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ABSTRACT 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

35,000-60,000 mucine-type glycosylphosphatidylinositol-linked cell sur- LPS’ (12_’ 13). In.contrast, E-sele_ctln requmﬂnovosy.nthe&s- for its .
face molecule, can function as ligand for P-selectin and that the sialyle €XPression and is therefore available only at later time points during
carbohydrate is essential for CD24-mediated rolling of tumor cells on an inflammatory response (7-9). Selectins mediate the rolling adhe-
P-selectin. To investigate the role of both antigens more closely, we sion by interacting with specific carbohydrate ligands on the cell
transfected human A125 adenocarcinoma cells with CD24 and/or fucosyl- surface that are sialylated, fucosylated lactosaminoglycans such as
transferase VII (Fuc TVII) cDNAs. Stable transfectants expressed CD24  sjalylLe* and other sialylated or sulfated moieties that are displayed
and/or sialylLe*. Biochemical analysis confirmed that in A125-CD24/ gn a limited number of glycoproteins (14, 15). On leukocytes, high-
FucTVIl double transfectants, CD24 was modified with sialylL&. Only  4¢finity selectin ligands that can support rolling interactions include
double transfectants showed rolling on P-selectiiin vivo. When injected PSGL-1 (16, 17). PSGL-1 is a mucin-type glycoprotein that contains

into mice, double transfectants arrested in the lungs, and this step was th . ¢ . id the.Netmi Sulfatati f
P-selectin dependent because it was strongly enhanced in lipopolysaccha- ree unique tyrosine residues near the;Nerminus. suliatation o

ride (LPS) pretreated wild-type mice but not in P-selectin knockout mice. ©On€ of these tyrosine residues in addition to sial§leepression is
CD24 modified by sialylLe* was required on the tumor cells because the €ssential for P-selectin binding to PSGL-1 (18, 19). The presence of
LPS-induced lung arrest was abolished by removal of CD24 from the cell the sialylLe& oligosaccharide alone is not sufficient for mediating
surface by phosphatidylinositol-specific phospholipase C. A125-FucTVII rolling interactions of leukocytes. Studies in knockout mice deficient
single transfectants expressing sialylLe but not CD24 did not show in FucTVII, which is necessary for the biosynthesis of sialyfl(20),
P-selectin-mediated lung arrest. The sialylL& epitope is abundantly ex- lacking E- and/or P-selectin (21) or lacking PSGL-1 (22) have
pressed on human carcinomas, and significant correlations between sia- demonstrated the important role of these structures in rolling and
lylLe* expression and clinical prognosis exist. Our data suggest an important . .
role for sialylLe*-modified CD24 in the lung colonization of human tumors. 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
INTRODUCTION inflammation and trauma, which favor the expression of selectins, can
) ) influence the spread of tumor cells (25, 26). In addition, sialjlae
During the process of metastasis, tumor cells have to cross the 1¢@ rejated sialylLe oligosaccharides are commonly expressed on
extracellular matrix, penetrate the vascular endothelium, mrc_ulateH[]man carcinoma cells and are associated with poor clinical prognosis
the blood or lymph, and extravasate through the vessel wall into ti_31) |ndeed, many human cancer tissues or established tumor cell
tissue where the formation of secondary tumors eventually occurs (| Yes can bind to E- and P-selectin (32-35). Experimentally, overex-

review, see Refs. 1 and 2). The acquisition of properties that allow g,sqion of sialylL&in tumor cells by transfection with fucosyitrans-
mte_ractlon with normal host cells like leukocytes, platelet_s_, or en_df’e'rases caused enhanced lung colonization that was correlated with
thelial cells_may be of advantage for tumor C(_ells. The ability to blngetter E-selectin binding (36). Ectopic expression of E-selectin in the
to platelets in the blood stream may be O_f part|cu_|ar importance. It hﬁ\?er of transgenic mice leads to a redirectioning of tumor cells that
long been known that tumor cells can circulate in the vasculature r?(?rmally colonized the lungs (37). These results indicated that car-

stabilized pIateIet-gnriched thrombi thgt can physically protept tumBBhydrates on tumor cell surfaces may be recognized by E-selectin on
cells from destruction (3, 4). The ability to bind to endothelial (:elllsne endothelium. The potential importance of P-selectin in tumor

may be also beneficial. After passage through the blood stream, turTr1n0ertastasis was also demonstrated recently (38). Using P-selectin/

cells have to adhere to the endothelium lining the vessel wall. TW«’SAG-Z double knockout mice, a diminished tumor growth and me-
step is a prerequisite for tumor extravasation and tissue penetratti‘gi)gtasis of human adenocarc;inoma cells compared with wild-type
(5, 6).

Among the endothelial selectins, P- and E-selectin (CD62P aﬁaselectlnLH mice was observed (38). The reduced tumor dissemi-

CD62E) play an important role in capturing leukocytes in inflameHation in P-selectin-deficient mice was attributed to the capability of
play P P 9 Y latelets to interact with tumor cells; however, a role for endothelial

tissues (7-9). The initial cell contact with the vessel wall is followeE .

by the selectin-mediated rolling of leukocytes on the endothelial ¢ "-selecyn was not exclud_ed (38.)' . . .

surface, leading to integrin-mediated firm adhesion and transmigra—l:)es.plte the accumulating evidence that mteractl.ons of selectins

tion (10, 11). P-selectin is found on the surface of activated endotl%'—th sialylLe* a_nd related_ structL_Jres can play arole 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
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Carbohydrates on tumor cells have been shown to play an important
role in tumor metastasis. We demonstrated before that CD24, aVl,
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cells be? Indirect evidence suggests that, as on leukocytes, mucin-tigpgard, 53-GCTATGGAGATACAGACCACTCA-3; PSLG-1 reverse, '5
glycoproteins account for most of the selectin ligands on carcinoffAGATGGCAGAGTGAGCTAAG-3 (fragment size, 874 bp); FucTVII for-
cells (39). In previous studies, we demonstrated that the GPIl-anchowgid, 3-CACCTCCGAGGCATCTTCAACTG-3 and FucTVIl reverse, s
mucin CD24 can act as a P-selectin ligand on human carcinoma c&feT T6GTATCGGCTCTCATTCATG-3(fragment size, 497 bp).
(35). We also have shown previously that CD24 can support Eﬁzyme Treatment
selectin-mediated rolling of human tumor cells on the endothelium;
however, sialylL& had to be expressed concomitantly by the cells Treatment of cells with PIPL-C (500 milliunits/ml) f&2 h was done as
(40). The biosynthesis of sialylFeequires the addition of a fucosyl described previously (35). To control the successful removal of GPI-anchored
residue to the type 2 chain-based structures gG#GIcNAc-R) that proteins, an aliquot of the cells was analyzed by FACS using the mAb to
can be mediated by FucTVII (21). To study the functional role of bothP24- The remainder of the cells were labeled witer for 1 h at37°C,
antigens in detail, we have now reconstituted human A125 adeno%?—sr‘?d twice, adjusted to a concentration 1L0" cells/ml, and injected into
cinoma cells with CD24 and/or FucTVIl cDNAs. We establishet e tail vein of mice.
stable single and double transfected cells and investigated P-seleqti§r Binding Assays
mediated interactionm vitro andin vivo. Our results indicate that
sialylLe* modified CD24 creates a functional P-selectin ligand at the For binding of cells to P-selectin IgG, goat antihuman IgG was coated
tumor cell surface that can promote rolling and tumor cell Colonizg-efore _the fusion protein to allqw directional coating. Vitronectin was obt_alned
tion to the lungs. Expression of sialyfteor CD24 alone was not from Sigma and coated overnight ady/ml. Wells were then blocked with

. . . BSA, and the binding assay was performed as described previously (42, 43).
sufficient to mediate theses effect.s. Because CD24 and SI?:iIgIttea Cell binding was measured by counting six independeh0 fields by video
coexpressed by many human carcinoma cells, our data have importantoscopy using IMAGE 1.47 software.
implications for the understanding of molecular interactions during

the early steps of the process of metastasis. Animal Experiments
Rolling experiments were performed on four male 8—10-week-old mice
MATERIALS AND METHODS weighing between 22 and 26 grams. Wild-type C57BL/6 mice were obtained
from Hilltop (Scottdale, PA) or from Charles River (Sulzbach, Germany).
Cells Female P-selectin/— mice of the same age were obtained from Jackson

The breast carcinoma cell line KS and the A125 lung adenocarcinoma Cé.lflsborato_ry (An_n Arbor, MI). The organ a_rrest of human tumor Ce"?’ In mice
. was studied using'Cr-labeled cells as outlined by Gosstdral. (44). Briefly,

and CD24 transfectants derived from these cells (A125-CD24) have bec%rfls were washed and incubated in RPMI 1640 containing 20% FCS in the

described previously (35). A125-CD24 cells expressing human FucTVII were g

. s o -
established by transfection of a FucTVII cDNA (obtained from Dr. J. Lowé;gjvzr;;fezf;on?ig mlc(a:c;iLor:\ 1;3;?; dcériiegznft;e dtthoeg rl:nsche?nirte\:\tlilgg g; 10
University of Michigan, Ann Arbor, M) in pREP4 (Invitrogen, Groningen, the P ' ' y

SS9 . . . lls/ml. An ali f the cell i i
Netherlands) using LipofectAMINE (Life Technologies, Inc., Eggenstein, Gefr s/ml. An aliquot of the cell suspension was counted in a gamma counter to

many). After hygromycin selection, sialylt@xpressing transfectants Weredetermine the specific incorporation per cell. Cells (J0Pwere injected via
Y- Y9 V! . » siay p g the tail vein. For LPS treatment, 1Q0 of LPS from Escherichia coli026:B6

selected by FACS sorting using the sialyfigpecific mAb AM-3 (see below). Sigma) at 0.1 mg/ml were injected via the tail wél h before application of

A125 cells were transfected with FucTVII and selected in a similar way. Cel ﬁegtumor ce.IIs 9 J PP

were cultivated in RPMI 1640 supplemented with 10% FCS at 37°C, 5% C '

and 100% humidity. In vivo Rolling Analysis

Reagents Intravital Microscopy. Mice were anesthesized with an i.p. injection of

ketamine hydrochloride (100 mg/kg; Ketalar; Parke-Davis, Morris Plains, NJ)

Anti-CD24 mAbs ML-5 and SWA11 have been described previously (3Skqier pretreatment with xylazine (0.05 mg/kg, i.p.) and atropine (0.1 mg/kg,
MA CSLEX-1 (anti-sialylL€&) was a kind gift of E. C. Butcher (Stanford i.p.; Elkins-Sinn, Cherry Hill, NJ). Animals were at 37°C with a thermocon-

University, Stanford, CA). mAb AM-3 (anti-sialyl'$ was a gift of Dr. G. = 4q)jeq heating pad. Mice were pretreated 2-3 h before surgery with an

Hanski (Benjamin Franklin Clinics, Berlin, Germany). Human P-selectin 19G,,ascrotal injection of 0.5 mg of murine TN&4n 0.3 ml of isotonic saline.
was a gift from Genetics Institute (Boston, MA). The polyclonal antibody to Local catheter. For local injection of the cells into the microcirculation of

mouse P-selectin and the mAb to mouse CDAL (clone MWRe_g30) W&ffe cremaster muscle, a heparinized catheter was placed into the proximal part
obtained from PharMingen (Hamburg, Germany). mAb W6/32 against humgf o right femoral artery and advanced toward the branching section of
MHC class | (biotinylated) was ‘obtamed from Dr. Gerd Moldenhauer (Germaﬁqternal iliac artery from the common iliac artery (45). Transfected cells were
Canc_er Research_ Centerz He'de'be”-?" Gem_1any). mAD 9A9 (rat I1gG1) i@ eleq with 0.5ug/ml calcein AM (Molecular Probes, Eugene, OR) for 30
blocking mAb against murine E-selectin, and it was used atginouse (41). i at 37°C. Cells (5-1x 10° cells/ml) were injected as a 0.1-ml bolus into
TNF-o was used at 0.5ug/mouse and obtained from Genzyme Corpyhg cremaster microcirculation via the local catheter. Microscopic observations
(Cambridge, MA). 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

The staining of cells with mAbs and phycoerythrin-conjugated goat anftS described previously (45) and superfused with thermocontrolled 35°C

bodies to mouse immunoglobulins (SERVA, Heidelberg, Germany) has bdfiarbonate-buffered saline saturated with 953@Nd 5% CQ. The exposed

described previously (35). Stained cells were analyzed with a FACScan flfgemaster microcirculation remained well perfused. Time 0 was set at the

rescence-activated cell analyzer (Becton Dickinson, Heidelberg, Germanyjr€atment of cremaster with TN&- TNF-« (500 ng) was injected in 0.3 mi of
saline. For continuous blood pressure monitoring and blood sampling, the

Isolation of RNA and RT-PCR Analysis carotic artery was canulated with heparinized PE-10 tubing. All vessels had
calculated wall shear rates between 600 and 800 Mlicrovessel diameters

The isolation of total RNA from cells and RT-PCR have been described and individual rolling tumor cell velocity were measured using a digital image

detail elsewhere (42). Briefly, total RNA was transcribed into cDNA usingrocessing system (46). Freeze frame advancing was used to accurately

Moloney murine leukemia virus reverse transcriptase (Promega, Heidelbarmnitor the movements of the individual rolling transfectants. Each rolling

Germany) and oligo(dT) for priming. After heat inactivation of the enzyme, transfectant passing a line perpendicular to the vessel wall was followed for

the RNA/DNA hybrid was treated with RNase H, and the cDNA was used &b5-1 s. Rolling velocities for individual transfectants were calculated by

a template for PCR analysis. The following primers were used: PSGLélviding the traveled distance by the tracking time. Venules with diameters
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between 25 and 5@m were observed, and video recordings were made 1200
through a charge-coupled device camera system (model VE-1000CD; Dage- 0 CD24
MTI, Michigan City, IN) on a Panasonic S-VHS recorder. Measurements of 10004 [M sLex
transfectant rolling were performed using stroboscopic epifluorescence illumi-
nation (60 s*; Strobex; Chadwick Helmuth, Mountain View, CA). For each « 8004+
injection of cells, video scenes of approximately 10 min in duration were g T
recorded (250-300 passing cells). The centerline velocities of the respective z 6004
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 ERa!
injection of cells, flow was transiently reduced due to lodging of the cells in
capillaries. However, in all experiments, flow returned to baseline values
L - . . . 200 1
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). O Al D24 | AIZ3CD2A

FUC TVII
Fig. 2. Analysis of affinity-purified CD24 for sialylCemodification. ELISA analysis
Tumor cells were labeled with the fluorescent dye CSFE [5-(and-6f affinity-purified CD24 from A125-CD24 or A125-CD24/FucTVII double-transfected
carboxyfluorescein diacetate, succinimidylester; Molecular Probes, Leiden, fi§ds using mAbs to CD24 or sialylFe
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 detectecyifis|y (35). We report here that both cell lines do not express FucTVII
the stained sections .by fluorescence mi(_:roscopy or by the ABC stainiﬁspNA as shown by RT-PCR analysis (data not shown) and are
p:Z\C/ieo?Jusrle (chtor stain; Vector Laboratories, Burlingame, CA) as descr'bﬁggative for the sialyllecarbohydrate epitope at the cell surface (see
P y (48). Fig. 1). To alter the cellular glycosylation, A125-CD24 cells were
Biochemical Analysis transfected with FucTVII cDNA, and stable transfectants were se-
o - o ] ~ lected in the presence of hygromycin. Transfected cells expressed
The affinity purlflcatlon of CD24 has been described in detail prev'OUSI¥ialyILe?‘ and were further enriched for homogenous expression of the
(35). Sample aliquots were separated by SDS-PAGE on a 10% slab gel ungéftope by FACS sorting using the sialyf-specific mAb AM-3. Fig.

reducing conditions, and proteins were transferred to Immobilon membraf h th tof hi \vsis of all t fectant ina th
(Millipore). Blots were developed with anti-CD24 mAb SWAL11 followed by shows the cylofluorographic analysis of all transiectants using the

peroxidase-conjugated goat antimouse IgG and enhanced chemiluminesc@ig&St carcinoma cell line KS as a positive control. The levels of
detection (Amersham-Pharmacia Biotech, Freiburg, Germany). ELISA anafyD24 expression at the cell surface of A125-CD24 cells and the

Immunohistological Analysis

sis of purified CD24 was done as described previously (35). CD24/FucTVII double- or mock-transfected cells did not differ sig-
nificantly. Double-transfected cells were stained with the siafdLe
Statistical Analysis specific mAbs AM-3 and CSLEX-1, respectively.
Statistical analysis of the data was done using the unpaired Studées's PSGL-1 has been shown to be a major ligand for P- and E-selectin
or Wilcoxon’s rank-sum test. on leukocytes (17, 18). To rule out the possibility that PSGL-1 was
expressed by A125 cells or induced on transfection, we investigated
RESULTS the PSGL-1 expression by RT-PCR analysis. The PSGL-1-specific

primers amplified an expected band of 874 bp from control HL60
Characterization of A125 Cells Transfected with CD24 and cells; however, all transfected carcinoma cell lines did not express
FucTVIl. The lung adenocarcinoma line A125 and a subline stabtjetectable levels of PSGL-1 (data not shown).
transduced with CD24 (A125-CD24) have been characterized previFucTVII Expression Alters CD24 Glycosylation. To establish
that FucTVIlI expression affected the glycosylation of CD24, the
antigen was affinity purified from A125-CD24 or A125-CD24/FucT-

A125CD24  A125CD24 VIl double-transfected cells using a mAb ML-5 column as described
A © Al2S - AI2SCDM  MOCK  FUCTVU previously (35). SDS-PAGE and Western blot analysis revealed a
single band at approximateM,, 40,000—50,000, in agreement with
ls . Vl . SWAIl our previous studies (35). Staining of the gel with colloidal Coomassie
B xuae A o O e A revealed no contaminating protein bands in the CD24 preparations
(data not shown).
The purified CD24 was analyzed for sialyftenodification by
CSLEX-1 ELISA. Only CD24 isolated from A125-CD24/FucTVII-transfected
5 cells was reactive with mAb AM-3 to sialyllgFig. 2). These results
§ 0 gt weh gt e et 0l gt 10t ot indicated that CD24 in double but not single transfectants was deco-
3 rated with sialylLé.
? AM-3 FucTVII Expression Augments P-selectin-mediated Platelet
“ J l l l ls”. Binding. The binding of cells to P-selectin IgG immobilized to a
10 10t 10 00 w0 et 0%t g et 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-
Fig. 1. Characterization of A125 adenocarcinoma cells transfected with CD24 and Fegted cells showed slightly enhanced binding compared with A125
TVII. Cytofluorographic analysis of transfected cells using mAbs specific for CD2 . . . . A
(SWA1) or the sialylL& epitope AM-3andCSLEX-) followed by FITC-conjugated goat ée“S: The adhesion of the cells to vitronectin was quite similar for all
antimouse 1gG. cell lines.
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lung and sialylL&-bearing ligands on the tumor cells were important

3007 7 A125 ; -
in mediating arrest of human A125 tumor cells.

% 400 O A125 CD24 Histological examination of lungs from LPS-treated and nontreated
5 [ A125 CD24 MOCK animals indicated that P-selectin expression was induced on lung
g 3001 MA125 CD24 FUC TVII vessels (Fig. 8). This observation supports the notion that endothelial
e P-selectin might initiate the rolling of tumor cells in the lung vascu-
=
[=}
% 200
G
L+

1001 A

o LT e

BSA P-Selectin Vitronectin

Fig. 3. Binding of transfected cells to P-selectin. Binding of cells to immobilizec
P-selectin IgG. Tumor cells were allowed to bind to P-selectin 1gG (coateghgiril) or
vitronectin (coated at 1@g/ml). Bound and nonbound cells were separated by buoyal
density and counted.

FucTVIlI and CD24 Expression Allows Rolling of Tumor Cells.
It has been shown previously that P-selectin can support the CD:.
mediated rolling of tumor cells vitro andin vivo (40). To determine
whether transfection had changed P-selectin-mediated rolling on v
cular endothelium, we injected cells into the femoral artery of TNF
a-treated mice and observed their transit through post-capilla
venules of the exteriorized cremaster muscle. The results from th<B
experiments are summarized in Fig. 4, showing that only A125-CD2
FucTVII double transfectants were able to roll on endothelium. CDz
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 glycc
sylation and augmented P-selectin-mediated binding and rolling, \
examined thdan vivo behavior of transfected cells. In a short-terrr
homing assay®'Cr-labeled cells were injected into the tail vein of
C57/B6 mice, and the accumulation of tumor cells in individue
organs was determined by whole-organ counting. In initial kineti
experiments, the A125-CD24 and the double-transfected A125-CD:
FucTVII cells were compared at 2, 6, and 24 h. It was found that arre Al125CD24 Al125CD24 Al125CD24  Al25
of tumor cells in the lungs peaked aft2 h (between 5-10% of the FUCTVII mock
total) and in the liver afte6 h (between 20-30% of the total).
Accumulation of radioactive cells in the spleen and kidney we C
highest afte 6 h (between 2-5%). Fig.A(left pane) gives a repre-
sentative distribution pattern of label after 6 h, showing that the initi
values for the lung had already declined to approximately 2—-3%
injected cells. Tumor cells reach the lung as the first organ. To allc
the initial flush of cells to pass by, the animals were sacrificed aft
6 h to specifically detect retained cells. At this time point, no radic

50

Rolling flux fraction in %

08— r
0.7 /4 =
0.6 R SN ",
0:5 f

activity was detectable in the blood, making the perfusion of organs : 7

remove blood-borne cells unnecessary for the analysis. 0.4+ ;f'_ —
To induce P-selectin expression on endothelial cells, mice we 0.3 I"

injected i.v. with LFS 2 h before application of labeled tumor cells. As 0.21— 7"

shown in Fig. & (right pane), the treatment significantly increased 0.1 L e —

0 T T T T T
0 20 40 60 80 100 120

the percentage of double-transfected A125-CD24/FucTVll cellsin tl
lungs but not in the other organs investigated. LPS pretreatment o

Cumulative frequency of rolling velocities

weakly augmented the arrest of A125-CD24 cells in the lungs (Fi Rolling velocity in pm/s
5A, right pane), and A125-CD24/mock-transfected cells behaved in
the same way (data not ShOWf‘I). Fig. 4. Analysis of cell rollingin vivo. A, visualization of the rolling of a CD24/

. L ... FucTVII cell within 1 s. Pictures from video micrographs of the same vessels (from
To study a putative role for P-selectin in the lung arrest, simil@pnsecutive 0.1 frames) were pasted below each other to demonstrate the rolling behavior

experiments were carried out in P-seleetir- mice. As shown in of the cell in fluorescence microscopy. Ther represents 5Qum. B, interaction of

; ; _ ; A ; ; _ i~ transfectants in TNF-treated wild-type mice with endothelium of cremaster muscle
Flg' 5B, in contrast to P-selectii/+ wild type mice, In P-selectin venules after blockade of E-selectin with mAb 9A9. The graph represents the rolling flux

deficient animals, the LPS injection did not increase lung arrest of tbetransfectants as a percentage of passing transfectants through the vessel (SE). Data
double-transfected tumor cells. Instead, a minor increase of simifgpresent six measurements from two independent experin@rtemulative frequency

. . . . of rolling velocities of rolling A125-CD24/FucTVII transfectants on microvascular en-
size as seen for A125-CD24 cells in Wlld-type animals occurred Udthelium of mouse cremaster muscle. Rolling velocity of 50 individual cells was
double transfected cells. These results suggested that P-selectin inigsured for 0.5-1.5 s of rolling time.
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PIPL-C Treatment of Carcinoma Cells Affects Lung Retention.

. . CD24 is a GPl-anchored cell surface molecule that can be removed by
P-selectin +/+ 30 Pselectin +/+ +LPS = 15 'C treatment. We have shown previously that the treatment
00 A125CD24 O A125CD24 affects P-selectin binding and P-selectin-mediated rolling of tumor
B A5 cooa W A125CD24 cells (40). We therefore tested whether the treatment would influence

FUCT VII 204 FUCT VI the lung arrest of A125-CD24/FucTVIl double transfectants. FACS
analysis of the cells before and after PIPL-C treatmeni fio showed
a reduction of CD24 cell surface expression (a decrease of mean
10- fluorescence from 30 to 5; see FigA)7 The staining of the trans-
membranal MHC class | 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
B arrest in the kidney (Fig. 8) or spleen and liver (data not shown)

>

30

201

% of total radioactivity recovered

0
liver lung kidney spleen blood liver lung kidney spleen blood

lung remained unaffected.
FucTVII Transfection Is Not Sufficient for Lung Retention.
P-selectin -/- P-selectin +/+ These results suggested that sialyllearbohydrates presented on
20 PIPL-C-sensitive ligands were involved in the lung arrest of A125
o Al25CD24 tumor cells. To further investigate a particular role of CD24 in this
® A125CD24 p <0.001 process, we established A125-FucTVII transfectants devoid of CD24.

154

w

As shown in Fig. B, these cells did not react with a mAb to CD24
(ML-5) but did react with the sialyllespecific mAb AM-3. When
104 analyzed for lung arresn vivo, the A125-FucTVII cells behaved in a
° manner similar to that of A125-CD24 or PIPL-C-treated double-
8 transfected A125 cells (Fig. 8). These observations indicated that
=N ° ‘B‘—Q— —g— sialylLe* per sewas not sufficient to initiate lung arrest.
z —%‘a_ o To confirm our results in another tumor cell system, we used the
CD24- and sialylL&-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
Fig. 5. Role of P-selectin in lung retention of tumor cells. A125-CD24 and jnjected PIPL-C treated or nontreated cells into LPS-pretreated mice
A125-CD24/FucTVII double-transfected cells were labeled wibr, and 16 cells were L. .
injected into LPS-pretreated or nontreated P-seledtin mice. Organs of tumor cell- and analyzed the organ distribution of retarded cells. Enzyme treat-
bearing animals were removed and counted after 6 h. The distribution of radioactivityrinent reduced CD24 expression (40) and, as shown in Fig. 9, also
e e vt st b eumee” diminished the rectuiment of cells n the lungs. Collectvely, these
P-selectin-/— mice. The experiments were performed as described, and datafanen ~ data suggest an important role for sialyft@odified CD24 and
included for statistical analysis. P-selectin in the accumulation of tumor cells in the lungs.

FucTVII

-.4).. [_J

% of total radioactivity recovered

S
7Lps | +LPS LPS | +LPS
n=7 n=11

DISCUSSION
lature. P-selectin was also detectable on platelets in the vascular

lumen of the mice as well as on platelet aggregates detected in thdn€ present study was undertaken to gain insight into molecular
lungs and other tissues. interactions that are potentially important for the dissemination of
Tumor cells were also fluorescence labeled before injection intdMmor cells. We demonstrate that the ability of A125 tumor cells to

LPS-treated mice and identified in organ sections using fluoresceridgract with P-selectin can be altered by expression of CD24 and
microscopy. Fluorescent tumor cells were abundant in the lungs %fCTV” cDNAs. Transfected cells expressed CD24 and/or sialylLe

wild-type animas 6 h after injection. Cells were localized mostly indt the cell surface. We established by biochemical means that CD24

capillaries of alveolar septa. In P-selectin-deficient mice, the frl double-transfected cells was modified with sialylL@hus, the

quency of fluorescent tumor cells was much smaller in the Iungs,?l%lD24 mucin-type glycoprotein was readily accepted as a substrate for

. . - . th iti f sialylL& gl . Alt i f P-selecti
agreement with the radioactivity data. We determined the number o? addition of sialylLé glycans ered expression of P-selectin

{ latelet t . binati £ 1l elg%?nds was detected in static binding assays to immobilized P-
umor-patelet aggregates using a combination ot fluorescence ectin. Only double-transfected cells showed strong interaction. We

histological staining with a mAb to CD4.1’ a §peC|f|c .marker fOlEhen determined whether transfection had changed P-selectin-medi-
mouse platelets. The results are summarized in Fig.N6ixed 89~ 404 rolling on vascular endothelium. Again, only double-transfected
gregates consisting of platelets and fluorescent tumor cells Wegis \vere able to show rolling interactions. These results are consist-
observed in lung sections of LPS-treated P-selectin-deficient or wildat with our previous observation using KS breast carcinoma cells,
type mice. However, the percentage of tumor cells surrounded bygpwing that in inflamed endothelium, tumor cell rolling was pre-
few or more platelets was rather small (approximately 15%). Most gbminantly mediated by P-selectin (40). Transfected cells were also
the tumor cells in the lungs were devoid of platelet association. Thgegted for their ability to colonize the organs of mice after i.v.
was only a small (if any) difference in the percentage of tumor-plateligection. To induce selectin expression, the animals were pretreated
aggregates observed in lungs of P-seleetin versusP-selectin-/+  with LPS. A glycosylation-dependent arrest of injected tumor cells
animals. This observation suggested that under the experimental agas observed in the lungs of LPS-treated mice and was barely
ditions, P-selectin was unnecessary to form tumor roséttestu.  detectable in nontreated animals. Arrest in this organ appeared to be
Similar observations were made in the liver and other organs Bfselectin dependent because it was only observed in P-selectin wild-
tumor-injected mice (data not shown). type but not P-selectin-deficient mice. Importantly, CD24 had to be
6718
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A

control

- LPS

Fig. 6. Histological examination of injected
tumor cells in lung tissueA, 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 antibodyb (and d).
Control staining was done by using the second-
ary antibody alone g and c). Note the strong
induction of P-selectin staining by LPS on the
lung endothelium indicated bgrrowheads. B
quantification of mixed tumor-platelet aggre-
gates in lung sections. Fluorescence-labeled
A125-CD24/FucTVII double transfectants were
injected into LPS-pretreated P-selectih- or
+/+ mice. Tumor cells were detected by fluo-
rescence microscopy, and platelets were detected lung VeSSCIS
by CDA41 staining. Tumor cells (identified by
fluorescence) were examined for the number of B
associated platelets and classified in three
groups: type A, no detectable platelets; type B,

+LPS

<10 platelets associated; and type C, large tu- tumor/platelet Interaction in the lung
mor-platelet aggregates refers to the number of
tumor cells examined in the lung sections of 35
P-selectin-/— or +/+ mice. Note that for P-
selectin-/— animals, many more lung sections g .
had to be examined to score the same number of 30 + ] [ ‘?'M. = |
tumor cells. type A &‘E "“

72} 4 ~ b
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E 20 ¢
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o 15
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E 10 1
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5 4
0 t
P-sel +/+ P-sel -/-
n=38 n=38

present at the cell surface because the sole expression of sialydlse injection, the lung endothelium of LPS-treated mice strongly ex-
not sufficient for accumulation of cells in the lungs. Additionapressed P-selectin. As expected, this was not observed in the lungs of
experiments using PIPL-C treatment to remove CD24 from the céltselectin-deficient mice, raising the possibility that endothelial P-
surface confirmed the requirement for this molecule in the procesglectin was a decisive factor by allowing tumor cell rolling in the
We concluded that a P-selectin-CD24 interaction was responsible liang vasculature. However, a contribution by platelet P-selectin to the
initiating the arrest of tumor cells in the lungs and that CD24 had tibserved lung arrest had to be considered. Indeed, platelets have been
be modified by sialylL& to exert the effect. hypothesized to contribute to tumor dissemination (3, 49, 50). Many
P-selectin can be expressed by activated platelets as well ashinman or animal tumors possess procoagulant activity that can be due
flamed endothelium, raising the question of which cellular interactido the production of tissue factor, production of factor X activators, or
was responsible for the observed effetvivo. To clarify this point, the ability of the tumor cell to mediate the assembly of the prothrom-
we carried out histological examinations showing that after LP@nase complex, leading to the generation of active thrombin from
6719
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A A there is accumulating evidence that the C-type lectins and the sialyl-
Le* oligosaccharide binding pathway may have versatile functions for
cell-cell interaction (56). Ohayanet al. (57) have recently reported

ML5 that sialylLe' carbohydrates exposed at high density on sibrt

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 pdllyacetyllactosamines typical for

O-linked glycans, these cells were highly metastatic, probably through

log fluorescence intensity an interaction with a C-type lectin on lung endothelial cells (57).
Although our results are in agreement with the latter findings, we

A cannot at present rule out the possibility that although retained in the

100 lungs, the accumulated tumor cells may have been the target of natural
killer-mediated lysis at a later stage.

MLS5 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-

100 coma, and renal cell carcinoma (see Ref. 35). Mucin-type glycopro-
teins have been implicated to serve as ligands for selectins, and it was

AM-3 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 arD-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
] o modified by sialylL& can act as a P-selectin ligand and exert func-
o, Tracerzaton of PIPLC veeed A125 CO2ATUCTVIL a0d M2 EUET ons simiar 10 those of PSGL-L on leukacytes. s evident fom our

transfectants were treatedrfb h with 500 milliunits of PIPL-C and analyzed for cD24 study that CD24 modified by sialylXecould be an essential factor for
expression using the mAb SWA11. Thashed lingepresents staining with the secondarythe formation of tumor metastases.

antibody only.B, A125-FucTVIl cells were stained for the expression of CD24 or

sialylLe* using the respective mAbs and analyzed by FACS analysis.

cell number

\)

cell number

0:
10° 10%

log fluorescence intensity

A125 A125 Al25

plasma prothrombin (51, 52). Generation of thrombin or other tumor cp24 |FUCTVII]  CD24 FUC TVII

mechanisms activate platelets, leading to direct aggregation or secre- T
tion of ADP, serotonin, and/or intermediates of the arachidonatghenotype g;zy‘;L: ggfy‘:L’w SialylLe~ +
metabolism. LPS is the most potent stimulus for monocyte procoagu- 20 PL-PLC-treated
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 an
tumor-injected animals. It was therefore quite surprising that the
double-transfected A125 celis situ were largely devoid of platelets.
Most importantly, there was no significant difference in the number of
tumor-platelet aggregates in P-seleetin- 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 Wef | .
cannot exclude additional effects of activated platelets beyond tumor;\i > f
cell binding, it is more likely that P-selectin on endothelial cells was
the most important parameter in our experiments. It is interesting to L ®
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 n=12 n=38 n=9 n=9
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 : s
inflammatory response occurring in hemorrhagic shock that is accom- 1] 3 —a —‘—
panied by injury to the liver and lungs (54, 55). 4 @ ! 4
In the present report, we have not addressed tumor growth param-
eters _because we WI_Sh?d to focus on molt_ecul_ar mteract_lon_s that arEg. 8. In A125 cells, sialylL&modified CD24 is required for lung arrest. Analysis of
standing at the beginning of organ colonization. Our finding th@imor cell arrest in the lungs. A125-CD24/FucTVIl double-transfected cells untreated or

tumor cells endowed with siaIyIIi‘eCD24 are particularly well suited treated with PIPL-C and A125-CD24 or A125-FucTVII single transfectants were labeled
to int t with platelets. t Il dothelial I d h with 51Cr, and 16 cells were injected into LPS-pretreated P-seleefin mice. Organs of
0 Interact with platelets, to roll on endothelial cells, an ave gfinor cell-bearing animals were removed after 6 h, and the radioactivity content was

advantage in colonizing the lungs is of great importance. Howeveegtermined by gamma counting.
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Fig. 9. Effect of PIPL-C treatment on lung arrest of KS breast carcinoma éelisS 28
breast carcinoma cells were not treated or treated with PIPL-C and labeled!@itrand
10° cells were injected into LPS-pretreated P-selegtin 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 inButhe radioactivity content of the 29
lungs is shown for each individual mouse.
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