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ABSTRACT

Carbohydrates on tumor cells have been shown to play an important
role in tumor metastasis. We demonstrated before that CD24, aMr

35,000–60,000 mucine-type glycosylphosphatidylinositol-linked cell sur-
face molecule, can function as ligand for P-selectin and that the sialylLex

carbohydrate is essential for CD24-mediated rolling of tumor cells on
P-selectin. To investigate the role of both antigens more closely, we
transfected human A125 adenocarcinoma cells with CD24 and/or fucosyl-
transferase VII (Fuc TVII) cDNAs. Stable transfectants expressed CD24
and/or sialylLex. Biochemical analysis confirmed that in A125-CD24/
FucTVII double transfectants, CD24 was modified with sialylLex. Only
double transfectants showed rolling on P-selectinin vivo. When injected
into mice, double transfectants arrested in the lungs, and this step was
P-selectin dependent because it was strongly enhanced in lipopolysaccha-
ride (LPS) pretreated wild-type mice but not in P-selectin knockout mice.
CD24 modified by sialylLex was required on the tumor cells because the
LPS-induced lung arrest was abolished by removal of CD24 from the cell
surface by phosphatidylinositol-specific phospholipase C. A125-FucTVII
single transfectants expressing sialylLex but not CD24 did not show
P-selectin-mediated lung arrest. The sialylLex epitope is abundantly ex-
pressed on human carcinomas, and significant correlations between sia-
lylLex expression and clinical prognosis exist. Our data suggest an important
role for sialylLex-modified CD24 in the lung colonization of human tumors.

INTRODUCTION

During the process of metastasis, tumor cells have to cross the local
extracellular matrix, penetrate the vascular endothelium, circulate in
the blood or lymph, and extravasate through the vessel wall into the
tissue where the formation of secondary tumors eventually occurs (for
review, see Refs. 1 and 2). The acquisition of properties that allow the
interaction with normal host cells like leukocytes, platelets, or endo-
thelial cells may be of advantage for tumor cells. The ability to bind
to platelets in the blood stream may be of particular importance. It has
long been known that tumor cells can circulate in the vasculature as
stabilized platelet-enriched thrombi that can physically protect tumor
cells from destruction (3, 4). The ability to bind to endothelial cells
may be also beneficial. After passage through the blood stream, tumor
cells have to adhere to the endothelium lining the vessel wall. This
step is a prerequisite for tumor extravasation and tissue penetration
(5, 6).

Among the endothelial selectins, P- and E-selectin (CD62P and
CD62E) play an important role in capturing leukocytes in inflamed
tissues (7–9). The initial cell contact with the vessel wall is followed
by the selectin-mediated rolling of leukocytes on the endothelial cell
surface, leading to integrin-mediated firm adhesion and transmigra-
tion (10, 11). P-selectin is found on the surface of activated endothe-

lial cells and platelets. It is stored in intracellular granula and is
rapidly mobilized to the cell surface within minutes after stimulation
with proinflammatory agents like histamine or thrombin but also with
LPS3 (12, 13). In contrast, E-selectin requiresde novosynthesis for its
expression and is therefore available only at later time points during
an inflammatory response (7–9). Selectins mediate the rolling adhe-
sion by interacting with specific carbohydrate ligands on the cell
surface that are sialylated, fucosylated lactosaminoglycans such as
sialylLex and other sialylated or sulfated moieties that are displayed
on a limited number of glycoproteins (14, 15). On leukocytes, high-
affinity selectin ligands that can support rolling interactions include
PSGL-1 (16, 17). PSGL-1 is a mucin-type glycoprotein that contains
three unique tyrosine residues near the NH2 terminus. Sulfatation of
one of these tyrosine residues in addition to sialylLex expression is
essential for P-selectin binding to PSGL-1 (18, 19). The presence of
the sialylLex oligosaccharide alone is not sufficient for mediating
rolling interactions of leukocytes. Studies in knockout mice deficient
in FucTVII, which is necessary for the biosynthesis of sialylLex (20),
or lacking E- and/or P-selectin (21) or lacking PSGL-1 (22) have
demonstrated the important role of these structures in rolling and
transmigration of blood-borne leukocytes.

It has been speculated that human tumors may use selectins or their
ligands during metastasis (12, 23, 24). In fact, it is known that
inflammation and trauma, which favor the expression of selectins, can
influence the spread of tumor cells (25, 26). In addition, sialylLex or
the related sialylLex oligosaccharides are commonly expressed on
human carcinoma cells and are associated with poor clinical prognosis
(27–31). Indeed, many human cancer tissues or established tumor cell
lines can bind to E- and P-selectin (32–35). Experimentally, overex-
pression of sialylLex in tumor cells by transfection with fucosyltrans-
ferases caused enhanced lung colonization that was correlated with
better E-selectin binding (36). Ectopic expression of E-selectin in the
liver of transgenic mice leads to a redirectioning of tumor cells that
normally colonized the lungs (37). These results indicated that car-
bohydrates on tumor cell surfaces may be recognized by E-selectin on
the endothelium. The potential importance of P-selectin in tumor
metastasis was also demonstrated recently (38). Using P-selectin/
RAG-2 double knockout mice, a diminished tumor growth and me-
tastasis of human adenocarcinoma cells compared with wild-type
P-selectin1/1 mice was observed (38). The reduced tumor dissemi-
nation in P-selectin-deficient mice was attributed to the capability of
platelets to interact with tumor cells; however, a role for endothelial
P-selectin was not excluded (38).

Despite the accumulating evidence that interactions of selectins
with sialylLex and related structures can play a role in tumor metas-
tasis, the function of particular ligands on the tumor cell surface and
their nature have not been addressed. For example, carcinoma cells
usually do not express PSGL-1 (35), the major selectin ligand on
leukocytes. What could the equivalent ligand molecule(s) on tumor
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cells be? Indirect evidence suggests that, as on leukocytes, mucin-type
glycoproteins account for most of the selectin ligands on carcinoma
cells (39). In previous studies, we demonstrated that the GPI-anchored
mucin CD24 can act as a P-selectin ligand on human carcinoma cells
(35). We also have shown previously that CD24 can support P-
selectin-mediated rolling of human tumor cells on the endothelium;
however, sialylLex had to be expressed concomitantly by the cells
(40). The biosynthesis of sialylLex requires the addition of a fucosyl
residue to the type 2 chain-based structures (Galb1-4GlcNAc-R) that
can be mediated by FucTVII (21). To study the functional role of both
antigens in detail, we have now reconstituted human A125 adenocar-
cinoma cells with CD24 and/or FucTVII cDNAs. We established
stable single and double transfected cells and investigated P-selectin-
mediated interactionsin vitro and in vivo. Our results indicate that
sialylLex modified CD24 creates a functional P-selectin ligand at the
tumor cell surface that can promote rolling and tumor cell coloniza-
tion to the lungs. Expression of sialylLex or CD24 alone was not
sufficient to mediate theses effects. Because CD24 and sialylLex are
coexpressed by many human carcinoma cells, our data have important
implications for the understanding of molecular interactions during
the early steps of the process of metastasis.

MATERIALS AND METHODS

Cells

The breast carcinoma cell line KS and the A125 lung adenocarcinoma cells
and CD24 transfectants derived from these cells (A125-CD24) have been
described previously (35). A125-CD24 cells expressing human FucTVII were
established by transfection of a FucTVII cDNA (obtained from Dr. J. Lowe,
University of Michigan, Ann Arbor, MI) in pREP4 (Invitrogen, Groningen, the
Netherlands) using LipofectAMINE (Life Technologies, Inc., Eggenstein, Ger-
many). After hygromycin selection, sialylLex-expressing transfectants were
selected by FACS sorting using the sialylLex-specific mAb AM-3 (see below).
A125 cells were transfected with FucTVII and selected in a similar way. Cells
were cultivated in RPMI 1640 supplemented with 10% FCS at 37°C, 5% CO2,
and 100% humidity.

Reagents

Anti-CD24 mAbs ML-5 and SWA11 have been described previously (35).
MA CSLEX-1 (anti-sialylLex) was a kind gift of E. C. Butcher (Stanford
University, Stanford, CA). mAb AM-3 (anti-sialylLex) was a gift of Dr. G.
Hanski (Benjamin Franklin Clinics, Berlin, Germany). Human P-selectin IgG
was a gift from Genetics Institute (Boston, MA). The polyclonal antibody to
mouse P-selectin and the mAb to mouse CD41 (clone MWReg30) were
obtained from PharMingen (Hamburg, Germany). mAb W6/32 against human
MHC class I (biotinylated) was obtained from Dr. Gerd Moldenhauer (German
Cancer Research Center, Heidelberg, Germany). mAb 9A9 (rat IgG1) is a
blocking mAb against murine E-selectin, and it was used at 50mg/mouse (41).
TNF-a was used at 0.5mg/mouse and obtained from Genzyme Corp.
(Cambridge, MA).

Cytofluorography

The staining of cells with mAbs and phycoerythrin-conjugated goat anti-
bodies to mouse immunoglobulins (SERVA, Heidelberg, Germany) has been
described previously (35). Stained cells were analyzed with a FACScan fluo-
rescence-activated cell analyzer (Becton Dickinson, Heidelberg, Germany).

Isolation of RNA and RT-PCR Analysis

The isolation of total RNA from cells and RT-PCR have been described in
detail elsewhere (42). Briefly, total RNA was transcribed into cDNA using
Moloney murine leukemia virus reverse transcriptase (Promega, Heidelberg,
Germany) and oligo(dT)20 for priming. After heat inactivation of the enzyme,
the RNA/DNA hybrid was treated with RNase H, and the cDNA was used as
a template for PCR analysis. The following primers were used: PSGL-1

forward, 59-GCTATGGAGATACAGACCACTCA-39; PSLG-1 reverse, 59-
CAGATGGCAGAGTGAGCTAAG-39 (fragment size, 874 bp); FucTVII for-
ward, 59-CACCTCCGAGGCATCTTCAACTG-39; and FucTVII reverse, 59-
CGTTGGTATCGGCTCTCATTCATG-39 (fragment size, 497 bp).

Enzyme Treatment

Treatment of cells with PIPL-C (500 milliunits/ml) for 2 h was done as
described previously (35). To control the successful removal of GPI-anchored
proteins, an aliquot of the cells was analyzed by FACS using the mAb to
CD24. The remainder of the cells were labeled with51Cr for 1 h at37°C,
washed twice, adjusted to a concentration 13 107 cells/ml, and injected into
the tail vein of mice.

Cell Binding Assays

For binding of cells to P-selectin IgG, goat antihuman IgG was coated
before the fusion protein to allow directional coating. Vitronectin was obtained
from Sigma and coated overnight at 1mg/ml. Wells were then blocked with
BSA, and the binding assay was performed as described previously (42, 43).
Cell binding was measured by counting six independent310 fields by video
microscopy using IMAGE 1.47 software.

Animal Experiments

Rolling experiments were performed on four male 8–10-week-old mice
weighing between 22 and 26 grams. Wild-type C57BL/6 mice were obtained
from Hilltop (Scottdale, PA) or from Charles River (Sulzbach, Germany).
Female P-selectin2/2 mice of the same age were obtained from Jackson
Laboratory (Ann Arbor, MI). The organ arrest of human tumor cells in mice
was studied using51Cr-labeled cells as outlined by Gosslaret al. (44). Briefly,
cells were washed and incubated in RPMI 1640 containing 20% FCS in the
presence of 500mCi of 51Cr for 1 h at37°C. Cells were then washed twice in
prewarmed complete medium, counted, and adjusted to a concentration of 107

cells/ml. An aliquot of the cell suspension was counted in a gamma counter to
determine the specific incorporation per cell. Cells (100ml) were injected via
the tail vein. For LPS treatment, 100ml of LPS fromEscherichia coli026:B6
(Sigma) at 0.1 mg/ml were injected via the tail vein 2 h before application of
the tumor cells.

In vivo Rolling Analysis

Intravital Microscopy. Mice were anesthesized with an i.p. injection of
ketamine hydrochloride (100 mg/kg; Ketalar; Parke-Davis, Morris Plains, NJ)
after pretreatment with xylazine (0.05 mg/kg, i.p.) and atropine (0.1 mg/kg,
i.p.; Elkins-Sinn, Cherry Hill, NJ). Animals were at 37°C with a thermocon-
trolled heating pad. Mice were pretreated 2–3 h before surgery with an
intrascrotal injection of 0.5 mg of murine TNF-a in 0.3 ml of isotonic saline.

Local catheter. For local injection of the cells into the microcirculation of
the cremaster muscle, a heparinized catheter was placed into the proximal part
of the right femoral artery and advanced toward the branching section of
internal iliac artery from the common iliac artery (45). Transfected cells were
labeled with 0.5mg/ml calcein AM (Molecular Probes, Eugene, OR) for 30
min at 37°C. Cells (5–103 106 cells/ml) were injected as a 0.1-ml bolus into
the cremaster microcirculation via the local catheter. Microscopic observations
were made on an intravital microscope (Zeiss Axioskop, Thornwood, NY)
with a saline immersion objective (SW 40/0.75, numerical aperture).

Cremaster. The cremaster muscle was prepared for intravital microscopy
as described previously (45) and superfused with thermocontrolled 35°C
bicarbonate-buffered saline saturated with 95% N2 and 5% CO2. The exposed
cremaster microcirculation remained well perfused. Time 0 was set at the
treatment of cremaster with TNF-a. TNF-a (500 ng) was injected in 0.3 ml of
saline. For continuous blood pressure monitoring and blood sampling, the
carotic artery was canulated with heparinized PE-10 tubing. All vessels had
calculated wall shear rates between 600 and 800 s21. Microvessel diameters
and individual rolling tumor cell velocity were measured using a digital image
processing system (46). Freeze frame advancing was used to accurately
monitor the movements of the individual rolling transfectants. Each rolling
transfectant passing a line perpendicular to the vessel wall was followed for
0.5–1 s. Rolling velocities for individual transfectants were calculated by
dividing the traveled distance by the tracking time. Venules with diameters
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between 25 and 50mm were observed, and video recordings were made
through a charge-coupled device camera system (model VE-1000CD; Dage-
MTI, Michigan City, IN) on a Panasonic S-VHS recorder. Measurements of
transfectant rolling were performed using stroboscopic epifluorescence illumi-
nation (60 s21; Strobex; Chadwick Helmuth, Mountain View, CA). For each
injection of cells, video scenes of approximately 10 min in duration were
recorded (250–300 passing cells). The centerline velocities of the respective
vessels were calculated using the distance traveled by free-flowing labeled
cells in the center of the vessels in consecutive video frames. After the initial
injection of cells, flow was transiently reduced due to lodging of the cells in
capillaries. However, in all experiments, flow returned to baseline values
within 30 s. For each venule, a critical velocity was determined as the minimal
velocity of a freely flowing cell traveling close to the vessel without adhesive
interactions (47).

Immunohistological Analysis

Tumor cells were labeled with the fluorescent dye CSFE [5-(and-6)-
carboxyfluorescein diacetate, succinimidylester; Molecular Probes, Leiden, the
Netherlands] and injected into LPS-pretreated mice as described above. After
6 h, the lung and liver were removed and snap frozen in isopentane. Frozen
sections were cut using a microtome and analyzed by histological staining
using antibodies to mouse CD41 or P-selectin. Tumor cells were detected in
the stained sections by fluorescence microscopy or by the ABC staining
procedure (Vector stain; Vector Laboratories, Burlingame, CA) as described
previously (48).

Biochemical Analysis

The affinity purification of CD24 has been described in detail previously
(35). Sample aliquots were separated by SDS-PAGE on a 10% slab gel under
reducing conditions, and proteins were transferred to Immobilon membrane
(Millipore). Blots were developed with anti-CD24 mAb SWA11 followed by
peroxidase-conjugated goat antimouse IgG and enhanced chemiluminescence
detection (Amersham-Pharmacia Biotech, Freiburg, Germany). ELISA analy-
sis of purified CD24 was done as described previously (35).

Statistical Analysis

Statistical analysis of the data was done using the unpaired Student’st test
or Wilcoxon’s rank-sum test.

RESULTS

Characterization of A125 Cells Transfected with CD24 and
FucTVII. The lung adenocarcinoma line A125 and a subline stably
transduced with CD24 (A125-CD24) have been characterized previ-

ously (35). We report here that both cell lines do not express FucTVII
mRNA as shown by RT-PCR analysis (data not shown) and are
negative for the sialylLex carbohydrate epitope at the cell surface (see
Fig. 1). To alter the cellular glycosylation, A125-CD24 cells were
transfected with FucTVII cDNA, and stable transfectants were se-
lected in the presence of hygromycin. Transfected cells expressed
sialylLex and were further enriched for homogenous expression of the
epitope by FACS sorting using the sialylLex-specific mAb AM-3. Fig.
1 shows the cytofluorographic analysis of all transfectants using the
breast carcinoma cell line KS as a positive control. The levels of
CD24 expression at the cell surface of A125-CD24 cells and the
CD24/FucTVII double- or mock-transfected cells did not differ sig-
nificantly. Double-transfected cells were stained with the sialylLex-
specific mAbs AM-3 and CSLEX-1, respectively.

PSGL-1 has been shown to be a major ligand for P- and E-selectin
on leukocytes (17, 18). To rule out the possibility that PSGL-1 was
expressed by A125 cells or induced on transfection, we investigated
the PSGL-1 expression by RT-PCR analysis. The PSGL-1-specific
primers amplified an expected band of 874 bp from control HL60
cells; however, all transfected carcinoma cell lines did not express
detectable levels of PSGL-1 (data not shown).

FucTVII Expression Alters CD24 Glycosylation. To establish
that FucTVII expression affected the glycosylation of CD24, the
antigen was affinity purified from A125-CD24 or A125-CD24/FucT-
VII double-transfected cells using a mAb ML-5 column as described
previously (35). SDS-PAGE and Western blot analysis revealed a
single band at approximatelyMr, 40,000–50,000, in agreement with
our previous studies (35). Staining of the gel with colloidal Coomassie
revealed no contaminating protein bands in the CD24 preparations
(data not shown).

The purified CD24 was analyzed for sialylLex modification by
ELISA. Only CD24 isolated from A125-CD24/FucTVII-transfected
cells was reactive with mAb AM-3 to sialylLex (Fig. 2). These results
indicated that CD24 in double but not single transfectants was deco-
rated with sialylLex.

FucTVII Expression Augments P-selectin-mediated Platelet
Binding. The binding of cells to P-selectin IgG immobilized to a
solid support is shown in Fig. 3. Robust cell binding to P-selectin was
only observed with A125-CD24/FucTVII double transfectants. CD24
single transfectants, mock-transfected cells, or A125-FucTVII-trans-
fected cells showed slightly enhanced binding compared with A125
cells. The adhesion of the cells to vitronectin was quite similar for all
cell lines.

Fig. 1. Characterization of A125 adenocarcinoma cells transfected with CD24 and Fuc
TVII. Cytofluorographic analysis of transfected cells using mAbs specific for CD24
(SWA11) or the sialylLex epitope (AM-3andCSLEX-1) followed by FITC-conjugated goat
antimouse IgG.

Fig. 2. Analysis of affinity-purified CD24 for sialylLex modification. ELISA analysis
of affinity-purified CD24 from A125-CD24 or A125-CD24/FucTVII double-transfected
cells using mAbs to CD24 or sialylLex.
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FucTVII and CD24 Expression Allows Rolling of Tumor Cells.
It has been shown previously that P-selectin can support the CD24-
mediated rolling of tumor cellsin vitro andin vivo (40). To determine
whether transfection had changed P-selectin-mediated rolling on vas-
cular endothelium, we injected cells into the femoral artery of TNF-
a-treated mice and observed their transit through post-capillary
venules of the exteriorized cremaster muscle. The results from these
experiments are summarized in Fig. 4, showing that only A125-CD24/
FucTVII double transfectants were able to roll on endothelium. CD24
expression alone was not sufficient to support rolling.

P-selectin-dependent Colonization of Tumor Cells in the Lungs.
Having established that FucTVII transfection modified CD24 glyco-
sylation and augmented P-selectin-mediated binding and rolling, we
examined thein vivo behavior of transfected cells. In a short-term
homing assay,51Cr-labeled cells were injected into the tail vein of
C57/B6 mice, and the accumulation of tumor cells in individual
organs was determined by whole-organ counting. In initial kinetic
experiments, the A125-CD24 and the double-transfected A125-CD24/
FucTVII cells were compared at 2, 6, and 24 h. It was found that arrest
of tumor cells in the lungs peaked after 2 h (between 5–10% of the
total) and in the liver after 6 h (between 20–30% of the total).
Accumulation of radioactive cells in the spleen and kidney was
highest after 6 h (between 2–5%). Fig. 5A (left panel) gives a repre-
sentative distribution pattern of label after 6 h, showing that the initial
values for the lung had already declined to approximately 2–3% of
injected cells. Tumor cells reach the lung as the first organ. To allow
the initial flush of cells to pass by, the animals were sacrificed after
6 h to specifically detect retained cells. At this time point, no radio-
activity was detectable in the blood, making the perfusion of organs to
remove blood-borne cells unnecessary for the analysis.

To induce P-selectin expression on endothelial cells, mice were
injected i.v. with LPS 2 h before application of labeled tumor cells. As
shown in Fig. 5A (right panel), the treatment significantly increased
the percentage of double-transfected A125-CD24/FucTVII cells in the
lungs but not in the other organs investigated. LPS pretreatment only
weakly augmented the arrest of A125-CD24 cells in the lungs (Fig.
5A, right panel), and A125-CD24/mock-transfected cells behaved in
the same way (data not shown).

To study a putative role for P-selectin in the lung arrest, similar
experiments were carried out in P-selectin2/2 mice. As shown in
Fig. 5B, in contrast to P-selectin1/1 wild-type mice, in P-selectin-
deficient animals, the LPS injection did not increase lung arrest of the
double-transfected tumor cells. Instead, a minor increase of similar
size as seen for A125-CD24 cells in wild-type animals occurred in
double transfected cells. These results suggested that P-selectin in the

lung and sialylLex-bearing ligands on the tumor cells were important
in mediating arrest of human A125 tumor cells.

Histological examination of lungs from LPS-treated and nontreated
animals indicated that P-selectin expression was induced on lung
vessels (Fig. 6A). This observation supports the notion that endothelial
P-selectin might initiate the rolling of tumor cells in the lung vascu-

Fig. 3. Binding of transfected cells to P-selectin. Binding of cells to immobilized
P-selectin IgG. Tumor cells were allowed to bind to P-selectin IgG (coated at 1mg/ml) or
vitronectin (coated at 10mg/ml). Bound and nonbound cells were separated by buoyant
density and counted.

Fig. 4. Analysis of cell rollingin vivo. A, visualization of the rolling of a CD24/
FucTVII cell within 1 s. Pictures from video micrographs of the same vessels (from
consecutive 0.1 frames) were pasted below each other to demonstrate the rolling behavior
of the cell in fluorescence microscopy. Thebar represents 50mm. B, interaction of
transfectants in TNF-a-treated wild-type mice with endothelium of cremaster muscle
venules after blockade of E-selectin with mAb 9A9. The graph represents the rolling flux
of transfectants as a percentage of passing transfectants through the vessel (SE). Data
represent six measurements from two independent experiments.C, cumulative frequency
of rolling velocities of rolling A125-CD24/FucTVII transfectants on microvascular en-
dothelium of mouse cremaster muscle. Rolling velocity of 50 individual cells was
measured for 0.5–1.5 s of rolling time.
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lature. P-selectin was also detectable on platelets in the vascular
lumen of the mice as well as on platelet aggregates detected in the
lungs and other tissues.

Tumor cells were also fluorescence labeled before injection into
LPS-treated mice and identified in organ sections using fluorescence
microscopy. Fluorescent tumor cells were abundant in the lungs of
wild-type animals 6 h after injection. Cells were localized mostly in
capillaries of alveolar septa. In P-selectin-deficient mice, the fre-
quency of fluorescent tumor cells was much smaller in the lungs, in
agreement with the radioactivity data. We determined the number of
tumor-platelet aggregates using a combination of fluorescence and
histological staining with a mAb to CD41, a specific marker for
mouse platelets. The results are summarized in Fig. 6B. Mixed ag-
gregates consisting of platelets and fluorescent tumor cells were
observed in lung sections of LPS-treated P-selectin-deficient or wild-
type mice. However, the percentage of tumor cells surrounded by a
few or more platelets was rather small (approximately 15%). Most of
the tumor cells in the lungs were devoid of platelet association. There
was only a small (if any) difference in the percentage of tumor-platelet
aggregates observed in lungs of P-selectin2/2 versusP-selectin1/1
animals. This observation suggested that under the experimental con-
ditions, P-selectin was unnecessary to form tumor rosettesin situ.
Similar observations were made in the liver and other organs of
tumor-injected mice (data not shown).

PIPL-C Treatment of Carcinoma Cells Affects Lung Retention.
CD24 is a GPI-anchored cell surface molecule that can be removed by
PIPL-C treatment. We have shown previously that the treatment
affects P-selectin binding and P-selectin-mediated rolling of tumor
cells (40). We therefore tested whether the treatment would influence
the lung arrest of A125-CD24/FucTVII double transfectants. FACS
analysis of the cells before and after PIPL-C treatment for 1 h showed
a reduction of CD24 cell surface expression (a decrease of mean
fluorescence from 30 to 5; see Fig. 7A). The staining of the trans-
membranal MHC class I antigen was not affected by PIPL-C treat-
ment (data not shown). As shown in Fig. 8, the PIPL-C treatment
reduced the lung arrest of labeled tumor cells to the level seen with
A125-CD24 cells. The reduction was specific for the lung because the
arrest in the kidney (Fig. 8) or spleen and liver (data not shown)
remained unaffected.

FucTVII Transfection Is Not Sufficient for Lung Retention.
These results suggested that sialylLex carbohydrates presented on
PIPL-C-sensitive ligands were involved in the lung arrest of A125
tumor cells. To further investigate a particular role of CD24 in this
process, we established A125-FucTVII transfectants devoid of CD24.
As shown in Fig. 7B, these cells did not react with a mAb to CD24
(ML-5) but did react with the sialylLex-specific mAb AM-3. When
analyzed for lung arrestin vivo, the A125-FucTVII cells behaved in a
manner similar to that of A125-CD24 or PIPL-C-treated double-
transfected A125 cells (Fig. 8). These observations indicated that
sialylLex per sewas not sufficient to initiate lung arrest.

To confirm our results in another tumor cell system, we used the
CD24- and sialylLex-positive breast carcinoma cell line KS. These
cells were previously shown to promote CD24 and P-selectin-depend-
ent rolling in vivo that was sensitive to PIPL-C treatment (40). We
injected PIPL-C treated or nontreated cells into LPS-pretreated mice
and analyzed the organ distribution of retarded cells. Enzyme treat-
ment reduced CD24 expression (40) and, as shown in Fig. 9, also
diminished the recruitment of cells in the lungs. Collectively, these
data suggest an important role for sialylLex-modified CD24 and
P-selectin in the accumulation of tumor cells in the lungs.

DISCUSSION

The present study was undertaken to gain insight into molecular
interactions that are potentially important for the dissemination of
tumor cells. We demonstrate that the ability of A125 tumor cells to
interact with P-selectin can be altered by expression of CD24 and
FucTVII cDNAs. Transfected cells expressed CD24 and/or sialylLex

at the cell surface. We established by biochemical means that CD24
in double-transfected cells was modified with sialylLex. Thus, the
CD24 mucin-type glycoprotein was readily accepted as a substrate for
the addition of sialylLex glycans. Altered expression of P-selectin
ligands was detected in static binding assays to immobilized P-
selectin. Only double-transfected cells showed strong interaction. We
then determined whether transfection had changed P-selectin-medi-
ated rolling on vascular endothelium. Again, only double-transfected
cells were able to show rolling interactions. These results are consist-
ent with our previous observation using KS breast carcinoma cells,
showing that in inflamed endothelium, tumor cell rolling was pre-
dominantly mediated by P-selectin (40). Transfected cells were also
tested for their ability to colonize the organs of mice after i.v.
injection. To induce selectin expression, the animals were pretreated
with LPS. A glycosylation-dependent arrest of injected tumor cells
was observed in the lungs of LPS-treated mice and was barely
detectable in nontreated animals. Arrest in this organ appeared to be
P-selectin dependent because it was only observed in P-selectin wild-
type but not P-selectin-deficient mice. Importantly, CD24 had to be

Fig. 5. Role of P-selectin in lung retention of tumor cells.A, A125-CD24 and
A125-CD24/FucTVII double-transfected cells were labeled with51Cr, and 106 cells were
injected into LPS-pretreated or nontreated P-selectin1/1 mice. Organs of tumor cell-
bearing animals were removed and counted after 6 h. The distribution of radioactivity in
individual organs is given as a percentage of total input.B, comparison of lung retention
of A125-CD24 and A125-CD24/FucTVII double-transfected cells in P-selectin1/1 or
P-selectin2/2 mice. The experiments were performed as described, and data fromA are
included for statistical analysis.
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present at the cell surface because the sole expression of sialylLex was
not sufficient for accumulation of cells in the lungs. Additional
experiments using PIPL-C treatment to remove CD24 from the cell
surface confirmed the requirement for this molecule in the process.
We concluded that a P-selectin-CD24 interaction was responsible for
initiating the arrest of tumor cells in the lungs and that CD24 had to
be modified by sialylLex to exert the effect.

P-selectin can be expressed by activated platelets as well as in-
flamed endothelium, raising the question of which cellular interaction
was responsible for the observed effectin vivo. To clarify this point,
we carried out histological examinations showing that after LPS

injection, the lung endothelium of LPS-treated mice strongly ex-
pressed P-selectin. As expected, this was not observed in the lungs of
P-selectin-deficient mice, raising the possibility that endothelial P-
selectin was a decisive factor by allowing tumor cell rolling in the
lung vasculature. However, a contribution by platelet P-selectin to the
observed lung arrest had to be considered. Indeed, platelets have been
hypothesized to contribute to tumor dissemination (3, 49, 50). Many
human or animal tumors possess procoagulant activity that can be due
to the production of tissue factor, production of factor X activators, or
the ability of the tumor cell to mediate the assembly of the prothrom-
binase complex, leading to the generation of active thrombin from

Fig. 6. Histological examination of injected
tumor cells in lung tissue.A, histological exam-
ination of mouse lung vessels for P-selectin ex-
pression after injection with LPS. Two h after
injection, lungs were removed, and frozen sec-
tions were stained with an antibody to P-selectin
followed by a secondary antibody (b and d).
Control staining was done by using the second-
ary antibody alone (a and c). Note the strong
induction of P-selectin staining by LPS on the
lung endothelium indicated byarrowheads. B,
quantification of mixed tumor-platelet aggre-
gates in lung sections. Fluorescence-labeled
A125-CD24/FucTVII double transfectants were
injected into LPS-pretreated P-selectin2/2 or
1/1 mice. Tumor cells were detected by fluo-
rescence microscopy, and platelets were detected
by CD41 staining. Tumor cells (identified by
fluorescence) were examined for the number of
associated platelets and classified in three
groups: type A, no detectable platelets; type B,
,10 platelets associated; and type C, large tu-
mor-platelet aggregates.n refers to the number of
tumor cells examined in the lung sections of
P-selectin2/2 or 1/1 mice. Note that for P-
selectin2/2 animals, many more lung sections
had to be examined to score the same number of
tumor cells.
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plasma prothrombin (51, 52). Generation of thrombin or other tumor
mechanisms activate platelets, leading to direct aggregation or secre-
tion of ADP, serotonin, and/or intermediates of the arachidonate
metabolism. LPS is the most potent stimulus for monocyte procoagu-
lant activity, which can, in turn, activate the clotting protease cascade
and stimulate platelet aggregation (53). Indeed, in our experiments,
platelet aggregates were abundant in the organs of LPS-treated and
tumor-injected animals. It was therefore quite surprising that the
double-transfected A125 cellsin situ were largely devoid of platelets.
Most importantly, there was no significant difference in the number of
tumor-platelet aggregates in P-selectin2/2 versuswild-type control
mice. These observations suggested that under our experimental con-
ditions, the ability of platelets to bind to tumor cells was not depend-
ent on P-selectin. Nevertheless, the lung recruitment of tumor cells
still showed a dependency on P-selectin. Although at present we
cannot exclude additional effects of activated platelets beyond tumor
cell binding, it is more likely that P-selectin on endothelial cells was
the most important parameter in our experiments. It is interesting to
note that this effect was seen most clearly in the lungs, but not in the
liver and other organs. This could indicate that lung endothelium
expressed higher amounts of P-selectin or was more rapidly up-
regulated. Interestingly, activation of P-selectin on microvascular
endothelium also plays a major role for the initial up-regulation of the
inflammatory response occurring in hemorrhagic shock that is accom-
panied by injury to the liver and lungs (54, 55).

In the present report, we have not addressed tumor growth param-
eters because we wished to focus on molecular interactions that are
standing at the beginning of organ colonization. Our finding that
tumor cells endowed with sialylLex-CD24 are particularly well suited
to interact with platelets, to roll on endothelial cells, and have an
advantage in colonizing the lungs is of great importance. However,

there is accumulating evidence that the C-type lectins and the sialyl-
Lex oligosaccharide binding pathway may have versatile functions for
cell-cell interaction (56). Ohayamaet al. (57) have recently reported
that sialylLex carbohydrates exposed at high density on shortN-
glycans of B16 melanoma cells can be targeted by natural killer cells
in vivo, most likely through a receptor similar to C-type lectins.
However, when expressed on poly-N-acetyllactosamines typical for
O-linked glycans, these cells were highly metastatic, probably through
an interaction with a C-type lectin on lung endothelial cells (57).
Although our results are in agreement with the latter findings, we
cannot at present rule out the possibility that although retained in the
lungs, the accumulated tumor cells may have been the target of natural
killer-mediated lysis at a later stage.

CD24 consists of a small protein core with many potential sites for
O-linked glycosylation and can therefore be considered a mucin.
CD24 is expressed in many human carcinomas including breast car-
cinoma, small cell lung carcinoma, neuroblastoma, rhabdomyosar-
coma, and renal cell carcinoma (see Ref. 35). Mucin-type glycopro-
teins have been implicated to serve as ligands for selectins, and it was
shown recently that all P-, E-, and L-selectins can bind to colon
carcinoma cell lines and fresh tissue sections in a calcium-dependent
fashion and in anO-sialoglycoprotease-sensitive fashion (39). How-
ever, individual selectin ligand molecules on tumor cells have not
been identified. The results presented in this report indicate that CD24
modified by sialylLex can act as a P-selectin ligand and exert func-
tions similar to those of PSGL-1 on leukocytes. It is evident from our
study that CD24 modified by sialylLex could be an essential factor for
the formation of tumor metastases.

Fig. 7. Characterization of PIPL-C-treated A125-CD24/FucTVII and A125-FucTVII
cells. A, Effect of PIPL-C treatment on the expression of CD24. A124-CD24/FucTVII
transfectants were treated for 1 h with 500 milliunits of PIPL-C and analyzed for CD24
expression using the mAb SWA11. Thedashed linerepresents staining with the secondary
antibody only. B, A125-FucTVII cells were stained for the expression of CD24 or
sialylLex using the respective mAbs and analyzed by FACS analysis.

Fig. 8. In A125 cells, sialylLex-modified CD24 is required for lung arrest. Analysis of
tumor cell arrest in the lungs. A125-CD24/FucTVII double-transfected cells untreated or
treated with PIPL-C and A125-CD24 or A125-FucTVII single transfectants were labeled
with 51Cr, and 106 cells were injected into LPS-pretreated P-selectin1/1 mice. Organs of
tumor cell-bearing animals were removed after 6 h, and the radioactivity content was
determined by gamma counting.

6720

CD24 AND P-SELECTIN IN LUNG ARREST



ACKNOWLEDGMENTS

We thank Claudia Geiger and Cora Mecke for excellent technical assist-
ance, Drs. B. Gu¨ckel and Rolf Stahel for tumor cell lines, and Dr. J. Lowe for
FucTVII cDNA. We thank Dr. C. Hanski for the gift of AM-3.

REFERENCES

1. Fidler, I. J. Critical factors in the biology of human cancer metastasis: Twenty-Eighth
G. H. A. Clowes Memorial Award Lecture. Cancer Res.,50: 6130–6138, 1990.

2. Schirrmacher, V. Cancer metastasis: experimental approaches, theoretical concepts,
and impacts for treatment strategies. Adv. Cancer Res.,43: 1–73, 1985.

3. Karpatkin, S., Pearlstein, E., Ambrogio, C., and Coller, B. S. Role of adhesive
proteins in platelet tumor interactionin vitro and metastasis formationin vivo. J. Clin.
Invest.,81: 1012–1019, 1988.

4. Mehta, P., Lawson, D., Ward, M. B., Kimura, A., and Gee, A. Effect of human tumor
cells on platelet aggregation: potential relevance to pattern of metastasis. Cancer Res.,
47: 3115–3117, 1987.

5. Nicolson, G. L. Tumor cell interactions with the vascular endothelium and their role
in cancer metastasis. EXS,74: 123–156, 1995.

6. Weiss, L., Orr, F. W., and Honn, K. V. Interactions between cancer cells and the
microvasculature: a rate-regulator for metastasis. Clin. Exp. Metastasis,7: 127–167,
1989.

7. Bevilacqua, M. P., and Nelson, R. M. Selectins. J. Clin. Invest.,91: 379–387, 1993.
8. Lasky, L. A. Selectin-carbohydrate interactions and the initiation of the inflammatory

response. Annu. Rev. Biochem.,64: 113–139, 1995.
9. Ley, K. Molecular mechanisms of leukocyte recruitment in the inflammatory process.

Cardiovasc. Res.,32: 733–742, 1996.
10. Butcher, E. C. Specificity of leukocyte-endothelial interactions and diapedesis: phys-

iologic and therapeutic implications of an active decision process. Res. Immunol.,
144: 695–698, 1993.

11. Springer, T. A. Traffic signals for lymphocyte recirculation and leukocyte emigration:
the multistep paradigm. Cell,76: 301–314, 1994.

12. McEver, R. P. Selectin-carbohydrate interactions during inflammation and metastasis.
Glycoconj. J.,14: 585–591, 1997.

13. Furie, B., and Furie, B. C. The molecular basis of platelet and endothelial cell
interaction with neutrophils and monocytes: role of P-selectin and the P-selectin
ligand, PSGL-1. Thromb. Haemost.,74: 224–227, 1995.

14. Varki, A. Selectin ligands: will the real ones please stand up? J. Clin. Invest.,100:
31–35, 1997.

15. Vestweber, D., and Blanks, J. E. Mechanisms that regulate the function of the
selectins and their ligands. Physiol. Rev.,79: 181–213, 1999.

16. McEver, R. P., and Cummings, R. D. Role of PSGL-1 binding to selectins in
leukocyte recruitment. J. Clin. Invest.,100: 97–103, 1997.

17. Yang, J., Furie, B. C., and Furie, B. The biology of P-selectin glycoprotein ligand-1:
its role as a selectin counterreceptor in leukocyte-endothelial and leukocyte-platelet
interaction. Thromb. Haemost.,81: 1–7, 1999.

18. Pouyani, T., and Seed, B. PSGL-1 recognition of P-selectin is controlled by a tyrosine
sulfation consensus at the PSGL-1 amino terminus. Cell,83: 333–343, 1995.

19. Sako, D., Comess, K. M., Barone, K. M., Camphausen, R. T., Cumming, D. A., and
Shaw, G. D. A sulfated peptide segment at the amino terminus of PSGL-1 is critical
for P-selectin binding. Cell,83: 323–331, 1995.

20. Maly, P., Thall, A., Petryniak, B., Rogers, C. E., Smith, P. L., Marks, R. M., Kelly,
R. J., Gersten, K. M., Cheng, G., Saunders, T. L., Camper, S. A., Camphausen, R. T.,
Sullivan, F. X., Isogai, Y., Hindsgaul, O., von Adrian, V. H., and Lowe, J. B. The
a(1,3)fucosyltransferase Fuc-TVII controls leukocyte trafficking through an essential
role in L-, E-, and P-selectin ligand biosynthesis. Cell,86: 643–653, 1996.

21. Frenette, P. S., and Wagner, D. D. Insights into selectin function from knockout mice.
Thromb. Haemost.,78: 60–64, 1997.

22. Yang, J., Hirata, T., Croce, K., Merrill, S. G., Tchernychev, B., Williams, E.,
Flaumenhaft, R., Furie, B. C., and Furie, B. Targeted gene disruption demonstrates
that P-selectin glycoprotein ligand 1 (PSGL-1) is required for P-selectin-mediated but
not E-selectin-mediated neutrophil rolling and migration. J. Exp. Med.,190: 1769–
1782, 1999.

23. Krause, T., and Turner, G. A. Are selectins involved in metastasis? Clin. Exp.
Metastasis,17: 183–192, 1999.

24. Sass, P. M. The involvement of selectins in cell adhesion, tumor progression, and
metastasis. Cancer Invest.,16: 322–328, 1998.

25. Weiss, L. Some effects of mechanical trauma on the development of primary cancers
and their metastases. J. Forensic. Sci.,35: 614–627, 1990.

26. Nowacki, M. P., Janik, P., and Nowacki, P. M. Inflammation and metastases. Med.
Hypotheses,47: 193–196, 1996.

27. Hoff, S. D., Matsushita, Y., Ota, D. M., Cleary, K. R., Yamori, T., Hakomori, S., and
Irimura, T. Increased expression of sialyl-dimeric LeX antigen in liver metastases of
human colorectal carcinoma. Cancer Res.,49: 6883–6888, 1989.

28. Fukushima, K., Hirota, M., Terasaki, P. I., Wakisaka, A., Togashi, H., Chia, D.,
Suyama, N., Fukushi, Y., Nudelman, E., and Hakomori, S. Characterization of
sialosylated Lewisx as a new tumor-associated antigen. Cancer Res.,44: 5279–5285,
1984.

29. Fukuda, M. Possible roles of tumor-associated carbohydrate antigens. Cancer Res.,
56: 2237–2244, 1996.

30. Nakamori, S., Kameyama, M., Imaoka, S., Furukawa, H., Ishikawa, O., Sasaki, Y.,
Kabuto, T., Iwanaga, T., Matsushita, Y., and Irimura, T. Increased expression of sialyl
Lewisx antigen correlates with poor survival in patients with colorectal carcinoma:
clinicopathological and immunohistochemical study. Cancer Res.,53: 3632–3637,
1993.

31. Renkonen, J., Paavonen, T., and Renkonen, R. Endothelial and epithelial expression
of sialyl Lewisx and sialyl Lewisa in lesions of breast carcinoma. Int. J. Cancer,74:
296–300, 1997.

32. Aruffo, A., Dietsch, M. T., Wan, H., Hellstrom, K. E., and Hellstrom, I. Granule
membrane protein 140 (GMP140) binds to carcinomas and carcinoma-derived cell
lines. Proc. Natl. Acad. Sci. USA,89: 2292–2296, 1992.

33. Mannori, G., Crottet, P., Cecconi, O., Hanasaki, K., Aruffo, A., Nelson, R. M., Varki,
A., and Bevilacqua, M. P. Differential colon cancer cell adhesion to E-, P-, and
L-selectin: role of mucin-type glycoproteins. Cancer Res.,55: 4425–4431, 1995.

34. Ramos, C. L., Smith, M. J., Snapp, K. R., Kansas, G. S., Stickney, G. W., Ley, K.,
and Lawrence, M. B. Functional characterization of L-selectin ligands on human
neutrophils and leukemia cell lines: evidence for mucin-like ligand activity distinct
from P-selectin glycoprotein ligand-1. Blood,91: 1067–1075, 1998.

35. Aigner, S., Sthoeger, Z. M., Fogel, M., Weber, E., Zarn, J., Ruppert, M., Zeller, Y.,
Vestweber, D., Stahel, R., Sammar, M., and Altevogt, P. CD24, a mucin-type
glycoprotein, is a ligand for P-selectin on human tumor cells. Blood,89: 3385–3395,
1997.

36. Martin-Satue´, M., de Castellarnau, C., and Blanco, J. Overexpression ofa(1,3)-
fucosyltransferase VII is sufficient for the acquisition of lung colonization phenotype
in human lung adenocarcinoma HAL-24Luc cells. Br. J. Cancer,80: 1169–1174,
1999.

37. Biancone, L., Araki, M., Araki, K., Vassalli, P., and Stamenkovic, I. Redirection of
tumor metastasis by expression of E-selectinin vivo. J. Exp. Med.,183: 581–587,
1996.

38. Kim, Y. J., Borsig, L., Varki, N. M., and Varki, A. P-selectin deficiency attenuates
tumor growth and metastasis. Proc. Natl. Acad. Sci. USA,95: 9325–9330, 1998.

39. Kim, Y. J., Borsig, L., Han, H. L., Varki, N. M., and Varki, A. Distinct selectin
ligands on colon carcinoma mucins can mediate pathological interactions among
platelets, leukocytes, and endothelium. Am. J. Pathol.,155: 461–472, 1999.

40. Aigner, S., Ramos, C. L., Hafezi-Moghadam, A., Lawrence, M. B., Friederichs, J.,
Altevogt, P., and Ley, K. CD24 mediates rolling of breast carcinoma cells on
P-selectin. FASEB J.,12: 1241–1251, 1998.

Fig. 9. Effect of PIPL-C treatment on lung arrest of KS breast carcinoma cells.A, KS
breast carcinoma cells were not treated or treated with PIPL-C and labeled with51Cr, and
106 cells were injected into LPS-pretreated P-selectin1/1 mice. Organs of tumor cell-
bearing animals were removed and counted after 6 h. The distribution of radioactivity in
individual organs is given as a percentage of total input.B, the radioactivity content of the
lungs is shown for each individual mouse.

6721

CD24 AND P-SELECTIN IN LUNG ARREST



41. Norton, C. R., Rumberger, J. M., Burns, D. K., and Wolitzky, B. A. Characterization
of murine E-selectin expressionin vitro using novel anti-mouse E-selectin mono-
clonal antibodies. Biochem. Biophys. Res. Commun.,195: 250–258, 1993.

42. Ebeling, O., Duczmal, A., Aigner, S., Geiger, C., Scho¨llhammer, S., Kemshead, J. T.,
Moller, P., Schwartz-Albiez, R., and Altevogt, P. L1 adhesion molecule on human
lymphocytes and monocytes: expression and involvement in binding toavb3 integrin.
Eur. J. Immunol.,26: 2508–2516, 1996.

43. Beer, S., Oleszewski, M., Gutwein, P., Geiger, C., and Altevogt, P. Metalloprotein-
ase-mediated release of the ectodomain of L1 adhesion molecule. J. Cell. Sci.,112:
2667–2675, 1999.

44. Gosslar, U., Jonas, P., Luz, A., Lifka, A., Naor, D., Hamann, A., and Holzmann, B.
Predominant role ofa 4-integrins for distinct steps of lymphoma metastasis. Proc.
Natl. Acad. Sci. USA,93: 4821–4826, 1996.

45. Hafezi-Moghadam, A., and Ley, K. Relevance of L-selectin shedding for leukocyte
rolling in vivo. J. Exp. Med.,189: 939–948, 1999.

46. Pries, A. R. A versatile video image analysis system for microcirculatory research.
Int. J. Microcirc. Clin. Exp.,7: 327–345, 1988.

47. Ley, K., and Gaehtgens, P. Endothelial, not hemodynamic, differences are responsible
for preferential leukocyte rolling in rat mesenteric venules. Circ. Res.,69: 1034–
1041, 1991.
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