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ABSTRACT

We have previously identified a neutral glycolipid antigen which ap
pears to be a surface antigenic marker for the metastatic subpopulation in
the K3230AC rat mammary adenocarcinoma (S. A. Carlsen, M. Barry,
and K. Newton. Clin. Kxp. Metastasis. 8: 141-151. 1990). In this article we

describe the structural characterization of this glycolipid antigen. The
sequence of the sugars in the saccharide portion of the molecule was
determined by specific glycosidase cleavage and further confirmed by
mass spectroscopic analysis. The nature of the linkages between the
monosaccharide units was determined by methylation analysis. The final
structure was confirmed by NMR analysis and found to be isoglobotet-
raosylceramide (GalNAcÃŸl-3Galal-3GalÃŸl-4GlcÃŸl-0-ceramide).

We also present evidence that the cells marked by this antigen have a
higher metastatic potential than the cells lacking this glycolipid as mea
sured by the formation of lung colonies after i.v. injection of the cells into
the tail vein of the rat. Furthermore, isoglobotetraosylceramidc seems to
play a direct role in the metastatic process since the blocking of exposed
antigen with monoclonal antibodies, or their Fab fragments, results in a
highly significant decrease in lung colony formation.

INTRODUCTION

Cell surface molecules are thought to play an important role in
tumor metastasis. These molecules are involved in various aspects of
the metastatic process, such as tumor invasion, cell recognition, cell-

cell interactions, interactions with the immune system, and interac
tions with growth factors (1). Numerous alterations in cell surface
glycolipids and glycoproteins have been reported when comparing
high and low metastatic cell lines derived from the same parent tumor
(2-5).

A number of these tumor-specific antigens have been found to be

glycolipids (6, 7). Changes in membrane glycolipids have been re
ported during development and during neoplastic transformation (8,
9). The major types of changes in glycolipid content associated with
neoplastic transformation are: (Â«)the accumulation of precursor gly
colipids due to incomplete synthesis such as the accumulation of
gangliotetraosylceramide or asialoGNl;>â€¢'in various tumors ( 10, II ); or

(h) the formation of a new glycolipid not normally found in the host
such as the formation of the Forssman antigen in some tumors (10,

12).
Antibodies to glycolipid tumor antigens have been used in an

attempt to target therapy to tumors (13-16). For example. Young and
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Hakomori (14) were able to successfully suppress the growth of
mouse lymphoma LSI78Y which contains high levels of asialoGM2 in
DBA/2 mice by passive immuni/ution with monoclonal antibodies to
this glycolipid. Urdal and Hakomori (15) reported the targeting of the
drug neocar/.inostatin to Kirsten virus-transformed 3T3 cells, which
also contain high levels of asialoGM2. using anti-asialoGM2 mono

clonal antibodies. These studies demonstrate the potential usefulness
of glycolipid markers in treating tumor populations containing these
markers.

Tumor-specific glycolipid markers have also been used in the treat

ment of various human malignancies. Livingston el al. (16) have
attempted to treat human melanoma patients using passive immuni
zation with monoclonal antibodies against specific gangliosides on the
melanoma cell surface and by direct immunization with ganglioside
vaccines.

We have previously shown that a series of tumor sublines isolated
from the R3230AC rat mammary adenocarcinoma by cyclic enrich
ment for lymph node metastasis expressed increased amounts of an
antigen recognized by the lectin soybean agglutinin ( 17). The number
of cells expressing this antigen correlated strongly with the metastatic
potential of these cell lines (17). When these metastatic tumor cell
lines were depleted of cells expressing this antigen by means of
antibody-dependent complement-mediated cytolysis using the 3E9

monoclonal antibody directed against this antigen, the metastatic po
tential of the cell line was dramatically decreased although the tumor
growth rate was not significantly altered (18). These results suggested
that the cell subpopulation identified by this marker may be the
metastatic subpopulation in the tumor. The antigen recognized by
soybean agglutinin was identified as a neutral glycosphingolipid (18).
In the present study we identify this glycolipid as isoglobotctraosyl-

ceramide (isogloboside) and demonstrate that this glycolipid may not
only identify the metastatic subpopulation in the tumor but may also
play a role in the metastatic process itself.

MATERIALS AND METHODS

Cell Lines and Medium. The R3230AC.I LG, cell line was derived from
the third enrichment cycle of a lung colony enrichment procedure using the
R3230AC.I cell line (17). The 13762 tumor cell line used in this study was the
tissue culture-adapted form (19) of the 13762 MAT-B tumor, the ascites form
of the 7,12-dimethylben7.Ui)anthracene-induced rat mammary adenocarcinoma

13762, which was obtained from Dr. A. E. Bogdon. Mason Research Institute.
Worcester. MA. The tumor cell lines were maintained in in vitro culture in
RPMI 1640 (GIBCO. Burlington. Ontario. Canada) supplemented with 10%
newborn calf serum (Bockneck Organic Materials, Rexdale. Ontario. Canada),
penicillin (100 units/ml), and streptomycin sull'ale (KM) fig/ml). Cells were

cultured in vitro for less than 50 passages to limit the possibility of functional
and phenotypic drift. Cells were routinely screened for mycoplasma contami
nation using the MycoTect assay (GIBCO) and found to be free of any
contamination.

Extraction and Purification of Glycolipids. Cells were cultured in
150-mm diameter tissue culture dishes (Falcon Labware: Beeton-Dickinson.

Inc., Mississauga. Ontario. Canada). Cells were harvested from subconfluent
cultures by scraping with a rubber scraper and washed twice with PBS. Neutral
glycolipids were extracted from the cell pellet as described by Laine et al. (20).
Briefly, the cell pellet was homogeni/ed using a Polytron Cell Disintegrator
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(Brinkmann Instruments. Rexdale. Ontario. Canada) in 20 volumes of chloro-
t'orm-methano] (2:1. v/v). the extract was filtered, and the residue was reex-

tracted with 10 volumes of chloroform-methanol (1/2. v/v. plus 5% water). The

combined filtrates were reduced to dryness and subjected to Folch partitioning
(21). The neutral glycolipids in the neutral lipid fraction were acetylated and
separated from other neutral lipids by chromatography on Florisil (Fisher
Scientific) (22). The glycolipid fraction (200 /j.1) was deacetylated by the
addition of 50 /nl of 0.5% sodium methoxide in methanol (22). The residual
acidic glycolipids were removed by chromatograpy on DEAE-Sephadex A-25

as described by Lendeen and Yu (23). The individual neutral glycolipids were
purified by chromatography on Biosil A as described by Laine et al. (20). The
resulting neutral glycolipid preparations were analyzed by HPTLC on silica gel
60 HPTLC plates (Merck) developed in chloroform-methanol-water (60:35:8,

v/v/v).
Exoglycosidase Treatment. Glycolipid samples were dried in a stream of

N2. then resuspended in 50 /Â¿Iof 0.05 M sodium citrate buffer. pH 4.0,
containing 1.0 mg/ml sodium taurodeoxycholate and either 50 milliunits of
a-galactosidase from Aspergillus niger, 50 milliunits of ÃŸ-galactosidase from
jack beans. 167 milliunits of ÃŸ-hexosaminidase from jack beans, or combina

tions of these enzymes (all from Sigma Chemical Co.. St. Louis. MO). The
samples were incubated at 37Â°Cfor 18 h. The reaction was terminated by the

addition of 0.2 ml of chloroform-methanol (2:1. v/v). The lower phase was

collected and dried in a stream of N2. The samples were resuspended in
chloroform-methanol. spotted onto HPTLC plates, and developed in chloro
form-methanol-water (65:35:8, v/v/v).

Competitive Binding Assay Using Monosaccharides and Disaccharides.
The glycolipid was dissolved in methanol and 25 ^.1 were added to each well
of untreated polystyrene microtitre plates (Titertek; ICN Biomedicals, Inc.,
Mississauga. Ontario. Canada). The plates were allowed to air-dry. Unbound

sites were then blocked by incubation with 20% newborn calf serum in PBS for
2 h at 37Â°C.Dilutions of monoclonal antibody 3E9 containing various con

centrations of sugars (GalNAc; Glcal-OMe: Galal-OMe; Galal^tGal;
Galal-3Galal-OMe: GalNAcÃŸl-3Galal-OMe; all from Sigma) in 20% new
born calf serum were added and incubated for 30 min at 37Â°C,followed by

incubation with a 1:9000 dilution of peroxidase-conjugated goat antiserum
against mouse immunoglobulins for 30 min at 37Â°C.After extensive washes

with PBS. 0.2 ml of o-phenylenediamine (Sigma) (3 mg/ml), H2O2 (0.02% v/v)
in citrate-phosphate buffer. pH 5.5. was added. After 30 min in the dark at room

temperature. 0.1 ml of 3 N HC1 was added and the absorbance at 492 nm was
determined.

Mass Spectrometry. FAB-MS were recorded with a VG Analytical
ZAB-SE mass spectrometer at the Mass Spectrometry Laboratory of the Car

bohydrate Research Centre, University of Toronto. The samples were bom
barded with neutral Xenon atoms (8 keV anode potential and 1.2 mA anode
current) generated by an Ion-Tech saddle field ion gun. About 3^4 scans were
accumulated using the multichannel analyzing mode of the VG 11-250 data

system. Resolution was about 1500 (107r valley definition). The spectrum of
the native glycolipid was obtained in the negative ion mode using triethano-

lamine as matrix. The same sample after permethylation according to Ciucanu
(24) was analyzed in the positive ion mode using thioglycerol:glycerol, 1:1, as
matrix.

The permethylated sample after hydrolysis, sodium borodeuteride reduc
tion, and acetylation (Methylation analysis) was analyzed by GC-MS in both
electron impact and chemical ionization mode. The GC conditions were: 30-m
DB-5 column; on-column injection: 40Â°Cduring injection: isothermal for 1
min; programmed at 10Â°C/min to 180Â°Cand then 2Â°C/min to 250Â°C.The
electron impact conditions were: 70 eV; 100 fiA trap current: 200Â°Csource

temperature. The chemical ionization conditions were: 1 mA emission current:
180Â°Csource temperature: and ammonia as the reagent gas. Globotetraosyl-

ceramide was used as a methylation analysis control and retention time stan
dards.

NMR. 'H NMR was obtained on a Bruker AM-500 spectrometer at 300Â°K
or 290Â°Kfor the TOCSY and ROESY spectra in CDCI,:CD,OD. 2:1. with

tetramethylsilane as internal reference at the NMR laboratory of the Carbohy
drate Research Centre, University of Toronto. Samples for the 2D experiments
were dissolved in a minimum volume of CD,OD diluted with D2O and lyo-
philized three times. Two-dimensional TOCSY and ROESY spectra were re

corded using 512 acquisition sequences of 32 scans and 512 X 2048 points
time domain over 4000 Hz (TOCSY) or 4237 Hz (ROESY) along the tl and

t2 directions. Spin locking was achieved using the decoupler channel and
power levels were set such that 90Â°pulses required 24-/J.S (TOCSY) or 80-/J.S

(ROESY) pulses. The mixing sequence for the TOCSY was optimized for 2 Hz
coupling constants, and a 400-ms mixing time was used for the ROESY
spectrum (25). The spectra were processed on a MICROVAX-II computer

using the HARE software package. Squared sine bell window functions were
used in both dimensions with zero filling to 2048 data points in tl.

Monoclonal Antibodies. The isogloboside-specific 3E9 MAb was gener
ated as previously described (18). MAb 3-1 is also specific for isogloboside,
while MAb 9-4 reacts to a common cell surface epitope not specific to the
isogloboside-containing cells.4

Antibody-dependent complement-mediated cytolysis was carried out using

the 3E9 MAb as previously described (18). For the antibody blocking experi
ment. MAb 3-1 was used instead of 3E9 since MAb 3-1 is of the IgG3 isotype

while 3E9 is an IgM antibody. Both MAbs are specific for isogloboside.
For use in the blocking experiment, the 3-1 and 9-4MAbs were purified by

affinity chromatography on protein G-Sepharose (Pharmacia) following the

instructions provided by the supplier. Fab fragments from MAbs were prepared
by papain digestion at a protein:enzyme ratio of 100:1 for 2 h for 3-1 and 5 h
for 9-4. followed by chromatography on DEAE-cellulose. The purity of Fab
was analyzed by enzyme-linked Â¡mmunosorbem assay using an anti-Fc anti
body and by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (data

not shown).
Lung Colonization Assay. The cells for injection were resuspended in PBS

to either 2 x io5 viable cells/ml for LG., or 1.5 x IO5 viable cells/ml for

13762. For each cell line 0.5 ml of cell suspension was injected into the tail
veins of 6-10-week-old female Fischer 344 rats (Charles River Laboratories.

Montreal. QuÃ©bec.Canada). Lungs were removed 10 days after inoculation for
13762 cells or 21 days after inoculation for LGi cells and fixed in Bouin's

solution. The tumor colonies on the surface of the lung were counted with the
aid of a dissecting microscope.

For antibody blocking experiments, cells were incubated with the appropri
ate MAb (0.5 mg) or Fab (0.4 mg) in PBS for 1 h at 4Â°C,prior to injection into

the animals.

RESULTS

As we have previously described ( 18), the highly metastatic
R3230AC LN4 tumor cell line expresses high levels of a neutral
glycolipid which binds the lectin soybean agglutinin. This glycolipid
was purified as described in "Materials and Methods" (Fig. 1, Lane 3}.

This purified glycolipid migrates on HPTLC in chloroform-methanol-
water (60:35:8) as a doublet at a similar position to that of globotet-

raosylceramide (Fig. 1. Lanes 3 and 4). However, the purified gly
colipid is not globotetraosylceramide since neither MAb 3E9 nor
MAb 3-1 bind to globotetraosylceramide (18) while these reagents

bind strongly to the glycolipid isolated from the R3230AC LN4 tumor
cell line.

Enzymatic Degradation. In order to determine the sequence of
the oligosaccharide portion of the glycolipid as well as to gather
information about the nature of the linkages between the saccharide
residues, the ability of various glycosidases to degrade the purified
glycolipid was determined. Only ÃŸ-hexosaminidase resulted in the

degradation of the isolated glycolipid resulting in a triaosylceramide
comigrating with globotriaosylceramide. The glycolipid was unaf
fected by digestion with a-galactosidase or ÃŸ-galactosidase (Fig. 2).
In addition, no degradation was observed with a-fucosidase (data not

shown). These results implied that the terminal sugar was either a
GalNAc or GlcNAc. When combinations of two enzymes were used,
only digestion with ÃŸ-hexosaminidase and a-galactosidase resulted in

further degradation to the level of a biosylceramide comigrating with
lactosylceramide. Digestion with all three enzymes resulted in the
degradation of the glycolipid to the level of glucosylceramide (Fig. 2).
These results are consistent with the sequence of the glycolipid of
GalNAc/GlcNAc ÃŸ-Gala-GalÃŸ-Glc-ceramide.

4 Y. Xie and S. A. Carlson, manuscript in preparation.
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Pig. I. HITLC analysis of (he neutral glycolipid fraclion from R3230-LN.,. Lane I.
neutral glycolipid standards: glucosylceramide; lactosylceramide; globotriosylceramide;
globoletraosylce-amide; Forssman antigen. Lane 2, LN4 neutral glycolipid fraclion. Lane

.Ã•.purified glycolipid antigen. Lane 4. globotelraosylceramide.

8
Fig. 2. Exoglycosidase digestion of the putifieu giycolipid antigen. Tlte glycolipid

remaining after digestion of the purified glycolipid with: Lune I, control; Lane 2. a-ga-
luctosidase; Lane 3. ÃŸ-galactosidase; Lane 4, ÃŸ-hexosaminidase; Lane 5. a-galactosidase
and ÃŸ-hexosaminidase: Lane 6. ÃŸ-galactosidase and ÃŸ-hexosaminidase; Lane 7. all three
glycosidases; Lane H neutral glycolipid standards as in Fig. I. Arrow, position of the
detergent hand.

meric carbon of each nionosaccharide and the geometry of the double
bond, as well as further confirmation of oligosaccharkle sequence, can
be established by NMR spectrometry.

Mass Spcctrometric Analysis. Since in the negative ion mode
oligosaccharide chains fragment at the glycosidic bond with charge
retention on the lipid side, thereby yielding sequence information (26),
the mass spectrum of the native compound was obtained in the neg
ative ion mode. It was clear from the mass spectrum that the sample
consists of two compounds. A major species exhibited a molecular ion
at m/z 1225 (M-H) that corresponds to a ceramide derivative with a

palmitoyl (16:0) fatty acid forming the amide of the sphingosine base,
3 hexoses, and a HexNAc. as well as its fragments at m/z 1022. 860,
and 698 corresponding to a sequential loss of HexNAc and 2 hexoses.
A smaller peak at m/z 1335 corresponds to another species containing
C24:1 fatty acid residue instead of the palmitoyl. These data are
summarized in Fig. 4/4.

That the glycolipid is indeed a tetrasaccharidc containing three
hexoses and one /V-acctylhexosamine was further confirmed by the

mass spectrum of the methylated sample in the positive ion mode.
M + H ion at m/z 1437, corresponding to the incorporation of 15

methyl groups, represented the major component. Since in the positive
ion mode the oligosaccharide chain fragments with charge retention
on the sugar residues (27), the ions at m/z 260, 464, 668, and 904
confirm the linear sequence of HexNAc-hexose-hexose-hcxosc-ccra-

mide. The ion at m/z 1547 could be attributed to the minor component
with the longer acyl side chain that represents about 22% of the
sample (based on relative intensities of the molecular ions of both
compounds; compare also NMR analysis). These data arc summarized
in Fig. 4B.

Identification of the monosaccharide units and further linkage in
formation was obtained by methylation analysis using GC-MS. Peaks
for a 3-linked Gal, a 4-linked Glc, and a terminal GalNAc were
observed. The ratio of 3-linked Gal to 4-linked Glc ( 1.4:1 ) was some
what lower than expected. No 4-linked Gal was found although such
a residue was identified in a control authentic sample of the globotet-
raosyIceramide, GalNAcÃŸl-3Gala l-4GalÃŸl-4GlcÃŸl -O-E-ceramide.

The yield of terminal GalNAc was low in both the sample and the
control. Assuming that glucose is bound directly to the ceramide as is
usually the case in glycolipids, this analysis established the sequence
and linkage positions. To confirm the monosaccharide sequence un
equivocally, to detemiine the anomericity of individual glycosidic

In order to determine whether the terminal sugar was GalNAc or
GlcNAc, the effect of sugars on the binding of the 3E9 antibody to the
glycolipid was determined. We have previously shown (18) that the
binding of MAb 3E9 to the glycolipid is competed with GalNAc but
not GlcNAc, Gal, or Glc. We see in Fig. 3 that GalNAcÃŸl-3Gala I-

OMe was the most effective competitor giving 50% inhibition at 3 mm
compared to 25 min for GalNAc alone. None of the other sugars
competed the binding. This then suggested that the sequence was
GalNAcÃŸ-Gala-GalÃŸ-GIc-ceramide.

From both the results of the sequential enzymatic degradation of the
antigen and its Chromatographie behavior, it was evident that it is most
likely a glycolipid. Consequently, confirmation of the preliminary
results, as well as the elaboration of further details to complete the
structure determination, was sought through spectroscopic and chemi
cal means, i.e. NMR, mass spectrometries, and methylation analysis.

Mass spectrometry in principle provides information about the se
quence of monosaccharide units and character of the lipid moiety, and,
in combination with methylation analysis, allows the determination of
linkages among monosaccharides. The stereochemistry of the ano-
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Fig. 3. Effect of various saccharides on the binding of the 3E9 monoclonal antibody to
the glycolipid antigen. The binding of the antibody to the glycolipid antigen was measured
using an enzyme immunoassay as described in "Materials and Methods." Various con

centrations ofGlcctl-OMe (â€¢).Galal-OMe (O). GalNAc (D). Galal-4Gal (A). Galal-
3Galal-OMe (Â¿).or GalNAcÃŸl-3Gala]-OMe (â€¢)were added to the wells before the

addition of the antibody.
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1022 860 698

HexNAc-^0â€”Hex-^Oâ€”Hex- Hex

Fig. 4. Fragmentation pallern of underivatized
glycolipid in the negative ion FAB-MS using tri-
ethanokimine as the matrix (d) Idenied lines, posi
tions of fragmentation and the numbers the corre
sponding m/;. values): permethylated glycolipids in
the positive ion FAB-MS using thioglycerohszlyc-
erol. 1:1, as matrix (/>). Dotted lines, positions of
fragmentation and the numbers the corresponding
ni/- values.

M = 1226(M-H)'= 1225

M = 1336(M-H)"= 1335

X = 14 77%

X = 22:1 23%

-CH â€”CHâ€”CH=CH â€” â€”CH3
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+H + CH3 = 904

Me4HexNAc
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M = 1436 X = 14 77%
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(M+H)+= 1547 x = 22-1 23%

jâ€”CH CH CH=CH â€”

MeN Â¿Me..+ 2H = 1199

/
C=0

CH3

CH,

linkages, and to establish the geometry of the double bonds, it was
necessary to use NMR spectrometry.

NMR Analysis. Thus the sample was further analyzed by 500
MHz 'H NMR spectrometry in CDC1,:CD,OD (2:1) solution at
300Â°K.The spectrum of the anomeric and olefinic protons is shown in

Fig. 5. The 3 doublets with coupling constants of about 8 Hz (4.29,
Glc A; 4.43. Gal B; 4.63, GalNAc D) correspond to ÃŸ-linkages
whereas the broad singlet (5.02. Gal C) corresponds to an Â«-linkage.
(The last mentioned singlet could be resolved into a doublet with J =
2 Hz at 290Â°Kusing a more anhydrous specimen). The spin systems

associated with each of these anomeric protons were partly established
in a TOCSY 2D spectrum (data not shown) while the connectivities

Ceramide E-
double bond

/ \

Z double
bond
J

Cl
Al

7

5.8 5.6 5.4 5.2 5.0 4.8 4.6 4.4

Fig. 5. Partial 5(X)MHz 'H NMR spectrum of the glycolipid in CDCU;CDjOD, 2:1, at
300Â°K.The tour anomeric protons and the olefinic protons of the ceramide are identified

on the spectrum.

between the residues was investigated by using a ROESY experiment
(data not shown). These data were consistent with the structure of the
oligosaccharide moiety of this glycolipid being GalNAcÃŸl-3Galal-
3GalÃŸlâ€”IGlcÃŸl-O-ceramide,i.e.. isoglobotetraosylceramide (27-31).

This conclusion was confirmed by comparison of published 'H

NMR spectra of pure glycolipids with the spectrum of this antigen.
The 'H NMR spectra of globotetraosylceramide, GalNAcÃŸl-

3Galal-4GalÃŸl^tGlcÃŸl-O-E-ceramide (32, 33), and its trisaccharide
derivative, Galal^GalÃŸl^GlcÃŸl-O-E-ceramide, prepared synthet
ically (34, 35) as well as an isomer of the latter compound, Galal-
3GalÃŸl^GlcÃŸl-O-E-ceramide (35), show that the chemical shift of
the aGal in the al,4-linkages is typically 4.82 as opposed to 5.00 in
the al,3-linkages in D2O:D6 dimethyl sulfoxide, 1:49. The chemical

shift of this proton in our study is 5.02, consistent with the al,3
assignment.

Furthermore, the trans (E) geometry of the 4,5 double bond of the
sphingosine follows from the characteristic pattern and chemical shift
of H-4 (5.45) and H-5 (5.71) signals (35) (see Fig. 5). The other

olefinic signal at 5.34 present in the spectrum of the antigen is due to
the cis (Z) double bond of C24:l fatty acid present in the minor
component (35, 36). The integration confirms the conclusion drawn
from the mass spectra that the contents of the minor component in the
mixture does not exceed 20-23% (Fig. 5).

Lung Colonization Assay. We have previously reported that de
pletion of isogloboside-containing cells in the highly metastatic LN4
cell line by antibody-dependent complement-mediated cytolysis re

sulted in a significant reduction in metastatic potential (18). The slow
growth rate of these tumors coupled with the fact that metastasis was
observed only 1-2 months after tumor cell inoculation made it diffi

cult to study the ability of monoclonal antibodies to block metastasis.
To overcome this problem, the lung colony assay was used as an
alternative assay for tumor metastasis. The LN4 cell line forms only a
few lung colonies after i.v. injection: thus a line R3230AC-LG3 was
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selected from the R3230AC parent cell line by three cycles of a cyclic
enrichment procedure for lung colony formation. This cell line was
also highly enriched for isogloboside expression compared to its par
ent cell line.

In order to determine that the isogloboside-containing cells in this

tumor cell line also represented the highly metastatic subpopulation in
this tumor system, antibody-dependent complement-mediated cytoly-
sis using the isogloboside-specific 3E9 MAb was carried out on this
cell line. As can be seen in Table 1, depletion of the isogloboside-

containing population resulted in a highly significant (P < 0.002)
reduction of lung colony formation in this tumor. These results suggest
that the same subpopulation that was responsible for spontaneous
lymph node metastasis was also the subpopulation giving rise to lung
colony formation in this experimental metastasis assay.

This was further confirmed by the fact that another rat mammary
adenocarcinoma. 13762, which also contains high levels of isoglobo
side ( 18), showed similar results. Using the same antibody-dependent
complement-mediated cytolysis protocol for the depletion of isoglo
boside-containing cells, a highly significant (P < 0.001 ) reduction in

lung colony formation was observed in this tumor system (Table I ).
The similarity of these results to those obtained with the spontaneous
metastasis assay for lymph node metastasis implies that the lung
colony assay could be used to study the possible role of isogloboside
in the metastatic process.

These results support the hypothesis that isogloboside is a marker
for the metastatic subpopulation in these rat mammary tumors. In
order to determine if isogloboside itself played a role in the metastatic
process, the cell surface exposed isogloboside was masked by the
addition of MAb or its Fab fragment. As shown in Table 2, cells in
which the surface isogloboside was masked by the isogloboside-
specific MAb 3-1 or its Fab have a much reduced lung colony forming

ability (P < 0.0001 ) than either the untreated cells or cells treated with
the Fab from MAb 9-4, an antibody which reacts with a common cell
surface epitope present on both isogloboside-expressing and nonex-

pressing cells. Similar results were also obtained with the 13762
tumor cell line (Table 2).

DISCUSSION

We have previously described the isolation of a series of tumor
sublines from the R3230AC rat mammary adenocarcinoma by means
of a cyclic enrichment procedure for lymph node metastasis (17).
Using this series of tumor cell lines, a strong correlation was found
between the number of cells binding the lectin soybean agglutinin and
the frequency of lymphatic metastasis. The structure on the cell sur
face binding soybean agglutinin was found to be a neutral glyco-

sphingolipid (18). When these metastatic tumor cell lines were de
pleted of cells expressing this antigen by means of antibody-depen
dent complement-mediated cytolysis using the 3E9 monoclonal anti-

Table 1 Effectofdepletionof tsogtobortdt-coniainlngcellson lungcolonyformation

Table 2 Effect of monoclonal aniihojies and Fab fragments on lung colonv formation

TreatmentR3230AC-LG,NoneComplement3E9

MAb +complement13762NoneComplement3E9

MAb + complementNo.

of rals/
group9810Hi1010No.

of lungcolonies"Median17327930102646Range35-261K6-3540-485-14032-1081-18P">0.02<0.(X)2>0.02<().OOI

MAbR3230AC-LG.,None.VI3-1

Fab9^4
Fab13762None3-13-1

Fab9^t
FabNo.

of rals/
group1010KIHIIIIIII109No.

of lungcolonies"Median20044>20090202273RangeK4

,2(X)0-100-36All

>20019-1380-770-6559-

137P"(UKX)ID.IXXII0.140.1X13(I.IXI20.35

' Number of lung colonies per I x 10^ cells injected for R3230AC-LGt or per 7.5 x
IO4 cells injected for 13762.

'' Significance of difference from control as determined by the Mann-Whitney U test.

" Number of lung colonies per I x IO5 cells injected for R3230AC-LGt or per 7.5 x
IO4 cells injected for 13762.

'' Significance (if difference from control as determined by the Mann-Whitney U test.

body which binds to this glycolipid antigen, the metastatic potential of
the cell line was dramatically decreased without a concomitant effect
on tumorigenicity (18). These results led us to propose that this
glycolipid antigen may be a useful marker for the metastatic subpop-

ulation in this tumor system.
The structure of this glycolipid antigen was determined using a

variety of different methods. Cleavage of the purified glycolipid with
specific glycosidases was consistent with a sequence of GalNAc/
GlcNAcÃŸ-Gala-GalÃŸ-Glc-ceramidc (Fig. 2). However, the binding of
the 3E9 monoclonal antibody was competed only by GalNAcÃŸl-
3Galal-OMe or GalNAc which implied that the terminal sugar was

GalNAc and not GlcNAc. Mass spectroscopic analysis confirmed this
oligosaccharide sequence (Fig. 4). The nature of the linkage between
the monosaccharide units as determined by methylation analysis using
GC-MS was found to be GalNAcl-SGall^Gall^Glcl-. The final

structure of the glycolipid antigen, in particular the determination of
anomeric configurations, was confirmed by NMR analysis (Fig. 5) to
be isoglobotetraosylceramide, i.e., GalNAcÃŸl-3Galal-3GalÃŸl-
4GlcÃŸl-l-ceramide.

To further support our hypothesis that isogloboside is a marker for
the metastatic subpopulation in this tumor system, we demonstrated
that depletion of isogloboside-containing cells from either the LG< or

the 13762 mammary tumor cell line resulted in a very significant
decrease in lung colony formation (Table I ). This result is analogous
to our previous results using the spontaneous lymph node metastasis
assay (18). These results imply that the same subpopulation was
responsible for both spontaneous metastasis to the lymph node and
lung colony formation after i.v. injection. This then allowed the use of
the faster lung colony assay to investigate the role isogloboside plays
in the metastatic process.

When the isogloboside exposed at the surface of the tumor cells was
blocked by either the isogloboside-specific MAb or its Fab. a dramatic

decrease in lung colony formation was observed in both the LG, and
the 13762 tumor systems (Table 2). The fact that the Fab as well as the
intact MAb gave similar results suggests that the Fc portion of the
MAb exposed on the antibody coated cells was not resulting in a
decreased number of lung colonies due to a cytotoxic action by the
host immune system. Furthermore, the fact that the 9-4 Fab. which
binds a common epitope on both isogloboside-expressing and nonex-

pressing cells, did not cause a similar decrease in lung colony forma
tion also indicates that Fab-coated cells are not being nonspecifically
depleted or that the presence of cell surface-bound Fab sterically

hinder metastasis formation. These data suggest that isogloboside may
play a role in the metastatic process, perhaps being involved in some
adhesion event resulting in the arrest of the cells in the lung.

Although the highly metastatic cells may exhibit other cell surface
carbohydrate alterations in addition to isogloboside. it appears that the
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presence of isogloboside is the major cell surface alteration in these
metastatic cells since when the cell surface was probed with a series
of lectins with different sugar specificities, the presence of isoglobo
side was the only difference detected (17). The fact that blocking
isogloboside-mediated interactions in both the LG, and 13762 cell

lines, which presumably contain numerous differences due to their
different origins, results in a similar inhibition of metastasis provides
strong support for the hypothesis that isogloboside participates di
rectly in the metastatic process. Furthermore. MAb 3-1 was not found
to recognize any glycoprotein associated epitopes in these cells,4

implying that this MAb reacts only with the isogloboside exposed at
the cell surface.

Isogloboside has been reported to be present in various rat tissues
including spleen (31). kidney (29). and stomach (37) and in the
nonepithelial residue of the small (38) and large (39) intestine. Isoglo-

botetraosylceramide and various isogloboside derivatives have also
been found in a variety of rat tumor systems (30, 32, 40-42). These

reports differ from what we have described since in our system we
have found a difference in cells expressing the isogloboside antigen
within a single tumor. Furthermore, we have found that the cells
expressing this glycolipid are more highly metastatic and that isoglo
boside may itself play a role in the metastatic process.

The presence of isogloboside in human tissues has so far not been
reported. However, the presence of terminal Galal-3Gal residues

exposed on the cell surface of a number of malignant human tumor
cells has been reported (43). Antibodies against these residues blocked
adhesion of various human tumor cells to human umbilical vein endo-

thelium as well as isolated laminin implying that they may play a role
in cell adhesion. Whether these terminal Galal-3Gal residues are
related to the Galal-3Gal linkage in isogloboside is not known;
however, both linkages may be synthesized by a similar galactosyl-

transferase.
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