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Carbohydrate-mediated cell adhesion involved In
hematogenous metastasis of cancer

Reiji Kannagi

Molecular Pathology, Aichi Cancer Center, 1-1 Kanokoden, Nagoya, 464, Japan

The carbohydrate determinants, sialyl Lewis A and sialyl Lewis X, which are frequently expressed on human cancer cells,
serve as ligands for a cell adhesion molecule of the selectin family, E-selectin, which is expressed on vascular endothelial
cells. These carbohydrate determinants are involved in the adhesion of cancer cells to vascular endothelium and thus
contribute to hematogenous metastasis of cancer. The initial adhesion mediated by these molecules triggers activation of
integrin molecules through the action of several cytokines and leads to the extravasation of cancer cells. Cancer cells also
produce humoral factors that facilitate E-selectin expression on endothelial cells. The degree of expression of the
carbohydrate ligands at the surface of cancer cells is well correlated with the frequency of hematogenous metastasis and
prognostic outcome of patients with cancers. The alteration of glycosyltransferase activities that leads to the enhanced
expression of these carbohydrate ligands on cancer cell surface are currently being investigated.
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Introduction

Hematogenous metastasis of cancer is a complicated pro-
cess consisting of multiple steps. The process starts with
the intravasation of cancer cells into the blood stream in the
primary tumor lesion. The cancer cells then travel in the
blood stream, where they interact with various blood
cells, and finally they adhere to endothelial cells some-
where in the peripheral vessel walls. After extravasation,
they enter the connective tissue and form a new metastatic
lesion.

In the adhesion of cancer cells to the peripheral vessel
walls, cancer cells having a higher affinity for endothelial
cells have a higher chance of developing into a metastasis.
This step is very important in cancer metastasis, and indeed
sometimes appears rate limiting. Carbohydrate-mediated
interactions are involved in the adhesion of cancer cells of
endothelial cells.

E-selectin mediated adhesion of cancer cells to
vascular endothelial cells in monolayer cell adhesion
assay

When we started to look at the adhesion of cancer cells to
endothelial cells in the monolayer cell adhesion assay sys-
tem using human cancer cells in early 1990, what impressed
us first was the very strong adhesion of human cancer cells
to the IL-1f-treated endothelial cells, The number of cancer
cells attached to the endothelial cells was almost similar to
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that observed with the adhesion of leukocytes. Upper panels
of Figure 1 show typical examples of such cell adhesion
experiments to illustrate how strongly cancer cells adhere to
endothelial cells. In these experiments, cultured human co-
lon or lung cancer cells were used as cancer cells, and human
umbilical vein endothelial cells (HUVECsS) for the endothe-
lial cell monolayers.

IL-1f activated endothelial cells are known to express
three major cell adhesion molecules, that is, I[CAM-1,
E-selectin and VCAM-1. We thought it highly probable that
these molecules are involved in the adhesion of cancer cells
to endothelial cells. So, we asked which of these three cell
adhesion molecules is chiefly involved in the adhesion of
cancer cells to endothelial cells, by conducting inhibition
experiments using neutralizing monoclonal antibodies spe-
cific to these molecules [1]. As shown in the middle panels
of Figure 1, the antibody against E-selectin (ELAM-1, endo-
thelial-leukocyte adhesion molecule-1) strongly inhibited
the adhesion of cancer cells, while other antibodies had no
effect. This finding indicated that mainly E-selectin is in-
volved in this cell adhesion.

Later this type of study was expanded to a wide variety of
epithelial cancer cells, including those originating in the
colon, stomach, pancreas, liver, lung and ovary [2]. Ad-
hesion of most of the tested cancer cells was shown to be
significantly inhibited by the anti-E-selectin antibody, con-
firming again that the E-selectin-carbohydrate interaction
plays an important role in the adhesion of cancer cells to
endothelial cells, We therefore concluded that E-selectin,
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Figure 1. Monolayer cell adhesion assay using human cancer cells and
typical inhibition patterns of the adhesion to recombinant IL-18-activated
HUVECSs by treatment with anti-VCAM-1, anti-E-selectin, anti-ICAM-1,
anti-sLe*, and anti-sLe® antibodies. HUVECs or cancer cells were treated
with the respective antibodies (20 pg mi~) prior to the adhesion experi-
ment for 30 min. Results for QG-56 (lung cancer), and Colo201 (colon
cancer) cells are shown. Adhesion of both cell lines was inhibited with
anti-E-selectin antibody, but not with anti-VCAM-1 and anti-ICAM-1
antibodies. Note that adhesion of QG-56 is inhibited by anti-sLe* anti-
body, while that of Colo201 cells is inhibited by anti-sLe® antibody.
Adopted from reference [2].
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but not ICAM-1 or VCAM-1, plays major roles in the
adhesion of most cancer cells to endothelial cells.

Of course there were some exceptions. For instance, most
leukemic cells adhered to endothelial cells via ICAM-1
and/or VCAM-1. Only a few leukemic cell lines were found
to utilize E-selectin in their adhesion to endothelial cells.
Adhesion of some neuroblastoma, melanoma, and other
sarcoma cells was also frequently E-selectin-independent,
their adherence to endothelial cells mainly being mediated
by VCAM-1. However, the interaction of most of the typical
epithelial cancer cells with endothelial cells was E-selectin
dependent, and this has been repeatedly supported by work
from other laboratories as well [3-5].

Sialyl Lewis A and sialyl Lewis X as ligands
for E-selectin

E-selectin is expressed almost exclusively on endothelial
cells, and the physiological significance of E-selectin was at
that time thought to be in the recruitment of leukocytes to
stimulated vascular endothelium in inflammation. The
lectin-like domain of E-selectin is known to recognize
sialyl Lewis X (sLe*) expressed on leukocytes [6-8]. Sialyl
Lewis X was expressed on some cancer cells that adhered to
endothelial cells in the monolayer cell adhesion assay as
described above. The sLe* antigen expressed on such cancer
cells may thus be involved in the process of hematogenous
metastasis. However, there were a number of human cancer
cells that did not express sLe* but were still strongly adher-
ent to E-selectin expressed on IL 1f-treated HUVECs.

Which carbohydrate ligand is involved in the adhesion is
easily ascertained by the same type of cell adhesion inhibi-
tion experiments employing specific monoclonal antibodies
against the carbohydrate determinants. Soon we and other
investigators found that another well-known cancer-asso-
ciated carbohydrate antigen, sialyl Lewis A (sLe®), also
serves as a ligand for E-selectin [1, 9, 10]. Findings in
support of this include: (i) several cultured human colon
cancer cell lines, for instance Colo201, exhibit clear
E-selectin-dependent adhesion to recombinant IL-1p-
activated HUVECs [1, 2, 97; (ii) this adhesion is significantly
inhibited by treatment with several anti-sLe?, but not anti-
sLe* antibodies (typical examples are shown in lower panels
of Figure 1) [1, 2, 97; (iii) pretreatment of HUVECs with
either purified sLe* or sLe® glycolipid results in nearly com-
plete inhibition of adhesion [1]; and (iv) synthetic sLe®-
protein conjugates can bind to E-selectin [10, 11].

Distribution of sLe* and sLe* in human cancers

Adhesion of some human cancer cells to endothelial cells
was found to be almost completely inhibited by the anti-
sLe* antibody, indicating an involvement of sLe* in the
adhesion process. This was the case for ovary, lung, liver
and stomach cancer cells. Adhesion of some other human
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cancer cells, including mostly cancers of the digestive ora-
gans, such as the colon and pancreas, was not inhibited by
anti-sLe* antibody, but rather by anti-sLe* antibody, indic-
ating that the involved carbohydrate ligand here is sLe®.

sLe* and sLe* have long been used as serum markers in
the diagnosis of cancer in several countries including Japan,
and many clinical reports are available on their statistical
distribution and frequency in various human cancer tissues
[12-16]. It is well known that the sLe* is preferentially
expressed on cancers of the lung, ovary, liver, kidney and
breast. In these cases, we can expect sLe* to play a major
role in hematogenous metastasis. On the other hand, sLe® is
known to be much more dominantly expressed than sLe* in
colon, pancreas, and biliary tract cancers, and therefore we
assume that sLe® plays a major role in their hematogenous
metastasis.

This distribution pattern of selectin ligand carbohydrates
among human cancers has also been confirmed by other
investigators. Dejana et al. reported adherence of a cultured
colon cancer cell line to endothelial cells via sLe* and Iwai
et al. [17] showed that several pancreatic cancer cell lines
adhere to endothelial cells through sLe® Leukocytes and
leukemic cells usually do not express sLe?, and their ad-
hesion to endothelial cells is considered to be mediated by
sLe* [18-20]. sLe® has so far been known to be involved
only in the adhesion of epithelial cancer cells to the
endothelium.

Expression of carbohydrate ligands on cancer cells and
prognosis of patients

If the E-selectin-carbohydrate interaction truly plays a
major role in hematogenous metastasis, patients with cancer
cells that strongly express such carbohydrate ligands may
be at greater risk of metastasis, and would therefore be
expected to have a poor prognosis.

Some clinical statistics support this hypothesis [21-28].
In an early report describing the prognosis of patients with
colon cancer, Kiriyama et al. reported that those patients
with cancer tissues expressing sLe® strongly or moderately
had a significantly reduced postoperative survival when
compared to patients with cancer cells that did not express
or only weakly expressed sLe® (upper panel of Figure 2). The
statistics covered 88 patients at Nagoya University Hospi-
tal, and the difference was statistically significant at p < 0.05
[24, 25]. This was recently confirmed by more detailed
studies by Shimono et al. (Kyushu University) and
Nakayama et al. ( Keio University), who reported a similar
correlation observed in two larger series of patients with
colon cancer (n =149 and 309 respectively) with even
greater statistical significance (p < 0.01 and p < 0.001, re-
spectively, middle and lower panels of Figure 2) [26, 27].
Thus, a link between sLe® expression and a poor prognosis
has been confirmed in a total of more than 500 patients with
colon cancer in Japan.
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Figure 2. Correlation between the prognosis of patients with colon
cancer, and the degree of expression of sLe? determinant in cancer
tissues. Adopted from references [24-27].

In the case of breast cancer, it is reported that the degree
of expression of sLe*, but not slLe® is correlated with
patient prognosis [28]. This is consistent with the fact that
breast cancer cells more frequently express sLe* than sLe?
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We expect that the prognosis of patients with colon, pan-
creas and biliary tract cancers would correlate with the
degree of expression of sLe®* on their cancer tissues, while
patient prognosis would be a function of sLe* expression in
the case of breast, ovary, lung, and liver cancers.

E-selection expression in the vasculature of patients
with cancer

E-selectin is not always expressed on every vessel wall.
Inflammatory cytokines such as IL-15 or TNF-« induce
expression of E-selectin on human endothelial cells. Its
expression is transient under in vitro conditions; it appears
4 h after cytokine stimulation of resting HUVECs, and
disappears about 24 h later. TGF-f and IL-4 are known to
be capable of inhibiting the induction of E-selectin expres-
sion. This suggests that the levels of E-selectin in patients
could fluctuate.

This implies that the degree of E-selectin expression on
the blood vessels might be another factor in the risk of
development of metastasis, in addition to the strength of
expression of the carbohydrate ligands on cancer cells. It
might be of importance, therefore to evaluate the degree of
E-selectin expression in the blood vessels of patients. The
expression of E-selectin in a patient’s body could be in-
directly evaluated by estimating the serum E-selectin level.
The results from this type of study indicate that some
patients with cancers have normal levels of serum E-selectin,
while some others have much higher levels [29]. Normal
level of E-selectin expression on the vasculature of patients
with cancer would eventually support the adhesion of can-
cer cells, while elevated expression of E-selectin would facil-
itate the adhesion of cancer cells to the endothelium.

Some cancer cells have an ability to induce expression of
E-selectin on endothelial cells. The blood vessels near can-
cer nests frequently express E-selectin in immunohisto-
chemical experiments [29], and many cultured human
cancer cell lines produce humoral factors that induce the
expression of E-selectin on endothelial cells, including IL-1«
and another unknown factor that stimulated blood
leukocytes to secrete IL-15 [30].

Cytokines and integrin molecular species involved
in the second stage of adhesion

One of the characteristics of selectin-mediated cell adhesion
is that it is quite resistant to shear-force. This is an impor-
tant aspect when considering cell adhesion in the blood
stream. Cell adhesion mediated by other molecules such as
integrins is quite shear-force labile and is readily inhibited
by appropriate rotation or stirring of the culture dishes,
even in in vitro experiments. This led us to suggest that the
first step in the adhesion of malignant cells in blood stream
should be mediated by a more shear-force resistant cell
adhesion system involving selectins rather than integrins.
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The integrins are able to participate in the secondary step of
the cell adhesion process, when the tumour cells are already
in contact with the vascular endothelial cells.

During the course of the initial adhesion of cancer cells to
endothelia, cancer cells are stimulated by cytokines that are
present on the surface of endothelial cells, and this leads to
the activation of integrins on cancer cells. For instance,
a prominent activation was observed with the o, f;-integrin,
when the human liver cancer cells, HepG2, were used in
experiments [31]. This activation of the «,f;-integrin was
blocked by the addition of a neutralizing anti-HGF (hepa-
tocyte growth factor) antibody to the culture medium, indic-
ating that HGF on endothelial cells was one of the
candidate cytokines that affected the integrin expression on
the cancer cells. The addition of recombinant HGF to the
culture of these cancer cells also produced a similar level of
activation of o, f;-integrin expression (Figure 3, left panel).
The HepG2 cells expressing activated o,f;-integrin had
an increased adhesive activity to collagen-coated plates
(Figure 3, right panel), and accelerated transmigratory ac-
tivity through ECM gel in double-chamber chemoinvasion
experiments [31].

Later we found that HB-EGF (heparin-binding epider-
mal growth factor) also activated integrin expression on
other types of human cancer cells [32, 33]. In this case, the
o,f1- and o3f;-integrins on human cultured breast or
oesophageal cancer cells were activated by the addition of
recombinant HB-EGF.

We predict that many other cytokines associated with
human endothelial cells would have a similar activating
effect on cancer cell integrins. The prerequisites for such
a cytokine are: (i) They should be produced by the endothe-
lial cells or at least adsorbed at the surface of endothelial
cells, so that the cancer cells can be stimulated when they
attach to the endothelial cells; (ii) the target cells of such
cytokines should be epithelial cells (ie HGF, HB-EGF,
KGF etc. would be better candidates than MIP-14 and
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Figure 3. Increased expression of a,B;-integrins (left panel) and accel-
erated adhesion to collagen (right panel) of HGF-treated human hepa-
tocellular cancer HepG2 cells. B, HGF(+); O, HGF(-). Adopted from
reference [31].
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other Rantes family cytokines), and (iii) the cancer cells
should possess the functional receptor for the cytokines,
which is the c-met product in the case of HGF, EGF-R in
the case of HB-EGF, and K-sam-II in the case of KGF.

The HGF-mediated enhancement of integrin expression
would be limited to the cancer cells that express c-met
oncogene product. The c-met oncogene product is known to
be expressed mainly on liver cancer cells and partly on
gastric cancer cells. Similarly, the HB-EGF-mediated en-
hancement of integrin expression would be limited to the
cancer cells that express EGF-receptor, which is frequently
detectable on oesophageal cancer cells. This would indicate
that the sets of cytokines and integrins involved in the
second stage of cancer cell adhesion to endothelium is
highly dependent on the lineage of cancer cells. This is in
clear contrast to the molecules involved in the first step of
cancer cell adhesion, where the carbohydrate ligands are
expressed on a wide variety of cancer cells, and the selectin-
mediated adhesion is commonly observed with epithelial
cancer cells of various origins.

Concerted action of selectins and integrins in cancer
metastasis

We postulate that there are two distinguishable steps in
the process of cancer cell adhesion to endothelial mono-
layers, as schematically shown in Figure 4. The first step
is the initial cell adhesion step mediated by selectin and
its carbohydrate ligands. The second step is the process of
implantation of cancer cells into the monolayer, which

Initial adhesion step
mediated by
E-selectin and its
carbohydrate ligands.

Cytokines stimulate
cancer cells to
activale integnins.
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seems to be mediated mainly by f3;-integrins. The efficiency
of the initial adhesion step seems to greatly affect the overall
efficiency of cancer cell invasion to endothelial monolayers.
This could well explain why the initial adhesion step me-
diated by selectin and its carbohydrate ligands appears to
affect the total efficiency of hematogenous metastasis in
clinical statistics. RGD peptides or other blocking agents
for integrins would still be usefull in preventing hema-
togenous metastasis, since they block metastasis at the sec-
ond step of cell adhesion. The tissue specificity of the
hematogenous metastasis observed in some cancers such as
breast and lung cancers can be partly explained by the
molecular species of cytokines provided by endothelial cells
and their receptors as well as integrin species expressed on
particular cancer cells.

Possible contribution of P-selectin

The selectin family is composed of three members, E-, P-
and L-selectins. E-selectin is known to be expressed on
activated endothelial cells, and is assumed to play a princi-
pal role in the adhesion of cancer cells to the endothelium.
P-selectin, first described in activated platelets, is known to
be also expressed on endothelial cells. The role played by
P-selectin is rather hard to evaluate in in vitro cell adhesion
experiments using HUVECs, since HUVECs seem to lose
P-selectin expression soon after isolation and initial pas-
sage. In the inflammation research area, however, good
evidence exists indicating that the P-selectin on the endothe-
lial cells is profoundly involved in the recruitment of
leukocytes in various experimental models. Recombinant

Activated integrins  Extravasation
mediate secondary  of cancer cells
adhesion to endo-  pgcurs.
thelium.

Figure 4. Schematic representation of the process of extravasation of cancer cells at vessel walls indicating involvement of cytokines and sequential

activation of cell adhesion molecules.
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Figure 5. Comparison of E- and P-selectin-mediated adhesion of human cancer and leukemia cells and its relation to the PSGL-1 expression on the
cell surface. Note that human leukemia cell lines (U937, ED40515 and HL-60) adhere to both E- and P-selectin-transfected CHO cells, while cancer cell
lines (A431, HepG2 and Colo 201) adhere mainly to E-selectin-transfected CHO cells (left panel). These leukemia cell lines significantly expressed
PSGL-1 (right panel), while cancer cell lines were negative for PSGL-1 (hot shown).

P-selectin is known to bind various cancer cells more fre-
quently and strongly than E-selectin, and this has been
interpreted as evidence suggesting that P-selectin is more
important than E-selectin in cancer metastasis [34].

P-selectin mediated adhesion of platelets to cancer cells in
the blood stream would facilitate the implantation of the
latter into the vessel wall. It has long been suggested that
platelets play important roles in the hematogenous meta-
stasis of cancer; with classical animal experiment models
indicating that the frequency of metastatic foci is markedly
reduced in platelet-poor animals. Platelets reportedly
secrete an unknown soluble factor that induces E-selectin
expression on endothelial cells, which would also facilitate
metastasis [35].

However, there are some discrepancies regarding the im-
portance of P-selectin in cancer metastasis. Recombinant
P-selectin reportedly binds strongly to cancer cells [36],
while a recent study [37] and our experiences (Figure 5)
indicate that the cancer cells do not always adhere strongly
to cells transfected with P-selectin. With regard to
leukocytes, it is suggested that P-selectin specifically recog-
nizes sLe* presented by the PSGL-1, while E-selectin recog-
nizes sL.e* and does not require PSGL-1 [38-41]. Most
cancer cells fail to express PSGL-1 and do not strongly
adhere to CHO cells expressing P-selectin. A recent finding
that transfection of PSGL-1 ¢cDNA to such cancer cells
made them adherent to P-selectin-CHO cells [37] also

indicates that cancer cells would need ‘PSGL-1-like’

molecules to adhere.

Glycosyltransferases involved in the accelerated
expression of carbohydrate ligands for selectin on
cancer cells

SLe* and sLe* are synthesized by the concerted action of
several glycosyltransferases including sialyl- and fucosyl-
transferases. Hitherto, genes for five isoenzymes of human
ol — 3/4 fucosyltransferases have been isolated [42-49].
Fuc-T III, first isolated from A431 epidermoid carcinoma
cells [42], was shown to correspond to the Lewis type
fucosyltransferase as has been characterized enzymologi-
cally. This enzyme is known to be capable of transferring
fucose residues onto both type 1 and type 2 polylactosamine
chains, thus contributing to the synthesis of both sLe* and
sLe® determinants [42]. The Fuc-T 1V, isolated from HL-60,
is also known as ELFT (ELAM-1 ligand fucosyltransferase),
and corresponds to the myeloid type enzyme [43, 44]. This
isoenzyme is known to contribute to the synthesis of mainly
Le* and Le* determinants [44]. Fuc-T V and VI have an
ability to synthesize Le* and sLe* and the latter is proposed
to correspond to the plasma type enzyme [45-47]. Recently
cloned Fuc-T VII is unique in that this enzyme can synthe-
size only sLe* and is distributed mainly on leukocytes and
endothelial cells [48, 49]. Alteration of the message of these
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five fucosyltransferases in human cancer tissues has not
been well studied, except for several cultured cancer cell
lines [50-52].

It has been shown that cancer cells expressing sLe* on
their surface express Fuc-T III mRNA unexceptionally [50].
Fuc-T 111 is the only fucosyltransferase that is capable of
synthesizing sLe®, and it must be involved in the synthetic
process of sLe® in cancer tissues. However, its mRNA level is
not significantly increased in malignant tissues when com-
pared to non-malignant tissues, for example in colorectal
cancers; and cannot explain the accelerated synthesis of sLe*
in cancer tissues [53]. Even fucosyltransferase activity as-
sayed enzymatically does not correlate with the expression
of sLe* determinants on the cell surface. Dohi et al. [54]
studied a1 — 3/4 fucosyltransferase enzyme activities in gas-
trointestinal mucosa, and failed to detect any significant
difference in the activities between malignant and non-
malignant colorectal tissues.

On the other hand, Akamatsu et al. [55] compared
a2 — 3 sialyltransferase and o1 — 4 fucosyltransferase activ-
ities in colorectal cancer tissues and adjacent non-malignant
colonic epithelia by an enzymological technique, and con-
cluded that the a2 — 3 sialyltransferase activity was signifi-
cantly higher in cancer tissue than in non-malignant tissue
(p < 0.01), but a1 — 4 fucosyltransferase activity showed no
significant difference. Kemmner et al. [56] detected a signifi-
cant increase of sialyltransferase enzyme activity in colon
cancer tissues. Results of a more recent study [52] indicated
the presence of a high level of ST-30 sialyltransferase mess-
age in two cultured human colon cancer cell lines, and
suggested its relation to the increased synthesis of E-selectin
ligand carbohydrates including sLe®. Results of our recent
study also indicated that the message of ST-30, one of the
sialyltransferase isoenzymes, was prominently increased in
colorectal cancer as compared to non-malignant colonic
epithelium among the five fucosyl- and three sialyltran-
sferases tested [53]. These findings suggest, at least in colon
cancer tissues, the increase in sialyltransferase activity
rather than fucosyltransferase activity is involved in the
enhanced expression of sLe*. However, the sialyltransferase
isoenzyme ST-30 lacked an ability to synthesize sLe*, and
could not explain the increased expression of sLe* in colonic
cancer tissues. Obviously further study is needed to eluci-
date the mechanism that leads to increased expression of
carbohydrate ligands for selectin on cancer cells.
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