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Mucin O-glycans are conjugated carbohydrate chains that contain at the reducing terminus
N-acetylgalactosamine linked covalently to serine/threonine in the peptide backbone. They
are found in mucins and many nonmucin glycoproteins. The presence of a tandem repeat
peptide heavily glycosylated with mucin O-glycans distinguishes mucins from other
glycoproteins that contain mucin O-glycans. Mucl4, -15, and -18, which do not contain a
tandem repeat peptide, are the exceptions. To date, about six secreted and 14 membrane-
tethered mucins have been reported based on cloned complementary DNA (cDNA)
sequences [1,2]. The functions of mucin O-glycans vary according to where they reside. For
secreted mucins, O-glycans can retain water, maintain the viscoelastic properties of mucus
secretion, and bind and clear inhaled and ingested pathogens, such as mycoplasma [3,4],
viruses [5], and bacteria [6]. This function depends primarily on heterogeneous
carbohydrates, while the other two functions are determined by high carbohydrate content.
High carbohydrate content and very heterogeneous carbohydrate structures found in secreted
mucins enable them to perform the first line of innate immune defense at the epithelial
surface of many mucus-secretory tissues, such as airways and the gastrointestinal tract.
Under pathological conditions, overproduction of secreted mucins coupled with poor
clearance of mucus causes obstructive lung diseases [7]. On the other hand, loss of secreted
mucins as shown in Muc2-gene—knockout mice can result in the loss of mucus protective
function and lead to the development of colitis [8] and colorectal cancer [9]. Mucin-type &
glycans in membrane-tethered mucins protect the epithelium by trapping water at the cell
surface, transmitting signals from the extracellular environment to the cells, and serving as
selectin ligands [10,11]. Expression or elevated expression of these mucins tends to be
associated with malignancy, despite the fact that the significance is not fully understood
[12]. The best characterized function of mucin-type glycans comes from membrane-bound
nonmucin glycoproteins, including the P-selectin glycoprotein ligand (PSGL)-1 and
peripheral node addressin. These glycoproteins contain sialyl Lewis X (sLeX) or 6-sulfo-
sLe* located at the nonreducing termini of mucin O-glycans. These glycotopes can guide the
migration of leukocytes to the site of injury and lymphoid organs [13]. These two processes
depend primarily on interactions of sLeX, sLeX plus sulfated tyrosine, and sulfated sLe*
with E-, P-, and L-selectins, respectively [14]. Such interactions may also play a key role in
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cancer metastasis [15]. The above-mentioned functions of mucin O-glycans are controlled
by B6GIcNAc branch structures, which include core 2, Galp1-3(GIcNAcB1-6)GalNAcaSer/
Thr; core 4, GIcNAcB1-3(GIcNAcp1-6)GalNAcaSer/Thr; and blood group | antigen,
GIcNACB1-3(GIcNAcp1-6)Gal. Core 2 is the branch structure present in membrane-
tethered mucins and other nonmucin glycoproteins, while all three branch structures are
found in secreted mucins. The differences in these mucin glycan branch structures contribute
to the differences in function of these glycoproteins.

The enzyme activity responsible for the synthesis of the core-2 structure was first reported in
1980 [16]. The enzyme activity responsible for the core-4 structure was identified in 1985
[17] and for the blood group I structure in 1986 [18]. In 1991, our group employed a purified
enzyme to demonstrate that this enzyme can make all three B6GIcNAc structures found in
secreted mucins [19]. cDNA coding C2GnT-1/L was first cloned in 1992 [20], IGNT in 1993
[21], C2GNnT-2/M in 1999 [22,23], and C2GnT-3/T in 2000 [24]. Enzymatic characterization
of the recombinant protein of C2GnT-M [22,23] has confirmed its multiple substrate
specificity as previously reported [19]. These B6GIcNAc transferases contain nine conserved
cysteines [20-24]. Recently, the disulfide bond distribution in C2GnT-L [25] and C2GnT-M
[26] has been reported. Also, the genomic structures of the IGNT [27], C2GnT-L [28], and
C2GnT-M [29] genes have been elucidated. Furthermore, the 3-D structure of C2GnT-L has
been determined [30]. Since many biological functions of mucins reside in the carbohydrates
extended from the B6GICNAC branch structures, alterations of the activities of these enzymes
and their gene expressions can have a profound effect on mucin functions. The current
review is an update of an article published previously [34].

Role of B6GIcNAc Transferases in Mucin O-Glycan Biosynthesis

The three mucin O-glycan B6GIcNAC structures [34,35], including core 2, core 4, and |
antigen, are shown in Fig. 1. Mucin O-glycan synthesis is initiated by the formation of the
GalNAcaSer/Thr structure as catalyzed by peptidyl GalNAc transferases (ppGalNAc-T)
[36]. At least 20 ppGalNAc-Ts have been identified to date. These enzymes can be grouped
into three categories based on acceptor specificities: one works on naked peptides, one
works on partially glycosylated peptides, and one works on both types of acceptors [37-39].
To extend the glycan structure, GalNAc can be decorated with either B3Gal or 3GIcNAc to
form core-1 and core-3 structures, respectively. Each of these two enzymes is encoded by a
single gene. Core-1 (or T) synthase requires a chaperone protein for its function [40]. Loss
of this chaperone protein can result in the loss of core-1 synthase activity [40]. The core-1
structure can be extended by either 3GIcCNACT-3 or C2GnTs, which produce linear or p1-6
branch structures, respectively. There are three types of C2GnTs: C2GnT-1/L, C2GnT-2/M,
and C2GnT-3/T. These enzymes can catalyze the transfer of GICNAc from UDP-GIcNAc to
GalNAc in the core-1 acceptor. The core-1 structure (or T antigen) is required for C2GnT
activity. To generate L-selectin ligand, C-6 of GIcNAc is sulfated by ST6GICNACT-1/2
[41,42] before galactosylation by p4GalT [43], as shown in Fig. 2. To generate P- and E-
selectin ligands, GIcNAc on core 2 and extended core 1 is galactosylated without sulfation.
If a polylactosamine structure is to be generated, the terminal B4Gal will be extended by A-
acetyllactosamine unit(s), as catalyzed sequentially by B3GIcNACT-3 [44] and B4GalT. To
generate an sLeX structure, the terminal Gal will be further decorated with a2-3 sialic acid
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as catalyzed by ST3Gal-Ill, -1V, or -VI [45] followed by fucosylation as catalyzed by FUT-
1, -1V, or -VII [45].

Core 4 is the second B6GIcNAC branch structure found in secreted mucins. It is synthesized
by C2GnT-M after the core-3 structure has been generated by core-3 synthase [46]. A core-3
structure is required for C4GnT activity. There is only one gene that can produce core-3
synthase. Further, C2GnT-M is the only enzyme that exhibits C4GnT activity. Core-3 and
core-4 structures can be further extended by galactosyltransferases, N-
acetylglucosaminyltransferases, sialyltransferases, and fucosyltransferases to generate
biologically active glycotopes, such as sLeX, as described above.

The blood group | antigen is the third B6GIcNAc branch structure found in polylactosamine
chains of the glycans in secreted mucins and A-linked glycans. The structures can be
generated by two different enzymes, IGnT [21] and C2GnT-M [22,23], which act centrally
and distally, respectively. C2GnT-M transfers GIcNAc from UDP-GIcNAc to Gal in
GIcNACcp1-3Gal, while IGnT transfers GIcNAc to Gal at the reducing end of Galpl-
3/4GIcNAcB1-3Gal.

It is clear that carbohydrate content and complexity of mucin O-glycan structures are
controlled to a large extent by these mucin O-glycan branching enzymes. Therefore,
modulation of the activities of these branching enzymes is crucial for regulating mucin
functions. The next two sections will focus on the protein and genomic structures of these
mucin O-glycan branching enzymes.

Protein Structures of B6GIcNAc Transferases

As described above, mucin core-2 structure can be synthesized by three different B6GICNAC
transferases; the core-4 structure by C2GnT-M; and | antigen by two different B6GIcNAc
transferases. CDNAs of these B6GICNAC transferases have been cloned from several
different species, including bovine, bovine herpesvirus, dog, chimpanzee, human, mouse,
rat, and zebra fish.

The amino acid sequences deduced from these cDNASs show that these branching enzymes
are single-pass type Il membrane proteins. They are similar in size (399 to 454 amino acids)
and exhibit domain structures typical of most glycosyltransferases. They contain a short
cytoplasmic tail at the A~terminus followed by a short transmembrane region, a short stem,
and a long catalytic domain. The transmembrane domain plus cytoplasmic tail is the primary
signal for targeting C2GnT-L to the cis-medial Golgi compartment [47].

The alignment of the amino acid sequences deduced from the cDNAs of these B6GICNAC
branching enzymes shows several distinct features (Fig. 3). First, all B6GIcNAc transferases
contain nine conserved cysteines located beyond the stem region. C2GnT-T contains an
additional cysteine located at the cytoplasmic tail. C2GnT-M contains four additional
cysteines located at the A-terminal region, including the cytoplasmic tail, transmembrane
region, and stem. These four cysteines are not required for enzyme activity. The designation
of the various regions of these branching enzymes, such as cytoplasmic tail, transmembrane
domain, stem, and catalytic domain, is to indicate the general domain structures. The exact
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lengths of the cytoplasmic tail and the transmembrane domain of each branching enzyme as
predicted by different software may vary and need to be determined individually because
cDNA devoid of this region still retain all three activities [26]. The function of these four
cysteines is not known, although they may be involved in disulfide bond formation to help
retain C2GnT-M in specific Golgi compartments according to the oligomerization/kin
recognition model of the Golgi retention theory [48]. Second, all B6GIcNAC transferases,
except h- and mIGnT, contain one conserved N-glycosylation site: b- and bhvC2GnT-M
(NV-72); dogC2GnT-M (A-71); c-, h-, m-, and rC2GnT-M (A-69); c- and hC2GnT-T (N-72);
dogC2GnT-T (N-73); dC2GnT-T (A-59); and all C2GnT-L (A-58). The corresponding N-
glycosylation site for h- and mIGnT is located at A~37 instead. While there is no additional
N-glycosylation site for zebra fish C2GnT-T, the number of additional A-glycosylation sites
found in other B6GICNAC transferases ranges from one to four. The locations of these A-
glycosylation sites are b- and bhvC2GnT-M (A-108); dogC2GnT-M (N-107); ¢- and
hC2GnT-M (A-289); m- and rC2GnT-M (A-288); c- and hC2GnT-T (N-286, A-317, and
N-448); dog- (A-318) and mC2GnT-T (N-318 and N-381); hIGnT (A-212, N-255, N-314,
and A-388); mIGnT (AV-212, N-255, N-315, and A-389); and all C2GnT-L (N-95). Third,
amino acid sequence identity analysis of these B6GICNAC transferases reveals that human is
closest to chimpanzee, mouse to rat, and bovine to bovine herpesvirus (Fig. 4).

The pattern of distribution of the disulfide bonds derived from these nine cysteines
conserved among all B6GIcNAC transferases has been elucidated for mC2GnT-L [25] and
bC2GnT-M [26]. For both isozymes, eight cysteines are engaged in the formation of
disulfide bonds, although different cysteines are involved. In mC2GnT-L [25], the sulfhydryl
group of the sixth cysteine (Cys?17) is not conjugated, and the cysteine pairs involved in the
formation of disulfide bonds are first and ninth (Cys®%-Cys#13), second and fourth (Cys%0-
Cys172), third and fifth (Cys51-Cys199), and seventh and eighth (Cys372-Cys381). Enzyme
activity is retained when Cys?17 is at the reduced state [25]. In addition to these nine
conserved cysteines, mC2GnT-L contains an extra cysteine (Cys23%), which is responsible
for the formation of a dimer through formation of an intermolecular disulfide bond. In the
case of bC2GnT-M, the sulfhydryl group of the second conserved cysteine (Cys13) is not
conjugated. The disulfide bonds are formed between the following cysteine pairs: first and
ninth (Cys’3-Cys#2), third and seventh (Cys'64-Cys381), fourth and fifth (Cys182-Cys?12),
and sixth and eighth (Cys230-Cys393). Except for the disulfide bond formed between the first
and ninth cysteines, bC2GnT-M and mC2GnT-L do not share the same pattern of
distribution of free cysteine and disulfide bonds among the remaining seven conserved
cysteines, which may contribute to the difference in substrate specificity between these two
enzymes [26].

Recently, Pak et al. elucidated the 3-D structure of mC2GnT-L by X-ray crystallography
[30]. This enzyme exhibits a GT-A fold but lacks the characteristics of a metal ion-binding
DXD motif. The amino acids involved in the binding to UDP-GIcNAc include Arg-378,
Lys-401, Asp-155, Val-128, Val-354, Val-380, Glu-320, and Cys-217. Arg-378 and Lys-401,
which are conserved among all GT-14 family members and take the place of a metal ion in
all other GT-A structures, stabilize the B-phosphate of UDP-GIcNAc. The use of basic
amino acid side chains in this way is strikingly similar to that observed in a number of metal
ion-independent GT-B-fold glycosyltransferases and suggests a convergence of catalytic
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mechanisms shared by both GT-A- and GT-B-fold glycosyltransferases [30]. The existence
of Lys-401 in the cis-peptide conformation suggests an important functional role. Asp-155 is
an amino acid well-conserved among many GT-A-fold glycosyltransferases. It forms a key
hydrogen bond with A/-3 of the uracil moiety. The backbone carbonyl group accepts a
hydrogen bond from O-3” of the ribose moiety. Val-354 and Val-380 form an apolar pocket
that interacts with the GIcCNAc N-acetyl methyl group. Further, Glu-320 is closely aligned in
the three—dimensional space in the catalytic site. It is positioned for an inline attack on the
C-1 of GIcNAc in UDP-GIcNAc. It activates the C-6 hydroxyl group of GalNAc in the
core-1 acceptor to make it more nucleophilic to attack C-1 of the donor substrate. Cys-217 is
located in the UDP-GIcNAC binding pocket near the ribose moiety and involved in catalysis.
C2GnT-L activity is activated by p-mercaptoethanol and dithiothreitol, indicating
requirement of maintaining the sulfhydryl group in the reduced state for enzyme activity
[31]. The enzyme activity is partially, i.e., 40%, retained when Cys-217 is converted to
serine, indicating that the serine OH group can partially substitute the SH group in this
cysteine [31]. Treatment of this enzyme with iodoacetamide, 5,5’-dithiobis-(2-nitrobenzoic
acid) (DTNB) or N-ethylmaleimide inactivates the enzyme by covalent blocking of the
sulthydryl group in Cys-217. The enzyme activity is protected from inactivation by
iodoacetamide or DTNB in the presence of UDP-GIcNAc but not the disaccharide acceptor.
The result supports the X-ray crystallography result that this cysteine is in close contact with
UDP-GIcNAc and not the acceptor. The amino acids involved in binding to the disaccharide
acceptor through formation of hydrogen bonds include Glu-320, Arg-254, Glu-243, Tyr-358,
Lys-251, and Try-356. Glu-320, which is a critical amino acid for the catalytic activity of
GT-A-fold glycosyltransferases [32,33] and conserved among all B6GICNAc transferases,
forms a bidentate with O-4 and O-6 of GalNAc by accepting hydrogen bonds from O-4 and
the nucleophilic O-6. Arg-254 donates a hydrogen bond to G-4 of GalNAc in the acceptor.
Glu-243 forms a bidentate with O-4 and O-6 of Gal by accepting hydrogen bonds from both
oxygens. Tyr-358 bridges the two monosaccharides in the acceptor by simultaneously
accepting a hydrogen bond from GalNAc NH and donating a hydrogen bond to Gal O-2.
Lys-251 forms a hydrogen bond with the glycosidic oxygen of the acceptor disaccharide.
The acceptor binding is further stabilized by a stacking interaction between Try-356 and
both Gal and GalNAc moieties. It is of interest to note that the amino acid Y358, which was
identified to be the amino acid involved in the binding of mC2GnT-L with core-1
disaccharide acceptor, was proposed to be unique to C2GnT-L because a different amino
acid was found in the same location of both human (G458) and bovine (G460) C2GnT-M.
Since tyrosine (Y460) instead of glycine is found at the same location in bhvC2GnT-M,
tyrosine cannot be the amino acid unique to C2GnT-L. Therefore, the difference in this
amino acid between mC2GnT-L and h-/bC2GnT-M cannot explain the difference in acceptor
specificity between these two isozymes, suggesting that amino acids other than Y460 are
involved in determining the multiacceptor specificity of C2GnT-M.

Genomic Organization of C2GnT Genes

To date, the complete genomic structures of C2GnT1/-L [49], C2GnT2/-M [50], and IGnT
[21] and a partial genomic structure of C2GnT3/-T [32] have been reported (Fig. 5). It is
worth noting that the open reading frame (ORF) of IGnT is distributed over three exons [23],
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while the entire ORF of the three C2GnT genes is located in a single exon [24,34]. As
shown in Table 1, these four human B6GNnT genes are located at different chromosomes.
Since the hiIGnT and mC2GnT-1/L gene structures have been reviewed previously [34], the
current article will concentrate on the structures of the hC2GnT-1/L; b-, m-, and
hC2GnT-2/M; and hC2GnT-3/T genes.

Mouse [51-53] and human [49] C2GnT-L genes contain six exons distributed over 60 and
48 Kb, respectively. Human C2GnT-L gene (48.2 kb) is made of six exons—A (650 bp), B
(89 bp), C (118 bp), D (190 bp), E (426 bp), and F (2,022 bp)—and five introns—I1 (16,902
bp), 12 (755 bp), 13 (18,164 bp), 14 (22,143 bp), and 15 (1,178 bp) (Fig. 5a). Like the
mC2GnT-L gene, the hC2GnT-L gene is expressed in a tissue-specific manner employing
multiple transcription-initiation and alternative splicing mechanisms. The four promoters
identified are located at the regions upstream of exons A, B, D, and E. The major promoter
is promoter 2, which lacks a TATA box and is very GC rich. In addition, exons B, C, D, and
part of exon E are alternately spaced out [63].

The structures of bovine [29], mouse [54], and human [50] C2GnT-M genes have recently
been characterized. The C2GnT-M genes from these three species are made of three exons
and two introns. The bovine gene exhibits a tissue-specific expression not observed in the
other two species [50,54]. The human C2GnT-M gene is located on chromosome 15 in the
region of q21.3, oriented from centromere to telomere. The human C2GnT-M gene (~8.26
kb) is made of 3 exons—E1 (69-198 bp), E2 (333-401 bp), and E3 (1,864 bp)—and 2
introns—I1 (4.5 kb) and 12 (1.3 kb). It produces three transcripts of 2.3-2.5 kb, 3.6-3.8 kb,
and 6.8-7.0 kb (Fig. 5b). The shortest transcript (~2.3-2.5 kb) is made of three exons: 69—
198 bp (exon 1); 333-401 bp (exon 2); and 1,864 bp (exon 3). This exon includes 56-bp 5’-
UTR; 1,317-bp ORF; and 491-bp 3’-UTR. It does not contain any intron and is the most
abundant transcript. The intermediate size transcript (3.6—3.8 kb) contains intron 2, and the
longest transcript (6.8—7.0 kb) contains intron 1 in addition to all three exons. The bovine
C2GnT-M gene (5.3 kb) is made of a 128-bp exon 1; 1,427-bp intron 1; 186-bp exon 2;
1,771-bp intron 2; and 1,796-bp exon 3. Exon 3 contains 51-bp 5’-UTR; 1,323-bp ORF; and
424-bp 3’-UTR. The smaller-size transcripts are the most abundant transcripts. There are
two northern transcript bands, one at 2.1 kb and the other one at 3.7 kb. Each transcript band
contains one transcript with and one transcript without exon 1. The transcripts that contain
exon 1 are detected only in trachea and testis, indicating tissue-specific expression of these
exon-1-containing transcripts. Mouse C2GnT-M gene (6.6 kb) is made of 116-bp exon 1;
998-bp intron 1; 342-bp exon 2; 1,294-bp intron 2; and 1,794/3,843-bp exon 3. The
mC2GnT-M transcripts do not contain any intron, and the difference in the transcript size,
i.e., 2.25 kb versus 4.3 kb, lies in a difference in the length of 3’-UTR of exon 3; the short
transcript contains 561 bp while the long transcript has 2.6-kb 3’-UTR. In addition, both
transcripts contain 54-bp 5’-UTR and 1,311-bp ORF.

The human C2GnT-T gene characterized to date is 3,435 kb. It contains 861-bp 5’-UTR,;
1,359-bp ORF; and 1,215-bp 3’-UTR (Fig. 5¢). The expression of this enzyme is highly
restricted to the thymus tissue [24].
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Human IGnT belongs to the B6GIcNAc transferase gene family and forms branched poly-A-
acetyllactosamine from linear poly-A*~acetyllactosamine [55]. This enzyme is mainly
involved in red-cell differentiation and maturation during embryonic development. It has
three transcripts: IGnTA, IGnTB, and IGnTC. The last transcript is mainly involved in red-
cell development. Expression of IGNnTC is regulated by transcription factor C/EBP alpha
[56]. Also, a nonsense mutation in this gene is associated with autosomal recessive
congenital cataracts in four distantly related Arab families from Israel [57]. During tumor
development, this IGNT expression is upregulated. The structure and function of the IGnT
enzyme have previously been described in detail [34].

Role of Human C2GnTs in Health and Disease

Core-2 branching is an important step in the biosynthesis of mucin O-glycans. Core-2—
associated glycotopes, such as sLeX, can serve as ligands for selectin- and galectin-mediated
cell—cell interactions involved in T-cell development [34,58-64] and cancer metastasis
[15,65-68]. The roles of C2GnT in cell development [58,59], differentiation [69-71], and
diseases, such as Wiskott-Aldrich syndrome [72-78], acquired immune deficiency syndrome
(AIDS), multiple sclerosis [79-83], and diabetes [81,72], have been reviewed previously
[34]. Therefore, they will not be dealt with in the current review. Instead, we will focus on
the role of C2GnT in immune functions, cancer progression, and the estrous cycle.

Role of C2GnT in Immune Function

Because many important functions of the immune cells reside in core-2—associated
glycotopes, changes in C2GnT activity can greatly affect the functions of these cells. For
example, a dramatic increase of C2GnT enzyme activity has been reported in activated T
cells [84,85]. Stimulation of T lymphocytes with anti-CD3 antibodies or interleukin (I1L)-2
increases the apparent size, as shown by decreased electrophoretic mobility, of CD43
expressed on the cell surface from 115 kDa to 130 kDa [86,87]. The mobility shift of CD43
is due to changes in the CD43 mucin O-glycan structures, which include conversion of these
glycans from core-1- to core-2—based structures and decoration of core 2 with new
glycotopes, such as sLeX. This transition resulted from a tenfold increase of C2GnT enzyme
activity after T-cell activation coupled with a moderate decrease of a2—-3sialyltransferase
activity. This enzyme competes with C2GnT for core 1. Since C2GnT-L is localized at cis-
and medial-Golgi [88] and a.2-3sialyltransferase is localized at medial- and trans-Golgi
[88], increase of C2GnT-L activity ensures the synthesis of predominantly core-2—associated
sLeX, which helps recruit circulating neutrophils to the inflamed peritoneum [89]. a.2—
3Sialyltransferase | is highly expressed during Th2, but not Th1, differentiation [90]. Lack
of expression of this glycosyltransferase in Thl allows the formation of more core-2 glycans
to help Th1 cells bind to selectins on the endothelial cells. Similarly, transfection of the EL-4
T-lymphoma cell line with C2GnT-L cDNA upregulates not only the highly glycosylated
form of CD43 (130 kDa) but also the sizes of RPTPa, CD44, and CD45 by 3-5 kDa [91].
Since CD44 and CD45 along with CD43 are involved in cell—cell interactions, changes in
their glycoforms after activation of T cells can have a significant impact on T-cell functions.
Further, Kikuchi et al. [92] found that C2GnT-L is essential for differentiation of human
precursor B cells.
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The connection between C2GnT activity and polylactosamine came from the finding that
mucin glycans from granulocytic cells [93] contain core-2—based polylactosamine structure.
Such core-2-based polylactosamines along with sLe* and sLe? epitopes were detected in
HL-60 cells, which expressed C2GnT, but not in K562 cells, which did not express C2GnT
[94]. The polylactosamine chains are often terminated with sLe?, sLeX, and 6-sulfo sLeX,
which serve as selectin ligands. These selectin—ligand interactions are involved in directing
leukocyte trafficking under inflamed conditions. P-selectin is found on the surface of
activated endothelial cells and platelets, and E-selectin on the endothelial cells and L-
selectin at the surface of leukocytes [95-98]. Circulating leukocytes also provide
carbohydrate ligands for P- and E-selectins, and endothelial cells at the high endothelial
venues provide sulfated carbohydrate ligands for L-selectin. Activated endothelial cells at
the injured site mobilize prestored P-selectin to the cell surface to capture circulating
leukocytes, which contain PSGL-1 [99], a molecule containing sulfated tyrosine and sLe* on
mucin the core-2 chain at the AV<terminus. The synthesis of selectin ligands on PSGL-1 in
CD4* T cells is enhanced by IL-12, which upregulated C2GnT gene expression via the
STAT4 pathway [100]. E-selectin recognizes sLeX located at either mucin-type or A-linked
glycan, while L-selectin recognizes sulfated sLeX on mucin-type glycan [101,102]. These
lectin—glycan interactions facilitate initial rolling of leukocytes on endothelial cells and
subsequent firm binding prior to extravasation. In this case, endothelial cells at the high
endothelial venues provide sulfated sLe* located on the mucin core-2 branch of membrane-
bound glycoproteins [103], such as GlyCAM-1, CD34, podocalyxin-like protein, sgp200,
endomucin, and MAdCAM-1. These results strongly demonstrate the involvement of mucin-
type core-2 glycans in leukocyte trafficking during inflammation. It is of interest to note that
eosinophil and neutrophil, which express core-2 glycans, are mobilized to the peritoneum
and not the lungs [104]. Dimerization of PSGL-1 coupled with formation of core-2 and
associated glycans increases tethering rate under flow, while C2GnT-L levels influence
tether bond strength [105]. Such selectin-ligand interactions were verified by binding assay
between immobilized selectins and recombinant Chinese hamster ovary (CHO) cells that
had expressed various combinations of PSGL-1, C2GnT, and a.1-3fucosyltransferase, key
players involved in the formation of PSGL-1-associated sLeX, which is absent in wild-type
CHO cells. P- and E-selectins were found to bind recombinant CHO cells that expressed
PSGL-1 only when both C2GnT and a 1-3fucosyltransferase were coexpressed [106,107].
Further, L-selectin bound to the CHO cells that coexpressed C2GnT-L, FUT-VII, and L-
selectin ligand sulfotransferase [108]. Although core-2—associated glycan is the preferred
ligand for L-selectin, L-selectin also can bind to similar structures located on the core-1
chain but with lesser efficiency [61]. In oral cavity carcinomas, both C2GnT and al-
3fucosyltransferase contribute to the formation of sLe* and binding to E-selectin but not to
other selectins [66]. These reports indicate that cell-specific expression of these two
enzymes exhibits different specificity for different selectins. The L-selectin ligands also
include sulfated core-2-based O-glycans, unlike the glycan ligands for P- and E-selectins.
The selectin ligands on mucin O-glycans are contributed mainly by C2GnT-L and FUT-VII,
although C2GnT-L may play a more significant role than FUT-VII [109]. This report is
consistent with the finding that transfection of antisense oligonucleotides against C2GnT-L
suppresses the formation of selectin ligands [110].
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C2GnT activity is also implicated in T-cell maturation [58]. The immature thymocytes
express higher level of core-2-based O-glycans than matured thymocytes. Increased core-2—
associated glycan is correlated with increased binding of galectin-1 containing epithelial
cells to T cells. Galectin 1 is known to induce cell death in immature thymocytes and
activated T cells by binding to the cell surface glycoproteins CD45, CD43, and CD?7. Cells
that lack C2GnT are resistant to galectin-1-induced cell death [111]. This concept has been
confirmed by Nguyen et al. [112], who showed that transfection of CD45* BW5147 T cells
with C2GnT cDNA rendered these cells susceptible to galectin-1-induced cell death. The
results suggest that core-2—based O-glycans play an important role in T-cell development.
Further, this concept was supported by decreased core-2 O-glycans (130 kDa) on CD43 in
thymic-positive selection. These results clearly demonstrate the biological significance of
C2GnT in immune system development.

Mucin core-2 structure can be generated by three isozymes: C2GnT1, C2GnT2, and
C2GnT3. C2GnT1 and C2GnT3 are involved in the synthesis of core 2 found in the mucin-
type glycans of membrane-bound glycoproteins, while C2GnT3 is involved in the synthesis
of core 2 found in secreted mucins. C2GnT1-deficient mice exhibited compromised
functions of not only innate but also acquired immunities [63]. C2GnT3-deficient mice did
not show any noticeable abnormal phenotype in thymus or immune functions, although a
slight neutrophilia was observed. However, it is rather intriguing that these mice exhibited a
significant increase in social dominance behavior, which was linked to a reduced level of
circulating thyroxin T4 [129]. C2GnT2-deficient mice displayed reduced levels of
immunoglobulins, including 19G1, 1gG2a, 1gG2b, and mucosal IgA. Although the
mechanism for this phenomenon is not clear, it may explain the increased susceptibility of
these animals to developing colitis [129] and possibly colorectal cancer [126]. Further, mice
deficient in multiple combinations of these three C2GnTs did not show any apparent
abnormalities in viability, development, and fertility [129].

Role of Mucin Glycan Branch Structure in Cancer Development, Progression, and

Metastasis

It has been well documented that the development and progression of cancer are
accompanied by alterations in glycoconjugates. However, the significance of these changes
has only begun to emerge recently. It has been noted that most of the reported tumor-
associated antigens belong to mucin-type glycans. Since the functions of mucin-type glycans
vary according to where they reside, i.e., membrane-bound glycoproteins or secreted
mucins, the functions of these two tumor-associated mucin-type glycans will be reviewed
accordingly.

Membrane-associated mucin-type O-glycans—Generation of core 2 and its
associated glycotopes on membrane-bound glycoproteins in advanced cancer can alter
tumor-associated antigens and help promote tumor metastasis. We previously showed that
the tandem repeat peptide of MUCL1 ectopically expressed in pancreatic cancer (Panc 1) cells
was easily detected with an antibody specific for this peptide [67]. However, this peptide
epitope was no longer recognized by the same antibody after forced expression of C2GnT-L
cDNA [67]. Removal of sialic acid did not uncover the antigen, thus excluding the role of
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sialic acid in masking the antigen. In addition, ectopic expression of the core-2 branch
generated sLe* on the core-2 branch at the expense of sialyl-T antigen, sialic acida.2—
3Galp1-3GalNAcaSer/Thr, in this cell. This example illustrates how mucin glycan
branching enzyme can alter tumor-associated antigens and enhance tumorigenicity.

As described above, sLeX is a key glycotope that can help target circulating leukocytes to
distant sites, including lymphoid tissues [15]. Expression of sLeX in advanced cancer is a
common finding, which could provide a rational explanation for how these tumors
metastasize [113,114]. Several studies have confirmed the involvement of mucin-associated
sLe? and sLe* glycotopes [115,116] in lymphatic and venous invasion [15]. In mucin-type
glycans, the core-2 branch is frequently decorated with sLeX and sLe? [117] (Fig. 2). Core-2
branches can be synthesized by C2GnTs, and expression of C2GnT directly correlates with
the formation of those epitopes on mucin O-glycan. A recent study shows enhanced
adhesion and aggressive tumor formation [118] after transfection of human prostate cancer
cells (LNCaP) with C2GnT-L cDNA. Therefore, C2GnT-L can be considered as an
oncogene and serves as a progression marker for prostate cancer. Expression of C2GnT-L
also correlates with tumor progression of other types of cancers, including colorectal and
lung [30,65,119]. These observations suggest that the expressions of C2GnT and resultant
core-2—associated glycans play an important role in the progression of numerous tumors.
Changes in C2GnT activity have also been documented in cells from leukemia patients, in
particular, leukocytes of two patients, one with chronic myelogenous leukemia and one with
acute myelogenous leukemia. A four- and 18-fold increase of C2GnT activity was found in
the leukocytes of these two patients, respectively, as compared to normal donors [65].
Similar to what was described above (D-1), expression of the core-2 branch can be regulated
by relative expression of C2GnT-L and a2-3sialyltransferase | genes. As compared to
normal breast tissues, breast cancer cells have reduced C2GnT-L gene expression by up to
50% but increased expression of a2-3sialyltransferase | gene, which culminates in the
production of sialyl T antigen [120].

The involvement of P-, E-, and L-selectins in promoting cancer metastasis also has been
demonstrated. P-selectin deficiency attenuates tumor growth and metastasis. Tumors are
significantly smaller in size when mice are treated with receptor antagonists [121]. Lung
colonization of B-16 melanoma cells that express sLeX is significantly reduced in E- and P-
selectin—deficient mice [121]. Furthermore, expression of L-selectin on tumor cells can
enhance cancer metastasis to lymph nodes [122]. It is clear that there is a strong link
between selectin-ligand interactions in blood-borne metastasis of various cancers. Figure 6
shows how the selectin—ligand interactions help promote cancer metastasis [121].

It is important to point out that upregulation of C2GnT activity is not always associated with
poor prognosis of cancer. In certain cancers, such as cutaneous T-cell lymphoma,
downregulation/deletion of C2GnT-L renders these cells resistant to galectin-1-induced cell
death [123]. Although upregulation of C2GnT-L is associated with poor prognosis for a
large number of cancers, downregulation of C2GnT-L can benefit the progression of some
types of cancer. Therefore, understanding the function of core 2—associated glycans in each
cancer is the key to understanding the mechanism of tumorigenesis.
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Branch structures in secreted mucins—As described above, the primary function of
secreted mucins is to protect the underlying mucus-secretory tissues. Some of these tissues
are constantly exposed to very harsh conditions, such as noxious gas in the lungs from
polluted air, strong acid in the stomach, proteases throughout the gastrointestinal tract, and
heavy loads of microorganisms in the colon. To protect the peptide backbones of these
mucins from being degraded, the tandem repeat peptides rich in ser and thr are decorated
with clusters of mucin-type O-glycans. To accomplish this goal, secreted mucins are
equipped with high carbohydrate content, which can be up to 90% of the molecule by
weight, and an extremely heterogeneous carbohydrate structure, which can be >300-400
oligosaccharide structures [124]. In addition, secreted mucins contain core 3 and core 4,
which are unique to these mucins. As described above, core 3 is synthesized by core-3
synthase and core 4 by C2GnT-M. Downregulation of core-3 synthase or the C2GnT-M
enzyme has been reported in colorectal cancers [125,126]. Loss of core-3 or core-4 structure
can lead to loss of integrity in these mucins, resulting in prolonged residency of bacteria,
irritation of the epithelium, induction of chronic inflammation, and development of
pathological conditions, such as colitis and cancer. This condition is similar to that found in
Muc2 (-/-) mice. In this case, loss of secreted mucins resulted in loss of mucus protection,
which led to the development of colorectal cancer [9] and colitis [8].

Core 3 is the obligatory precursor for core 4 [24,127] in a reaction catalyzed by C2GnT-M,
the only enzyme that can synthesize core 4 [22,23]. Therefore, loss of the core-3 enzyme
would result in the loss of not only core 3 but also core 4. Interestingly, when core-3
synthase cDNA was introduced to a colonic cancer cell line devoid of core-3 synthase gene,
in vitro migration and in vivo lung metastasis were suppressed in an athymic mouse tumor
xenograft model [125]. This result was confirmed in core-3-synthase-gene knockout mice
[128]. In this mouse model, both core-3 and core-4 O-glycans in secreted mucins were
missing, which resulted in increased susceptibility to development of colitis and colorectal
tumors [128]. This report also showed that mice devoid of this gene had increased
degradation of Muc2, intestinal permeability, and retention of bacteria. Further, this animal
showed increased colonic infiltration of T lymphocytes and monocytes/macrophages after
dextran sulfate sodium challenge. These results show that animals devoid of the core-3
synthase gene lose the integrity of colorectal epithelium, as well as the ability to efficiently
clear pathogens, and have increased inflammation and incidence of colorectal cancer. Since
core 3 is the precursor of core 4, these results suggest that core-3— and core-4—derived
glycans are important for the epithelium-protective function of secreted mucins.

Loss of all three mucin glycan branch structures as a result of downregulation of the C2GnT-
M gene has also been observed in human colorectal cancers [126]. Loss of more than 50%
of C2GnT-M gene expression was found in about 61-66% of human colorectal tumors.
Forced expression of C2GnT-M cDNA in a colonic cancer cell line devoid of this enzyme
suppresses cell spreading, attachment to extracellular matrix, colony formation, and
invasion. In addition, introduction of C2GnT-M to this cell line induces apoptosis and
suppresses cell growth in vitro and in vivo. These results support the idea that core-4 glycans
are important for inhibiting the above-mentioned tumorigenic properties. As described
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previously, ablation of C2GnT2 gene leads to reduced levels of immunoglobulins and
development of colitis [129], a likely prelude to development of colorectal cancer.

In summary, except in rare cases as described above, elevated expression of C2GnT activity
is associated with poor prognosis of cancer. Enhanced metastasis through formation of sLe*
on the core-2 branch in membrane-associated glycoproteins is the most likely explanation.
However, loss of CAGnT or core-3 synthase activity in mucus secretory tissues results in loss
of the protective function of secreted mucins, which can lead to development of colorectal
cancer. In this regard, the C2GnT-L gene functions like an oncogene, and core-3 synthase
and C2GnT-M function like tumor suppressors.

Role of C2GnT in the Estrous Cycle

C2GnT enzymes are also implicated in the reproductive system of golden hamster
(Mesocricetus auratus) [130]. Glycosylation of hamster oviductin, a member of the mucin
glycoprotein family, is regulated during the estrous cycle. The glycosylation process of
oviductal glycoproteins is mainly involved in the synthesis of mucin O-glycans in the
hamster oviduct. Hamster oviduct has high activities of glycosyltransferases that synthesize
O-glycans that contain core-1, =2, -3, and —4 branched structures. During the estrous cycle,
C2GnT-M enzyme activity is elevated at the stages of proestrus and estrus, but reduced at
diestrus 1. Further, regulation of the activities of these enzymes is correlated with messenger
RNA levels of C2GnT-M in the estrous cycle stages. Increase of C2GnT-M activity in the
hamster oviduct at the time of ovulation suggests that glycosylation of oviductal
glycoproteins may be essential for the function of these proteins during fertilization.

Regulation of C2GnT Gene Expression

Given the important role C2GnTs play in health and disease as described above, changes in
the activities of these enzymes would have a significant impact on the overall health of an
individual. To date, C2GnT-L and C2GnT-M are the only two mucin glycan branching
enzymes of which detailed genomic structure and some characterization of gene regulation
have been reported.

C2GnT-L gene expression has been shown to be activated by 1L-12 in T cells [100], butyrate
in CHO cells [70], and Th2 cytokines (IL-4 and 1L-13) in NCI-H292 lung carcinoma cells
[131]; moderately downregulated by epidermal growth factor (EGF) [132]; and not affected
by retinoic acid [131]. SP1 is the transcription factor involved in the activation of this gene
[49]. 1t remains to be established whether this transcription factor plays a role in the
activation of this gene in metastatic cancer. IL-12 induces STAT4 expression in CD4* T
cells. STAT4 acts either directly or indirectly through the transcription factor T-bet to
influence the expression of C2GnT-L and thus the function of PSGL-1 [133]. Sp1
transcription factor is essential for transcription of this gene in Jurkat cells, which are T cells
derived from mesoderm, and NCI-H292 cells, which are derived from lung carcinomas [49].
Dose dependency of Sp1l is found in Jurkat cells, and only the Sp1s located at the proximal
region are required for the expression of this gene.
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C2GnT-M gene expression can be upregulated by retinoic acid and Th2 cytokines [50,131]
and tumor necrosis factor (TNF)a [134], but downregulated by EGF in H292 cells
[132,134]. EGF-mediated inhibition is through suppression of the EGF receptor (EGFR)-
Ras-MEK-ERK signaling pathway. The EGFR-phosphatidylinositol-phospholipase C
pathway is involved in TNFa-mediated activation of the C2GnT-M gene. Retinoic acid acts
through retinoic acid receptor-a, while Th2 cytokines act through the JAK3-mediated
signaling pathway. The promoter of the C2GnT-M gene is responsive to retinoic acid and
Th2 cytokine [50]. However, the transcription factors involved in the activation of this gene
remain to be identified.

In addition, introduction of A~glycan branching N-acetylglucosaminyltransferase V (GnTV)
cDNA into H7721 hepatocellular carcinoma cells results in decreased expression of the sLeX
epitope. This is attributed to decreased expression of O-glycan branching enzymes such as
C2GnT-L/-M and FUT-III, -V1, and -VII [135]. The mechanism remains unclear. Table 2
summarizes the regulation of C2GnTs under different growth conditions.

Summary and Future Directions

B6GIcNAC branching through formation of core 2, core 4, and | antigen is an important
event in the synthesis of mucin O-glycans. These branch structures allow further elaboration
of mucin-type glycans to increase not only content but also heterogeneous structure of
mucin-type glycans. This is particularly significant for secreted mucins in view of their
essential role in protecting the mucus secretory epithelium. Because many biologically
important glycotopes are built on these branch structures, regulation of the synthesis of these
branch structures is critically important for the regulation of many biological events, such as
inflammation and cancer metastasis. With rare exceptions, increased expression of the
C2GnT gene leads to decoration of the core-2 branch with selectin ligands, which correlates
with poor prognosis of cancer. On the other hand, downregulation of the C2GnT-M gene
could result in loss of epithelium-protective function of secreted mucins, which can lead to
development of colitis and colorectal cancers. Thus, understanding the regulation of the
expression of these genes could help elucidate the pathogenesis of cancer. Hence, future
emphasis should be placed on understanding the mechanisms of coordinated gene
expression of mucins, mucin glycan branching enzymes, and other glycosyltransferases
involved in the synthesis of biologically important glycotopes, such as selectin ligands.
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Fig. 1.
Biosynthesis of mucin O-glycan core 2, core 4, and blood group | antigen as catalyzed by

B6GIcNAC transferases. Core 2 can be synthesized by C2GnT-1/L, C2GnT-2/M, and
C2GnT-3/T; core 4 can be synthesized only by C2GnT-M; blood group | antigen can be
synthesized by IGnT and C2GnT-M.
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Fig. 2.

St?ucture and biosynthesis of core-1- and core-2—associated sLe* and key enzymes involved
in the synthesis. 1, ppGalNACT; 2, B3Gal-T1 (T synthase); 3, C2GnT-1/2/3; 4 and 9,
GIcNACc6ST1/3; 5, p4GalT-4; 6 and 11, FUT-11I/IV/VII; 7 and 12, ST3Gal-111/VI; 8,
B3GIcNACT-3; and 10, p4GalT
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Fig. 3.

Alignment of deduced amino acid sequences of four B6GIcNAc transferases from human
(Homo sapiens) (h), chimpanzee (Pan troglodytes) (c), rat (Rattus norvegicus) (r), mouse
(Mus musculus) (m), bovine (Bos taurus) (b), bovine herpesvirus (bhv), dog (Canis
familiaris) (dog), and zebra fish (Danio rerio) (d). Multiple sequence alignment was
performed with Invitrogen Vector NTI 10 software. The amino acid sequences of dog
C2GnT-M and C2GnT-T, and mC2GnT-T used for alignment, include only those that are
comparable to those of other B6GICNAC transferases. The A-terminal amino acid sequences
that are excluded are 96 amino acid residues of dog C2GnT-M, 137 residues of dog C2GnT-
T, and 133 residues of mC2GnT-T. The Aglycosylation sites (N) are highlighted dark, and
the nine cysteines conserved among all B6GIcNAc transferases, the four cysteines conserved
among C2GnT-Ms, and the one cysteine conserved among C2GnT-Ts are highlighted light.
The potential A-glycosyltaion sites in each sequence are indicated by arrow heads. The
accession numbers for these proteins are C2GnT-2/M: bovine, NP_991378.1; bovine
herpesvirus, Q80RC7; dog, XP_544703; chimpanzee, XP_510451.2; human, NP_004742.1;
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mouse, NP_082363.2; rat, NP_775434.1. C2GnT-3/T: chimpanzee, XP_517702.2; human,
NP_057675.1; dog, XP_546063.2; mouse, XP_980153.1; zebra fish, NP_963877.1. IGNnT:
human, Q06430-1; mouse, NP_032131. C2GnT-1/L: bovine, NP_803476.1; mouse,
NP_034395.1; rat, NP_071612.1; chimpanzee, XP_001145936.1; human, NP_001091103.1;
dog, XP_541274.2. The accession numbers of the corresponding cDNAs are C2GnT-2/M:
bovine, NM_205809.1; bovine herpesvirus, NC_002665; dog, XM_544703; chimpanzee,
XM_510451.2; human, NM_004751.1; mouse, NM_028087.2; rat, NM_173312.1.
C2GnT-3/T: human, NM_016591.1; chimpanzee, XM_517702.2; dog, XM_546063.2;
mouse, XM_975059.1; zebra fish, NM_201583.1. IGnT: human, Z19550; mouse,
NM_008105. C2GnT-1/L: bovine, NM_177510.2; mouse, NM_010265.2; rat,
NM_022276.1; chimpanzee, XM_001145936.1; human, NM_001097634.1; dog,
XM_541274.2
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Fig. 4.
Cladogram of four B6GIcNAc transferases from different species. Amino acid sequences of
the same isozyme are closest between human and chimpanzee, mouse and rat, and bovine
and bovine herpesvirus. Multiple sequence alignment was performed with European

Molecular Biology Laboratory—European Bioinformatics Institute (EMBL-EBI) clustalW.
The number in parenthesis represents the degree of divergence in a pair of sequences.
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a. human C2GnT-1/L
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Fig. 5.
Genomic structures and expression of human (a) C2GnT-1/L (GCNT1), (b) C2GnT-2/M

(GCNT3), and C2GnT-3/T (GCNT4) genes. ORF of all three C2GnT isozymes is located in
one exon.
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(a) (b) (c) Cancer cell
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Fig. 6.

Pr?:)posed mechanisms of cancer metastasis. Following detachment from the primary site, the
cancer cells in circulation utilize three possible routes to metastasize: (a) direct binding to
selectins on activated endothelium at distant sites using sLe* and/or selectin expressed on the
surface of cancer cells; (b) enlisting the help of circulating leukocytes via interaction of sLeX
with L-selectin present on the surface of leukocytes; (c) utilizing the help of platelets and
leukocytes [121].
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Table 1

Chromosomal localization of human B6GIcNAC transferase genes and tissue distribution

Chromosomal ) s
Enzyme location Tissue specificity
C2GnT-L  9q13 Ubiquitously expressed in all tissues and highly expressed in activated T lymphocytes and myeloid cells
C2GNT-M 150213 Primarily expressed in mucus-secreting tissues, including . colon, testis, stomach, small intestine, kidney,
trachea, adrenal gland, thyroid gland, uterus, ovary, and pancreas
C2GNT-T  5q12 Predominantly expressed in the thymus. Weakly expressed in pancreas, peripheral blood leukocytes,
q placenta, small intestine, and stomach. Barely detectable in liver, spleen, lung, and lymph node
IGnT 921 Erythroid cells, lymphocytes, monocytes, granulocytes, platelets, lens epithelium, and other tissues.

Differential expression of specific transcripts in different tissues
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Table 2

Regulation of human C2GnT gene expression under various conditions

Page 32

hC2GnT  Agents Effects Cells M echanism References
C2GnT-L  butyrate, Th2 cytokines, LPS, increased  pancreas, airway transcription enzyme [131], [136], [137], [132]
activity
EGF decreased  airway
C2GnT-M  butyrate, all-trans retinoic acid, Th2 increased  pancreas, airway  transcription enzyme [131], [136], [137]
cytokines, LPS activity
EGF decreased  airway [132], [138]
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