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Regulation of N-acetylglucosaminyltransferase V and
Asn-linked oligosaccharide b(1,6) branching by
a growth factor signaling pathway and effects on cell
adhesion and metastatic potential
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Recent evidence demonstrates that the changes in the size of N-linked oligosaccharides that correlate with cell transforma-
tion and tumorigenicity are due at least in part to the regulation of expression of a glycosyltransferase involved in the
branching of N-linked structures, N-acetylglucosaminyltransferase V or GlcNAc-T V. Studies have shown that the increases
in GlcNAc-T V expression after oncogenic transformation are most likely caused by direct effects on the GlcNAc-T
V promoter by the Ets family of transcriptional activators, which are up-regulated by a cellular proliferation signaling
pathway. This pathway begins with growth factor receptors that activate tyrosine kinases at the cell surface and proceeds
through src, ras, and raf. Additional evidence for the association between cellular proliferation and GlcNAc-T V expression
will be presented, as well as a discussion of the effects of b(1,6) branching on several of the phenotypes of oncogenically
transformed cells, including metastatic potential.
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Oncogenic transformation affects N-linked
oligosaccharide expression

Many studies have demonstrated convincingly that the ma-
lignant transformation of a number of cell types correlates
with changes in the size of cell surface N-linked oligosac-
charides [5, 7, 29—31, 46, 51, 63, 69]. Many of these ex-
periments were begun at a time when the details of cell
surface N-linked oligosaccharides were first being eluci-
dated. They showed that these size alterations in N-linked
oligosaccharides could be caused by both tumor virus and
chemically induced cell transformation. In particular, these
changes in oligosaccharide expression correlated strongly
not only with the transformed phenotype in vitro, but
also with cell tumorigenicity, as measured by in vivo
tumorigenicity assays that quantitated the rate of tumor
formation [30]. In one study, revertant cells that showed
much lower levels of tumorigenicity were also isolated and
these revertants lost the increased size observed for the
N-linked oligosaccharides [31]. In subsequent years, de-
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tailed oligosaccharide structural analysis revealed that the
changes in oligosaccharide expression observed after on-
cogenic transformation primarily involved an increase in
N-linked b(1,6) branches and the carbohydrate residues that
are expressed distal to this branch, in particular, the polylac-
tosamines [56, 75]. These oligosaccharide branches are
known to be expressed on a number of cell surface glycopro-
teins, including several adhesion molecules [77]. The conse-
quences of these changes in cell surface oligosaccharide
expression will be discussed below, after a detailed descrip-
tion is given of what is now understood concerning the
mechanism by which oncogenic transformation causes
changes in N-linked b (1,6) branch expression.

Mechanism of increased b (1,6) branching caused by
oncogenic transformation

The cause of the increase in the b(1,6) branching in virally
transformed BHK cells was demonstrated to be the result of
an increase in the specific activity of the glycosyltransferase
that synthesizes this branch, N-acetylglucosaminyltrans-
ferase V, or GlcNAc-T V [4, 76]. The activity of GlcNAc-T
V appears to be the rate-limiting event in the expression of
other carbohydrate structures distal to its product, so that
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increases in GlcNAc-T V are followed by increased expres-
sion of polylactosamine on this branch [56]. GlcNAc-T
V from Rous sarcoma virus-transformed BHK (RSV-BHK)
cells was shown to have identical enzyme kinetics to that
from the non-transformed parental cells, suggesting that the
src oncogene was most likely up-regulating the number of
active enzyme molecules per cell, rather than altering the
kinetic properties of the enzyme by post-translational modi-
fication [53]. Following cloning of the cDNA encoding this
enzyme [64], studies showed that RSV-BHK cells have
elevated levels of GlcNAc-T V mRNA as well as increases in
activity—both increased about seven-fold suggesting that src
induces expression of GlcNAc-T V mRNA. This observa-
tion has been further confirmed by the observation that
GlcNAcT-V activity and mRNA levels in the RSV-BHK
cells were reduced to the basal level observed in contact-
inhibited BHK cells by the fungal metabolite, herbimycin A,
which directly inhibits src kinase activity [10]. These results
also documented that there was a basal level of GlcNAc-T
V expression in these cells that was independent of src
kinase activity. Thus src expression up-regulates GlcNAc-T
V activity and cell surface b (1,6) branches by increasing
GlcNAc-T V message levels. No effect on another GlcNAc
transferase, which is active in N-linked oligosaccharide
biosynthesis, GlcNAc-T I, could be observed after transfor-
mation or herbimycin A treatment, demonstrating the
specificity of the effects on GlcNAc-T V.

The control of the expression of the GlcNAcT-V gene
appears to be quite complex. The gene itself consists of
many exons spanning more than 150 kb [60]. In most
mammalian tissues and cell lines examined, there are two
mRNAs ranging from about 5.0 kb to about 9.0 kb in length
[55], indicating that there is also an alternative use of exons,
probably in the non-coding regions. Since the coding region
is only about 2.2 kb, it is possible that the GlcNAcT-V
mRNA contains a substantial amount of a 5@ untranslated
sequence. Utilizing rapid amplification of cDNA ends
(RACE) and human brain RNA, known to express large
amounts of GlcNAcT-V mRNA of similar size to that found
in BHK cells, the 5@ end of the GlcNAcT-V message was
identified. The amount of 5@ untranslated sequence was
shown to be about 2.9 kb. This region and the upstream
promoter were isolated from a genomic library. The 5@
flanking region was shown to have promoter activity when
cloned into an enhancer-containing luciferase reporter
vector, pGL3E, and transfected into human HepG2 cells.
Furthermore, it was possible to show that this fragment,
when cloned into a plasmid that did not contain enhancer
sequences, could respond to src signaling by co-transfecting
the HepG2 cells with this reporter plasmid and an
src-expression plasmid. The src co-transformation
stimulated luciferase expression by six-to-seven-fold over
controls.

A series of deletion experiments were next performed
to determine the location of src-responsive elements by
co-transfecting the cells with the src-expression plasmid and
smaller fragments of the genomic sequence in the reporter
plasmid. These experiments demonstrated that the src
response element(s) are located in a 400 bp region between
bases !659 and !269 upstream from the transcription
initiation site. This stretch of DNA contains several motifs
known to be recognition sites for transcriptional activation,
including three sites that can bind the family of Ets tran-
scriptional activators and one AP-1 site. These factors are
known to be activated by the src signaling pathway and to
stimulate cell proliferation [70—72]. Co-transfection of
HepG2 cells with the GlcNAc-T V promoter/reporter plas-
mid and an expression plasmid encoding Ets-2 stimulated
transcription from the GlcNAc-T V promoter over four-
fold, directly demonstrating that this transcriptional ac-
tivator can stimulate GlcNAc-T V promoter activity [10].
Furthermore, when a dominant-negative form of Ets-2 ex-
pression plasmid [3] was co-transfected into HepG2 cells
with the GlcNAc-T V promoter/reporter plasmid and the
src expression plasmid, a large reduction in the induction
was observed, indicating that the dominant-negative Ets-2
mutant was able to suppress the induction of the GlcNAc-T
V promoter by src. This result demonstrates that the up-
regulation of GlcNAc-T V expression by src is most likely
due, at least in part, to the utilization of the Ets family of
transcriptional activators.

In a very important recent study, a different promoter
was found to be used for the expression of GlcNAc-T V in
human hepatic bile duct carcinoma cells, HuCC-T1
[39, 60]. The identification of this promoter which is
located downstream from the one described above in-
dicates that there are two promoters which can be used
in a tissue-specific manner. Our laboratory has addi-
tional data to suggest that there is a least a third GlcNAc-T
V promoter (Fregien, unpublished observation). The
HuCC-T1 promoter also contains Ets-1 binding sites.
Co-transfection of the bile duct carcinoma cells with this
GlcNAc-T V promoter and an expression plasmid encod-
ing Ets-1 demonstrated that Ets-1 can transcriptionally
activate this GlcNAc-T V promoter. In two systems, there-
fore, Ets sites have now been shown to be involved in the
regulation of GlcNAc-T V transcription from two different
promoters.

Transformation of various cell types with other on-
cogenes causes an increase in the cell surface oligosaccha-
ride products of GlcNAc-T V and an increase in GlcNAc-T
V specific activity. These oncogenes include ras, fes/vps and
others [21, 35, 37, 44]. Neu/her-2 is another oncogene, that
is over-expressed in several human carcinomas including
breast carcinomas, and can also stimulate the expression of
GlcNAc-T V. When the latter oncogene, was co-transfected
into HepG2 cells with the smallest fragment of genomic
sequence upstream from the GlcNAc-T V promoter that
was responsive to src, it was also able to significantly stimu-
late GlcNAc-T V promoter activity (Chen L, Zhang W-J,
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Fregien N, Pierce M, unpublished data). This result may
explain some of the observations that the cell surface
oligosaccharide products of GlcNAc-T V are often over-
expressed in malignant breast and colon tissue [22, 28],
although another study was not able to confirm this obser-
vation [11]. Taken together, these studies argue strongly
that the over-expression of GlcNAc-T V and its cell surface
products that are associated with oncogenic transformation
result from an up-regulation of GlcNAc-T V promoter
activity, and that the increase in GlcNAc-T V expression
involves the Ets family of transcription activators.

Studies by a large number of laboratories have
documented a pathway commonly utilized by src and her-2
to stimulate cell proliferation [15, 27, 49, 73]. This pathway
begins with a receptor at the cell surface binding its ligand
and the signal generated by this binding reaction passes
through ras and raf on its way to the nucleus where it
up-regulates transcriptional activators. In order to deter-
mine if the pathway used by src and neu/her-2 to up-regulate
GlcNAc-T V promoter activity signals through raf, HepG2
cells were co-transfected with the GlcNAc-T V src- and
neu- responsive region, an expression plasmid containing
a dominant-negative mutant raf [67], and either src or
neu/her-2. This mutant has been used to demonstrate that
raf activity is utilized in a signaling pathway, since the
dominant negative protein can complex with normal raf
in the HepG2 cells and inhibit signal transduction [57].
The results of the GlcNAc-T V co-transfection experi-
ment demonstrated that the dominant-negative raf signifi-
cantly decreased the effects of both src and neu/her-2 on
GlcNAc-T V promoter activity. When the cells were co-
transfected with another mutant raf that contains an addi-
tional mutation that renders the dominant-negative mutant
inactive, no effect was seen on the effects of src on GlcNAc-
T V, demonstrating the specificity of the effect shown by the
dominant-negative mutant [6]. At least a portion of the raf
signaling pathway is utilized, therefore, by src, neu/her-2,
and presumably other oncogenes, as it up-regulates
GlcNAc-T V promoter activity. There are multiple path-
ways by which cellular proliferation can be signaled from
cell surface receptors to the nucleus, and it is certainly
possible that those that are distinct from the pathway de-
scribed above may have little or no effect on GlcNAc-T
V expression.

Association of GlcNAc-T V expression and rate
of cell proliferation

Many oncogenes affect the GlcNAc-T V expression signal
through raf, and this pathway is also utilized by many
growth factor receptors to signal the initiation of cell divis-
ion. It could be postulated, therefore, GlcNAc-T V activity
is expressed by a population of non-transformed cells that
are progressing through the cell cycle, ie of cells not in the
G resting state. The results from two studies suggested that
0

the expression of GlcNAc-T V in HepG2 cells differs be-
tween cells that are rapidly dividing and those that have
reached confluency and are dividing very slowly [34, 55].
To further test the hypothesis that GlcNAc-T V activity in
a population of cells correlates with the percentage of cells
in active cell division, we measured the GlcNAc-T V activity
of non-transformed BHK cells that were grown to different
culture densities. The results from this experiment (see
Figure 1) showed that contact-inhibited BHK cells ex-
pressed nearly a four-fold reduction in enzyme activity,
compared with cells growing under conditions where there
was little or no cell contact. Experiments using the src
tyrosine kinase specific inhibitor, herbimycin A, demon-
strated that an RSV-BHK cell GlcNAc-T V activity could
be inhibited in most cells to a basal level of GlcNAc-T
V activity that was largely independent of their proliferative
state. This basal level of expression could then be elevated
by increased transcription of the GlcNAc-T V gene resulting
from proliferative signals, and the degree of elevation will be
proportional to the percentage of the cell population that is
not in G

0
. In the case of RSV-BHK cells, the expression of

GlcNAc-T V was stimulated by about seven-fold over BHK
cells grown to a moderate density [10].

Retinoic acid is known to cause changes in the expression
of a number of genes, including glycosyltransferases, and in
many cases causes cells to reduce their proliferative state
and differentiate [12, 15, 16, 43, 58, 59]. Retinoic acid has
been shown to inhibit GlcNAc-T V activity [13]; therefore,

Figure 1. GlcNAc-T V specific activity in BHK cells as a function of cell
density. Suspensions of cells were seeded at various densities and
allowed to grow for 48 h on 10 cm culture plates. Cells were harvested
and specific activity measurements were performed on cell lysates
[53]. Cell density was estimated from total protein recovered from each
plate.
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Figure 2. B-16F10 mouse melanoma cells were plated in standard media at a 1]104 density in each well of two six-well cell culture plate. Retinoic
acid was added at various concentrations, and each concentration was done in duplicate. Cells were cultured for 6 days, and the media with
appropriate retinoic acid concentrations was changed after 3 days. Cells were trypsinized and counted with a hemocytometer, and GlcNAc-T V activity
assayed as described [53].
we were curious to see if this inhibition correlated with the
reduced proliferation when cells were treated with retinoic
acid. In order to test this idea, a constant number of B-16-
F10 mouse melanoma cells were seeded in culture dishes
and grown in the presence of various concentrations of
retinoic acid for 6 days, and then the GlcNAc-T V activities
were measured. As expected, the number of cells per culture
after this treatment decreased in proportion to the increas-
ing concentration of retinoic acid [50]. The activity of
GlcNAc-T V (Figure 2) was also observed to decrease as
a function of the proliferative rate of the treated cells. Fur-
ther experiments demonstrated that the decrease in activity
was caused by a reduction in mRNA for GlcNAc-T V (data
not shown). Although the mechanism for the effects of
retinoic acid on depressing GlcNAc-T V mRNA levels has
not yet been demonstrated, retinoic acid does decrease the
rate of cell proliferation. Therefore, the proliferative signal-
ing pathway may be affecting GlcNAc-T V transcriptional
activity.

A recent study [48] on the effects of the negative growth
factor, TGF-b, on melanoma cell proliferation and GlcNAc-
T V activity, however, found different effects to those de-
scribed for the positive growth factors that signal through
raf. Although the growth of melanocytes and melanoma
cells was inhibited by TGF-b, and the proliferation of
B-16F1 mouse melanoma cells was inhibited about 1.5-fold
at 72 h, GlcNAc-T V activity was shown to increase in the
treated cells. After 72 h GlcNAc-T V activity and mRNA
levels increased by about 1.7-fold in the TGF-b-treated cells,
and the mechanism of GlcNAc-T V regulation was shown
to involve effects on GlcNAc-T V mRNA half-life. Thus, in
the case of a ‘negative’ growth factor such as TGF-b, when
cell proliferation is inhibited, there is an elevation in
GlcNAc-T V activity, and the mechanism of up-regulation
of activity is distinct from the effects on the GlcNAc-T
V promoter.

For many cell types, increases in the rates of proliferation
are associated with an elevation in the expression of
GlcNAc-T V oligosaccharide products at the cell surface,
namely, the glycoconjugates with N-linked b (1,6) branches
and distal oligosaccharides. Cells that differ in their rates of
tumorigenesis, therefore, should differ in the levels of
GlcNAc-T V cell surface products. This difference has been
observed in older studies that correlated cell tumorigenicity
with the presence of larger cell surface N-linked oligosac-
charides [31, 35]. Moreover, previous studies showed an
increase in levels of cell surface N-linked oligosaccharide
b(1,6) branching, as assayed by the binding of the lectin
L-phytohemagglutinin (L-PHA), correlated with the pro-
gression of malignant disease in the mammary gland, the
colon and in hepatocarcinogenesis [36, 41, 47]. It remains
to be determined, however, how general this association is,
and whether it is useful clinically as a predictor of cell
proliferative rate. In situ hybridization experiments on de-
veloping mouse embryos suggested an association of
GlcNAc-T V mRNA expression and cells that are active in
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migration [33]. Preliminary results from further experi-
ments of GlcNAc-T V mRNA levels, GlcNAc-T V activity,
and L-PHA staining of b (1,6) products in mouse neuromor-
phogenesis do not, however, appear to completely support
this correlation (unpublished observations). It appears that
in a few cell types there are other mechanisms of GlcNAc-T
V mRNA regulation, such as translational control, and
these mechanisms are now under investigation.

In oncogenically-transformed cultured cells, there does
appear to be a general association between the rate of
proliferation and GlcNAc-T V activity, but for at least one
other enzyme in the N-linked pathway, GlcNAc-T I, this
association is not observed. Other studies have shown for
some ras-transformed cell types there are increases in other
glycosyltransferase activities, notably a (2,6) sialyltransferase
[42]. In this case, ras transformation of Rat1 and NIH 3T3
fibroblasts upregulates the mRNA levels of the enzyme, but
has no effect on the a (2,3) sialyltransferase levels in these
cells [68]. In fact, FR3T3 cells actually show a decrease
in a (2,3) sialyltransferase activity after ras transformation
[17]. Oncogenic transformation can obviously have mul-
tiple, coordinated effects on glycosyltransferase activities
[26]. Why are the activities of these glycosyltransferases
increased after transformation? In the case of GlcNAc-T V,
which has been studied in more detail than the rest, it is
important to know whether the increase of GlcNAc-T V ac-
tivity and cell surface b (1,6) branching observed as cells
increase their rates of proliferation, especially after trans-
formation, cause changes in cell adhesion? Results from
recent experiments coupled with those from earlier stud-
ies, suggest that alterations of cell surface b (1,6) branching
may in some cases influence cell adhesion and metastatic
potential.

Association of N-linked b (1,6) branching, adhesive
behavior and metastatic potential

Studies have used cytotoxic L-PHA to select for mutant
metastatic tumor cells that have reduced levels of GlcNAc-T
V activity and cell surface b(1,6) branching, and the meta-
static potential of these mutant lines have been compared
with the metastasis of the lines from which they were derived
[19, 23, 24, 45]. Reduced N-linked b (1,6) branching was as-
sociated with reduced metastatic potential, even though the
growth rates of the parental and mutant cells were similar.
Reduced metastatic potential was also evident when cells
were treated with glycosylation inhibitors such as swain-
sonine that inhibited complex N-linked oligosaccharide ex-
pression (reviewed in [20]). Taken together these and other
results [62, 74], show an association between complex
N-linked oligosaccharide expression, in particular b (1,6)
branches, and metastatic potential. It is important to be
careful however, before concluding that there is a cause and
effect relationship when comparing with a parental line cells
selected with cytotoxic agents.
After the cloning of GlcNAc-T V [61, 64], it was possible
to transfect cells directly with an expression plasmid encod-
ing GlcNAc-T V, select for clones with increased GlcNAc-T
V activity, and determine if these cells demonstrated altered
adhesive properties and cell migration [18]. A mink lung
epithelial cell line, Mv1Lu, was utilized for these experi-
ments and three clones that expressed four-, nine- and
15-fold increased GlcNAc-T V activity were selected.
The clones also displayed increased sensitivity of L-PHA
cytotoxicity, confirming that they expressed increased
b(1,6) branching on the cell surface, and demonstrated in-
creased tumorigenicity, assayed by subcutaneous injection
of cells in nude mice. The parental Mv1Lu cells showed
contact inhibition of growth when grown to confluency. The
GlcNAc-T V-transfectants, however, showed an altered
‘transformed cell’ morphology and formed foci, as is often
observed for oncogenically-transformed cells. All of the cell
lines apparently showed similar growth rates in serum-con-
taining culture media. Using a scratch-wounding technique,
confluent cultures of parental, control-transfected, and
GlcNAc-T V-transfected cells were studied for their rates of
migration into scratched areas of the culture plates. The
results of this experiment showed that the three GlcNAc-T
V-transfected clonal lines all displayed a three- to 10-fold
increase in their rates of migration over control transfec-
tants. Adding serum to the medium during this assay in-
creased the rate at which the parental cells migrated into
the wounded area. The conclusion drawn from this experi-
ment was that GlcNAc-T V over-expression reduced the
serum-growth requirements of the contact-inhibited Mv1Lu
cells to rapidly migrate into the wounded area. Significantly,
the GlcNAc-T V transfectants all adhered less well to
fibronectin or collagen type IV-coated plastic wells than
did the parental cells. The GlcNAc-T V transfectants ap-
peared to express unaltered levels of the a5b1 and avb3
integrins, but the aV, a5, and b1 subunits showed lower
mobility on SDS-PAGE gels than those integrins from the
parental cells, suggesting that they express higher levels of
N-linked b (1,6) oligosaccharides. The conclusion drawn
from these studies is that overexpression of GlcNAc-T V ac-
tivity in Mv1Lu cells has a profound influence on the
migration and adhesive properties of the cells. This can be
explained at least in part by the alteration of the adhesive
properties of two integrins, caused by increases in their
b(1,6) branched oligosaccharides. Thus, increases in
GlcNAc-T V expression can affect rates of cell migration on
plastic and adhesion to plates coated with either collagen
type IV or fibronectin.

Other studies have shown that a4b1 (laminin receptor)
and a5b1 (fibronectin RGD receptor) integrins require min-
imal N-linked oligosaccharides present in order to function
[2, 81]. These experiments, however, do not address the
issue of whether differences in branching per se (eg changes
from biantennary to triantennary or tetraantennary) affect
the binding activities of particular integrins. A recent study



628 Pierce et al.
showed that ras-transformation of 3T3 fibroblasts caused
a specific increase in a6b1 integrin (laminin receptor) expres-
sion, and the b1 chain showed extensive b (1,6) branching
[38]. The transformed cells migrated towards laminin
while the non-transformed 3T3 cells did not. Treatment of
the transformed cells with swainsonine or deoxyman-
nojirimycin, complex N-linked oligosaccharide inhibitors,
caused an increase in the migration towards laminin. By
contrast, 3T3 cells transformed with c-jun showed no in-
crease in laminin receptor expression and a smaller increase
in cell surface b (1,6) structures. The conclusion from this
study was that the a6b1 integrin on the ras-transformed
cells could mediate migration towards laminin-1 indepen-
dent of the glycosylation state of the integrin.

Other changes in the levels of particular oligosaccharide
structures expressed on N-linked carbohydrates can affect
the adhesion of cells to extracellular matrix molecules. For
example, a lectin-resistant variant of B-16 mouse melanoma
cells showed increases a(1,3) fucosylation of distal GlcNAc
residues on N-linked oligosaccharides, including the
laminin receptor, and this variant showed lower rates of
adhesion to laminin, and decreased metastatic potential
when assayed by several methods [40, 52]. Recent results
suggested that simple over-expression of the human Fuc-T
IV fucosyltransferase in the parental B-16 cells, and result-
ant increase in a (1,3)-linked fucose on GlcNAc residues,
caused decreased adhesion to laminin (Chein W, Pierce M,
unpublished data). Both the lectin-resistant variant and
transfected B-16 cells also demonstrated lower levels of
a(2,3) and a(2,6)-linked sialic acid residues on their N-linked
oligosaccharides, so the precise cause of the changes in
adhesion is not certain. In another study, over-expression of
the a(1,3) galactosyltransferase in mouse melanoma cells
caused a reduction in the metastatic potential of these cells
[32]. Flow cytometry data suggested that sialic acid resi-
dues were significantly reduced in the transfected cells.
Many other studies have demonstated correlations between
sialylation and metastatic potential [54, 65]. In summary,
the precise effects on cell adhesion or metastatic potential
seen when N-linked oligosaccharide structures are changed
are not clear; nonetheless, there is strong evidence that
changes in oligosaccharide structures do affect cell adhesive
properties.

A completely novel strategy was employed by Taniguchi’s
laboratory to determine if changes in N-linked oligosac-
charide branching on melanoma cells could affect their
metastatic behavior [80]. Since GlcNAc-T V III competes
directly with GlcNAc-T V in the Golgi for oligosaccharide
substrates, and since oligosaccharides branched by
GlcNAc-T III are not then substrates for GlcNAc-T V (and
vice versa), over-expression of GlcNAc-T III should reduce
or eliminate GlcNAc-T V expression on N-linked oligosac-
charides. Mouse melanoma B-16F-hm cells were transfected
with GlcNAc-¹ III gene and a clone was selected with high
levels of GlcNAc-T III activity and b (1,4)-bisected GlcNAc
structures. The GlcNAc-T III transfectant showed no
expression of the native b (1,6) branched N-linked oligosac-
charides and also reduced sialic acid expression. This trans-
fectant, moreover, showed significantly reduced metastatic
potential, assayed by tail vein injection and lung colony
formation. A subsequent study showed that E-cadherin,
expressed on the melanoma cell surface and responsible for
cell-cell homotypic adhesion, contained GlcNAc-T III-
branched oligosaccharides [78]. Intriguingly, the GlcNAc-T
III-branched E-cadherin showed a significantly longer half-
life on the cell surfaces of the transfected cells, and conse-
quently, there were higher levels of E-cadherin on the sur-
face of the transfected cells, compared to controls. Using an
antibody specific for E-cadherin, cell—cell aggregation as-
says demonstrated that the GlcNAc-T III-transfectants
showed higher rates of homotypic adhesion than did the
control cells, and this difference in rate was inhibited by the
E-cadherin antibody. Thus, greater cell—cell aggregation,
and consequently lower metastatic potential, resulting from
the more stable E-cadherin on the transfectants was caused,
in turn, by the over-expression of the b (1,4)bisected GlcNAc
oligosaccharides.

In a related study, GlcNAc-T III was transfected
into a line of human erythroleukemia cells, K562, which
normally do not produce GlcNAc-T III [79]. These cells
expressed b (1,4) bisected GlcNAc on their surfaces, and
expressed decreased sialic acid and b (1,6) branches. The
transfectants were then shown to be resistant to natural
killer (NK) cell killing in vitro using a Cr2`-release assay.
When injected into mice, control cells did not form colonies
in the spleen, presumably because they were killed by native
NK cells. The transfectants, however, formed spleen colo-
nies. When nude mice were used for this experiment, both
control and transfectant cells formed colonies. These results
argue that the transfectants survived and colonized the
spleen in vivo because they were resistant to NK cell killing,
and they are consistent with an earlier study that suggested
that changes in N-linked oligosaccharide expression can
significantly affect killing by NK cells [1] and recognition
by macrophages [66].

Conclusion

Altering the Asn-linked branching patterns of some cell
types can clearly affect their adhesive properties. In the case
of the Mv1Lu cells [18], over-expression of GlcNAc-T
V and increases of b(1,6) branching on the cell surface
appears to be sufficient to cause significant decreases in
adhesion to two extracellular matrix proteins coated on
plastic and increases in rates of cell migration. In the context
of oncogenically transformed cells that have increased rates
of division, the increased expression of GlcNAc-T V may be
a necessary (but not sufficient) step in the cascade of adhes-
ive changes that result in increases in invasive and meta-
static potential. In particular cell types such as Mv1Lu,
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GlcNAc-T V over-expression may be sufficient to alter
adhesive properties. In other cells, reduction of GlcNAc-T
V expression may actually promote particular adhesive
properties and thereby affect invasiveness and metastatic
potential.

Experiments that utilize inducible GlcNAc-T V expres-
sion-constructs to investigate how changes in b (1,6) branch-
ing can alter adhesive properties should allow a detailed
understanding of the mechanisms causing effects on cell
adhesion. In addition, reagents such as antisense cDNA or
ribozymes that inhibit selectively GlcNAc-T V expression in
transformed cells could determine if inhibition of b (1,6)
branching of cell surface glycoproteins can affect the invas-
ive and metastatic potential of tumor cells. Studies are
needed to test directly the hypothesis that alterations in the
degree of b (1,6) branching of Asn-linked oligosaccharide on
various cell adhesion molecules affect their abilities to bind
ligands. These molecules include the integrins, cadherins,
and carcinoembryonic antigen (CEA) which functions as
a homotypic adhesion molecule. Since polylactosamine ex-
pression is often increased as a result of the increase of
GlcNAc-T V expression, and since these structures are
ligands for the galectin family, homotypic adhesion or ad-
hesion to matrix proteins such as laminin may be regulated
by changes in GlcNAc-T V activity [25]. Galectin-1, for
example, can mediate adhesion between the polylac-
tosamine chains expressed on cell surfaces and those
expressed on laminin, independent of integrin-dependent
adhesion [82]. In order to understand the functional conse-
quences of the changes in GlcNAc-T V activity, investiga-
tions are also underway to produce transgenic mice that
lack GlcNAc-T V expression, as well as mice that show
ectopic, over-expression of this enzyme. The results of these
experiments should significantly increase our understanding
of the function of Asn-linked b(1,6) branched oligosacchar-
ides in regulating cell adhesion.

References

1 Ahrens PB, Ankel H (1987) J Biol Chem 262: 7575—79.
2 Akiyama SK, Yamada SS, Yamada KM (1989) J Biol Chem

264: 18011—18.
3 Aperlo C, Pognonec P, Stanley R, Boulukos KE (1996) Molec

Cell Biol 16: 6851—58.
4 Arango J, Pierce M (1988) J Cell Biochem 37: 225—31.
5 Blithe DL, Buck CA, Warren L (1980) Biochemistry 19:

3386—95.
6 Bruder JT, Heidecker G, Rapp UR (1992) Genes Devel 6:

545—56.
7 Buck CA, Glick MC, Warren L (1970) Biochemistry 9: 4567—76.
8 Buck CA, Glick MC, Warren L (1971) Biochemistry 10:

2176—80.
9 Buck CA, Glick MC, Warren L (1971) Science 172: 169—74.

10 Buckhaults P, Chen L, Fregien N, Pierce M (1997) J Biol Chem,
in press.
11 Chammas R, Celia N, Marques LA, Brentani RR, Hynes N,
Franco ELF (1994) Cancer Res 54: 306—7.

12 Chen C, Fenderson BA, Andrews PW, Hakomori S (1989)
Biochemistry 28: 2229—38.

13 Chen H, Dong S, Ju T, Yang X (1995) Cancer Res Clin Oncol
121: 397—401.

14 Cho SK, Yeh J, Cho M, Cummings RD (1996) J Biol Chem 271:
3238—46.

15 Cleghon V, Morrison DK (1994) J Biol Chem 269: 17749—55.
16 Cummings RD, Mattox SA (1988) J Biol Chem 263: 511—19.
17 Delannoy P, Pelczar H (1993) Glycoconj J 10: 91—98.
18 Demetriou M, Nabi IR, Coppolino M, Dedhar S, Dennis JW

(1995) J Cell Biol 130: 383—92.
19 Dennis JW (1988) Cancer Surv 7: 573—95.
20 Dennis JW (1991) Semin Cancer Biol 2: 411—20.
21 Dennis JW, Kosh K, Bryce DM, Breitman ML (1989)

Oncogene 4: 853—60.
22 Dennis JW, Laferte S (1989) Cancer Res 49: 945—50.
23 Dennis JW, Laferte S, Fukuda M, Dell A, Carver JP (1986) Eur

J Biochem 161: 359—73.
24 Dennis JW, Laferte S, Waghorne C, Breitman ML, Kerbel RS

(1987) Science 236: 582—85.
25 Do KY, Cummings RD (1993) J Biol Chem 268: 22028—35.
26 Easton EW, Bolscher JG, van den Eijnden DH (1991) J Biol

Chem 266: 21674—80.
27 Fabian JR, Daar IO, Morrison DK (1993) Mol Cell Biol 13:

7170—179.
28 Fernandes B, Sagman U, Auger M, Demetrio M, Dennis JW

(1991) Cancer Res 51: 718—23.
29 Glick MC, Buck CA (1973) Biochemistry 12: 85—90.
30 Glick MC, Rabinowitz Z, Sachs L (1973) Biochemistry 12:

4864—69.
31 Glick MC, Rabinowitz Z, Sachs L (1974) J »irol 13: 967—74.
32 Gorelik E, Duty L, Anaraki F, Galili U (1995) Cancer Res 55:

4168—73.
33 Granovsky MC, Fode C, Warren CE, Campbell RM, Marth

JD, Pierce M, Fregien N, Dennis JW (1995) Glycobiology 5:
797—806.

34 Hahn TJ, Goochee CF (1992) J Biol Chem 267: 23982—87.
35 Hiraizumi S, Takakasaki S, Shiroki K, Kobata A (1991) Int

J Cancer 48: 305—10.
36 Hiraizumi S, Takasaki S, Ohuchi N, Harada Y, Nose M, Mori

S, Kobata A (1992) Jpn J Cancer Res 83: 1063—72.
37 Hiraizumi S, Takasaki S, Shiroki K, Kochibe N, Kobata

A (1990) Arch Biochem Biophys 280: 9—19.
38 Jasiulionis M, Chammas R, Ventura A, Travassos L, Brentani

R (1996) Cancer Res 56: 1682—89.
39 Kang R, Saito H, Ihara Y, Miyoshi E, Koyama N, Sheng Y,

Taniguchi N (1996) J Biol Chem 271: 26706—12.
40 Kawano T, Takasaki S, Tao TW, Kobata A (1993) Int J Cancer

53: 91—6.
41 Korczak B, Goss P, Fernandez B, Baker M, Dennis JW (1994)

Adv Exp Med Biol 354: 95—104.
42 Le Marer N, Laudet V, Svensson EC, Cazlaris H, Van Hille B,

Lagrou C, Stehelin D, Montreuil J, Verbert A, Delannoy
P (1992) Glycobiology 2: 49—56.

43 Lotan R, Neumann G, Lotan D (1981) Ann Sci 359: 150—70.
44 Lu Y, Chaney W (1993) Mol Cell Biochem 122: 85—92.
45 Lu Y, Pelling JC, Chaney WG (1994) Clin Exp Metastasis 12:

47—54.



630 Pierce et al.
46 Meezan E, Wu HC, Black PH, Robbins PW (1969) Biochemis-
try 8: 2518—24.

47 Miyoshi E, Nishikawa A, Ihara Y, Gu JG, Sugiyama T,
Hayashi N, Fusamoto H, Kamada T, Taniguchi N (1993)
Cancer Res 53: 3899—902.

48 Miyoshi E, Nishikawa A, Ihara Y, Saito H, Uozumi N,
Hayashi N, Fusamoto H, Kamada T, Taniguchi N (1995)
J Biol Chem 270: 6216—20.

49 Morrison DK, Kaplan DR, Rapp, U Roberts TM (1988) Proc
Natl Acad Sci ºSA 85: 8855—59.

50 Niles RM, Loewy BP (1989) Cancer Res 49: 4483—87.
51 Ogata S, Muramatsu T, Kobata A (1976) Nature 259: 580.
52 Oz OK, Campbell A, Tao TW (1989) Int J Cancer 44: 343—47.
53 Palcic MM, Ripka J, Kaur KJ, Shoreibah M, Hindsgaul O,

Pierce M (1990) J Biol Chem 265: 6759—69.
54 Passaniti A, Hart GW (1988) J Biol Chem 263: 7591—603.
55 Perng GS, Shoreibah M, Margitich I, Pierce M, Fregien

N (1995) Glycobiology 4: 867—71.
56 Pierce M, Arango J (1986) J Biol Chem 261: 10772—77.
57 Qureshi SA, Joseph CK, Hendrickson M, Song J, Gupta R,

Bruder J, Rapp J, Rapp U, Foster A (1993) Biochem Biophys
Res Commun 192: 969—75.

58 Reboul P, Broquet P, George P, Louisot P (1990) Int J Bio-
chem 22: 889—93.

59 Ross SA, Ahrens RA, De Luca LM (1994) J Cell Physiol 159:
263—73.

60 Saito H, Gu J, Nishikawa A, Ihara Y, Fujii J, Kohgo Y,
Taniguchi (1995) Eur J Biochem 233: 18—26.

61 Saito H, Nishikawa A, Gu J, Ihara Y, Soejima H, Wada Y,
Sekiya C, Nikawa N, Taniguchi N (1994) Biochem Biophys Res
Commun 198: 318—27.

62 Saitoh O, Wang WC, Lotan R, Fukuda M (1992) J Biol Chem
267: 5700—11.

63 Santer UV, Gilbert F, Glick MC (1984) Cancer Res 44:
3730—35.

64 Shoreibah M, Perng GS, Adler B, Weinstein J, Basu R, Cupples
R, Wen D, Browne JK, Buckhaults P, Fregien N et al. (1993)
J Biol Chem 268: 15381—85.

65 Takano R, Muchmore E, Dennis JW (1994) Glycobiology 4:
665—74.
66 Takano R, Nose M, Kanno H, Nishihira T, Hiraizumi S,
Kobata A, Kyogoku M (1990) Am J Pathol 137: 393—401.

67 Troppmair J, Bruder JT, Munoz H, Lloyd PA, Kyriakis J,
Banerjee P, Avruch J, Rapp UR (1994) J Biol Chem 269:
7030—35.

68 Vandamme V, Cazlaris H, Le Marer N, Laudet V, Lagrou C,
Verbert A, Delannoy P (1992) Biochimie 74: 89—100.

69 Warren L, Buck CA, Tuszynski GP (1978) Biochim Biophys
Acta 516: 97—127.

70 Wasylyk B, Wasylyk C, Flores P, Begue A, Leprince D,
Stehelin (1990) Nature 346: 191—93.

71 Wasylyk C, Gutman A, Nicholson R, Wasylyk B (1991) Embo
J 10: 1127—34.

72 Wasylyk C, Wasylyk B, Heidecker G, Huleihel M, Rapp UR
(1989) Mol Cell Biol 9: 2247—50.

73 Williams NG, Roberts TM, Li P (1992) Proc Natl Acad Sci
ºSA 89: 2922—26.

74 Yamamura K, Takasaki S, Ichihashi M, Mishima Y, Kobata
A (1991) J Invest Dermatol 97: 735—41.

75 Yamashita K, Ohkura T, Tachibana Y, Takasaki S, Kobata
A (1984) J Biol Chem 259: 10834—40.

76 Yamashita K, Tachibana Y, Ohkura T, Kobata A (1985) J Biol
Chem 260: 3963—69.

77 Yamashita K, Totani K, Kuroki M, Matsuoka Y, Ueda J,
Kobata A (1987) Cancer Res 47: 3451—59.

78 Yoshimura M, Ihara Y, Matsuzawa Y, Taniguchi N (1996)
J Biol Chem 271: 13811—15.

79 Yoshimura M, Ihara Y, Ohnishi A, Ijuhin N, Nishiura T,
Kanakura Y, Matsuzawa Y, Taniguchi N (1996) Cancer Res
56: 412—18.

80 Yoshimura M, Nishikawa A, Ihara Y, Taniguchi S, Taniguchi
N (1995) Proc Natl Acad Sci ºSA 92: 8754—58.

81 Zheng M, Fang H, Hakomori S-I (1994) J Biol Chem 269:
12325—31.

82 Zhou Q, Cummings RD (1993) Achiv Biochem Biophys 300:
6—17.

Received 13 December 1996, accepted 25 February 1997
.


	Oncogenic transformation a¤ects N-linked oligosaccharide expression
	Mechanism of increased b(1,6) branching caused by oncogenic transformation
	Association of GlcNAc-T V expression and rate of cell proliferation
	Association of N-linked b(1,6) branching, adhesive behavior and metastatic potential
	Conclusion
	References

