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Abstract

In many different human disorders, the cellular glycome is altered. An interesting but poorly
understood alteration occurs in the mucin-type O-glycome, in which there is aberrant expression
of the truncated O-glycans Tn (GalNAcal-Ser/Thr) and its sialylated version sialyl-Tn (STn)
(Neu5Aca2,6GalNAcal-Ser/Thr). Both Tn and STn are tumor-associated carbohydrate antigens
and tumor biomarkers, since they are not expressed normally and appear early in tumorigenesis.
Moreover, their expression is strongly associated with poor prognosis and tumor metastasis. The
Tn and STn antigens are also expressed in other human diseases and disorders, such as Tn
syndrome and IgA nephropathy. The major pathological mechanism for expression of the Tn and
STn antigens is compromised T-synthase activity, resulting from alteration of the X-linked gene
that encodes for Cosmc, a molecular chaperone specifically required for the correct folding of T-
synthase to form active enzyme. This review will summarize our current understanding of the Tn
and STn antigens in terms of their biochemistry and role in pathology.
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1 Introduction

Glycosylation is one of the most abundant protein PTMs. The mucin-type O-glycans
occurring on secreted and trans-membrane glycoproteins [1, 2] are a major category of
glycosylation and serve important biological functions. Core 1 based O-glycans on
glycoproteins play essential roles in immunity [3-10], leukocyte trafficking [3-6, 11],
vascular biology [8, 12, 13], angiogenesis [12, 13], and lymphangiogenesis [14]; both core 1
and core 3 based O-glycans on glycoproteins and mucins protect gut epithelial cells from the
microflora and extreme pH, and prevent tumorigenesis [15-18]. Many biologically
important O-glycan structures have been identified, including sialyl core 1, sialyl Lewis x
(SLeX) on core 2 O-glycans, sulfo-SLeX on extended core 1 O-glycans on leukocytes [3-6],
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and sulfo-LeX and SLeX on core 3 and core 4 O-glycans on gastrointestinal (GI) tract
epithelium and secreted mucins [19, 20].

Mucin-type O-glycans are mainly synthesized by the sequential action of
glycosyltransferases in the Golgi apparatus, although there are some reports of initiation of
O-glycosylation in the ER in pathologic states [21]. Among these glycosyltransferases, core
1 B3-galactosyltransferase (T-synthase) is the key enzyme in forming the core 1 structure,
which is the precursor for core 1 based O-glycans synthesized in all tissues. Interestingly,
biosynthesis of active T-synthase requires an ER-localized molecular chaperone Cosmc that
prevents the aggregation and subsequent proteasomal degradation of T-synthase [22-24].
The critical enzyme for core 3 based O-glycans synthesized in Gl tract epithelia is core 3
B3- N-acetylglucosaminyltransferase (core 3 B3GnT, core 3 synthase) [25].

Under normal physiological conditions, the biosynthesis of O-glycans in vertebrates results
in complex O-glycans extended beyond the core 1 disaccharide (Galpl, 3GalNAc-a-Ser/
Thr) in all cell types and the core 3 disaccharide (GIcNAcB1,3GalNAc-a-Ser/Thr) in Gl
tract epithelial cells [1]. This indicates that Tn antigen is an immature structure that is
typically modified or elongated with high efficiency. In pathological situations, these
complex O-glycans are often structurally altered. The most common alteration is the
truncation of the O-glycans to simply GalNAc-a-Ser/Thr (the Tn antigen) and its sialylated
version, NeubAca?2,6GalNAc-a-Ser/Thr (sialyl-Tn (STn)). For example, Tn and STn appear
on blood cells of all linages in Tn syndrome, on IgA1 proteins in IgA nephropathy (IgAN),
and on mucins and glycoproteins on tumor cells in many different cancers [1]. Various
studies have also shown that Tn and STn antigens are associated with the pathogenesis of
these diseases [1, 26—29]. Therefore, these aberrant O-glycans are considered human disease
markers. This review will summarize our current understanding of the biochemistry of Tn
and STn antigens with respect to how these aberrant O-glycans are expressed and their role
in pathogenesis.

2 Mucin-type O-glycan biosynthetic pathways

The biosynthesis of mucin-type O-glycans (or O-linked oligosaccharides), as summarized in
Fig. 1, takes place mainly in the Golgi apparatus by sequential action of a set of
glycosyltransferases. The initial step is the synthesis of glycopeptide by a polypeptide: a-\-
acetylgalactosaminyl-transferase (pp-a-GalNACT, ppGalNACcT) that transfers GaINAc from
UDP-GalNAc to Ser/Thr residues of a polypeptide, forming GalNAc-a-Ser/Thr (the Tn
antigen) [30]. There are 20 human genes encoding ppGalNACcTSs, and while the enzymes
have overlapping substrate specificities, each has its own distinct peptide preference as well.
In normal conditions, the Tn antigen is always modified to form other structures by the
sequential action of additional glycosyltransferases. The major and common pathway is
through core 1 B3 galactosyltransferase (core 1 3GalT, T-synthase), which transfers a Gal
from UDP-Gal onto the Tn antigen to form Galp1,3GalNAc-a-Ser/Thr, also called the core
1 structure or the T-antigen [31, 32]. This core 1 structure is usually further modified or
extended by glycosyltransferases and sulfotransferases to form the complex O-glycans seen
in most mucins, membrane glycoproteins, and secreted glycoproteins [33]. O-glycans play
important roles in many biological processes, such as signal transduction, cell—cell
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interaction (selectins and their ligands), immunity, and angiogenesis [1]. The core 1 -
glycan is the most common core structure in normal glycoproteins of the endothelium and of
hematopoietic cells, including erythrocytes and leukocytes [1, 34—-36]. Epithelial cells of the
Gl tract also form core 1 structures, but can alternatively modify the Tn antigen to form the
core 3 structure (GIcNAcB1,3GalNAc-a-Ser/Thr) by the action of core 3 1,3 N
acetylglucosaminyltransferase (core 3 GnT, C3GnT, B3GnT-6). Similar to core 1, core 3 is
further modified by many glycosyltransferases to generate core 3 based complex O-glycans.
These extended structures include sulfo-LeX, SLeX, or Sd@ on core 3 or core 4 O-glycans, all
of which have been found on mucins such as MUC?2 secreted from intestinal epithelial cells
(IECs) [19, 20, 37]. There are many important unanswered questions about C3GnT,
including its substrate specificity: both C3GnT and T-synthase share a common substrate
(Tn antigen), but do their specificities coincide with, overlap, or complement one another?

In addition to the core 1 and core 3 structures, Tn can be modified to form STn. Normally,
however, CMP-Neu5Ac:GalNAc a2,6-sialyltransferase (ST6GalNAc-I) [38] has low activity
and converts Tn antigen to STn antigen very inefficiently. Therefore, the STn antigen is
hardly detectable in normal human tissues, although it can be found on bovine submaxillary
mucin and ovine submaxillary mucin in submaxillary glands containing high levels of the
ST6GalNAc-I [38, 39].

3 Molecular mechanisms for the expression of Tn and STn antigens

Although Tn and STn antigens have been found to be associated with pathological
conditions for almost four decades, the mechanism that causes cells to express these
antigens was poorly understood. The purification and cloning of the cDNA for T-synthase
[31, 32], and especially the subsequent discovery of its specific molecular chaperone Cosmc
[22], have led to a new era in the field. Mouse models have shown that deletion of Cosmc
causes cell-surface expression of Tn and STn. Complete knockout of either 7-synthase or
Cosmec in mice, though lethal, results in uniform expression of Tn antigen throughout the
entire embryo [12, 13]. Similarly, a tissue-specific Cosmc-KO shows Tn/STn expression in
the targeted cell lineages [40]. Because they both modify Tn antigen, it was possible that
C3GnT could compensate for loss of T-synthase activity in tissues where it is expressed.
However, while knockout of C3GnT in mice only results in low expression of Tn antigen
[17], IEC T-synthase knockout mice develop colitis and have massive Tn antigen expression
in the IECs [18], indicating that C3GnT cannot compensate for T-synthase in these cells. In
our preliminary studies, IEC-Cosmc-KO mice likewise express massive Tn/STn antigens in
IECs.

Many groups have also demonstrated that spontaneous expression of Tn/STn on the cell
surface results from mutations in Cosmc[2,22,23,41-43]. We also investigated the
molecular mechanisms underlying Tn expression in Tn4 cells, a cell line generated from a
male individual with Tn syndrome like disorder [43]. Tn4 cells have no detectable level of
Cosmc transcript, but have a normal level of 7-synthase transcript. We found that silencing
of Cosmcin Tn4 cells is due to hyperme-thylation of the Cosmc promoter [44]. To date,
alterations of Cosmc that result in a dysfunctional Cosmc include: (i) point mutations in the
ORF [22,41,42], (ii) gene deletion (LOH) [41], and (iii) Aiypermethylation of the promoter
for Cosmc [44]. These data support the mechanistic model (Fig. 2) in which the expression
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of Tn/STn antigens can arise from dysfunctional Cosmc[41]. To assess alterations of Cosmc
in primary tumors, Yoo et al. [45] used PCR-SSCP on human breast and colon cancer
samples but found no mutations in the Cosmc ORF. However, this approach ignores the
potential for Tn expression to arise from mutations outside the ORF or from
hypermethylation of the promoter region. Yoo et al. focused only on point mutations in the
coding region of Cosmc and did not analyze samples for Tn antigen expression. In our
preliminary studies of Cosmcin Tn/STn(+) colon tumors, we found instances of whole gene
deletion and promoter region deletion. Thus, alterations in Cosmc may be the cause of
Tn/STn expression even in cases when ORF mutations cannot be detected.

Recently, it was shown that Src kinase redistributes Golgi-localized ppGalNAc-Ts to the ER,
and the authors speculated that Src-dependent relocation of ppGalNAc-Ts could play an
important role in cancerous cellular transformation, including alteration of O-glycosylation
[21]. Although this report showed the appearance of glycoproteins with Tn antigen in the
ER, the authors did not report high levels of the Tn antigen on the cell surface. In our own
studies, we have also seen accumulation of intracellular Tn expression in a few cases of
colon cancer as well as in normal control tissues, but this did not correlate with elevated
expression of either Tn or STn on the plasma membrane. These data suggest that activation
of Src kinase may not be a major mechanism for the expression of Tn/STn on the cell
surface.

How does Cosmc work as a molecular chaperone? During the biosynthesis of the T-synthase
in the ER, Cosmc is predicted to bind to newly synthesized T-synthase and prevent its
aggregation and subsequent degradation in the ER-associated degradation (ERAD) pathway.
Based on our studies, a working model for how Cosmc functions in the ER to assist the
folding of T-synthase is proposed in Fig. 2 [22, 24, 46]. In cells lacking functional Cosmc, T-
synthase is synthesized but misfolded resulting in inactive aggregates. This misfolded T-
synthase is retained in the ER probably through binding to Bip (Grp78) within the lumen of
the ER, as demonstrated through copurification of Bip with misfolded T-synthase in LSC
cells [24]. This misfolded T-synthase is then retrotranslo-cated to the cytosol,
polyubiquitinated, and subsequently delivered to the 26S proteasome for degradation (Fig.
2). Since the lesion of T-synthase is located at its lumenal domain, this misfolded T-synthase
most likely enters the ERAD-Lumenal (ERAD-L) pathway for its degradation. This ERAD-
L pathway seems very efficient as there is no detectable T-synthase protein in mouse
embryos with complete deletion of Cosmc[13]. The process of retrotranslocating inactive T-
synthase from the ER to the cytoplasm, and then ubiquitinating it for targeted destruction is
poorly understood; it may involve the HRD1 complex, which was recently shown to be the
machinery for retrotranslocation of misfolded proteins for ERAD-L [47]. Interestingly,
recombinant T-synthase expressed in LSC cells is proteolytically cleaved in the stem region
by an unknown protease [24]. Inhibiting the proteasome in Cosmc-deficient cells leads to
accumulation of inactive aggregates of full-length and partly degraded T-synthase protein in
the ER lumen. Such observations raise additional questions. What is the cleavage site in the
stem region of T-synthase? What protease is responsible for this cleavage? Is this cleavage
necessary for the degradation of misfolded T-synthase? Are the misfolded lumenal and
cytoplasmic/transmembrane domains of T-synthase independently degraded by ERAD-L
and ERAD membrane/cytosolic (ERAD-M/C) pathways? Full understanding of these
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questions may reveal new machinery involved in the degradation of misfolded type-II
transmembrane proteins.

In recent studies, it has been shown that recombinant T-synthase, when denatured by heat or
treatment with guanidinium-HCI, can reacquire activity in vitro when incubated with
recombinant Cosmc in the absence of other protein factors and independently of ATP
binding or hydrolysis [48]. This is interesting since Cosmc was shown to bind ATP [24],
suggesting that ATP may have some role in vivo in Cosmc interactions or functions. Clearly,
there is much to be learned about the biological role of Cosmc and the need for a specific
chaperone for the T-synthase.

3.1 Tn/STn antigens in Tn syndrome

Tn syndrome is a rare hematological disorder characterized by the expression of the Tn
antigen on a subpopulation of blood cells in all lineages [26]. It was first described in a
patient as a polyagglutinability syndrome of erythrocytes [49]. Clinically, patients with Tn
syndrome usually appear healthy and do not require treatment. Laboratory tests may uncover
moderate hemolytic anemia and reduced numbers of thrombocytes and leukocytes. The
mechanisms leading to these symptoms appear to be multifactorial and are poorly
understood.

Studies have shown that the erythrocyte and leukocyte glycoproteins of Tn syndrome
patients have reduced galactose and sialic acid content, which is linked to the defect in
activity of T-synthase leading to exposure of GalNAc-a1-O-Ser/Thr (Tn antigen). Although
an early study suggested that this might be due to hypermethylation of the promoter region
of T-synthase, the underlying genetic changes in patient cells were instead shown to be due
to acquired somatic mutations in Cosmc or hypermethylation of the promoter region of
Cosmc. These mutations introduce an ORF shift and/or premature stop codon, while
promoter hypermethylation blocks transcription completely, resulting in total or severe loss
of chaperone function and hence T-synthase activity. All mutations in Cosmc identified in
the blood of patients with Tn syndrome have been summarized in a recent review [1].
Because Tn syndrome arises from an acquired somatic alteration in Cosmec in an early blood
progenitor, circulating cells contain both Tn-positive and Tn-negative populations, with
deficient and functional Cosmc, respectively (Fig. 3). One possible cause of the hemolytic
anemia, reduced thrombocyte count, and bleeding disorder that occasionally develop in
patients with Tn syndrome is autoantibodies directed against the Tn antigen. These
antibodies may be of the IgM cold agglutinin type as shown for autoantibodies against the
carbohydrate | antigen present on adult erythrocytes. Another possible mechanism of
pathology is dysfunction of major glycoprotein(s) on the platelets or leukocytes.
Glycoproteins play critical roles in the biogenesis and function of these cells, and altered O-
glycosylation may compromise the glycoproteins’ functions (Fig. 3). The recent discovery
[40] that endothelial and hematopoietic cell Cosme-KO mice develop
megathrombocytopenia and bleeding disorder strongly suggests that thrombocytopenia and
bleeding in Tn-syndrome patients are mainly caused by the impaired biogenesis and
function of platelets lacking functional Cosmc.
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3.2 Tn/STn antigens in IgAN

IgAN, also called Berger’s disease, was first described by Dr. Jean Berger in 1968 [50].
More than four decades later, IgAN is the most common primary glomerulonephritis
worldwide [51-53] and leads to terminal renal failure in 20-40% of patients over 20-25
years [54]. The majority of primary IgAN cases are sporadic, with only a minority of
patients appearing within family clusters. To date, no causal gene has been identified [55-
59] and additional physiological and environmental factors appear to be required for clinical
manifestation of the disease. IgAN is characterized by deposition of IgA1 in the mesangium.
Diagnosis of IgAN is currently based on the clinical symptoms of glomerulonephritis, such
as hematuria and proteinuria; definitive diagnosis is by renal biopsy and histological
evidence for IgA deposits [60]. These deposits elicit glomerular inflammation leading to
progressive renal injury.

Human IgAl is an O-glycosylated immunoglobulin with nine potential O-glycosylation sites
in the hinge region (HR), up to six of which are occupied normally by the mono- and
disialylated core 1 O-glycans [60-63]. Many studies suggest that patients with IgAN have
O-glycans in the IgA1 HR with a deficiency of galactose and concomitant expression of Tn
or STn, which may be responsible for initiating the pathology [64-69]. The expression of Tn
and STn antigens on IgA1 in IgAN may be due to a B-cell restricted reduction in T-synthase
activity [70].

Whether Cosmcand T-synthase play a role in the pathogenesis of IgAN is controversial.
Several studies suggested that the transcript levels of Cosmc and/or 7-synthase are reduced
in the B cells of patients with IgAN [71-75]. Suzuki et al. [67] reported that IgA1-secreting
cell lines from patients with IgAN produce aberrantly glycosylated IgA1 due to lower
transcripts of both Cosmcand T-synthase in conjunction with upregulated ST6GalNAc-11.
Others linked IgAN to polymorphisms in Cosmcand T-synthase [76, 77], while one report
concluded that there is no mutation in Cosmc in patients with IgAN [78]. A key problem in
clarifying the role of Cosmc/T-synthase in IgAN is that only a minor fraction of plasma cells
secrete the IgAl involved in this disease. Identification and isolation of this population of
plasma cells is extremely difficult, but is crucial to unraveling the role that Cosmc and/or 7-
synthase may play in IgAN.

The abnormal glycosylation of the IgA1 HR probably contributes to the pathogenesis of
IgAN (Fig. 4). Tn antigen in the HR can be recognized and bound by naturally occurring
IgA or IgG antibodies resulting in the formation of circulating immune complexes
[27,28,52,60,66,68,79], yet how these anti-Tn antibodies are raised in patients is unknown.
Some proposed that these anti-Tn antibodies might be generated during infections with
parasites and other pathogens that carry Tn antigens on their glycoproteins [80,81], as
discussed below. Therefore, the propensity of an individual to develop autoimmune
antiglycan antibodies may represent a cofactor in disease manifestation [51]. Alternatively,
the aberrantly glycosylated HR may render IgA1 molecules prone to self-aggregation and
formation of macromolecular complexes by a nonimmunological mechanism. The
macromolecular IgA1 complexes may escape hepatic clearance because they are too large to
pass through endothelial fenestrae to reach the hepatocytes [82]. Instead, they are shunted to
the renal circulation where endothelial fenestrae overlying the glomerular mesangia are

Proteomics Clin Appl. Author manuscript; available in PMC 2018 February 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Juetal.

Page 7

larger. The mesangial cells bind high molecular weight IgA1 with high affinity by a yet
unknown mechanism [83]. The activation of mesangial cells by IgA1 immune complexes
and the concomitant deposition of complement component 3 (C3) are considered the
initiating events in the pathogenesis of IgAN. Clearly, IgAN is a complex disease, and many
factors contribute to its immunopathogenesis and outcome. Fully understanding the
molecular mechanism of aberrant O-glycosylation in the HR of IgA1 should aid in the
development of noninvasive diagnostic techniques and novel therapeutic approaches.

4 Tn and STn antigens are tumor biomarkers

Tn antigen (GalNAca1-Ser/Thr) was first observed on human tumor cells in 1969 based on
binding of the snail lectin Helix pomatia agglutinin (HPA), which specifically recognizes
terminal a-linked GalNAc [84]. Springer et al. reported that Tn antigen was present at high
levels in 90% of breast carcinomas. Cumulative studies showed that 70-90% of cancers of
the colon, lung, bladder, cervix, ovary, stomach, and prostate express the Tn antigen. In
contrast, little or no expression was observed in normal adult tissues. In many cancers,
including cervical cancer, lung adenocarcinomas, colorectal carcinomas [85], breast
carcinomas, and gastric carcinomas, Tn antigen expression correlates with metastatic
potential and poor prognosis.

There are many reports on the expression of Tn and STn in human colon cancer. Here, we
summarize the main findings: (i) Tn and STn antigens are restricted to the primary/
metastatic tumor, being absent from normal colon tissue. For example, ltzkowitz et al. [86]
found that there was no expression of Tn and STn in cells of normal colonic mucosa;
however, in colon cancers, the percentage of cases expressing each antigen were as follows:
Tn (72-81%), STn (93-96%), and T (71%). Orntoft et al. [87] reported that Tn was not
expressed in adult colorectal tissue but was accumulated in human colon carcinoma. (ii) The
expression of Tn/STn is associated with poor prognosis, including metastasis of colon
cancer. Many studies have concluded that HPA binding to colorectal carcinoma cells is an
indicator of poor outcome. For example, Schumacher et al. [88] evaluated the binding of
HPA to 130 colorectal carcinomas and found that the prognosis for the groups of patients
whose colorectal cancer cells bound to HPA in tissue sections was almost as bad as those
with Dukes’ Stage C disease. In a review, Mitchell [89] stated that HPA reactivity was equal
or superior to other classical markers of the metastatic potential of human colon and breast
cancer. When transplanted into severe combined immunodeficient mice, HPA-positive
human breast and colon cancer cells metastasized while HPA-negative cancer cell lines in
general did not [89]. Imada et al. [90] concluded that both STn expression and lymph node
metastasis were important prognostic factors in patients with advanced colorectal carcinoma.
(iii) Some studies showed that Tn/STn antigens are expressed at early stages of colon
carcinogenesis. Wargovich et al. [91] found that carcinoembryonic antigen, E-cadherin, and
STn antigen were elevated in aberrant crypt foci, which are the earliest recognizable
histological precursor lesions for colon cancer. Yuan [92] discovered that both Tn and STn
were expressed in cancer and premalignant lesion of colorectal tissues. Itzkowitz et al. [93]
examined 103 colorectal polyps (79 adenomatous and 24 hyperplastic) for expression of
Tn/STn antigens and found that Tn antigen was expressed by all of the polyps studied; STn,
on the other hand, was expressed weakly by a few cells in 7 of 24 (29%) hyperplastic
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polyps. (iv) In a 1,2-dimethylhydrazine-induced rat colon carcinoma model, both Tn and
STn were expressed by the first lesions detected following carcinogen administration and
were constitutively expressed at higher levels during tumor development [94]. Furthermore,
both Tn and STn appeared in the ascitic fluid of rats with colon cancer. These findings are
consistent with Tn/STn antigens being biomarkers for the diagnosis, prognosis, and targeted
therapy of human colon cancer. However, without precise molecular explanation for the
abnormal expression of these tumor antigens, it is difficult to evaluate their role in human
colon cancer development, progression, and metastasis. Understanding the molecular
mechanism for Tn/STn expression in colon tumors will be extremely helpful in developing
more specific and efficient diagnostic, prognostic, and therapeutic approaches against this
disease.

The expression of the Tn and STn antigens in tumor cells may have broad biological
consequences (Fig. 5). Many studies have shown a correlation between altered glycosylation
and poor prognosis in terms of progression, invasion, and metastasis. Expression of
truncated O-glycans also correlates with altered expression of cell surface mucins integrins,
and can change the adhesive properties of cells. Cell adhesion molecules such as selectins,
integrins, and extracellular matrix components are involved in the process of metastasis [95—
106]. Interestingly, many of these are mucins or glycoproteins whose O-glycans may
contribute to binding of these adhesion molecules to their ligands. Recently, Wagner et al.
[107] observed that death-receptor O-glycosylation contributes to tumor cell sensitivity to
the proapoptotic ligand Apo2L/TRAIL, indicating that altered O-glycosylation of tumor
cells would provide an advantage by enabling escape from apoptotic signaling. In our
preliminary studies, we have made the exciting observation that mutations in Cosmc and
Tn/STn expression causes altered oligomerization and signaling of TRAIL receptors. In
addition to changing the binding properties of glycoproteins, Tn antigen is itself directly
recognized. Numerous studies have shown that the Tn antigen is bound by the C-type lectin
macrophage galactose binding lectin (MGL), which is expressed by both dendritic cells and
macrophages [108-111] and has been found in situ in colorectal tumors [110]. Thus,
expression of the Tn antigen and its recognition by MGL may be involved in immune
surveillance and tolerance [110, 112]. It would be highly informative to explore the
relationship between Cosmc mutations, Tn antigen expression, and interactions with C-type
lectins expressed by dendritic cells and macrophages. Modulation of the immune response
can also occur at the level of the effector cells. Mucin-associated STn antigen can inhibit
natural killer (NK)-cell-induced cytotoxicity directed against tumor cells [113]. In some
tumors, mucin expression and altered glycosylation correlates with expression of galectins,
such as galectin-3 [114], that may bind Tn antigen, contributing to metastatic extravasation
and modulation of the adaptive immune response. Although these findings highlight various
potential mechanisms, the actual benefit to a tumor cell expressing Tn and STn antigens is
not well understood. Clearly, much remains to be explored to fully elucidate the
consequences of Tn and STn antigen expression on tumor-derived glycoproteins, but
mechanistic evidence is accumulating to support the hypothesis that abnormal expression of
O-glycans is associated with altered cellular properties, metastatic potential, and immune
susceptibility.
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The molecular basis for Tn antigen expression by human tumor cells was recently shown to
be dysfunctional Cosmc [41]. Somatic mutations in Cosmc or an absence of Cosmc
transcript were the cause of Tn and STn expression in two specimens of human cervical
carcinoma as well as several human tumor cell lines, including lymphoma-derived Jurkat,
colorectal carcinoma-derived LSC and LS174T, and melanoma-derived LOX. Consistent
with the findings in human tumors, mouse fibrosarcoma that formed spontaneously in aging
mice also expressed Th antigen due to deletion of 26 amino acids within the lumenal domain
of Cosmc. The mouse neuroblastoma cell line Neuro-2a (also known as C1300) [42,115] is
Tn positive and its Cosmc contains a G301T mutation resulting in a premature stop codon. A
summary of mutations in Cosmc from tumor cells is provided in a recent review [1]. In
addition, the finding that Tn4 B cells, a leukemia-like cell line generated from a Tn
syndrome patient, lack Cosmec transcript due to hypermethylation of the Cosmc promoter
suggests that epigenetic silencing of Cosmc may be an additional mechanism for expression
of Tn/STn antigens in tumor cells. Thus, alteration of Cosmc is the major mechanism that
induces expression of the Tn and STn antigens in human and animal tumors.

The characteristic expression of the Tn and STn antigens by human carcinomas, and their
association with poor prognosis and metastasis, reinforces the conclusion that Tn/STn
antigens are important biomarkers for human cancer. The finding that Cosmc dysfunction
underlies this shared feature of many cancers strengthens the potential for targeting these
antigens and/or the Cosmc gene for novel therapy of human neoplastic diseases.

5 Targeting Tn and STn in human tumors

The Tn antigen is a cryptic and nonphysiological glycan structure in humans, thus it is not
surprising that it may be recognized as foreign by the immune system. The MGL expressed
on myeloid antigen presenting cells is known to specifically bind terminal a- and p-linked
GalNAc. Upon ligand binding, MGL rapidly internalizes and the endocytosed ligand is
transported along the endosomal—-lysosomal pathway for eventual presentation to MHC class
Il molecules. MGL can regulate Toll-like receptor signaling and thus influence the outcome
of an immune response. Depending on additional signals to the dendritic cell, Tn binding
may lead to either an active immune response or to an inhibited/tolerant response [116,117].
Surprisingly, small levels of anti-Tn antibody can be detected in the sera of most people
[118-120]. The formation of such circulating anti-Tn antibodies was shown to be partly due
to exposure to Enterobacteriaceae or other bacteria expressing the Tn antigen [80, 81]. The
possibility that Tn expressing carcinomas could lead to increased production of anti-Tn
antibodies has led to the evaluation of anti-Tn antibodies in sera as diagnostic and prognostic
markers for tumors [121]. However, given the continued presence of Tn antigen positive
blood cells in Tn syndrome and Tn-expressing tumor cells, immunosurveillance may allow
tolerance to Tn antigen in some situations. If so, this might explain the ineffectiveness of Tn
or STn antigen based anticancer vaccines.

Can a tumor expressing Tn antigen be eliminated by passive immunization with anti-Tn and
anti-STn antibodies? Based on in vitro and animal model studies, the approach is promising.
One mAb, MLS128, directly inhibited in vitro growth of human colon and breast cancer cell
lines [122]. Several others were not directly cytotoxic, but activated antibody-dependent
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cellular cytotoxicity both in vitro and in vivo. Of these, one resulted in the rejection of
human tumor cells in a xenograft severe combined immunodeficient mouse model, while
another induced macrophage and neutrophil-mediated rejection of murine breast tumor in
syngeneic mice [123-125]. While each of these antibodies is promising, their fine specificity
has not been carefully evaluated. It is unclear why one is directly cytotoxic while the others
are not. It is likely that the context of Tn recognition, i.e. which Tn-bearing glycoprotein(s)
or peptide sequence(s) are bound, underlies the distinction.

Human tumor-associated glycoprotein-72 is a mucin molecule expressed in colon, breast,
pancreatic, ovarian, lung, and gastric cancers. The mAbs B72.3 and CC49 recognize
epitopes of tumor-associated glycoprotein-72 containing STn and sialyl-T antigen (sialyl
core 1), respectively. CC49 has been analyzed and a humanized antibody [126-128] is
undergoing a clinical trial for use in radioimmunoguided surgery. Although some studies
showed that the antibody distributed mainly in the xenograft human tumor in mice and in
primary human colorectal carcinoma [129], sialylT is considered a normal O-glycan
structure and reactivity to normal tissue is a concern. Certainly, more research is needed
using Tn or STn antibodies in passive immunity to treat Tn-positive cancer. A major hurdle
for these studies is the lack of specific, well-defined anti-Th mAbs.

6 Conclusion

Mucin-type O-glycosylation is one of the most common protein PTMs and plays important
roles in many biological processes. The Tn and STn antigens occur in human and animal
pathologies and are recognized as disease markers. Importantly, it has been demonstrated
that the aberrant expression of Tn and STn results primarily from dysfunctional Cosmc,
which encodes a specific molecular chaperone necessary to prevent the aggregation and
subsequent proteasomal degradation of T-synthase during biosynthesis. This important
finding has created a new direction of research aimed at uncovering the genetic and
potentially epigenetic regulation of protein O-glycosylation in biology and pathology.
However, much remains to be learned about the biochemical details of why tumor cells
express these antigens and the advantage to the tumor of aberrant O-glycosylation. Future
studies need to further define those key O-glycosylated glycoproteins whose altered
glycosylation lead to pathogenesis, tumorigenesis, progression, and metastasis. Such
knowledge will be critical to understanding the full picture of Tn and STn tumor biology,
and will be extremely beneficial both in defining the pathological consequences of Tn
expression and in developing novel diagnostic and therapeutic strategies for cancer and other
Tn-related disorders.
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The mucin-type O-glycosylation pathways. Mucin-type O-glycosylation begins in the Golgi
when polypeptide GalNAc-transferases transfer GaINAc from UDP-Gal to Ser/Thr on a
polypeptide chain to form Tn antigen (GalNAc-a-Ser/Thr). In nondiseased tissue, Tn
antigen is further modified to form complex O-glycans. The T-synthase (Core 1 p3GalT)
transfers Gal from UDP-Gal to GalNAc to form core 1 (T-antigen) in all cell types. Cosmc is
the unique molecular chaperone for the T-synthase. Loss of Cosmc or T-synthase activity
results in pathological expression of Tn antigen and sialyl-Tn (STn) antigen. The latter
results from the actions of ST6GalNAc-I, which transfers NeuSAc from CMP-Neu5Ac to
the Tn antigen to form STn. Due to poor efficiency of ST6GalNAc-I, it is not likely that high
expression of ST6GalNAc-I could outcompete functional T-synthase to result in pathologic
STn expression. In Gl epithelia, core 3 GnT transfers GICNAc from UDP-GIcNAc to Tn
antigen to form core 3. It is not known whether the T-synthase and core 3 GnT compete for
the same substrates in Gl epithelial cells. The T antigen is further modified to form extended
core 1 structures. Similarly, core 3 is further modified to form extended core 3 structures,
including sulfo-LeX, sialyl-LeX, or Sd? on core 3 or core 4 O-glycans.
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Loss-of-Function in Cosmc Leads
to Expression of Tn/STn Antigens

Functional T-synthase Leads
to Expression of Normal O-glycans
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Figure2.
The major molecular mechanism for the expression of Tn and STn antigens in cells lacking

a functional Cosmc. Cosmc is the unique molecular chaperone for the T-synthase. Nascent
T-synthase is translocated to the ER possibly via the Sec61 complex. Cosmc interacts
cotranslationally with nascent, nonnative T-synthase to form active, dimeric T-synthase. The
T-synthase is subsequently transported to the Golgi. In the Golgi, the T-synthase transfers
Gal from UDP-Gal to Tn antigen to form the T antigen on polypeptide chains. Defective
Cosmc due to genetic or epigenetic alterations in Cosmc (e.g. ORF mutations, promoter
methylation, or loss of heterozygosity) results in aggregation and proteosomal degradation
of the T-synthase. Mis-folded T-synthase interacts with Grp78, is cleaved in its lumenal
domain by an unknown protease, and is retrotranslocated to the cytosol. In the cytosol,
soluble T-synthase is polyubiquitinated and degraded by the 26S proteasome. Loss of T-
synthase activity results in expression of Tn and sialylTn antigens, which are not present in
normal, non-transformed tissue.
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Tn and STn antigens on blood cells in Tn syndrome. Tn syndrome is a rare autoimmune
disorder in which populations of blood cells from all lineages express Tn antigen. Genetic/
epigenetic alterations in Cosmc in an early blood progenitor result in Tn expression and
associated pathology, including hemolytic anemia, thrombocytopenia, and bleeding
disorders. Pathology is thought to be due to formation of anti-Tn IgM antibodies and/or
dysfunction of O-glycosylated proteins found on blood cells. A targeted deletion of Cosmc
in murine endothelial/lhematopoietic cells was recently observed to result in
macrothrombocytopenia, prolonged tail-bleeding times, and dysregulation of multiple

platelet integrins.
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Cosmc/T-synthase deficiency? Parasite/Microbial Infections?
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Figure 4.
Tn and STn antigens on IgA1l in IgAN. IgA nephropathy (IgAN) is the most common

glomerulonephritis and results in renal failure in 20-40% of patients over 25 years of age.
Deposition of IgA1 in the glomerular mesangium is thought to drive the disease. Reduced
galactose and increased Tn/STn have been observed on IgA1 isolated from renal biopsies of
patients. Normal O-glycans in the IgA1 hinge region contain mono- or disialylated core 1
structures. Although the role of Cosmc/T-synthase in IgAN is controversial, a reduction in T-
synthase transcript and activity has been observed in B cells isolated from IgAN patients. It
is thought that Tn/STn expression could lead to IgA1 aggregation by anti-Tn/STn antibodies
or nonimmunologic methods, e.g. by increasing the propensity of IgA1 to self-aggregate.
Circulating 1IgA1 immune complexes deposit in the glomerular mesangium, activating
mesangial cells and the complement cascade, which leads to glomerulonephritis and loss of
renal function.
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Tn and STn antigens on tumor cells. Tn and STn antigens are tumor-associated carbohydrate
antigens. They are not expressed on normal, nontransformed tissues. Defects in Cosmc or T-
synthase can result in Tn/STn expression, although, to date, only defects in Cosmc have
been observed in human tumors or cancer cell lines. Tn/STn expression is found on the
majority of carcinomas and its expression correlates with progression of disease. However,
the role for Tn/STn expression in tumorigenesis is unknown. Loss of O-glycosylation could
lead to surface receptor dysregulation, changes in cell-cell and cell-matrix contacts, and/or
immunoregulation. Subsequent changes in gene expression, signal transduction, and/or
physicochemical interactions could facilitate tumor initiation, progression, and/or metastasis.
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