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Aberrant glycosylation of proteins and lipids is one of the characteristic features of malignantly transformed cells.TheGalNAc𝛽1→
4GlcNAc (LacdiNAc or LDN) group at the nonreducing termini of both N- and O-glycans is not generally found in mammalian
cells. We previously showed that the expression level of the LacdiNAc group in N-glycans decreases dramatically during the
progression of human breast cancer. In contrast, the enhanced expression of the LacdiNAc group has been shown to be associated
with the progression of humanprostate, ovarian, and pancreatic cancers.Therefore, the expression of the disaccharide group appears
to be dependent on types of tumors. The mechanism of formation of the LacdiNAc group in human tumors and cancer cells has
been studied, and two 𝛽4-N-acetylgalacto-saminyltransferases (𝛽4GalNAcTs), 𝛽4GalNAcT3 and 𝛽4GalNAcT4, have been shown
to be involved in the biosynthesis of this disaccharide group in a tissue-dependent manner. Transfection of the 𝛽4GalNAcT3 gene
brought about significant changes in the malignant phenotypes of human neuroblastoma, indicating that this disaccharide group
is important for suppressing the tumor growth.

1. Introduction

Thenonreducing terminalGalNAc𝛽1→ 4GlcNAc (LacdiNAc
or LDN) group is found in N- and O-glycans of both
vertebrate and invertebrate glycoproteins. The disaccharide
group is highly expressed in parasitic helminthes such as
Schistosoma mansoni [1]. However, the LacdiNAc group
is a rare structure in mammalian glycoproteins, and this
is because only a limited number of glycoproteins such
as bovine pituitary glycohormones have been shown to
possess this novel disaccharide structure (reviewed in [2,
3]). However, recent progress in analytical techniques for
glycan structures has shown that the LacdiNAc group is
expressed in many mammalian glycoproteins though in a
very small amount [4]. The LacdiNAc group is mainly found
in N-glycans and occasionally modified by sulfation [5–7],
sialylation [8–11], and/or fucosylation [8, 11]. A few studies
also showed that the disaccharide group is expressed on O-
glycans attached to bovine proopiomelanocortin and murine
zona pellucida glycoprotein 3, and it is modified further
[12, 13]. To date, the disaccharide group with or without

modification has been shown to play important roles in the
regulation of half-life of circulating pituitary glycohormone,
lutropin, in blood [14–16] and in the functional differentiation
of bovine mammary epithelial cells [17, 18].

Many years ago, we showed that the expression level of
the LacdiNAc group decreases in N-glycans of human breast
cancers according to the malignant stages and relates to sur-
vival rates of the patients [19]. However, in the case of human
prostate, ovarian, and pancreatic cancers, the expression of
the LacdiNAc group is enhanced [20–23], indicating that
the up- or downregulation of the disaccharide expression
appears to be dependent on types of the tumors. Here, in this
paper, we summarized the relationship of this disaccharide
expression with tumor malignancy and its biosynthesis in
human tumors.

2. Transformation-Associated Changes in
Expression of LacdiNAc Group

Alteration of structures of glycans attached to proteins
and lipids upon malignant transformation of cells is well
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documented [24, 25]. A large number of tumor-associated
carbohydrate antigens such as Lewis X, sialyl Lewis X, Tn,
and Globo H groups have been well characterized and used
as tumormarkers in respective human cancers [26]. To detect
more specific diagnostic markers for individual cancers, the
glycomic analysis is now being conducted.

We initially found the LacdiNAc structure in the N-
glycans of CD36 isolated from bovine milk fat globule
membranes and then in those of many bovine mammary
epithelial membrane glycoproteins [9, 27]. Quite interest-
ingly, the expression of the LacdiNAc group in N-glycans was
associated with functional differentiation of bovine mam-
mary epithelial cells [18]. We then asked a question whether
the expression of the LacdiNAc structure is affected by the
malignant transformation of the mammary epithelial cells.
However, no transformed bovine mammary epithelial cells
were available at that time and are not even now, and,
consequently, we examined the glycan expression levels using
human breast cancer specimens. The results showed that the
expression level of the LacdiNAc group decreases in primary
carcinoma lesions when compared with samples from the
surrounding normal tissues and that its reduced expression
levels in primary carcinoma lesions correlate with advancing
clinical stages (Figure 1) and prognostic status [19]. These
results indicate that the LacdiNAc group is a differentiation
marker and could be a tumor marker for human breast
cancer. To investigate biological significance of the LacdiNAc
group in the N-glycans in human breast cancers, we trans-
fected the cDNA of 𝛽4-N-acetylgalactosaminyltransferase
4 (𝛽4GalNAcT4), which contributes to the biosynthesis of
the LacdiNAc group, into human breast cancer cell line,
MDA- MB-231, and examined its growth activity in vivo.
The preliminary results indicate that the tumor growth is
strongly inhibited by the expression of the LacdiNAc group
in the N-glycans (Hirano et al., manuscript in preparation).
This suggests that the expression of the LacdiNAc group
in N-glycans can suppress the tumor growth. The similar
results were obtained fromhuman neuroblastoma cells which
showed reduced migratory and invasive activities when
transfected with the 𝛽4GalNAcT3 cDNA [28].Therefore, it is
quite important to elucidate themolecularmechanismof how
the LacdiNAc groups expressed in glycoproteins function to
suppress the malignant properties of the tumors.

In contast to human breast cancers and neuroblastomas,
enhanced expression of the LacdiNAc group on N-glycans
of prostate specific antigen (PSA) purified from sera of
patients with prostate cancer has been observed. PSA, which
is widely used as a diagnostic marker for human prostate
cancers, possesses one potential N-glycosylation site, and its
glycan structure has been shown to change during the tumor
progression [29–31]. The LacdiNAc group has been found in
the N-glycans of PSA purified from seminal fluids of healthy
individuals [32, 33] and from a human prostate cancer cell
line, LNCaP, and the amounts of the LacdiNAc group were
shown to increase in PSA from the prostate cancer cells
[33]. We analyzed the structures of N-glycans attached to
PSA purified from sera of patients with prostate cancers and
of those with benign prostatic hyperplasia (BPH) [20]. As
shown in Figure 2, PSA from patients with BPH contained

mainly biantennary complex-type glycans with or without
the core-fucosylation and/or sialylation, whereas PSA from
patients with prostate cancer contained increased amounts of
similar biantennary complex-type glycans but with the one
LacdiNAc group which is partly sialylated. Quite interest-
ingly, PSA from the LNCaP cells only contained neutral N-
glycans [33]. However, we found that PSA fromother prostate
cancer cell lines, MDA PCa 2b, possesses N-glycans with the
sialylated LacdiNAc group found in PSA from sera of patients
with prostate cancer (Hirano et al., unpublished data). Other
investigators reported the increased binding of PSA from sera
of patients with prostate cancer but not with BPH to TJA-II
(Trichosanthes japonica agglutinin-II), which interacts with
glycans terminated with the GalNAc𝛽1→ group in addition
to those with the 𝛼-1,2-linked fucose residue [34], suggesting
that the expression level of the LacdiNAc group on the PSA
glycans increases in human prostate cancer.The ratios of TJA-
II-bound PSA to total PSA in sera of prostate cancer patients
and in those of BPH patients were reported to be 8.3 ± 5.6%
and 1.0 ± 0.55%, respectively [21]. Therefore, the different
binding ratios of PSA samples toward TJA-II could be useful
for judging patients with prostate cancer from those with
BPH [21].

Likely in human prostate cancers, the increased expres-
sion of the LacdiNAc group has been observed for N-glycans
of ribonuclease I isolated from a human pancreatic cancer
cell line, Capan-1, while no such glycans were detected in the
ribonuclease I from healthy individuals [23]. It has been also
reported that not only exogenously expressed erythropoietin
but also endogenous cellular glycoproteins synthesized in a
human ovarian cancer cell line, SKOV3, contain N-glycans
bearing the LacdiNAc groups [22]. Therefore, the LacdiNAc
group may serve as a potential diagnostic marker for human
pancreatic cancer and ovarian cancer. The reason why the
expression of the LacdiNAc group is differentially regulated
among human cancers remains to be elucidated.

3. Formation of LacdiNAc Group

It is of interest to know how the formation of the Lac-
diNAc group is regulated in tumors and cancer cells. To
date, two human 𝛽4GalNAcTs, 𝛽4GalNAcT3 (𝛽4GalNAcT3,
GeneBank AB089940) and 𝛽4GalNAcT4 (𝛽4GalNAcT4,
GeneBank AB089939), were isolated, and they showed
about 43% homology at the amino acid level [35, 36]. The
𝛽4GalNAcT3 and 𝛽4GalNAcT4 were shown to belong to
the human 𝛽4-galactosyltransfease family and to be highly
homologous to chondroitin sulfate synthases [35, 36]. These
enzymes transfer N-acetylgalactosamine (GalNAc) from
UDP-GalNAc to nonreduced terminal N-acetylglucosamine
(GlcNAc) of N- and O-glycans in a 𝛽-1,4-linkage. Although
both enzymes exhibit the same substrate specificities in vitro,
they show different tissue distribution. The 𝛽4GalNAcT3
gene is expressed abundantly in human stomach, colon, and
testis, and the𝛽4GalNAcT4 gene is expressed in humanovary
and brain [36]. Immunohistochemical analysis showed that
the expression of 𝛽4GalNAcT3 and the LacdiNAc group is
limited to the supernuclear region of the surfacemucous cells
in human gastric mucosa [37].
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Figure 1: Histochemical staining with Wisteria floribunda agglutinin (WFA) of tissue sections from breast cancer patients. Panels (a), (b),
and (c) indicate the tissues from patients with stages I, II, and III, respectively, and panel (d) indicates one of patients with fibrocystic disease
of the breast. Arrows indicate carcinoma lesions. WFA binds glycans with the LacdiNAc group described in [19]. TheWFA-positive staining
shows brown color.
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Figure 2: Structures of N-glycans of PSA. PSA samples were purified from sera of patients with prostate cancers and from patients with BPH.
Structures of N-glycans were determined by MALDI-QIT TOFMS. Fuc: fucose; Gal: galactose; GalNAc: N-acetylgalactosamine; GlcNAc:
N-acetylglucosamine; Man: mannose; and Sia: N-acetylneuraminic acid.

Table 1: Expression of LacdiNAc group in human tumors and cancer cells.

Types of tumors/cells LacdiNAc 𝛽4GalNAcT References
Breast cancer ↓ ND [19]
Neuroblastoma ND 𝛽4GalNAcT3 ↓ [28]
Colon cancer ND 𝛽4GalNAcT3 ↑ [38]
Prostate cancer (PSA)↑ 𝛽4GalNAcT4 ↑ [20, 21, 33]
Ovarian cancer/SKOV3 ↑ ND [22]
Pancreatic cancer/Capan-1 (RNase I)↑ ND [23]
ND: not determined.
Arrows ↑ and ↓ indicate an increase and a decrease of the expression, respectively.
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Several lines of studies have shown that the expression
of the 𝛽4GalNAcTs is closely associated with the tumor
formation. In human colon cancer, the transcript levels of
𝛽4GalNAcT3 were upregulated compared to that of the
normal counterparts [38]. When the 𝛽4GalNAcT3 gene was
overexpressed in a human colon cancer cell line, HCT116,
the potentials of cell adhesion to extracellular matrix, migra-
tion, colony formation, and invasion of the cells increased
significantly. Furthermore, the enhanced 𝛽4GalNAcT3 gene
expression promoted tumor growth and metastasis of the
HCT116 cells in nude mice. Biochemical analysis of this
phenomena showed that the expression of the 𝛽4GalNAcT3
gene results in the activation of focal adhesion kinase and
of extracellular signal-regulated kinases, indicating that this
enzyme plays a critical role in promoting malignant behav-
iors of human colon cancer through the integrin-mediated
signaling pathway [38]. In the case of the prostate cancers, the
upregulation of the transcripts of 𝛽4GalNAcT4 but not that
of 𝛽4GalNAcT3 has been reported.This was also observed in
the prostate cancer-derived cells [21]. These results are quite
consistent with the increased expression of the LacdiNAc
group on the N-glycans of prostate cancer-derived PSA [20,
21].

In contrast to the colon and prostate cancers described
above, the expression of the 𝛽4GalNAcT3 gene appeared
to suppress malignant properties such as cell proliferation,
migration, and invasion of human neuroblastoma cells [28].
In fact, the immunohistochemical study showed that the
expression of the 𝛽4GalNAcT3 gene is detected significantly
in differentiated human neuroblastomas but not in the undif-
ferentiated neuroblastic cells [28]. The increased expression
of the 𝛽4GalNAcT3 in human neuroblastic tumors was well
associated with a favorable histologic profile and an early
clinical stage and showed a favorable prognosis for survival.
Moreover, when the 𝛽4GalNAcT3 gene was overexpressed
in neuroblastoma cell lines, SK-N-SH and SH-SY5Y, their
proliferation, colony formation,migration, and invasionwere
decreased compared to those of mock-transfected cell. The
high expression of the 𝛽4GalNAcT3 gene resulted in an
increase of the expression level of the LacdiNAc group on
the 𝛽1-integrin N-glycans, which lead to the decreased phos-
phorylation of FAK, Src, paxillin, Akt, and ERK1/2 proteins.
Therefore, the 𝛽4GalNAcT3 gene plays an important role in
suppressing the malignant properties of the neuroblastoma
cells via the integrin-mediated signaling pathway [28].

Thus, it is clear that the decreased or increased expression
of the LacdiNAc group on N-glycans is closely associated
with human tumor progression (Table 1). However, there are
many issues to be solved such as detailed mechanisms of
the biosynthesis of the LacdiNAc group and its functions in
the tumors before elucidating its differential effects on tumor
growth. Which 𝛽4GalNAcT is responsible for regulating the
malignant properties of the tumors and cancer cells? Do
𝛽4GalNAcT3 and 𝛽4GalNAcT4 have any distinct biological
functions in particular tumors and cancer cells? The accu-
mulation of the 𝛽4GalNAcT3 and 𝛽4GalNAcT4 transcripts
was observed in human colon and prostate cancers [21,
38]. On the other hand, the expression of the 𝛽4GalNAcT3
gene in human neuroblastoma showed a contradictory

result as described above [28]. Therefore, the reports so
far described indicate that the expression of 𝛽4GalNAcT3
and 𝛽4GalNAcT4 and that of the LacdiNAc groups are
differentially regulated in the individual tumors. It is quite
interesting that high transcript level of the 𝛽4GalNAcT4 gene
but not the 𝛽4GalNAcT3 gene is detected in human fetal
tissues, particularly the brain, lung, and kidney, suggesting
that the 𝛽4GalNAcT4 gene is important for normal growth
and differentiation of these organs [36].

Are there any other glycosyltransferases responsible for
producing the LacdiNAc group? Baenziger and his colleagues
showed that the particular tripeptidemotif, Pro-Xaa-Arg/Lys,
on the acceptor glycoprotein molecules is required for the
formation of the LacdiNAc group on N-glycans of pituitary
glycohormone by 𝛽4GalNAcT [39, 40]. Later, they also
showed that the carboxyl-terminal 19-amino acid residue
of bovine carbonic anhydrase-VI, which contains N-glycans
with the LacdiNAc group, is also crucial for the peptide
specific recognition by 𝛽4GalNAcT.When 𝛽4GalNAcT3 and
𝛽4GalNAcT4 were expressed in CHO cells, these enzymes
could efficiently transfer GalNAc to nonreducing terminal
GlcNAc residues of N-glycans of chimeric glycoproteins
containing these peptide motifs [41]. Moreover, their recent
studies have demonstrated that both 𝛽4GalNAcT3 and
𝛽4GalNAcT4 are able to recognize the same peptide motifs
as above to selectively addGalNAc to the 𝛽1,6-linked GlcNAc
residue of core 2 O-glycans in vitro [42]. Interestingly,
𝛽4GalNAcT3 and𝛽4GalNAcT4 exhibited similar but distinct
specificities toward acceptor glycoproteins [42, 43]. However,
many glycoproteins do not always contain these peptide
motifs recognized by 𝛽4GalNAcTs but possess N-glycans
with the LacdiNAc group [9–11, 44, 45].These reports suggest
the presence of another 𝛽4GalNAcTs that can produce the
LacdiNAc group on the glycans. Indeed, bovine milk 𝛽4-
galactosyltransferase I can transfer GalNAc to nonreducing
terminal GlcNAc residues of N-glycans in the presence of 𝛼-
lactalbumin [46], though the enzyme preferentially catalyzes
the transfer of galactose to the nonreducing terminal GlcNAc
residues in the nonlactating tissues. However, the LacdiNAc
group is found not only in the mammary gland but also in
many other organs and tissues, and, therefore, it might not
be a case for 𝛽4-galactosyltransferase I to be involved in the
LacdiNAc formation. In support of this, the expression of
the LacdiNAc group on N-glycans was unchanged in the 𝛽4-
galactosyltransferase I knockout mice [47].

It should be also noted that the sialylated form of the
LacdiNAc group is present in the prostate cancer cells [20,
21], although the function of this modified LacdiNAc group
remains to be elucidated. The sulfated form and sialylated
form of the LacdiNAc group are recognized by the mannose
receptor [14–16] and by the asialoglycoprotein receptor [48,
49], respectively. Therefore, the sialylated LacdiNAc group
in the prostate cancer cells may have some roles for the
tumor formation by promoting cell adhesion. The LacdiNAc
group has been found on N-glycans but not on O-glycans
of particular glycoproteins in human tumors and cancer
cells. Probably the limited amounts of the glycoproteins
expressed make it difficult to detect the LacdiNAc group on
O-glycans. Indeed, both 𝛽4GalNAcT3 and 𝛽4GalNAcT4 can
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transfer GalNAc to 𝛽-1,6-linked GlcNAc residue of core 2 O-
glycans [42] and of several mucin-type glycoproteins [12, 13],
suggesting the presence of the LacdiNAc group onO-glycans.

Recently, the phosphorylated form of the LacdiNAc
group, [GalNAc𝛽1→ 4(PO3 →GlcNAc𝛽1→ 6)], has been
found in O-glycans of recombinant and endogenous human
and bovine extracellular matrix/matrix-related proteins such
as zona pellucida glycoprotein 3 and 𝛼-dystroglycans [50].
Since O-glycans of murine zona pellucida glycoprotein 3 are
involved in the initial binding of the sperms to the eggs [13],
the LacdiNAc group with or without phosphorylation on the
O-glycans may have some critical roles in the fertilization. It
is possible that the LacdiNAc group expressed on O-glycans
of human tumors may have a novel function for tumor
formation, too. The detailed functional mechanisms of the
LacdiNAc group together with its modified groups have to
be elucidated by future studies.

4. Conclusion

An increasing number of studies have shown that the novel
disaccharide LacdiNAc group is detected in glycoproteins
derived from a variety of human tumors and cancer cells, and
its expression is closely associatedwith the tumor progression
or regression. The expression of the disaccharide group and
that of𝛽4GalNAcT3 and𝛽4GalNAcT4 appear to be regulated
in a tissue-specific manner. The tissue-specific expression of
the LacdiNAc group strongly indicates that the disaccharide
group becomes a potent diagnostic marker for particular
human cancers. Further studies are required to elucidate
the biological significance of the LacdiNAc group in human
tumors and cancer cells.
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