cell independent. In summary, the
above findings clearly indicate that the healthy human periph-
eral T cell repertoire contains T helper cells capable of recog-
nizing MUC1 epitopes on the nonglycosylated mucin peptide.
Fully glycosylated MUC1 as found in tumor ascites is presum-
ably not properly processed by the antigen presenting cells due
to proteolytic resistance of the peptide core. This resistance is
likely to be mediated by high density O-glycosylation of the
tandem repeat peptides. Recent evidence suggests, on the other
hand, that also glycosylated forms of MUC1 can be processed
by dendritic cells. However, proteolytic cleavage and presenta-
tion are restricted to MHC class I and the efficiency of
processing was shown to be inversely correlated with the
degree of MUC1 peptide glycosylation (Hiltbold et al., 1999).

Table III. Grouping of MUC1 specific antibodies directed to the DTR motif
according to their reactivities to DTR glycosylated and nonglycosylated
repeat peptides

Type A antibodies are reactive to monomeric repeat peptides and exhibit
strong enhancement of binding to glycosylated DTR. Type B antibodies bind
to non-glycosylated oligorepeats and to DTR glycosylated monorepeats. Type
C antibodies bind to monorepeats irrespective of DTR glycosylation, but do
not show a site-specific enhancement of binding.

Type A monomeric VNTR Type B oligomeric VNTR Type C

Mc5 Ma552 BC2

GP1.4 VU-3-C6 BC3

VU-3-D1 A76-C/A7 VA1

E29 VU-11-D1 VA2

SM-3 VU-11-E1 HMFG1

VU-12-E1 VU-11-E2

MF06

214D1

BCP8

B27.29
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Concluding remarks and perspectives

The recent evidence summarized above suggests that the
striking effects mediated by O-linked glycans on the anti-
genicity and immunogenicity of MUC1 will have to be consid-
ered in future designs of MUC1-based vaccines. Site-specific
O-glycosylation has impact on VNTR peptide antigenicity and
on the strength of the VNTR glycopeptide-mediated effect on
human T cell proliferation. Structural approaches aiming at the
identification of O-glycosylation sites have proven to be supe-
rior compared to predictions based on in vitro glycosylation
data. Similar approaches could be used to learn more about the
processing of glycosylated VNTR peptides in APCs, in partic-
ular with reference to the glycan structures and to the site-
specific substitution patterns required for efficient proteolytic
cleavage and binding of the fragments to MHC II protein.
Structural work on MHC II presented glycopeptide fragments
could support the design of tumor vaccines that induce strong
T helper cell responses, a prerequisite for the induction of
MUC1-specific IgG and ADCC and/or effective T cell medi-
ated cytotoxicity.
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