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of GnT-V4 (EC 2.4.1.155), which is involved in the formation of
2,6-branched lii- and tetra-antennary oligosaccharides (24).

The biological significance of the highly branching of complex
type N-glycans induced in tumor cells has been realized by the fact
that the increased metastatic potentials of human breast cancers,
mouse mammary tumor cells, and mouse lymphoma cells (25â€”27)are
in parallel to the increased reactivity of the cells to L-PHA, which
binds to 2,6-branched lii- and tetra-antennary oligosaccharides (28).
The increased L-PHA binding has been observed for several cell
surface glycoproteins in transformed cells. Among them are the f@@
integrins, whose altered glycosylation might have impaired the protein
functions and resulted in the reduced adhesion of the cells to FN and
LN matrices (29â€”33).More directly, the expression of GnT-V in Mvl
Lu mink lung epithelial cells resulted in loss of contact-dependent
inhibition of cell growth and in reduction of cell adhesion to FN- or
collagen type P1-coated substrate (34). These results indicated that the
highly branching of the complex-type N-glycans is important for
tumor cells to acquire the malignant phenotypes.

In view of the evidence that highly branched complex-type sugar
chains are detected in the cell surface glycoproteins of some normal
cells, it is important to determine whether any dose-dependent effect
of the highly branched sugar chains can be found to express the
malignant phenotypes of tumor cells. Whether the expression of the
highly branched sugar chains occurs widely in the cell surface gly
coproteins or occurs in a limited number of the glycoproteins is also
an important issue for this line of study. In the present study, we will
address these questions using three transformants different in tumor
formation and metastasis, MT1, MTAg, and MTPy, which were
established previously from NIH3T3 by transfection with SV4O large
T antigen gene (SVL7), polyoma virus middle T antigen gene (MTAg)
and SVLT-MTAg chimeric gene, respectively (35).

MATERIALS AND METHODS

Chemicals. ConA-Sepharose and CNBr-activated Sepharose were pur
chased from Pharmacia Fine Chemicals Co. (Tokyo, Japan). WGA, DSA
Sepharose, and AAL-Sepharose were purchased from E-Y Laboratory (San
Mateo, CA), Wako Pure Chemical Co. (Tokyo, Japan), and Nichirei Co.
(Tokyo, Japan), respectively. Anti-rat IgG antibody-Sepharose was obtained
from Zymed Laboratories (South San Francisco, CA). NaB3H4 (600 mCi/
mmol) and [35S]Met/Cys(200 Ci/mmol) were purchased from DuPont New
England Nuclear (Boston, MA), and NaB2H4and Arthrobactor ureafaciens
sialidase were obtained from Nacalai Tesque Co. (Kyoto, Japan). Coffee bean
a-galactosidase and diplococcal @-ga1actosidase and @â€”N-acetylhexosamini

dase were purchased from Boehringer Mannheim-Yamanouchi Co. (Tokyo,
Japan), and jack bean (3-N-acetylhexosaminidasewas from Seikagaku Kogyo
Co. (Tokyo, Japan). Human transferrin and bovine fetuin were obtained from
Sigma Chemical Co. (St. Louis, MO).

Cells and Mice. NIH3T3 was cultured in DMEM supplemented with 8%
heat-inactivated FCS, 100 units/mi penicillin, and 100 @xg/ml streptomycin.

4 The abbreviations used are: GnT-V, N.acetylglucosaminyltransferase V; L-PHA,

leuko-phytohemeagglutinin; FN, fibronectin; LN, laminin; WGA, wheat germ agglutinin;
AAL, Aleuria aurantia lectin; CBB, Coomassie brilliant blue; ConA, concanavalin A;
DSA, Datura stramonium agglutinin; LAMP-l, lysosome-associated membrane pro
tein-1; MAS, membrane attachment site; Gal, galactose; GlcNAc, N-acetylglucosamine;
Man, mannose; Neu5Ac,N-acetylneuramic acid; Fuc, fucose. Subscript OT is used to
indicate an NaB3H4-reduced oligosaccharide.
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ABSTRACT

Three NIH3T3 transformants, MTAg, MTPy, and MT1, which grow

similarly in soft agar media, showed remarkable differences in athymic
mice: MTAg grew more rapidly than MTPy, whereas MT1 and NIH3T3

did not, and only MTAg metastasized in lung. Structural analysis of
N-glycans from plasma membrane glycoproteins revealed that each sam.

pie containssimilaramountsof N-glycans,but the relativeamountsof
2,6-branched fri. and tetra-antennary oligosaccharides prominently in
crease and the relative amounts of biantennary oligosaccharldes promi
nently decrease in the order ofNIH3T3, MT1, MTPy, and MTAg, whereas

those of others remained constant. Western blot analysis revealed that

binding of Dalura stramonium agglutinin, which interacts with 2,6.
branched tn- and tetra-antennary oligosaccharides, is significantly In.

creased in several bands from MTAg compared with NIH3T3, two of

which are tentatively identified as lysosome-associated membrane pro

tein-1 and fibronectin (FN)-receptor. It was also shown that the spreading
of MTAg on FN-coated plates is dramatically inhibited with the anti.FN.

receptor antiserum when compared with NIH3T3. These results indicate
that the increased expression of highly branched N.glycans at cell surface
is correlated with the rapidness of tumor formation and altered adhesive
properties of tumor cells in vivo.

INTRODUCTION

The malignant phenotypes of tumor cells often can be reversed by
modification of cell surface carbohydrates. In fact, transformed cell
lines that are mutated to become resistant to lectins (1â€”4)or treated
with glycosylation modulators such as tunicamycin, castanospermine,
and swainsonine (5â€”11) show different glycosylation patterns of their
cell surface glycoproteins from those of untreated cells, and exhibit
remarkable reduction in tumor formation and metastasis in experi
mental animals. Because these reagents perturb mainly the glycosy
lation of glycoproteins, these results indicate that the carbohydrates of
cell surface glycoproteins are critical to cellular phenotypes, including
adhesive properties. Numerous structural studies of N-glycans of
membrane glycoproteins from a variety of solid tumors and trans
formed cell lines revealed that the increased expression of the
Gal@lâ€”@4GlcNAc@3l--*6Manouter chain, which results in the highly
branching of complex-type N-glycans, is a common feature for ma
lignant transformation (Refs. 12â€”16and reviewed in Refs. 17 and 18).
The following enzymatic studies (19â€”23)revealed that this structural
alteration in the N-glycans is caused by severalfold elevated activity
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SUGAR CHAINS OF NIH3T3 AND ITS THREE TRANSFORMANTS

The three transformants, MTAg, MT1, and MTPy, established previously from
NIH3T3 (35), were cultured in the above medium except for 10% FCS. Male

10â€”14-week-oldathymic mice (BALBIc-nu/nu) were supplied by Laboratory
Animal Research Center (Institute of Medical Science, University of Tokyo,
Tokyo, Japan).

In Vivo Assays of Tumorigenicity and Metastasis. Cells harvested by a
rubber policeman with more than 90% viability were used for the experi
ments. For tumorigenicity assays, 1 X l0@cells were inoculated s.c. on the
back of athymic mice (three animals for each cell line), and the geometric
diameters of the growing tumors were periodically monitored. For metas
tasis assays, 8 x l0@ cells of each cell line were iv. injected into athymic

mice (five animals for each cell line), and colonization of the cells in the

animal tissues was examined by microscopic observation. In the case of

MTPy- or MTI-injected animals, the lungs were also examined histologi
cally.

Liberation of N-Glycans from Membrane Glycoproteins. Plasma mem
branes were prepared from the cells (0.5â€”1.0 X l0@) at a postsubconfluent

stage by the method of Sakiyama and Burge (36). The membranes were
defatted with acetone:water (2:1, v/v) followed by chloroform:methanol mix
tures (2:1 and 1:2, v/v) twice each. The resultant pellets (20 mg), dried
thoroughly in a vacuum over P205, were subjected to hydrazinolysis to release
N-glycans according to the method described previously (37).

Analytical Methods. Fractionation of the radioactive oligosaccharides by
high-voltage paper electrophoresis and Bio-Gel P4 column chromatography,

and methylation analysis of oligosaccharides were performed as described

previously (38, 39). Lectin column chromatography using columns containing
ConA-Sepharose, DSA-Sepharose, and AAL-Sepharose was performedas
described previously (40â€”42).Oligosaccharides (1â€”100X l0@cpm) were
incubated with exoglycosidases, the digestion conditions of which were de

scribed previously (39). SDS-PAGE, followed by lectin blot analysis, was
performed by the method described previously (43). Immunoprecipitation was
performed by incubating the labeled glycoproteins with respective antibodies
followed by further incubation with anti-IgG antibody-Sepharose or protein
A-Sepharose.

Assay of GnT-V was conducted using the detergent-solubilizedmicrosomal
fractionas an enzyme source according to the method describedpreviously(44).
Thechemicellysynthesizedacceptorsubstrate[GlcNAcf3lâ€”+2Manal--6Man@l--*
O-(CH@)S-COOCH31 specific to GnT-V (44) was kindly supplied by Dr. Toni
Kitajima (Towa-Kasei Co., Shizuoka, Japan).

Immunoprecipitatlon of Metabolically Labeled Membrane Glycopro.
teins. Cells (I X l0@)pretreated with a medium depleting of Met and Cys
were incubated with a mixture of L35SlMetJCys(130 @Ci/ml)at 37Â°Cfor 4 h.
After labeling, cells were incubated with a medium containing one-tenth molar
Met and Cys for an additional8 h accordingto the methoddescribedprevi
ously (35). Cells were washed thoroughly with PBS containing 5 mtvteach of
Met and Cys, and a protease inhibitor cocktail (30 @g/mlaprotinin, 2 mM
phenyl methyl sulfonyl fluoride, and 10 @Wmlleupeptin). The radioactive
glycoproteins were extracted from them with 10 mMTris-HC1-bufferedsaline
(pH 7.4) containing 1% lauryldimethylamine oxide. The extract was preincu
bated with anti-rat IgG antibody-Sepharose to remove proteins that bind

nonspecifically to the antibody-Sepharose, and then incubated with rat mono
clonal antibody 1D4B raised against mouse LAMP-i, which was a gift from

Dr. T. August (Johns Hopkins University School of Medicine). The LAMP-I,
interacted with 1D4B antibody, was precipitated by incubation with anti-rat
IgG antibody-Sepharosebeadsat 4Â°Cfor 2 h followed by centrifugation.The
extract was also preincubated with protein A-Sepharose before incubation with
rabbit antiserum raised against human FN receptor, and then mixed with

protein A-Sepharose beads at 4Â°Cfor 2 h. The precipitated proteins were
analyzed by SDS-PAGE and then detected by fluorography.

Standard Ollgosacchandes. The origins of the standard oligosaccha
rides, fucosylated bi- (Gal2@GlcNAc2-Man3-GlcNAcFucGlcNAcOT),tn
(Gal3-GlcNAcSManSGlcNAc-FucGlcNAcOT), and tetra- (Gal4-GlcNAc4
ManSGlcNAc'Fuc-GIcNAcOT) antennary oiigosaccharides and their nonfu
cosylated counterparts, and the core oligosaccharides (Man3GlcNAc
Fuc'GlcNAcOT and ManSGlcNAc'GlcNAcOT) used in this study were
obtained as described previously (39, 45).

RESULTS

In Vivo Tumorigenic and Metastatic Abilities of the Three
Transformants

Three transformants, MTAg, MTPy, and MT1, form colonies on
soft agar media at the same growth rate in an anchorage-independent
manner (35), which is one of the characteristic properties of malig
nantly transformed cells. When these cell lines were inoculated s.c.
into athymic mice, they showed a remarkable difference in tumor
formation. MTAg formed tumors as large as 1.5 cm within a week,
whereas MTPy required more than 8 weeks to form the same size
tumors (Fig. 1). In contrast, MT1 did not form tumor in athymic mice
even after 1 year like NIH3T3 (Fig. 1). Microscopic observation and
histological study of tumor-burdened athymic mice showed that,
among the three transformants, only MTAg colonizes and grows in
lung but not in other organs when injected i.v. The metastasized cells
in lung formed a few, but large, tumors (data not shown). On the basis
of their tumor-forming potentials in vivo, the malignancy is consid
ered to be more advanced in the order of MTAg, MTPy, and MT1.
Although MT1 is a transformed cell line because it grows in soft agar
media, the cells cannot grow totally in vivo, indicating that the
transformed cell lines established in vitro cannot always form tumors
in vivo.

Altered N-Glycan Structures of Plasma Membrane
Glycoproteins

Altered N-glycosylation of plasma membrane glycoproteins could
result in differences in the malignant potentials among the three
transformants. To investigate this possibility, structural analysis of
N-glycans from plasma membrane glycoproteins of the three trans
formants and parental 3T3 was performed.

Fractionation of N-glycans by Serial Lectin Column Chroma
tography. The radioactive oligosaccharides released from each
plasma membrane glycoprotein sample by hydrazinolysis were sepa
rated into neutral (N) and acidic (A) fractions by paper electrophore
sis. The percentage molar ratios of fractions N and A calculated from

their radioactivities were approximately 40 and 60% in all samples,
although electrophoretic mobility patterns of the acidic oligosaccha
rides showed a slight difference among the samples (data not shown).
When fractions A from four preparations were digested exhaustively
with A. ureafaciens sialidase, most of them were converted to neutral
ones (AN; data not shown), indicating that the acidic nature of the
N-glycans could be ascribed to sialic acid residues.

I
S
N

S

0
E

I-

0 2 4 6 8 (lyear)
Weeks after Inoculation

Fig. I. Tumor growth in athymic mice by NIH3T3 (0) and its three transformants,
MTAg (â€¢),MTPy (0), and MTI (U.).Cells (I X 10@)were inoculated s.c., and tumor
growth was monitored weekly by measuring the mean geometric diameter (in centime
tens). Bars, SE.
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Table 1Percentage molar ratio of oligosaccharidesfrom four cell lines
by serial lectin columnchromatographyfractionatedMolar

ratio(%)Fraction

NIH3T3 MTIMTPyMTAgI

II
III
IV
VConA'

35.4 30.4 22.4
ConA@ 33.1 33.6 32.9
ConA@DSA 6.3 4.1 5.2
ConA_.DSAr 4.2 5.4 6.4
ConA@DSA@ 21.0 26.5 33.119.5

28.7
4.5
5.2

42.1

SUGAR CHAINS OF NIH3T3 AND ITS THREE TRANSFORMANTS

Oligosaccharides in fractions N and AN from each sample were
combined and subjected to ConA-Sepharose column chromatography.
The pass-through fraction (ConA), the bound fraction eluted with 5
mM a-methyl-D-glucopyranoside (ConA@, named fraction I), and the

bound fraction eluted with 100 mr@ia-methyl-r-mannopyranoside
(ConA@@, named fraction II) were obtained. Oligosaccharides in
fraction ConA were then subjected to DSA-Sepharose column chro
matography. The pass-through fraction (ConA@DSA, named frac
tion HI), the fraction that was retarded in the column (ConA_.DSAr,
named fraction IV), and the bound fraction eluted with 1% N-acetyl
glucosamine oligomers (ConA@DSA@, named fraction V) were ob
tamed. The percentage molar ratios of N-glycans in fractions Iâ€”V
obtained from each sample were calculated based on their radioactiv
ities and are summarized in Table 1. The results showed that the ratios
of oligosaccharides in fractions I were 35.4, 30.4, 22.4, and 19.5%,
and of oligosaccharides in fractions V were 21.0, 26.5, 33.1, and
42.1% of the total oligosaccharides from NIH3T3, MT1, MTPy, and
MTAg samples, respectively. In contrast, the ratios of fractions H, IH,
and IV were relatively constant among the four samples. In the case
of MTAg, the ratio ofoligosaccharides in fraction V was twice as high
as that of NIH3T3, whereas the ratio of oligosaccharides in fraction I
was almost one-half of that of NIH3T3. These results indicated that
structural changes of N-glycans are induced in the plasma membrane
glycoproteins from those that bind to a ConA-Sepharose column
(fraction I) to those that bind to a DSA-Sepharose column (fraction
V). The results also show that increased levels of oligosaccharides in
fraction V are associated with the advanced tumorigenic and meta
static potentials of these cell lines.

Structures of Oligosaccharides in Fractions I and V. Because
changes in relative amounts of oligosaccharides in fractions I and V
were associated with tumorigenic potentials among the transformants,
detailed structural analyses of the oligosaccharides were performed.
Oligosaccharides in fractions I and V from four samples were applied
to an AAL-Sepharose column to separate oligosaccharides with and
without L-fucose attached to the proximal N-acetylglucosamine resi
due of N-glycans. The pass-through fraction (AAL@)and the bound
fraction eluted with 1 mrvtL-fucOse (AAL@) were obtained from each
oligosaccharide fraction. Oligosaccharides in fraction AAL@ of frac
tion I from MTAg, which contained 13.3% of the total oligosaccha
rides, were eluted from a Bio-Gel P.4 column as two peaks (14.2 and
15.2 glucose units; Fig. 2A). When oligosaccharides in Fig. 14 were
digested with coffee bean a-galactosidase, the oligosaccharide was
eluted as a single peak with the elution position of an authentic
fucosylated biantennary complex-type oligosaccharide (Fig. 2B). The
oligosaccharide in Fig. 2B was digested with diplococcal !3-galacto
sidase and then diplococcal (3-N-acetylhexosaminidase, and a radio
active peak with the elution position of a fucosylated trimannosyl
core, Man3<lcNAcfuc<McNAcOT, was produced releasing two ga
lactose and two N-acetylglucosamine residues (Fig. 2C). When oh
gosaccharides in fraction AAL of fraction I from MTAg were
similarly treated, a radioactive peak with the elution position of a
tnimannosyl core, Man3G1cNAcG1cNAcOT, was produced (data not
shown). The same results were obtained by the serial glycosidase

V0 2623201816 14 12 10 8
V@ V@ V@
A (Iv)3 0111)@ (1)3

.A

;:.A
@.

@ 1â€¢@
. .

G ,
100 150
Elutlon volum.(mI)

Fig. 2. Sequential exoglycosidase digestion of fractions I and V from MTAg. The
fractions and their exoglycosidase digestion products were analyzed by Bio-Gel P-4
column chromatography. A, fraction AAL@ of fraction I; B, the oligosacchanides in A
digested with coffee bean a-galactosidasc; C, the peak in B digested with diplococcal

@-galactosidaseand then with diplococcal @-.N-acetylhexosaminithse;D, fraction
AAL@ of fraction V; E, the oligosacchanides in D digested with coffee bean a-ga
lactosidase; F, solid and dotted lines indicate oligosaccharides a and b in E digested
with diplococcal @-galactosidaseand then with jack bean @-N-acetylhexosaminidase,
respectively; G, oligosaccharides indicated by bar c in E digested with almond
emulsin a-fucosidase I followed by a mixture of jack bean f3-galactosidase and
f3-N-acetylhexosaminidase. Arrowheads at the top of the figure indicate the elution
positions of glucose oligomers used as internal standards, and the numbers indicate
glucose units. Arrows in A indicate the elution positions of authentic oligosacchanides:
i, Man3@G1cNAc-FucGlcNAcOT; ii. Gal2GlcNAc2@Man3-GlcNAc-FucGlcNAcOT; iii@
Gal3-GlcNAc3Man3GlcNAcFuc-GIcNAcOT; iv, Gal4GlcNAc4Man3GlcNAcFuc'
GICNACOT.

digestion of the fractions AAL@ and AAL of fractions I from MTPy,
MT1, and NIH3T3 (data not shown). Methylation analysis of ohigo
saccharides in fractions I from the four samples after coffee bean
a-galactosidase digestion confirmed that they are of fucosylated and
nonfucosyhated biantennary complex type (data not shown).

Ohigosaccharides in fraction AAL@ of fraction V from MTAg,
which contained 30.7% of the total ohigosaccharides, were eluted from
a Bio-Gel P-4 column as two major broad peaks (18.5 and 20.2
glucose units) and multiple minor broad peaks larger than 23 glucose
units (Fig. 2D). When ohigosaccharides in Fig. 2D were digested with
coffee bean ca-galactosidase, two major peaks (Fig. 2E, a and b) with
the same elution positions as authentic fucosylated 2,6-branched tri
and tetra-antennary complex-type ohigosaccharides and multiple mi
nor peaks (Fig. 2E, c) larger than 22 glucose units were produced.
When ohigosaccharide a in Fig. 2E was digested with diplococcal

@-galactosidaseand then withjack bean (3-N-acetylhexosaminidase, a
radioactive peak with the same ehution position as an authentic fuco
sylated trimannosyl core was produced, releasing three galactose and
three N-acetyhglucosamine residues (Fig. 2F, solid line). When ohigo
saccharide b in Fig. 2E was digested with diplococcal @3-galactosidase
and then withjack bean 3-N-acetylhexosaminidase, a radioactive peak
with the same elution position as an authentic fucosylated trimannosyl
core was also produced, releasing four galactose and four N-acetyl
glucosamine residues (Fig. 2F, dotted line). Ohigosaccharides mdi
cated by bar c in Fig. 2E were digested with almond emulsin a-
fucosidase I, followed by a mixture ofjack bean j3-galactosidase and
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SUGAR CHAINS OF NIH3T3 AND ITS THREETRANSFORMANTS

j3-N-acetylhexosaminidase, and a single peak with the same elution
position as an authentic fucosylated trimannosyl core was produced
(Fig. 2G). Because these oligosaccharides were not converted to the
core ohigosaccharide by digestion with a mixture of jack bean (3-
galactosidase and f3-N-acetythexosaminidase without the fucosidase
treatment, the high molecular weight oligosaccharides should be fu
cosylated in their outer chain moieties. In accordance with this,
methylation analysis of the oligosaccharides as indicated by bar c in
Fig. 2E gave large amounts of 3,6-di- and 3,4-di-O-methyl mannitols
and 6-mono-U-methyl 2-(N-methylacetamido)-2-deoxyglucitol, mdi
cating that they are a series of tetra-antennary complex-type ohigo
saccharides with LaX group in their outer chain moieties (data not
shown). When oligosaccharides in fraction AAL of fraction V from
MTAg were treated in the same way, similar elution profiles as
described above (except that each elution position was smaller by one
glucose unit) were obtained (data not shown). Similar results were
also obtained from fractions AAL@ and AAL of fractions V from
MTPy, MT1, and NIH3T3, except that amounts of high molecular
weight ohigosaccharides corresponding to those indicated by bar c in
Fig. 2E were different and much smaller than that of MTAg (data not
shown). Methylation analysis of oligosaccharides in fractions V from
four samples confirmed that they are of 2,6-branched ni- and tetra
antennary complex-type with variable amounts of fucosyhated poly
N-acetyllactosamine groups in their outer chain moieties.

On the basis of (a) the data of sequential exoglycosidase digestion
as described earlier, (b) the binding specificities of ConA-Sepharose
(40) and DSA-Sepharose (41) columns, and (c) methylation analysis,
it was concluded that fractions I from four samples contain bianten
nary complex-type ohigosaccharides, and fractions V from four sam
pies contain 2,6-branched tn- and tetra-antennary complex-type oli
gosaccharides. Some of the outer chains of the oligosacchanides in
fractions I and V are terminated with a-galactose residues. In the case
of MTAg, the fraction V is enriched with the highly branched com
plex-type N-glycans with fucosylated poly-N-acetyllactosamine
groups. The proposed carbohydrate structures are summarized in
Table 2. A preliminary structural study of the plasma membrane
glycoprotein N-glycans from solid tumors formed by MTPy and
MTAg in athymic mice gave similar results as described above (data
not shown).

Structures of Oligosaccharides in Fractions II, ifi, and IV.
Relative amounts of oligosaccharides in these fractions were not
changed by malignant transformation of the cells. Oligosaccharides in

fractions II from four samples bound to a ConA-Sepharose column
and were eluted from the column with 100 nmi a-methyl-mannopyr
anoside, indicating that they are high mannose-type and/or hybrid
type ohigosaccharides based on the binding specificity of ConA (40).
Oligosaccharides in fractions Ill from four samples were retarded in a
DSA-Sepharose column, indicating that they are 2,4-branched tri
antennary complex-type oligosaccharides based on the binding spec
ificity of DSA (41). The oligosaccharides in fraction IV from each
sample were subjected to AAL-Sepharose column chromatography.
Both fractions AAL@ and AAL, thus obtained, were found to be
mixtures of several ohigosaccharides by Bio-Gel P.4 column chroma
tography (data not shown). The amounts of these oligosaccharides
were less than 1% of the total oligosaccharides. No further structural
characterization was performed for these components.

Assay ofN-Acetylglucosaminyltransferase V Activity. To eluci
date the enzymatic background that induced the increase of highly
branched ohigosaccharides by cell transformation, GnT-V activity was
determined using the detergent-solubihized microsomal proteins from
MTAg or NIH3T3 as an enzyme source, a synthetic oligosaccharide,
GlcNAc(3l-*2Manal---t'6Man(3l--@O-(CH2)8-COOCH3, as an accep
tor, and undine diphospho-['4C]GlcNAc as a sugar donor. The syn
thetic oligosaccharide was shown to be a specific substrate for GnT-V
(44). The results showed that the specific activity of GnT-V in MTAg
is 8.4 nmol GlcNAc transferred per milligram protein-hour, respec
tivehy, whereas that of 3T3 is 2.4 nmol GlcNAc transferred per
milligram protein-hour, indicating that the increased level of highly
branched N-glycosylation of MTAg cell surface glycoproteins could
be induced by the increased GnT-V activity. Although GnT-V activ
ities in MTPy and MT1 were not determined, the increased activities
proportional to the increased amounts of the highly branched sugar
chains could be present in these cell lines.

Lectin Blot Analysis of Plasma Membrane Glycoproteins. To
determine whether the altered glycosylation by transformation of
NIH3T3 is induced uniformly in the cell surface glycoproteins, West
em blot analysis was performed using plasma membrane glycoprotein
samples from MTAg and NIH3T3 by incubation with biotinyhated
DSA followed by visualization with peroxidase-conjugated streptavi
din. The samples were subjected to SDS-PAGE, and the proteins were
transferred to nit.rocellulose filters. Because most plasma membrane
glycoproteins are sialylated, the blotted filters were initially treated
with A. ureafaciens sialidase to expose oligosaccharides for DSA
binding (41). Fig. 3, A and B, and Fig. 3, C and D, show filters

Table 2 Proposed structures of oligosaccharides in fractions I and V in Table I

Oligosacchanide structures

Â±Fucalâ€˜I.
Gallil â€”+4Gk@Ac@1â€”*na@6 6

Â±(Gakxl-*) 3Man@31-+4GIcNAc@1-Ã·4GIcNAcoT
Gailliâ€”,4Gk@NAc@l1--2Mana1-V

Â±(Ga@1@)@ (G@1@@NAc)@@ GaI@1G@NAc@1@ Â±Fucal
6Manal I

â€˜ 6
Ga1@l1â€”*4GlcNAc@11-â€•2 @ManIl1@*4GIcNAc@31@,4GIcNAcoT

Fucal Gailliâ€”+4Gk@NAc@31â€”2Mana1

Fraction

I(ConA@)

V (DSA+)

/
Â±(Ga@1@)@ (Ga@1@G@@@

kNAc)@@ GaI@1GkNAcl1l.@4 ,

k Fuccal 1@\Gaq31_,4GIcNAcll12

Â±Fucal

6 6
3Man@31â€”t4GICNAC@I1--+4GICNACOT
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SUGAR CHAINS OF NIH3T3 AND ITS THREETRANSFORMANTS

column chromatography, GP9O, GP116, and GP135 were not eluted
from the column even with 1 M acetic acid solution, probably due to
the strong binding of the glycoproteins to the column. To separate
glycoproteins with and without highly branched N-glycans, most of
which result in higher sialylation, chromatography on a WGA-Sepha
rose column was introduced, since WGA-Sepharose with appropriate
hectin density has been reported to be a useful tool for separating
highly branched sugar chains by the degree of the sialylation (46). A
WGA-Sepharose column with 2 mg of lectin per milliliter gel was
prepared and used, since human transferrin with disialyl biantennary
oligosaccharides (47) passed through the column, whereas bovine
fetuin with trisialyl triantennary oligosaccharides (48) bound to the
column (data not shown). When the glycoprotein samples were ap
plied to a WGA-Sepharose column, Mr 46,000 and 105,000 glyco
proteins from the NIH3T3 sample and Mr 46'000' 90,000, 105,000,
116,000, and 135,000 glycoproteins from the MTAg sample were
eluted from the column with 0.1 MN-acetylglucosamine (Fig. 4, Lanes
A and B, respectively). When the radiolabeled glycoproteins recov
ered in the WGA-Sepharose column bound fractions were incubated
with rabbit antihuman FN receptor antiserum (which also binds to the
mouse FN receptor) and then precipitated with protein A-Sepharose,
the Mr 135,000 band was detected in the MTAg precipitates (Fig. 4
Lane C), whereas none was detected in the NIH3T3 precipitates (data
not shown). However, the Mr 135,000 band was detected in the
WGA-Sepharose column pass-through fraction of the NIH3T3 sample
(data not shown). Antibodies purified from rabbit preimmune serum
immunoprecipitated no radiolabeled proteins from both samples (data
not shown). These results indicated that GP135 could be an FN
receptor, most probably a5(31, and is more heavily sialylated and
highly branched in the MTAg sample than that in the NIH3T3 sample.

When the samples were incubated with rat monoclonal antibody
1D4B, which was raised against mouse LAMP-l (49, 50) and then
precipitated with anti-rat IgG antibody-Sepharose, the Mr 116,000
band was detected in the MTAg precipitates (Fig. 4, Lane D) but not
in the NIH3T3 precipitates (data not shown), indicating that GPI 16 is
LAMP-l. The Mr 116,000 band was detected in the NIH3T3 precip
itates when the radiolabeled proteins, which passed through a WGA
Sepharose column, were incubated with 1D4B antibody and then

A B C D

150 K@'
@ @â€˜*.GP135

, p.4 â€œ*-GPII6

97K@'

53K@'

Fig. 4. lmmunoprecipitation of [35SJMeI/Cys-labeledMTAg plasma membrane gly
coproteins with highly branched N-glycans. The radioactive glycoprotein samples were
separated by SDS-PAGE (7.5% acrylamide gel) and detected by fluorography. Lanes A
and B show the radiolabeled glycoproteins from NIH3T3 and MTAg, respectively, which
were bound and eluted with 0.1 M acetic acid from a WGA-Sepharose column. The
glycoprotein sample from MTAg was immunoprecipitated with anti-FN receptor anti
serum (Lane C) or anti-LAMP-I antibody (lIMB; Lane D), analyzed by SDS-PAGE and
then detected by fluorography.
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Fig. 3. Lectin blot analysis of NIH3T3 and MTAg plasma membrane glycoproteins.
Glycoprotein samples were subjected to SDS-PAGE (10% acrylamide gel) and transferred
to nitrocellulose filters. Lanes A and B were stained with CBB, and Lanes C and D were
treated with A. ureafaciens sialidase and then incubated with DSA followed by visual
ization as described in â€œMaterialsand Methods.â€•Arrowheads indicate the positions of
standard molecular weight markers, and arrows indicate the DSA-reactive bands in the
MTAg sample. Lanes A and C and Lanes B and D are from NIH3T3 and MTAg plasma
membrane glycoprotein samples, respectively.

incubated with CBB and DSA, respectively. CBB staining showed
that most bands detected in the NIH3T3 sample (Lane A) are present
in the MTAg sample (Lane B). When filters were incubated with
DSA, the increased lectin binding was observed for glycoproteins
with molecular sizes of Mr 46,000, 50,000, 90,000, 105,000, 116,000,
and 135,000 (indicated as arrows at the right side of Lane D) in the
MTAg sample. When glycoprotein samples on a filter were treated
with N-glycanase, which releases N-glycans from peptides, before the
analysis, no lectin binding was detected (data not shown). These
results indicated that the altered glycosylation is induced in a limited
number of plasma membrane glycoproteins. Incubation of the blotted
filter with L-PHA showed a similar binding pattern to that of DSA
(data not shown). However, no marked change in ConA binding was

observed between the NIH3T3 and MTAg samples (data not shown),
although the ratios of fractions I between NIH3T3 and MTAg were
different, as shown in Table 1. This is probably due to more prefer
ential binding of ConA to high mannose.type ohigosaccharides than
biantennary complex-type ohigosaccharides.

A similar analysis was also performed by using the samples from
MTPy and MT1 . However, no change in DSA binding was observed
for MT1, and a slight increase in the lectin binding was observed for
MTPy (data not shown). Therefore, further comparative analyses were
performed between MTAg and NIH3T3.

Characterization of GP116 and GP135. Comparative study of
glycoprotein samples from NIH3T3 and MTAg by lectin blot analysis
revealed that glycoproteins with Mr 90'000' 116,000, and 135,000,
which are named 0P90, GP116, and GP135, respectively, react
strongly to DSA in the MTAg sample. To characterize these glyco
proteins with a marked increase in the reactivity to DSA, NIH3T3 and
MTAg were metabolically labeled with a mixture of [35S]Met/Cys,
which were shown to be incorporated into many proteins, including
GP9O, GPI 16, and GP135, by a preliminary study. Similar amounts of
radioactivities were incorporated into both cells. The plasma mem
branes were prepared from both cells, and the radiolabeled membrane
proteins were extracted from them with 10 m@iTris-HC1-buffered
saline (pH 7.4) containing 1% lauryldimethylamine oxide. When the
radiolabeled glycoprotein samples were subjected to DSA-Sepharose
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Table 3 Effect ofanti-FN receptor (a5f31)antiserum on cell spreading against
FN-coated plates

% of cells spread

(Dilution of antiserum)
Cellline Control 1/32 1/16 1/18

NIH3T3 85 Â±10â€• 87 Â±6 79 Â±10 70 Â±I I
MTAg 93 Â±6 45 Â±19 36@ 14 13Â±II

a Numbers indicate the average percentages with SEs of cells spread on the plates in

five different view fields.

precipitated. However, the amount immunoprecipitated with 1D4B
antibody was almost one-half of that of the NIH3T3 precipitates
compared with the MTAg precipitates (data not shown). Therefore,
the expression level of LAMP- I at cell surface can be associated with
the transformation if the metabolic turnover rate of LAMP-I is the
same in both cells.

To characterize Mr 46,000, 50,000, 90,000, and 105,000 glycopro
teins, which are also DSA-positive glycoproteins, the MTAg sample
was incubated with several commercially available antibodies that
were raised against mouse cell surface receptor molecules. However,
none of the radioactive bands was detected in the precipitates. Further
characterization of these glycoproteins is necessary for elucidating the
functions of highly branching of the cell surface glycoprotein N-
glycans.

Effect of Highly Branched Glycosylation on the Function of FN
Receptor. Because FN receptors (a5(31 and aj31) mediate the attach
ment and spreading of cells to a FN matrix, an effect of highly
branching of the N-glycans on the receptor function was investigated.
NIH3T3 and MTAg were allowed to attach on FN-coated plates for
30â€”45mm, and then were incubated with differently diluted anti-FN
receptor antiserum. After 2 h, the percentages of cells, which re
mained spread, were determined by counting the cells with and
without spreading in five different view fields. The cell spreading was
perturbed in a dose-dependent manner with the antiserum in both cells
(Table 3). However, the inhibition of cell spreading was much aug
mented in MTAg, and more than 80% of the cells showed a round
form in the presence of 8-fold diluted antiserum (Fig. SD), whereas
more than 70% of NIH3T3 remained spread on the FN-coated plates
under the same condition (Fig. SB). No significant change in cell
spreading between NIH3T3 and MTAg was observed when cultured
on FN-coated plates with a rabbit preimmune serum or on untreated
plastic plates with the antiserum (data not shown). These results
suggested that the highly branching of the N-linked sugar chains
induced by malignant cell transformation weakens the binding of the
FN receptor to FN.

DISCUSSION

It has been shown that altered glycosylation in the glycoproteins is
one of the characteristic features of malignantly transformed cells and
solid tumors. This alteration has been initially observed as a shift of
Pronase-digested glycopeptides from lower to higher molecular
weight ranges on a gel filtration column (51â€”55).The followed
structural studies have revealed that the molecular weight transition is
ascribed to the increased expression of highly branched N-glycans
(56) such as 2,6-branched tn- and tetra-antennary ohigosaccharides
(12â€”16).Although a number of reports have described the alteration
of carbohydrate structures of individual glycoproteins produced by
tumor cells, the biological significance of the highly branched N-
glycosylation is still unclear. The present study showed that the
plasma membrane glycoproteins from three transformants, MTAg,
MTPy, and MT1, contain increased amounts of the highly branched
N-glycans when compared with that of NIH3T3, which is consistent

SUGAR CHAINS OF NIH3T3 AND ITS THREE TRANSFORMANTS

with one of the properties of tumor cells as described previously. It is
interesting that MTI , which can grow on soft agar media at the same
rate as MTAg and MTPy, failed to form tumors in athymic mice.
Structural analysis of N-ghycans from MT1 plasma membrane glyco
proteins showed that the amount of highly branched N-glycans among
total oligosaccharides is increased by only 5% when compared with
that of NIH3T3. This indicates that the expression level of the highly
branched N-glycans is not high enough for the cells to grow in vivo.
In support of this, MTPy and MTAg, which can form tumors in
athymic mice, contained 11 and 21% more of the highly branched
N-glycans than NIH3T3. These results strongly suggested that there is
a threshold in the expression level of the highly branched N-glycans
that determines the malignant levels of tumor cells. The present study
indicates that this threshold is about 27â€”32%for acquisition of tu
morigenic potential in vivo because M1'Py, but not MT1, can grow in
vivo, and more than 34% for acquisition of metastatic potential for the
transformants because MTAg, but not MTPy, can metastasize to lung
in athymic mice. The different growth rates of MTAg and MTPy may
be due to the different expression levels of the highly branched
N-glycans in the plasma membrane glycoproteins. Therefore, it is
concluded that the expression levels of the highly branched N-glycans
in the cell surface glycoproteins are important for tumor cells in vivo
to express the malignant phenotypes.

It was found in this study that the enrichment of the highly
branched N-glycans is limited to particular cell surface glycoproteins
of malignant cells. The highly branched N-glycans, which were de
tected by DSA binding, were carried by Mr 46,000, 50,000, 90,000,
105,000, 116,000, and 135,000 glycoproteins in MTAg. Immunopre
cipitation analysis using specific antibodies and antisera revealed that
Mr I 16,000 and 135,000 glycoproteins are LAMP-h and FN receptor,
respectively. Although LAMP-h is a major integral lysosomal mem
brane glycoprotein, a small portion of it has been shown to be present
on the cell surface (57, 58), especially the basohateral surface of
polarized cells (59). Because the altered glycosylation of LAMP-l in
transformed cells has been shown to reduce its binding to FN and
collagen matrices in vitro (60), the highly branched N-glycans induced
in the LAMP-h on the cell surface of MTAg may be also involved in
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Fig. 5. Effect of anti-FN receptor antiserum on cell spreading on FN-coated plates. A
and C are NTH3T3and MTAg cultured without antiserum, respectively. B and D are
NIH3T3 and MTAg cultured with 8-fold diluted antiserum as described in Table 3,
respectively.
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SUGAR CHAINS OF NIH3T3 AND ITS THREETRANSFORMANTS

the reduction in cell-matrix interaction. This glycoprotein is consid
ered one of the major carriers of poly-N-acetyllactosamines (61, 62),
the increased expression of which is associated with higher metastatic
potential of tumor cells (63). Due to the heterogeneity of poly-N
acetyhlactosamines, the apparent molecular weight of NIH3T3
LAMP-l has been reported to be Mr 105,0001 15,000 (49). However,
MTAg LAMP-l showed a relatively sharp Mr 116,000 band, indicat
ing less heterogeneity in the elongated sugar chains. Structural anal.
ysis of N-glycans from MTAg plasma membrane glycoproteins con
firmed the presence of poly-N-acetyllactosamines in the highly
branched oligosaccharide fraction. Therefore, a part of the poly-N
acetyllactosamines could be carried by GP116ILAMP-l . Although the
expression of selectin higands on GP116ILAMP-l has not been stud
ied in detail, the high molecular weight oligosaccharides from the
MTAg sample were converted to the core ohigosaccharides,
Man3GlcNAc'Fuc-GIcNAcOT and ManS'GlcNAcGlcNAcOT, only af
ter digestion with almond emulsin a-fucosidase I followed by a
mixture of jack bean (3-galactosidase and (3-N-acetylhexosaminidase.
This indicates the presence of fucosylated poly-N-acetyllactosamine
structures in the highly branched N-ghycans. This is quite consistent
with the fact that sialyl LaX [Neu5Aca2â€”+3Gal(3l---*4(Fucal---Ã·3)
GlcNAc] and sialyl Le5 [Neu5Aca2â€”+3GalJ3l---*3(Fucal â€”4)
GlcNAc} determinants, which are the sehectin higands, are expressed
preferentially on poly-N-acetyhlactosamine structures (61). Taking
these results together, MTAg GP1 16ILAMP-l may contain N-glycans
with selectin higands. In fact, the genetic manipulation of the level of
LAMP-l expression on colonic carcinoma cells clearly demonstrated
that the increased cell surface expression of LAMP-l is proportional
to the extent of cell surface sialyl Lex and the binding to E-selectin
(63). Because some tumor cells appear to bind to vascular endothelial
cells or platelets mediated by a respective selectin and its higand (64,
65), the fucosylated and/or sialylated poly-N-acetyllactosamines in
MTAg could be involved in the metastatic process. Therefore, the
metastatic potential acquired by MTAg could be explained by the
expression of the cell surface LAMP-i with highly branched N-
glycans and possibly sialyh Le'@determinant. Since a similar glycosy
lation pattern was obtained by using the glycoprotein sample from
solid tumors formed by MTAg in athymic mice, the differences found
in the N-glycosylation of the plasma membrane glycoproteins should
be correlated with the differences in vivo among these transformed
cells.

Proper glycosylation appears to be important for the functions of
cell adhesion molecules, especially FN receptor (a5(31) and LN re
ceptor. When mouse 313 cells were cultured in the presence of
l-deoxymannojirimycin, an inhibitor of Golgi a-mannosidase I, the
FN receptor with immature glycosylation appeared on the cell surface,
but its FN-dependent adhesion was greatly reduced (29). Attachment
of K562 cells to FN-coated plates was also inhibited by treatment with
a mixture of endo-N-acetylglucosamiidase F and peptide-N'@-(N
acetylglucosaminyl)asparagine amidase F (3 1). It is likely that altered
glycosylation of LN receptor reduced the attachment and spreading of
5115 mammary epithehial tumor cells on LN (33). These studies
suggested that proper glycosylation of the integrmn molecules is cru
cial for protein function. In the present study, we found that FN
receptor is one of the glycoproteins with highly branched N-glycosy
lation in MTAg. The altered glycosylation of FN receptor appears to
be common among several tumor cells (66, 67). The significance of
the glycosylation of FN receptor in MTAg could be explained by the
reduction in cell spreading on FN matrix. In accordance with this,
Bl6-F10 melanoma cells that were treated with N-35545, a polypre
nylphosphate derivative, showed a reduction in tumorigenicity and in
L-PHA binding to FN receptor. This cell line now showed the in

creased adhesiveness to FN matrix (67). Therefore, proper glycosy
lation of integrin molecules is quite important for the cells.

Polyoma middle T antigen localizes at cytoplasmic membranes
such as endoplasmic reticulum and Golgi apparatus by binding
through its COOH-terminal hydrophobic domain (MAS; Ref. 68).
Because MTAg and MTPy, but not MT1, contain MAS, and because
MTPy and MTAg showed a remarkable increase in the expression of
highly branched N-glycans, MAS might affect the glycosylation ma
chinery by attaching the molecules embedded in the cytoplasmic
membranes. Therefore, it is of interest to study whether MAS itself
can induce a change in ghycosylation, especially an increase in highly
branched N-glycosylation. If this is the case for the altered glycosy
lation, a simple manipulation of the glycosylation machinery, which
leads to a change in cell surface glycosylation patterns, is enough to
modulate the cellular phenotypes.
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