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Inflammatory breast carcinoma (IBC) is characterized
by florid tumor emboli within lymphovascular spaces
called lymphovascular invasion. These emboli have a
unique microscopic appearance of compact clumps
of tumor cells retracted away from the surrounding
endothelial cell layer. Using a human SCID model of
IBC (MARY-X), we, in previous studies, demonstrated
that the tumor cell embolus (IBC spheroid) forms on the
basis of an intact and overexpressed E-cadherin/�,�-
catenin axis that mediates tumor cell-tumor cell adhe-
sion. In the present study we examine the mechanism
behind the apparent lack of binding of the tumor em-
bolus to the surrounding endothelium. We find that this
lack of tumor cell binding is because of markedly de-
creased sialyl-Lewisx/a (sLex/a) carbohydrate ligand-
binding epitopes on its overexpressed MUC1 and other
surface molecules that bind endothelial E-selectin. De-
creased sLex/a is because of decreased �3/4-fucosyl-
transferase activity in MARY-X. The decreased sLex/a

fail to confer electrostatic repulsions between tumor
cells, which further contributes to the compactness
of the MARY-X spheroid by allowing the E-cadherin
homodimeric interactions to go unopposed. MARY-X
spheroids were retrovirally transfected with FucT-III
cDNA, significantly raising their levels of fucosyl-
transferase activity and surface sLex/a. In parallel ex-
periments, enzymatic transfers with a milk �1,3-
fucosyltransferase and an �2 ,3-sialyltransferase
(ST3GalIV) were performed on the MARY-X spheroids
and increased surface sLex/a. The addition of sLex/a by
either manipulation caused disadherence of the
MARY-X spheroids and the disruption of the E-
cadherin homodimers mediating cell adhesion. Our
findings support the cooperative relationship of
sLex/a underexpression and E-cadherin overexpres-
sion in the genesis of the lymphovascular embolus of
IBC. (Am J Pathol 2002, 161:619–628)

Our screening methods for certain types of breast cancer
such as inflammatory breast cancer (IBC) have not im-
pacted the disease’s age-adjusted 5 year mortality be-

cause these types of breast cancer do not remain organ-
confined before they are detected.1 One telltale sign of
lack of organ confinement is the presence of lymphovas-
cular invasion, a finding that is most pronounced in IBC.2

Lymphovascular invasion is defined by tumor emboli
within lymphovascular spaces.3 These emboli have a
unique microscopic appearance of compact clumps of
tumor cells retracted away from the surrounding endo-
thelial cell layer lining the lymphovascular space. The
molecular determinants of this phenotype remain unde-
fined. Recently our laboratory established a human SCID
model of IBC (MARY-X) that exhibited florid lymphovas-
cular tumor emboli in vivo and compact spheroids in
vitro.4,5 We have characterized, in part, the molecular
basis of the IBC phenotype using this model. Our initial
studies indicated that MARY-X overexpressed both E-
cadherin and MUC1.4 We chose to focus on E-cadherin
initially and demonstrated that both the tumor cell emboli
and the in vitro spheroids formed on the basis of an intact
and overexpressed E-cadherin/�,�-catenin axis that me-
diated tumor cell adhesion analogous to the embryonic
blastocyst.5 Disruption of the E-cadherin/�,�-catenin axis
with either anti-E-cadherin antibodies or E-cadherin dom-
inant-negative mutant approaches caused complete dis-
adherence of the tumor emboli in vivo. Furthermore in
addition to these two manipulations, trypsin proteolysis
and Ca�� depletion caused complete disadherence of
the spheroids in vitro. In the present study we decided to
investigate the role of overexpressed MUC1 and a pos-
sible mechanism that might explain the apparent lack of
binding of the tumor embolus to the surrounding endo-
thelium.

Materials and Methods

Establishment of MARY-X

In previous studies we established MARY-X, a human
xenograft, from a patient with IBC. MARY-X exhibited the
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phenotype of florid local lymphovascular emboli forma-
tion in nude/SCID mice.4 Mincing fragments of MARY-X in
tissue culture produced a suspension of compact multi-
cellular spheroids.5 The spheroids were 99% human;
exhibited a very high cell density (103 cells/120-�m di-
ameter); remained viable in suspension for 2 to 4 weeks;
never formed monolayers on either plastic, extracellular
matrix-coated dishes, or feeder layers of fibroblast, myo-
epithelial, or endothelial cells; and fully recapitulated the
MARY-X phenotype of lymphovascular emboli when re-
injected into nude/SCID mice. The crude minced frag-
ments of MARY-X contained spheroids ranging in size
from 10 to 600 �m with peaks of 100, 150, and 200 �m in
size. Spheroids of homogeneous sizes could be obtained
by filtration through various sized filters (Becton-Dickin-
son, Franklin Lakes, NJ). A 70-�m filter was used to
exclude spheroids �70 �m; the filtrate was then subse-
quently filtered on a 40-�m filter where 40- to 70-�m
spheroids were excluded, isolated, and resuspended.
Our previous studies indicated that spheroids of all sizes
formed on the basis of an overexpressed E-cadherin/�,�-
catenin axis.5

Other Cell Lines and Xenografts

Comparative cell lines and xenografts used in the present
study included the Colo-205 and Colo-201 (American
Type Culture Collection, Rockville, MD), lines that over-
express MUC1 rich in sialyl-Lewisx/a (sLex/a) epitopes
and that bind to endothelial cell E-selectin with high af-
finity. All lines were grown in minimal essential medium
(MEM) containing 10% fetal calf serum and antibiotics
(100 U/ml penicillin and 100 �g/ml streptomycin) at 37°C
in an air-5% CO2 atmosphere at constant humidity. Xeno-
grafts of these lines were generated by injections of 1 �
106 cells/200 � subcutaneously into either the ventrolat-
eral flanks or mammary fat pads of female SCID mice and
allowed to grow into 1.0-cm-diameter tumors. We also
used human umbilical vein endothelial cells (HUVECs)
(Clonetics, San Diego, CA) to study attachment of se-
lected tumor cell lines.

Antibodies

The antibodies used included monoclonal antibodies to
E-cadherin (clone HECD-1) at a concentration of 1 to 10
�g/ml (Zymed Laboratories, San Francisco, CA); MUC-1
(clone HMPV, mouse IgG1) (PharMingen, San Diego, CA)
at a concentration of 1 to 100 �g/ml; sialyl-Lewisx (sLex)
(clone CSLEX-1) (UCLA Tissue Typing Laboratory, Los
Angeles, CA); sialyl-Lewisa (sLea) (clone CCOL-2) (UCLA
Tissue Typing Laboratory); �-actin (a gift of Dr. Judy
Berliner, UCLA); and control murine IgG1 (DAKO,
Glostrup, Denmark) at a concentration of 50 �g/ml.

Western Analysis

The cell lines were harvested and immediately frozen.
The xenografts were excised, frozen, and pulverized with
mortar and pestle to a fine powder. Both were then ex-

tracted with buffer [1% Triton X-100, aprotinin (2 �g/ml),
leupeptin (2 �g/ml), NaF (100 mmol/L), sodium or-
thovanadate (2 mmol/L), NaCl (150 mmol/L), sodium
phosphate (10 mmol/L), ethylenediaminetetraacetic acid
(10 mmol/L)] for 4 hours at 4°C with gentle agitation. The
samples were then centrifuged at 13,000 � g at 4°C for
15 minutes. Protein concentrations were determined us-
ing the Bio-Rad reagent (Bio-Rad, Richmond, CA). Sam-
ples containing equal protein were boiled in a 1� Lae-
mmli buffer under reducing conditions, run on a 7.5%
sodium dodecyl sulfate-polyacrylamide gel, transferred
to a nitrocellulose membrane that was incubated with the
primary and secondary antibodies, and signal-detected
with the ECL detection system (Amersham Life Sciences,
Arlington Heights, IL) according to previous methods.6 A
monoclonal antibody to �-actin was used to normalize for
protein loading.

Retroviral Transfection Studies

A plasmid, pCDM8, containing the �1,3-fucosyltrans-
ferase III (FucT-III) cDNA that had been ligated into Hin-
dIII and XbaI sites of the multiple cloning region (a gift of
Dr. Minoru Fukuda, The Burnham Institute, La Jolla, CA)
was subjected to digestion with the same two restriction
endonucleases and the liberated cDNA was subcloned
into the same two restriction sites of pGEM-9Zf(�) (Pro-
mega, Madison, WI). The latter plasmid has an expanded
multiple cloning region that allowed the cDNA insert to be
liberated with HindIII and SalI and then further subcloned
into the same two sites of the retroviral plasmid, pLNCX2
(BD Biosciences Clontech, Palo Alto, CA). A retroviral
plasmid (2.0 pmol) containing FucT-III cDNA was there-
fore created and used to transfect a retroviral packaging
cell line, RetroPack PT67 (Clontech) according to the
manufacturer’s directions. Harvesting of the viral super-
natants in conditioned media (Isocoves with 10% fetal
calf serum) was begun at 36 hours after transfection and
collected every 4 to 6 hours up to 72 hours. Twenty-five
ml of viral supernatant was filter-sterilized through a
0.45-�m pore size filter and used in subsequent experi-
ments. This approach produced high titers (106 to 107

cfu/ml) of helper-free retrovirus containing the desired
constructs. The filtered undiluted retroviral supernatants
were used immediately in some experiments or aliquoted
and stored at �70°C for later use. For transfection of the
spheroids we used a transfection strategy based on a
reversible model of spheroid formation of our MARY-X
spheroids.7,8 In Ca��-depleted media the spheroids dis-
adhere into single cells within 30 minutes and with the
readdition of Ca�� (provided it is added back within 6
hours), the cells reformed compact spheroids. The re-
formed spheroids first begin to reform as loose aggre-
gates of cells by 3 hours after the readdition of Ca��,
tighten by 6 hours, and become fully compact by 12
hours. This strategy allows a transfection window where
retroviral transfection can be achieved while the cells are
in their single cell state. With this strategy 103 to 104 intact
spheroids (average size, 60-�m diameter) were plated
onto 60-mm dishes and disadhered in Ca��-depleted
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MEM. After 30 minutes when complete disadherence was
achieved, 2 ml of MEM (containing 1 mmol/L CaCl2) and
various titers of viral supernatant providing 1 to 100 mul-
tiplicities of infection (MOI) in the presence of polybrene
(8 �g/ml) was added. Infection was performed in a hu-
midified incubator at 37°C in an air-5% CO2 atmosphere
at constant humidity throughout a 3-hour period. After this
the viral supernatant was removed and the readhering
spheroids were placed in MEM with 10% fetal calf serum.
After 48 hours and throughout the next 72 hours the
spheroids were observed for gene expression and/or
phenotypic changes. The presence of sLex/a was deter-
mined by incubating the spheroids with the monoclonals
anti-sialyl-Lewisx (sLex) (clone CSLEX-1) and anti-sialyl-
Lewisa (sLea) (clone CCOL-2) followed by a peroxidase-
conjugated goat anti-mouse specific for murine IgM
(Cappel Laboratories, Sacramento, CA) and immunoper-
oxidase staining. In some experiments the spheroids
were permeabilized with absolute methanol for 20 min-
utes at �20°C before antibody incubation. The retrovirally
transfected spheroids, termed FucT-III-MARY-X, were
measured for fucosyltransferase activity as well as mon-
itored for disadherence, apoptosis, attachment, and ad-
hesion.

Enzymatic Synthesis of sLex/a on the Cell
Surface

This approach established by other investigators9 again
was used with our reversible model of spheroid forma-
tion. SLex/a hexasaccharide synthesis consisting of enzy-
matic transfer with a milk fucosyltransferase and an �2,3-
sialyltransferase (ST3GalIV) (Calbiochem, La Jolla, CA)
was performed on the cell surface of the MARY-X sphe-
roids. �1,3-fucosyltransferases were partially purified
from human milk by precipitation with 65% saturated
ammonium sulfate followed by CM-Sepharose C-50. The
enzyme eluted in the 0.2-mol/L NaCl fraction and its
activity was measured as stated subsequently. MARY-X
(103) spheroids (average size, 60-�m diameter) were
fully disadhered to �105 cells. These cells were washed
in phosphate-buffered saline (PBS) and incubated with
2.4 mU of the partially purified fucosyltransferases, 50
mU of recombinant ST3GalIV, 1000 nmol/L of donors,
GDP-fucose, and CMP-N-acetylneuraminic acid (CMP-
NANA) (Calbiochem), in 1 ml of Ca�� containing Opti-
MEM (Life Technologies, Inc., Gaithersburg, MD) with 7
mmol/L of MnCl2. Opti-MEM was titrated to pH 7.0 � 1 N
HCl. Incubation of the readhering spheroids was per-
formed for 24 hours at 37°C in a humidified atmosphere
of 5% CO2. The cells were then washed in PBS and
studied for sLex/a expression by both Western blot and
immunocytochemistry. These spheroids, termed sLex/a-
MARY-X, were monitored for disadherence, apoptosis,
attachment, and adhesion.

Measurement of Fucosyltransferase Activity

Wild-type MARY-X spheroids (103) (105 to 106 cells),
similar numbers of FucT-III-MARY-X, Colo-201, and Colo-

205 cells were homogenized on ice in extraction buffer
(2% Triton X-100, 50 mmol/L �-mercaptoethanol, 50
mmol/L Tris/HCl, pH. 7.5) and centrifuged at 4°C for 30
minutes at 2000 � g. The protein concentration of the
supernatants was normalized. The �3- and �4-fucosyl-
transferase assays were performed with different syn-
thetic oligosaccharide acceptors, H-type-2 and H-type-1,
respectively, synthesized with a hydrophobic arm
(�(CH2)8-COOCH3) (Calbiochem, San Diego, CA) that
allows the glycosides to be retained on a Sep-Pak C18

cartridge (Waters, Milford, MA).10,11 The reaction mixture
was prepared on ice, contained in a volume of 60 �l: 30
�g tumoral extract, 35 mmol/L Tris/HCl, pH 7.2, 4 mmol/L
ATP, 20 mmol/L MnCl2, 10 mmol/L �-L-fucose, 5 �l of a
1m/ml solution of the oligosaccharide acceptors (H-
type-2: Fuc�1–2Gal�1–4GlcNAc-R); H-type-1: Fuc�1–
2Gal�1–3GlcNAc-R) and 3.5 �mol/L GDP-[14C]-fucose
(10 GBq/mmol; Amersham, Piscataway, NJ). The mixture
was incubated for 16 hours at 37°C and the reaction was
stopped by the addition of 3 ml of cold water and centri-
fuged. The supernatant was added to the Sep-Pak C18

cartridge, the unreacted GDP-[14C ]-fucose and its hy-
drolysis products were washed out with 25 ml of H2O.
Radiolabeled reaction products were eluted with metha-
nol and counted in a liquid scintillation counter.

In Vitro Spheroid Disadherence Assays

FucT-III-MARY-X and sLex/a-MARY-X were compared to
wild-type MARY-X spheroids. These different spheroids
were individually placed into wells of a 96-well plate
containing 50 �l of MEM with 1 mmol/L of CaCl2. The
wild-type spheroids were further placed into wells con-
taining Ca��-depleted MEM, trypsin (0.05% trypsin in
MEM) (Life Technologies, Inc.) or E-cadherin antibody
(50 to 100 �g/ml in MEM). The spheroids were monitored
for size changes and disadherence by visualization un-
der a phase contrast microscope at successive time
points throughout 2 to 144 hours. The cell density of the
spheroids was determined by counting the total cells
liberated.

Apoptosis Assay

Apoptosis was measured in all of the experimental
groups that included FucT-III-MARY-X, sLex/a-MARY-X,
and wild-type MARY-X spheroids at various time points.
Apoptosis was measured by labeling the 3�OH ends of
DNA using fluorescein incorporation by terminal deoxy-
nucleotidyl transferase. Anti-fluorescein antibodies and
immunoperoxidase staining were used to demonstrate
fluorescein-nucleotide incorporation with the In Situ Cell
Death Detection Kit, POD (Roche Molecular Biochemi-
cals, Mannheim, Germany), which was in essence a
modified terminal dUTP nick-end labeling assay. In brief,
cytopreparations of spheroids were prepared on cham-
ber slides. After fixing with 75% ethanol, slides were
rinsed with PBS and incubated in a reaction mixture
containing terminal transferase and fluorescein-nucleoti-
des at 37°C for 1 hour. The specimens were then washed
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followed by anti-fluorescein antibody coupled to horse-
radish peroxidase for 30 minutes at room temperature.
After additional washings, diaminobenzidine tetrachlo-
ride was added and the cells were incubated for 10
minutes. In separate experiments, the spheroids were
pelleted at 100 to 200 � g, embedded in OCT or formalin-
fixed and paraffin embedded, and sectioned on a cryo-
stat. The apoptosis assay was performed as before. The
apoptotic index (AI), the percent peroxidase-positive
cells, was determined by counting 200 cells in random
fields.

HUVEC Attachment Assay

HUVECs were plated to form a monolayer on gelatinized
96-well culture plates at 20,000 cells/well and incubated
at 37°C in 5% CO2 for 24 hours. The cells were main-
tained in HUVEC growth medium that consisted of me-
dium 199 with 10% heat-inactivated fetal calf serum.
Selected wells were treated with 200 U/ml of tumor ne-
crosis factor (TNF)-�, a known inducer of endothelial cell
E-selectin.12 A sensitive enzyme-linked immunosorbent
assay (clone H18/7; Becton Dickinson, San Jose, CA)
was used to measure the expression of E-selectin in both
the untreated and treated HUVECs. FucT-III-MARY-X,
sLex/a-MARY-X, and wild-type MARY-X spheroids (intact
and disadhered) and selected other cell lines (eg, Colo-
201 and Colo-205) were then plated at 10,000 cells (or
spheroids) per well and incubated for 30 minutes at 4°C.
This 30-minute incubation occurred before any apprecia-
ble degree of apoptosis occurred in the disadhered cells.
Unbound cells (or spheroids) were removed by aspira-
tion and washing the plates with PBS containing CaCl2
and MgCl2 five times. The bound cells (or spheroids)
were fixed with methanol. Attachment was quantitated by
counting cells under �200 magnification using a phase
contrast microscope.

E-Selectin Adhesion Assay

To determine whether the FucT-III-MARY-X, sLex/a-
MARY-X, and wild-type MARY-X spheroids (intact and
disadhered) and selected other cell lines (eg, Colo-201
and Colo-205) adhere specifically to E-selectin, in vitro
adhesion assays to E-selectin were performed. Ninety-
six-well culture plates were coated with human recombi-
nant E-selectin obtained from Chinese hamster ovary
cells (Calbiochem, San Diego, CA). Recombinant E-se-
lectin in PBS was added to each well at a concentration
of 10 �g/ml and incubated at 4°C overnight.13 The solu-
tion was removed and 1% bovine serum albumin in PBS
was added to each well for 4 hours at 4°C to block
nonspecific adhesion. The next day, cells were plated at
10,000 cells/well and incubated for 30 minutes at 4°C.
Unbound cells were removed by aspiration and washing
the plates with PBS containing CaCl2 and MgCl2. The
bound cells were fixed with methanol. Adhesion was
quantitated by counting cells under �200 magnification
using a phase contrast microscope.

Studies of Murine Tumorigenicity and
Histopathology

The FucT-III-MARY-X, and wild-type MARY-X spheroids
were injected into female SCID mice and their tumorige-
nicity and pathology observed. Experiments were per-
formed with groups of 10 mice.

Statistical Analysis

Experiments were performed with groups of 10 mice and
results analyzed with standard tests of significance, in-
cluding the two-tailed Student’s t-test and a one-way
analysis of variance.

Institutional Certifications

Informed patient consent and approvals from the UCLA
Human Subject Protection Committee, the Chancellor’s
Animal Research Committee (certification ARC 95-127-
11), and the UCLA Institutional Biosafety Committee
(IBC) were obtained before all studies.

Figure 1. A: Lymphovascular invasion in IBC in humans is characterized by
numerous tumor emboli in lymphovascular spaces. B: The presence of tumor
cell-tumor cell homotypic adhesion and the lack of tumor cell-endothelial
cell heterotypic adhesion is evidenced by this lymphovascular tumor embo-
lus of MARY-X by light microscopy. H&E stain; original magnifications: �250
(A); �400 (B).
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Results

IBC manifests itself as lymphovascular emboli consisting
of tight clumps of tumor cells in the central portion of
vascular lumens retracted away from the endothelial
layer (Figure 1A). MARY-X also exhibited this character-
istic phenotype (Figure 1B). The lymphovascular emboli
of MARY-X correspond to compact spheroids in suspen-
sion culture (Figure 2A). Our previous studies demon-
strated that these spheroids form on the basis of an intact
and overexpressed E-cadherin/�,�-catenin axis. These
spheroids also overexpressed MUC1 by both immunocy-
tochemistry (Figure 2B) and Western blot (Figure 3A).
Because sLex/a epitopes on MUC1 are thought to medi-
ate binding to endothelial adhesion molecules such as

Figure 2. A: Spheroids of MARY-X form tight clusters in which individual cells cannot be distinguished. B: Although this compactness is mediated by E-cadherin,
these spheroids also demonstrate MUC1 immunoreactivity. A, Phase contrast (original magnification, �200); B, anti-MUC1, immunoperoxidase.

Figure 3. A: Like Colo-205, MARY-X spheroids overexpress MUC1 but unlike
Colo-205, MARY-X exhibits markedly decreased levels of sLex and sLea by
Western blot (B). Levels of sLex and sLea can be increased in MARY-X
through either exogenous enzymatic fucosylation (sLex/a-MARY-X) or FucT-
III transfection (FucT-III-MARY-X). A, Western blot, anti-MUC1; B, Western
blot, anti-sLex and anti-sLea.

Figure 4. Comparative assay of �3/4-fucosyltransferase activities in wild-
type MARY-X, Colo-201, Colo-205, and FucT-III-MARY-X reveals low endog-
enous levels of both fucosyltransferases in wild-type MARY-X and increased
levels after FucT-III transfection. H-type-I (Gal�1–3GlcNAc) is the oligosac-
charide acceptor for �4-fucosyltransferase activity and H-type-2 (Gal�1–
4GlcNAc) is the oligosaccharide acceptor for �3-fucosyltransferase activity.
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E-selectin,13 we wondered about the sLex/a expression
levels on these wild-type MARY-X spheroids. Interest-
ingly these wild-type spheroids showed markedly de-
creased levels of sLex/a by both immunocytochemistry
and Western blot (Figure 3B). FucT-III retroviral transfec-
tion was successful in increasing the levels of both �3-
and �4-fucosyltransferase activities that were low in the
wild-type MARY-X spheroids but high in Colo-201 and
Colo-205 (Figure 4). FucT-III retroviral transfection also
increased the levels of both sLex and sLea (Figure 3B) in
the MARY-X spheroids, termed FucT-III-MARY-X. Enzy-
matic transfer of GDP-fucose with a milk fucosyltrans-
ferase and CMP-NANA with an �2,3-sialyltransferase
(ST3GalIV) also increased the levels of both surface sLex

and surface sLea (Figure 3B) in the MARY-X spheroids,
termed sLex/a-MARY-X. The levels of sLex were greater,
however, in FucT-III-MARY-X than in sLex/a-MARY-X
whereas the levels of sLea were comparable in both
these spheroids. The effects of both these manipulations
on the MARY-X spheroids (Figure 5A) were initial enlarge-
ment of the spheroids (Figure 5B). Spheroids increased
from a mean diameter of 60 �m to a mean diameter of 80
�m. The enlargement of FucT-III-MARY-X was first ob-
served 72 hours after transfection; the enlargement of
sLex/a-MARY-X was first observed at 12 hours after the
initiation of enzymatic transfer. Both groups of spheroids
then underwent a progressive disadherence (Figure 5, C
and D). FucT-III-MARY-X underwent total disadherence
by 120 hours whereas sLex/a-MARY-X underwent an
�50% disadherence by 24 hours with no further disad-
herence noted after that point. Disadhering spheroids
with either approach exhibited strong sLex (Figure 5E)
and strong sLea immunoreactivity. Even fully disadhered
FucT-III-MARY-X and sLex/a-MARY-X, however, main-
tained their expression of surface E-cadherin (Figure 5F).
These data support the concept that the negative
charges on the sLex/a molecules disrupt the E-cadherin
homodimers mediating cell adhesion. Disadhered cells
underwent apoptosis 12 to 24 hours later (Figure 6A). The
degree of apoptosis was comparable to that observed
with other MARY-X disadherence mechanisms (trypsin
proteolysis, anti-E-cadherin, Ca�� depletion) noted in
previous studies8 but was greater in FucT-III-MARY-X
than in sLex/a-MARY-X (Figure 6B). Apoptosis did not
begin before 6 hours. Before this time the disadhered
cells were fully viable and could be evaluated for attach-
ment and adhesion properties. The wild-type MARY-X
spheroids only weakly bound to an underlying monolayer
of HUVECs (Figure 6C). This attachment was not en-
hanced by pretreatment of the HUVECs monolayer with
200 U/ml of TNF-�, a cytokine that increased E-selectin
20- to 50-fold (data not shown). Other cell lines examined,
eg, Colo-205 and Colo-201, showed significant attachment
to HUVECs, which was considerably enhanced by
HUVEC’s TNF-� pretreatment (Figure 6C). Disadhered
FucT-III-MARY-X and sLex/a-MARY-X showed increased at-
tachment to TNF-�-treated HUVECs with greater attach-
ment exhibited by FucT-III-MARY-X (Figure 6C). These at-
tachment findings were mirrored by increased adhesion of
disadhered FucT-III-MARY-X and sLex/a-MARY-X to plates
coated with purified recombinant E-selectin with greater

adhesion exhibited by FucT-III-MARY-X (Figure 6D). FucT-
III-MARY-X, when injected into mice, exhibited a marked
change in tumorigenicity and the IBC phenotype (Table 1).
These collective findings support the hypothesis that the
markedly decreased levels of sLex/a on the MARY-X lym-
phovascular embolus promote both its compact nature me-
diated by E-cadherin homodimers and its retraction from
the vessel (Figure 7).

Discussion

Our results offer a molecular explanation for the histolog-
ical appearance of the lymphovascular emboli of IBC.
More importantly our results suggest a hypothesis to
explain the aggressive metastatic behavior of IBC. The
compact tumor embolus is very efficient at metastatic
dissemination because it is adept at implantation at its
metastatic site just as the embryonal blastocyst is adept
at uterine implantation.14,15 Numerous previous studies
have demonstrated that hematogenous tumor cell
clumps are very efficient at metastatic dissemination and
implantation.16 Furthermore the tumor embolus is not
bound to endothelial cells at its primary site so it can be
dislodged fairly easily and metastasize. Our previous
studies demonstrated that an intact overexpressed
E-cadherin/�,�-catenin axis causes the formation of the
tumor embolus and its compact nature.5 Interestingly the
embryonal blastocyst also overexpresses E-cad-
herin.14,15

In the present study we demonstrate that a lack of
sLex/a epitopes on adhesion molecules such as MUC1
contribute to the lack of binding of the tumor embolus to
endothelium. This lack of sLex/a epitopes further supports
the compactness of the tumor embolus because experi-
mental manipulations (transfection or enzymatic transfer)
that increase sLex/a epitopes create electrostatic repul-
sions that disrupt the E-cadherin homodimeric interac-
tions that form the tumor embolus in the first place. The
mechanism behind the decreased sLex/a epitopes on
wild-type MARY-X seems to be its endogenously low
level of fucosyltransferase activity that could be in-
creased through FucT-III transfection. The accepted
pathway for the biosynthesis of the sLex and sLea struc-
tures starts by sialylation of the type-2 and type-1 chain
precursors, respectively, followed by fucosylation of the
sialylated intermediates.17–21 In embryogenesis, sialyla-
tion is an early phenomenon that appears at the begin-
ning of cell differentiation and precedes fucosylation.22

The step of fucosylation is then rate-limiting for the for-
mation of sLex/a in many different cell types and tissues.23

Fucosyltransferase activity is absent in early embryogen-
esis.22 The analogy of the wild-type MARY-X spheroids
with the embryonal blastocyst can again be made.

FucT-III transfection was more efficient at increasing
surface sLex on wild-type MARY-X than enzymatic trans-
fer with a milk fucosyltransferase and ST3GalIV. Presum-
ably much of this surface sLex occurs on MUC1 because
it is overexpressed in wild-type MARY-X but undoubtedly
other sialylated surface molecules are also fucosylated
by these two approaches.24,25 FucT-III transfection was
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Figure 5. A: FucT-III-MARY-X are 60 �m in size when transfected and enlarge to 80 �m in size at 72 hours (B). SLex/a-MARY-X exhibits a similar enlargement.
Subsequent FucT-III-MARY-X (C) and sLex/a-MARY-X (D) disadherence occurs with the former being complete and the latter being partial. E: Disadhering
FucT-III-MARY-X exhibits strong sLex surface immunoreactivity and persistence of E-cadherin immunoreactivity even when fully disadhered (F). Original
magnifications: �200 (A–D, phase contrast); �200 (E, anti-sLex, immunoperoxidase); �100 (F, anti-E-cadherin, immunoperoxidase).
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also efficient at increasing both �1,3- and �1,4-fucosyl-
transferase activities and at increasing surface sLea. This
enzyme is nominally selective for forming �1–3 bonds but
can transfer fucose to other positions. This is the mech-
anism that we would propose to account for the in-
creased �1,4-fucosyltransferase activity after transfec-
tion and the increase in surface sLea. Predictably
because the overall levels of sLex/a were greater in FucT-
III-MARY-X than sLex/a-MARY-X, the consequences of
increased sLex/a—disadherence, attachment to stimu-
lated endothelial cells, adhesion to E-selectin26–28 and
apoptosis—were all greater in FucT-III-MARY-X than in
sLex/a-MARY-X. The markedly decreased levels of sLex/a

on wild-type MARY-X then promotes self-adherence
rather than disadherence, aversion rather than attach-
ment to endothelial cells, nonadhesion rather than adhe-
sion to E-selectin, and viability rather than apoptosis.
There is therefore co-operation between sLex/a underex-

pression and E-cadherin overexpression in the genesis of
the IBC lymphovascular embolus.

It is important to realize that the spheroids of MARY-X
and the lymphovascular emboli of IBC express markedly
decreased levels of sLex/a and yet are quite hardy and

Figure 6. A: Disadherence produced profound apoptosis by terminal dUTP nick-end labeling. B: Different disadherence mechanisms all increase AI, suggesting
a common apoptosis mechanism. C: Attachment of Colo-205, Colo-201, and different MARY-X spheroids to stimulated and unstimulated HUVECs is depicted. D:
Adhesion of these same cell types to wells coated with E-selectin is depicted. Attachment (C) and adhesion (D) assays of tumor cells and/or spheroids as detailed
in Materials and Methods. Attachment and adhesion are quantitated by counting cells and/or spheroids within a 0.1-mm2 grid. Each bar represents the mean cell
count � SD of four to eight wells.

Table 1. Differences Between Wild-Type and SLex/a-Modified
Xenografts

Wild-type
MARY-X FucT-III-MARY-X

Tumorigenicity 100% 10%
LVI* Florid Absent
Metastasis Present Absent
Histopathology Nodular Single infiltration

* LVI, lymphovascular invasion.

Figure 7. Schematic depicts hypothesis of homotypic E-cadherin interactions
and lack of heterotypic MUC1/sLex/a-E-selectin interactions being coopera-
tive in nature.
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adept at metastatic dissemination in their native wild-type
state. Our findings challenge the generally accepted
dogma that metastatic propensity is increased by endo-
thelial adhesion and decreased by homotypic (E-cad-
herin-mediated) adhesion. When we perturbate our
model by adding sLex/a either enzymatically or through
gene transfer we increase sLex/a and this increase elec-
trostatically disrupts the E-cadherin-mediated homotypic
adhesions that exists among the tumor cells. It is this
disruption or disadherence that induces apoptosis and
not the sLex/a expression levels per se.

Our previous study concerning the overexpression
rather than the loss of E-cadherin in IBC was intriguing
because it viewed the E-cadherin molecule from a differ-
ent perspective. Loss of epithelial differentiation in carci-
nomas is thought to be accompanied by higher mobility
and invasiveness, which in turn is often a consequence of
reduced intercellular adhesion.29 Although this phenom-
enon may account for certain aspects of the invasion and
metastasis process, the phenomenon has really not been
observed or examined in the specific step of intravasa-
tion or the formation of tumor emboli within lymphovas-
cular spaces. In a related recent study,30 E-cadherin-
mediated multicellular aggregates of HSC-3 (human
squamous cell carcinoma) survived, proliferated, and ex-
hibited anchorage independence and resistance to ap-
optosis. These multicellular aggregates required high
levels of extracellular Ca�� and were inhibited with func-
tion-perturbing anti-E-cadherin antibody. In that study
cadherin-mediated intercellular adhesions generated a
compensatory mechanism that promoted anchorage-in-
dependent growth and suppressed apoptosis. The mul-
ticellular aggregates in that study in essence had gained
a survival benefit for the tumor from the gain rather than
the loss of E-cadherin function. We feel that the E-cad-
herin-mediated spheroid formation of MARY-X and its in
vivo manifestation of lymphovascular tumor emboli are of
similar survival benefit to this cancer. Tumor cell emboli
are more efficient at forming metastasis than single
cells;16 tumor cell emboli are hypoxic in their centers and
therefore more resistant to chemotherapy and radiation
therapy than single cells;31 tumor cell emboli probably
exhibit their surface determinants in a different conforma-
tional state from those present on single cells that would
escape recognition and destruction by adoptive immu-
notherapy strategies that are based on immunizations to
single cells. So here we are dealing with one of the most
aggressive of all breast cancers and yet a cancer depen-
dent on an intact and overexpressed E-cadherin axis for
metastatic efficiency.

Just as these observations on E-cadherin challenge
conventional dogma concerning the general loss of this
tumor suppressor gene in malignant progression, so do
our present observations concerning the markedly de-
creased sLex/a on wild-type MARY-X. SLex/a epitopes are
expressed on many cancer cells and are thought to be
related to malignant progression.32 For example, colonic
carcinomas from patients at advanced stages have
higher levels of sLex antigens than tissues from patients
with earlier stage disease.33 In a recent study, transfec-
tion of FucT-III into lowly metastatic murine melanoma

cells, which do not normally exhibit sLex/a epitopes, in-
creased expression of surface sLex/a and conferred in-
creased metastatic behavior through enhanced binding
to endothelial cell E-selectin and increased resistance to
NK cell killing.34 In the case of MARY-X and IBC, the
markedly decreased sLex/a fosters both the E-cadherin-
mediated compactness of the embolus and its lack of
binding to endothelial cells. This promotes ease of met-
astatic dissemination. Creating sLex/a epitopes through
transfection (FucT-III-MARY-X) abolishes lymphovascular
invasion and metastasis. Although creating sLex/a

epitopes through gene transfer increases endothelial at-
tachment and E-selectin adhesion, this does not foster
increased metastasis in MARY-X because the creation of
sLex/a epitopes causes disadherence of the spheroid
and apoptosis. So the absence rather than the presence
of sLex/a promotes malignant progression in the setting of
IBC, which again challenges conventional wisdom.
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