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Previous studies have implicated a role for
-selectin in carcinoma cell adhesion to vascular en-
othelium. We examined the role of colon cancer cell
dhesion to vascular endothelium via E-selectin using
denoviral vector-mediated transfection in human
mbilical vein endothelial cells (HUVECs). We found
hat the amount of HUVEC detachment from the gela-
in matrix 24 h after LS-180 cell adhesion was inhib-
ted only when the HUVECs were transduced with
ild-type E-selectin, but not with a cytoplasmic do-
ain truncated mutant E-selectin or the control Lac-Z

ector. We also found that the adhesion of LS-180 cells
o wild-type E-selectin transduced HUVEC-induced
ctivation of b1-integrin receptors without affecting
MP activity. These results indicate that colon cancer

ell adhesion via E-selectin inhibits HUVEC detach-
ent from the monolayer, at least in part by modulat-

ng b1-integrin activity in HUVECs. In addition, they
ndicate the importance of the cytoplasmic domain of
-selectin with this phenomenon. © 2001 Academic Press

Key Words: colon cancer; metastasis; E-selectin; b1-
ntegrin; endothelial cells.

The metastatic cascade is a complex series of pro-
esses that includes intravasation of tumor cells, trans-
ort by circulation, adhesive interaction with endothe-
ial cells, extravasation, colonization, and angiogenesis
f the target organ (1). The interaction of tumor cells
ith vascular endothelium precedes their extravasa-

ion into target organs (1).
It is known that tumor cells roll and arrest on

ascular endothelium under physiological flow con-
itions by interaction between E-selectin and cancer

1 To whom correspondence and reprint requests should be ad-
ressed at Department of Applied Genetics, Tokyo Medical and Den-
al University, 1-5-45 Yushima, Building D-621, Bunkyo-ku, Tokyo
13-8510, Japan.
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ll rights of reproduction in any form reserved.
-selectin plays an important role in carcinoma cell
dhesion to endothelium, thus, some interaction be-
ween E-selectin and cancer cells is thought to be
equired for tumor extravasation during metastasis
3). Using genetically engineered mice that over ex-
ress E-selectin, significantly more metastatic lesion
ormation was observed compared to control mice
hen colon cancer cells were intravenously injected

4). Metastasis was inhibited by administration of an
nti-E-selectin mAb (5). Those studies have indi-
ated a critical role for E-selectin during the meta-
tatic process.
Confluent endothelial cells in culture begin to detach

r be shed from the monolayer while maintaining
onolayer integrity. However, the adhesion of cancer

ells or a subset of T lymphocytes has been reported to
ffect the number of detached endothelial cells (6, 7). In
he current study, using adenoviral vector-mediated
ransfection in HUVECs of a wild-type E-selectin (WT-
), a tail-less mutant E-selectin (DC-E), and a control
-galactosidase (Lac-Z), we examined the potential role
f E-selectin during cancer cell adhesion to vascular
ndothelium.

ATERIALS AND METHODS

Reagents. Two anti-b1-integrin antibodies, HUTS-21 (pur-
hased from PharMingen, San Diego, CA), and 7B4R (purchased
rom Santa Cruz Biotechnology, Santa Cruz, CA) were used in
his study. Fluorescein-conjugated goat anti-mouse IgG was
urchased from Caltag (Burlingame, CA). Matrix metalloprotein-
se, o-phenathroline, aprotinin were obtained from Sigma (St.
ouis, MO), and TIMP-1 (tissue inhibitor of metalloproteinase-1)
as purchased from Fuji Chemicals (Toyama, Japan).
-Chloromethylfluorescein diacetate (Cell-tracker) was obtained
rom Molecular Probes (Eugene, OR).

Cell culture. LS-180, a human colon adenocarcinoma cell line,
as obtained from the American Type Culture Collection (ATCC,
ockville, MD) and grown in DMEM supplemented with 10% FBS,
00 U/ml penicillin, 100 mg/ml streptomycin, and 20 mM L-glutamine



(LS-180 medium). HUVECs were isolated and cultured as previously
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escribed (8). The primary culture was serially passaged and main-
ained in RPMI 1640 supplemented with 20% FBS, 100 U/ml peni-
illin, 100 mg/ml streptomycin, 25 mg/ml endothelial cell growth
actor, and 50 mg/ml porcine intestinal heparin (HUVEC medium).
or experimental purposes, HUVECs subcultured to passage 2 or 3
ere used in this study.

Recombinant adenovirus. Three replication-defective recombi-
ant type 5 adenoviruses were used in these studies: AdRSV-WT-
-sel, AdRSV-DC-E-sel, and AdRSV-LacZ. AdRSV b gal was con-
tructed as described previously (9). Both AdRSV-WT-E-sel and
dRSV-DC-E-sel use the pJM17 backbone, contain E1/E3 deletions.
UVECs were infected with either of these viruses at m.o.i. of 100

eventy-two hours before the experiments as described previously
10).

LS-180 cell adhesion assay. HUVECs, harvested from monolay-
rs, were seeded on 0.1% gelatin-coated 24-well culture plate (2.0 3
05 cells/well) and maintained in HUVEC medium for 4 days to allow
ormation of a confluent monolayer. LS-180 cells were briefly
rypsinized, washed once in LS-180 medium to obtain a single-cell
uspension, and allowed to recover in assay medium at 37°C for 30
in. LS-180 cells were then labeled with Cell-Tracker, essentially as

reviously reported (11). Adhesion assay was carried out at 37°C in
5% CO2 atmosphere for various periods of time. After removing

on-adherent LS-180 cells, the fluorescent activity of the adherent
S-180 cells in each individual well was measured by a fluorescent
late reader with a 485/20-nm extension and 530/30-nm emission
Perseptive Biosystems, Framingham, MA).

Endothelial detachment experiments. HUVECs (2.0 3 105 cells/
ell) were plated onto a gelatin-coated 24-well culture plate. The
UVEC monolayer was labeled with Cell-Tracker for detachment
uantitation. Single-cell suspension of LS-180 cells (6.4 3 104 cells/
ell) were added to endothelial monolayers in the assay medium and

ncubated at 37°C for 24 h. For quantitation of HUVEC detachment,
UVECs released into the supernatant were collected by centrifu-

ation and their fluorescent activity was measured as described
bove.

Immunoprecipitation and Western blotting of cellular proteins.
UVECs (8.0 3 106 cells/well) were plated onto a gelatin-coated
5-cm culture plate, and LS-180 cells (2.6 3 106 cells/well) were
dded. After 24 h of incubation, the co-culture of LS-180 cells and
UVECs were rinsed once with ice-cold PBS and then scraped off

rom the plate in the presence of 100 ml of lysis buffer (20 mM Tris,
% Tx-100, 1 mM PMSF, 20 mg/ml aprotinin, 10 mg/ml leupeptin).
otal cell lysates were subjected to Western blotting as described
elow. In some experiments, the lysates were precleared with 50 ml
f cyanogen bromide-activated Sepharose beads for 1 h at 4°C, and
ere incubated with 2–3 mg of mAb 7B4R directed against human
1-integrin for 1 h at 4°C. Fifty micrograms of goat anti-mouse
gG-coupled Sepharose beads (ICN Pharmaceuticals, Aurora, OH)
as then added to the mixture and incubated for 1 h at 4°C. The
eads were washed twice each with three different washing buffers
600 mM NaCl, 0.1 M Tris–HCl, and 5 mM EDTA, pH 7.4 containing
% Triton X-100; 300 mM NaCl, 0.1 M Tris–HCl, and 5 mM EDTA,
H 7.4; 150 mM NaCl, 0.1 M Tris–HCl, and 5 mM EDTA, pH 7.4).
he immunoprecipitated proteins were eluted from the beads by
oiling for 5 min in 30 ml of 0.5 M Tris–HCl (pH 6.8) containing 0.4%
DS.
Equal amounts of the samples were separated by SDS–PAGE

nder reducing conditions and transferred to PVDF membranes
Millipore, Bedford, MA), which were then blocked with 5% dry milk
n TBS-T (20 mM Tris, 137 mM NaCl2, 0.1% Tween 20, pH 7.6) for 90

in, and followed by incubation with the anti-b1-integrin mAb
UTS-21 (1:1000 diluted in blocking buffer) for 1 h. After three
ashes with TBS-T, the membranes were incubated with HRP-

onjugated polyclonal goat anti-mouse (or anti-rabbit or anti-rat) Ab
1:3000 diluted in blocking buffer) for an additional hour at room
21
ere visualized using an enhanced chemiluminescence kit (Amer-
ham, Arlington Heights, IL), following the manufacturer’s protocol.

Statistics. Data are presented as means 6 standard deviation
SD) as indicated. Two-tailed Student t tests were performed with

icrosoft Excel. P values represent the results of these t tests and P
alues of ,0.05 were considered statistically significant.

ESULTS

S-180 Adhesion to HUVECs Transduced
by E-Selectin under Static Assay Conditions

To investigate E-selectin-dependent mechanisms in
olon cancer adhesion to vascular endothelium, we uti-
ized two recombinant adenoviral vectors: one contain-
ng the entire coding translated region of E-selectin
DNA, AdRSV-WT-E, and the other containing a mu-
ant form of E-selectin lacking the cytoplasmic domain,
dRSV-DC-E (12). As previously reported, both of

hese adenovirus constructs exhibit comparable levels
f immunoreactive cell surface E-selectin expression,
s confirmed by fluorescence immunoassay (10).
Adhesion of colon cancer cells to E-selectin was ex-

mined using human colon cancer derived LS-180 cells
13). LS-180 cell adhesion to both WT-E and DC-E
ransduced HUVECs were studied under static assay
onditions. As shown in Fig. 1, both AdRSV-WT-E and
dRSV-DC-E transduced HUVECs exhibited signifi-
antly more adhesion with LS-180 after 10 min of
ncubation, as compared to HUVECs transduced with
he control Lac-Z adenovirus (Fig. 1A). The amount of
S-180 adhesion was not significantly different be-
ween AdRSV-WT-E and AdRSV-DC-E transduced
UVECs, which was similar to our previous findings
sing HL-60 cells (12). When the co-incubation was
xtended to 24 h, however, the numbers of LS-180 cells
ound adhered to inactivated and Lac-Z transduced
UVEC were markedly increased, and comparable to

he levels observed with E-selectin (both WT-E and
C-E) transduced HUVECs (Fig. 1B).

dhesion of LS-180 Cells Inhibits HUVEC
Detachment from Gelatin Matrix

We then observed the effect of LS-180 cells on the
ntegrity of the HUVEC monolayer during their adhe-
ive interactions. It was previously shown that adhe-
ion of cancer cells to vascular endothelium induces
etachment of endothelial cells from the monolayer (6).
o examine the detachment of HUVECs from the
onolayer, culture supernatants containing detached
UVECs were collected from each culture well after
4 h of coincubation with LS-180 cells. Light micro-
copic analysis of the supernatant (Fig. 2A) revealed
umerous cells detached in the wells that contained
UVECs transduced with control AdRSV-Lac-Z after
S-180 adhesion (see Fig. 2A, f). If contrast, there were
ignificantly fewer detached cells in the wells contain-
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ng HUVECs transduced with AdRSV-WT-E after LS-
80 adhesion (see Fig. 2A, d). Interestingly, this re-
uced cell detachment was not observed in wells
ontaining HUVECs transduced with the cytoplasmic
omain deleted AdRSV-DC-E (see Fig. 2A, e). No sig-
ificant cell detachment was observed after 10 min of
S-180 adhesion (data not shown). These phenomena
as not observed when HUVECs were activated with

L-1b to induce endogenous E-selectin (data not
hown). To more precisely determine the number of
etached HUVECs (be excluding any LS-180 cells in
he supernatant), HUVEC monolayers were fluores-
ently labeled prior to LS-180 cell adhesion and the
umber of detached HUVECs was estimated by mea-

FIG. 2. (A) Microscopic images of detached cells present in cult
dRSV-DC-E-selectin (DC-E) [b, e], and AdRSV-Lac-Z (Lac-Z) [c, f] t

a, b, c] LS-180 cells (magnification 340). (B) HUVECs transduced
dRSV-Lac-Z (Lac-Z) were labeled with Cell-Tracker fluorescent dye
f LS-180 cells (6.4 3 104 cells/well) for 24 h. Data are represent
eviations for triplicate cultures. (C) Time course of HUVEC deta
dRSV-WT-E-selectin (WT-E), AdRSV-DC-E-selectin (DC-E), or AdRS

hatched line) or without (black line) LS-180 cells for the indicated tim
ata are representative of three independent experiments. Error ba

FIG. 1. LS-180 cells, a human colon cancer cell line, were added
6.4 3 104/well) to AdRSV-WT-E-selectin (WT-E), AdRSV-DC-E-
electin (DC-E), or control AdRSV-Lac-Z (Lac-Z) transduced
UVECs (100 m.o.i.), and then adhesion assays were carried out as
escribed under Materials and Methods. The number of adhered
S-180 cells after 10 min (A) or 24 h (B) was expressed as relative
uorescent units (RFU) per well. Data are representative of four

ndependent experiments.
22
UVEC detachment from the monolayer after LS-180
dhesion was significantly reduced when transduced
ith AdRSV-WT-E (37.5 6 8.2% of the control, P ,
.002), but not with AdRSV-DC-E (94.3 6 19.2% of the
ontrol, P 5 0.68) or AdRSV-Lac-Z (97.7 6 9.7% of the
ontrol, P 5 0.78). Further, detachment of HUVECs
ccurred in a time-dependent manner, as shown in Fig.
C. As previously reported (14), HUVECs underwent
poptosis when detached from the monolayer. To de-
ermine whether detached HUVECs were undergoing
poptosis, we examined the detached cells for their
inding activity with PE-conjugated annexin V by mea-
uring fluorescence intensity. About 90% of the de-
ached cells were positive for annexin V regardless of
denovirus treatment, though the numbers of detached
ells were significantly different among the various
onditions described above (data not shown).

S-180 Cell Adhesion Activates b1-Integrin
in AdRSV-WT-E Transduced HUVECs

To study the mechanism for reduced HUVEC de-
achment after WT-E- but not DC-E-dependent LS-
80 adhesion, the expression level of b1-integrin, one
f the adhesion molecules responsible for endothelial
nchoring to the extracellular matrix, was examined
y Western blotting analysis after LS-180 adhesion.
wo different anti-b1-integrin mAbs, HUTS-21,
hich recognizes the activation-dependent epitope of
1-integrin (15), and 4B7R, which reacts with both
he active and resting forms of b1-integrin were uti-
ized.

As shown in Fig. 3A, mAb HUTS-21 recognized a
ignificantly greater amount of immunoreactive b1-
ntegrin from 4B7R immunoprecipitate prepared from
UVECs transduced with WT-E only after LS-180 ad-
esion. Judged from Western blotting with mAb 4B7R,
he total amount of b1-integrins, was not changed in
he HUVECs under any of these conditions.

To further investigate the role of b1-integrin during
his process, we plated HUVECs onto a gelatin matrix
n the presence of the anti-b1-integrin mAb to block the
nchoring of HUVEC via b1-integrins. After 72 h, the
ntegrity of the monolayer was examined by a phase-
ontrast microscope prior to the adhesion assay (data
ot shown). LS-180 cells were then added to the

supernatants recovered from AdRSV-WT-E-selectin (WT-E) [a, d],
sduced HUVECs after 24 h of coincubation with [d, e, f] or without
th AdRSV-WT-E-selectin (WT-E), AdRSV-DC-E-selectin (DC-E), or
d then cultured in the absence [LS-180(2)] or presence [LS-180(1)]
e of four independent experiments. Error bars indicate standard
ent induced by LS-180 adhesion to monolayers transduced with

Lac-Z (Lac-Z). Fluorescently labeled HUVECs were coincubated with
prior to the measurement of detached HUVECs in the supernatant.

indicate standard deviations for triplicate cultures.
ure
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UVEC monolayer that was anchored independent of
1-integrin in the continuous presence of HUTS-21. As
hown in Fig. 3B, HUVEC detachment was signifi-

FIG. 3. (A) HUVECs transduced with either WT-E-selectin (WT-E)
n the presence (1) or absence (2) of LS-180 cells for 24 h. Total cell ly
IP) using b1-integrin monoclonal Ab (4B7R). Western blotting was carr
y pretreatment of HUVECs with anti-b1-integrin HUTS-21. HUVECs
resence (1) or absence (2) of activating anti-b1-integrin HUTS-21
LS-180(1)] or absence [LS-180(2)] of LS-180 cells, (6.4 3 104 cells/well)
re representative of three independent experiments. Error bars indicat
dRSV-WT-E-selectin (WT-E), AdRSV-DC-E-selectin (DC-E), or AdRSV

ultured in the presence [fixed LS-180(1)] or absence [fixed LS-180(2)]
f four independent experiments. Error bars indicate standard deviatio
24
antly increased in the presence of this mAb (P ,
.005), even from the monolayers transduced with
T-E.

-E-selectin (DC-E), or Lac-Z (Lac-Z) adenoviral constructs coincubated
es recovered from each culture were subjected to immunoprecipitation
out using 4B7R and HUTS-21. (B) HUVEC detachment was prevented
nsduced with AdRSV-WT-E were plated onto a gelatin matrix in the
r to LS-180 cell adhesion, and then were cultured in the presence
24 h. HUVEC detachment was measured as described previously. Data
andard deviations for triplicate cultures. (C) HUVECs transduced with
ac-Z (Lac-Z) were labeled with Cell-Tracker fluorescent dye and then
xed LS-180 cells (6.4 3 104 cells/well) for 24 h. Data are representative
for triplicate cultures.
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HUVEC Detachment

To examine the possible effect of b1-integrins ex-
ressed in LS-180 cells in this process, we utilized
S-180 cells fixed with 2% paraformaldehyde (4°C, 20
in) and conducted the detachment assay described

bove. As shown in Fig. 3C, HUVEC detachment from
he monolayer after fixed-LS-180 adhesion was signif-
cantly reduced when HUVECs were transduced with
dRSV-WT-E, but not with AdRSV-DC-E or AdRSV-
ac-Z, which was similar to results of the experiments
sing live LS-180 cells.

atrix Metalloproteinase (MMP) Was Not Involved
in HUVEC Detachment

Since transcriptional activation of MMP has been
eported in both HUVECs and lymphocytes upon acti-
ation, we examined the possibility that contact be-
ween LS-180 and HUVECs might induce matrix
egrading MMPs to mediate HUVEC detachment (16).
UVEC detachment was not inhibited by o-phen-
throline (a broadly active MMP inhibitor), or TIMP-1
tissue inhibitor of metalloproteinase-1) (data not
hown). We also verified that aprotinin, a serine pro-
ease inhibitor capable of degrading extracellular ma-
rix, failed to inhibit HUVEC detachment (data not
hown). These data suggest that matrix MMP activity
oes not account for LS-180-stimulated HUVEC re-
ease from the matrix.

ISCUSSION

The selectin family of adhesion molecules mediates
he interaction of circulating leukocytes with vascular
ndothelium in response to inflammatory stimuli (17).
-selectin recognizes the sialyl-Lewis X determinant

ound on the surface of leukocytes as well as in some
umor cell lines (17). It has also been shown that
-selectin plays a role in colon carcinoma cell adhesion

o activated endothelial cells (18). This E-selectin de-
endent cancer cell adhesion to vascular endothelium
ay be crucial in the process of cancer metastasis (19).
The expression of E-selectin was previously regarded

o occur exclusively in vascular endothelium. However,
recent study reported evidence of E-selectin expres-

ion without an obvious inflammatory stimulus (19),
hile another report suggested that an alternative iso-

orm of E-selectin carrying a different length of 39
anking region exhibited prolonged expression (20).
ore recently, nonendothelial cells such as T lympho-

ytes have been reported to be able to express
-selectin under certain conditions (21). These data
oint to the possibility that the expression pattern of
-selectin could be more complicated than once be-

ieved. Notably, in the context of cancer cell adhesion
25
ay be favorable for cancer cell adherence. Since we
ere able to express E-selectin for a relatively ex-

ended period using a recombinant adenovirus system,
e decided to examine LS-180 adhesion to E-selectin

ransduced HUVECs for up to 24 h.
In the present study, we demonstrated that detach-
ent of HUVECs from the monolayer 24 h after LS-

80 adhesion was significantly inhibited when
UVECs were transduced with wild-type E-selectin
denovirus; however, this inhibitory effect was not ob-
erved when they were transduced with the control
denovirus. Interestingly, a cytoplasmic domain-
eleted (DC-E) mutant form of E-selectin failed to in-
ibit endothelial detachment. These results suggested
hat the cytoplasmic domain of E-selectin is necessary
or the observed reduction of HUVEC detachment.

We also examined the detachment of HUVECs from
he monolayer after activation with IL-1b. The number
f detachment HUVECs from the cytokine-activated
onolayer was not significantly changed between in

he presence or absence of LS-180 adhesion (data not
hown). Previous studies have demonstrated that en-
ogeneous E-selectin protein expression in HUVECs
eaks 4 h after activation and then gradually decreases
8, 22). Thus, no significant E-selectin expression was
etected 8 h after stimulation. An extended expression
f E-selectin may be necessary for this inhibitory effect
n detachment to occur.
Previously, it was shown that the number of tumor-

nfiltrating lymphocytes in primary carcinomas de-
reases in parallel with tumor progression and metas-
asis (23). This supports the hypothesis that local
ntitumor immunity conferred by the infiltrating lym-
hocytes may play an important role in controlling
rogression and metastasis of cancer. Detached endo-
helial cells in the circulation may activate the immune
ystem to attack cancer cells. Therefore, E-selectin-
ependent cancer cell adhesion to endothelium,
hrough a reduction of detached endothelial cells as we
bserved, may be favorable for cancer metastasis by
roviding a means to escape detection from the host
mmune system. Our results indicate the importance of

1-integrins during detachment of HUVECs. It is
nown that b1-integrin plays a critical role in the an-
horing of endothelial cells by binding to the extracel-
ular matrix (24). Therefore, a reduction of the binding
ctivity of b1-integrin would explain the detachment of
UVECs from the matrix. LS-180 adhesion to
-selectin may induce an intracellular signal to acti-
ate b1-integrin, thus preventing their detachment.
ince cytoplasmic deletion of the E-selectin mutant

ailed to inhibit endothelial detachment, the presence
f the E-selectin cytoplasmic domain may be required
or the E-selectin-dependent signaling pathway. A re-
ent study indicated evidence of an E-selectin-
ependent signaling pathway in HUVECs by demon-
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ytoskeleton (12) and activation of MAPK (25). The
resent study results further validate the importance
f the E-selectin cytoplasmic domain, though elucida-
ion of the details of the cellular mechanism between
-selectin and b1-integrin will require additional ex-
eriments. The activity of b1-integrins in LS-180 cells
ay be neglected, since fixed LS-180 cells exhibited a

imilar inhibitory effect on E-selectin transduced-
ndothelial detachment. However, a monoclonal Ab
gainst E-selectin as well as magnetic beads coated
ith anti-E-selectin mAb failed to inhibit endothelial
etachment (data not shown). HL-60 cells, a leukocyte
ell line that carries the E-selectin ligand, exhibited a
imilar inhibition of endothelial detachment, though in
ower amounts, when adhered to WT-E-selectin trans-
uced HUVECs for 24 h. These results suggest that the
echanisms by which E-selectin activates b1-integrin
ay require additional interactions of membrane re-

eptors or adhesion molecules between LS-180 cells
nd HUVECs. MMP inhibitors failed to inhibit these
henomena, thus implying that MMPs do not play a
ajor role (data not shown).
In conclusion, we found that the E-selectin cytoplas-
ic domain is required for the inhibition of HUVEC

etachment when LS-180 cells were adhered to
UVECs. This finding is the initial evidence of the
iological importance of the E-selectin cytoplasmic do-
ain.
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