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ABSTRACT

The relationship between cell surface sialylation and platelet-activating
activity was studied in two tumor cell lines of human origin, the SKNMC
neuroblastoma line and the U87MG glioblastoma line. Their platelet-
activating activity was evaluated in two different experimental systems,
one that measures platelet aggregation and the other that quantifies
platelet thrombus formation on vascular subendotheiium under flow
conditions. Our results demonstrate that, for the SKNMC line, the loss
of 30% of surface sialic acid induced a significant reduction in its platelet-
activating capacity. Upon recultivation desialylated SKNMC cells did
not regenerate surface sialic acid and did not restore their initial values
of platelet aggregation and platelet thrombus formation. Conversely,
removal of 35% sialic acid from the surface of U87MG cells did not
affect their pattern of platelet activation in either system tested. These
results demonstrate that there is a correlation between cell surface
sialylation and the capacity of SKNMC cells to activate platelets. The
lack of effect of desialylation on U87MG-induced platelet activation
indicates that different surface components may be the modulators of the
interactions of these tumor cells with platelets. Our results support the
hypothesis that heterologous mechanisms regulate platelet-tumor cell
interactions and that tumor cell sialic acid may be only one of the aspects
involved in such interactions.

INTRODUCTION

The ability of certain types of tumor cells to induce platelet
activation in vitro has been used as indirect evidence to explain
the potential role of platelets in the development of tumor
metastasis (1-3). Several factors, such as divalent cations (4),
serum complement (5), and a stable plasma factor (6), have
been suggested to regulate the interaction of platelets with
tumor cells. Specific surface glycoproteins and membrane gly-
cosaminoglycans were also described as possible modulators of
the behavior of transformed malignant cells (7). In addition,
there is evidence that human carcinomas contain elevated levels
of cell membrane glycoproteins and glycosyltransferases (8) and
that, in particular, sialic acid and its attaching enzyme sialyl-
transferase may have a role in tumor cell growth (9). Moreover,
alterations in platelet surface sialyltransferase activity and
platelet aggregation have been observed in a group of cancer
patients with a high incidence of thrombosis (10).

Some authors have found a correlation between the sponta
neous metastatic behavior of murine tumor cells, their surface
sialylation, and the platelet-aggregating activity of their cell
surface extracts (11). Furthermore, invasiveness of tumor cells
and their metastatic potential have been positively correlated
with cell surface sialylation in certain types of cultured murine
cells (12).

We have studied platelet activation induced by different types
of human tumor cells, and we have found that there are at least
two major mechanisms, one related to the presence of ADP
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(13) and the second to the generation of thrombin (14).
In more recent studies we have established the thrombogenic

effects of intact cells and microvesicles derived from tumor cells
in culture (IS), and the effects of antiplatclet. drugs in tumor
cell metabolism (16) and in their thrombogenic activity (17). In
the present study we report the effects of partial removal of
surface sialic acid by treatment with neuraminidase on two
tumor cell lines of human origin, which differ in their mecha
nisms of platelet activation. We have studied the changes after
desialylation in tumor cell-induced platelet aggregation and in
the capability of these tumor cells to increase the deposition of
blood platelets on vascular subendotheiium under flow condi
tions.

MATERIALS AND METHODS

Tumor Cells and Cell Cultures. Two cell lines of human origin were
used in our study: U87MG, derived from a glioblastoma; and SKNMC,
from a neuroblastoma. Both lines were provided by the Memorial Sloan
Kettering Institute for Cancer Research, Rye, NY, and cultured as
previously described (18). Briefly, cells were grown in monolayers in
polycarbonate flasks. The medium for both cell lines was minimal
essential medium supplemented with 1% nonessential amino acids,
15% fetal calf serum, SOunits/ml penicillin, and SOMg/ml streptomy
cin. Cultures were incubated at 37'C in a 95% O2:5% CO2 atmosphere

and were passaged twice weekly.
The cells were harvested by decanting the culture medium and

washing the monolayers twice with 25 ml HBSS.' C'a'4 and Mg2* free.

Dissociation of the monolayers was accomplished in the absence of
proteases by adding 10 ml HBSS containing 5 mmo I/Iiter ethylenegly-
col bis(0-aminoethyl ether)-7VJV^V'^V'-tetraacetic acid, at 37'C for 30

min, under intermittent shaking. Dislodged cells were decanted, and
the cell suspension was centrifugea at 100 x g for 10 min. The pellets
were resuspended and washed twice with HBSS, without Ca2+ and
Mg2*, but containing 0.2% bovine serum albumin, and were finally

resuspended in the same buffer. Cells were counted in a Neubauer
hemocytometer, and their viability was assessed by trypan blue exclu
sion. The viability of tumor cell suspensions ranged from 90 to 97%.
Cell suspensions were maintained at room temperature.

Treatment of Cells with Neuraminidase. Neuraminidase from Clos-
tridium perfringens (0.85 units/mg) was obtained from P-L Biochemi-
cals, Inc., Milwaukee, WI. The neuraminidase preparation was shown
not to be contaminated with proteases by the use of substrate dyes,
azocoll and hide powder (Calbiochem Behring, La Jolla, CA). The
incubation of neuraminidase (0.1 units/ml) with azocoll (pH 7.4 and
7.8) did not result in the release of dye.

Washed tumor cell suspensions at a concentration of 1 x 10* cells/

ml were treated with 0.2 units neuraminidase per ml. Controls consist
ing of aliquots of the same cell suspensions, incubated in the presence
of HBSS, were run simultaneously to the experimental samples. All
cell suspensions were incubated at 22*C for 30 min. Samples were then

spun, 100 x g for 10 min. The supernatant was removed, and cell
pellets were washed twice with HBSS to remove all traces of neuramin
idase and finally resuspended in HBSS without Ca2* and Mg2* contain

ing 0.2% bovine serum albumin. Cell sialic acid content was determined
before and after treatment with neuraminidase, according to the method
of Jourdian et al. (19). The concentration of sialic acid was determined

' The abbreviation used is: HBSS, Hanks' balanced salt solution.
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against a standard calibration curve prepared with .V-acetyl neuraminic

acid.
Blood Collection. Blood was obtained from healthy volunteers who

had not taken drugs affecting platelets in the previous 10 days. The
anticoagulant used was heparin from porcine intestinal mucosa at the
concentration of 5 units/ml of blood, since platelet responsiveness to
these two cell lines is known to be lost by decrements in Ca2+ concen

tration caused by chelating anticoagulants (4). Platelet count was rou
tinely performed using a Coulter Counter (Coulter Electronics, Hialeah,
FL). Platelet-rich plasma was prepared by centrifugation at 100 x g for
10 min.

Platelet Aggregation. To 0.45 ml of platelet-rich plasma, maintained
under constant stirring in the cuvet of a Multichannel PA Aggrecoder
(Hitachi, Kyoto, Japan), 500 u\ of control or desialylated tumor cell
suspensions were added. Platelet aggregation induced by U87MG and
SKNMC tumor cells was studied at the concentration of 1 x IO5cells/

ml. The changes in the percentage of light transmission, which repre
sents the percentage of maximal platelet aggregation, were recorded for
10 min. The lag time, which in some cases preceded the onset of the
aggregation, was also measured.

Perfusions. These experiments were performed using the Baumgart-
ner perfusion system, which we have previously applied to the study of
platelet-tumor cell interactions (18).

This perfusion system consists of an inner plastic rod on which
everted vessel segments are mounted and an outer plastic shell into
which the central rod can be positioned, so that blood passes through
an annular space over the vessel surface before exiting the chamber.
The wall shear rate is the flow parameter which determines the rate of
platelet adhesion to the vascular surface. The dimensional and flow
characteristics of the chambers have been calculated to mimic the shear
rates of human vasculature (20).

In our experiments 20 ml of human heparinized blood were pumped
through a peristaltic pump (Renal Systems, Inc., Minneapolis, MN) at
a flow rate of 20 mi/min, yielding a wall shear rate of 1300 s~', when

using a perfusion chamber of an effective annular width of 0.35 mm.
As substrata for platelet adhesion, we used rabbit aorta rather than

human, because of its easy availability and because it appears to cause
no significant differences in platelet interaction (21). Rabbit abdominal
aorta segments were excised above the iliac artery and were cut into
segments 10 to 15 mm in length for use in the perfusion apparatus.
Enzymatic digestion with a-chymotrypsin was carried out to increase
the thrombogenicity of the surface by removing basement membrane
and exposing collagen and elastin present in the intima (22). Vessel
segments were incubated for 18 h at 37Â°Cwith a-chymotrypsin (0.4

mg/ml in Tris-HCl buffer, pH 7.2) and were then rinsed twice in
phosphate-buffered saline. The segments were kept frozen at -80Â°C

until used.
In our experiments, untreated or desialylated tumor cells were added

to the blood with thorough mixing and incubated for 2 min at 37Â°C

prior to perfusion. Perfusions were run for 10 min, and then the vessel
segments were rinsed with phosphate buffered saline and fixed with a
mixture of formaldehyderglutaraldehyde (2.5:5%). The fixed segments
were sliced from the supporting rod, dehydrated, and embedded in JB4
embedding material (Polysciences, Inc., Warrington, PA). Three ran
dom sections (2 urn thick) for light microscopy were cut 0.5 mm apart
and stained by conventional histological procedures.

Quantification of Platelet Vessel Wall Interaction. The image of the
stained thin sections was projected onto the recording plate of a manual
optical picture analysis (MOP 20; Kontron) coupled with a computer
that facilitates further distribution analysis of the data regarding plate-
let-subendothelium interaction.

Three different sections, each 0.5 mm apart, were evaluated, and a
total length of the vessel of 3400 /<niwas screened for each experiment.
Morphometric evaluation of platelet-vessel interaction was done ac
cording to the classification of Baumgartner with minor modifications
(23). We determined the cross-sectional areas of all thrombi (platelet
aggregates of more than 5 urn in height), which appear in the total
screened vessel surface. Due to the thrombogenic activity of tumor
cells, perfusions performed in their presence display larger and more
complex thrombi. Using our computer capabilities, thrombi formed in

tumor cell perfusions were classified according to their sizes, and the
five largest of these thrombi were selected, and their average size used
in the calculations. Values were expressed as the mean thrombus area.

Recultivation of Desialylated Tumor Cells. Aliquots of SKNMC and
U87MG cells, that had been treated with either neuraminidase or
HBSS, were seeded in 75 cnr culture flasks and allowed to grow under
standard culture conditions. Aliquots of the same cell suspensions were
simultaneously seeded in I-ml tissue culture tubes for control of cell
growth. Tumor cell count and viability were determined after 4, 8, 16,
and 32 h, for each cell line. After 48 h of recultivation the cells were
harvested as previously indicated. Then, cell number, cell viability, and
surface sialic acid content were determined. Platelet-activating activity
of SKNMC and U87MG cells after recultivation was tested in the
aggregometer and in the perfusion system.

RESULTS

Treatment of Tumor Cells with Neuraminidase

Partial removal of sialic acid from intact tumor cells was
accomplished by treatment of cell suspensions with 0.2 units
neuraminidase/ml for 30 min at 22Â°C.Simultaneously, aliquots

of the same tumor cell suspensions were incubated with HBSS,
manipulated in an identical fashion, and used as controls. The
concentrations measured in cell pellets treated with HBSS were
23.8 Â±7.2 and 9.6 Â±3.0 Mgsialic acid per 1 x 10s SKNMC

and U87MG cells, respectively (Table 1). After treatment with
neuraminidase the concentration of sialic acid was 17.9 Â±3.2
and 6.5 Â±1.6 ng per 1 x 10s SKNMC and U87MG cells,

respectively. These results show that the treatment of the
SKNMC cells with neuraminidase, under our experimental
conditions, induced a loss of 30% of the total surface sialic
acid, whereas the same treatment produced a 35% decrease in
the content of sialic acid of the U87MG cells.

Effect of Desialylation in Tumor Cell-induced Platelet Activation

Platelet Aggregation Studies. When platelets were activated
by the addition of 1 x IO5 SKNMC and U87MG cells per ml,

the percentages of maximal aggregation were 65 Â±12% for
SKNMC and 80 Â±8% for U87MG-induced aggregation, re
spectively (Table 2). After partial removal of sialic acid by
treatment with neuraminidase, the percentage of platelet aggre
gation induced by desialylated cells was 10 Â±5% for SKNMC
cells and 95 Â±5% for the U87MG cells, respectively. The
reduction in the extent of platelet aggregation induced by
desialylated SKNMC cells represents a statistically significant

Table 1 Effects of neuraminidase treatment
To determine sialic acid content of tumor cells, 1x10* U87MG and SKNMC

cells were incubated with HBSS or with 0.2 units neuraminidase/ml.

Sialic acid
Oig/1 x 10s cells)

Treatment SKNMC cells U87MG cells

HBSS
Neuraminidase

23.8 Â±7.2"

17.9 Â±3.2
9.6 Â±3.0
6.5 Â±1.6

' Mean Â±SD (Â«= 5).

Table 2 Effects of neuraminidase treatment on tumor cell-induced platelet
aggregation

Tumor cell concentration was 1 x 10s cells/ml.

% of maximalaggregationSKNMC

U87MGBefore

desialylation65
Â±12Â°

80 Â±8After

desialylation10
Â±5*

95Â±5â€¢
Mean Â±SD (Â«= 5).

"P< 0.0005.
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decrease (P < 0.0005) compared to the value of platelet aggre
gation induced by the cells' prior desialylation. Platelet aggre
gation induced by 1 x IO5 U87MG cells/ml was unchanged

after removal of 35% of cell surface sialic acid. Fig. 1 shows
representative tracings of platelet aggregation induced by
SKNMC and U87MG cells before and after their treatment
with neuraminidase.

Perfusion Studies. Heparinized whole blood, to which 1 x
IO5 SKNMC cells had been added, was recirculated through
the perfusion chamber at a shear rate of 1300 s~'. After 10-min

perfusion, large platelet thrombi were formed onto the suben-

dothelial surface. The mean area of these thrombi was 20 Â±5
x IO3/*m2(Table 3). Addition of desialylated SKNMC cells to

the perfusate induced the formation of platelet thrombi with a
mean area of 1.4 Â±0.4 x IO3/im2. This represents a statistically

significant reduction (P < 0.0005) in the area of platelet thrombi
formed.

Perfusions performed in the presence of 1 x IO5 U87MG

cells/ml resulted in the formation of large platelet thrombi. The
morphometric evaluation of the area of these thrombi gave a
mean value of 70 Â±30 x IO3 /im2. The marked thrombogenic

effect of U87MG cells was also observed when perfusions were
carried out in the presence of the same number of U87MG cells
which had been previously treated with neuraminidase. In these
groups of experiments the area of thrombi formed was 75 Â±40
x IO3 Mm2(Table 3). These results indicate that the thrombo-

100r

MIN.

Fig. 1. Representative tracings of platelet aggregation studies in the presence
of untreated (control) and neuraminidase treated (desialylated) tumor cells. A.
platelet aggregation tracings obtained with 1 x IO5 U87MG cells/ml. B, platelet
aggregation tracings obtained with 1 x 10s SKNMC cells/ml.

Table 3 Effects of neuraminidase treatment on platelet thrombus formation
Shear rate is 1300s'1.

Thrombus area Gun2)"

SKNMC U87MG

BeforedesialylationAfterdesialylation20Â±5* xIO31.4

Â±0.4 x IO3'70

Â±30 xIO375

Â±40 x IO3

' Area of platelet thrombi formed after 10-min perfusions (1x10* SKNMC

and U87MG cells/ml of perfused blood).
* Mean Â±SD (n = 5).
e P< 0.0005.

genie activity of the U87MG cells was maintained after desialy
lation.

Recult ivation of Desialylated Cells. Desialylated SKNMC and
U87MG cells were recultivated simultaneously with nondesi-
alylated cells, and these cells were manipulated in the same way
and were used as controls. Cells from both lines were allowed
to grow, and cell counts and viability were assessed at different
time points.

Cell counts performed at 4,8,16, 32, and 48 h after initiation
of recultivation showed that desialylated SKNMC cells did not
present the same growth rate as nondesialylated cells that were
recultivated under the same conditions (Fig. 2). After 24 h the
number of cells in culture represented 55% of the number of
growing nondesialylated SKNMC cells. After 36 h this value
was 45%, and it was maintained 48 h after the beginning of the
recultivation. Cell viability was also assessed at each point and
was not found to be decreased.

Comparison of cell growth rate between desialylated and
nondesialylated U87MG cells showed no changes, neither in
cell number nor in cell viability (Fig. 2). After 48 h sufficient
amounts of recultivated tumor cells from both lines were har
vested and prepared for measurements of cell sialic acid and
platelet activation assays. Results are summarized in Fig. 3.

For the SKNMC line, after 48 h of recultivation, the content
of sialic acid of desialylated, recultivated cells was only 50% of

,100-
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O 12 24 36 48

TIME OF HARVEST (hours)

Fig. 2. Cell growth of recultivated cells at different harvest times. Cell counts
of desialylated cells are expressed as the percentage of untreated cells. Points,
means of duplicate experiments. â€¢,SKNMC cells; O, U87MG cells.

WO

Oh 48 h OD 48 h

Fig. 3. Sialic acid content and platelet-activating activity of recultivated cells.
Results are expressed as the percentage of untreated cells at the initiation and 48
h after reÃ§uItivalion. Columns, mean of duplicate experiments. G. percentage of
sialylation; Ãœ,percentage of maximal platelet aggregation; O, percentage of
platelet thrombus area.
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the sialic acid content of the nondesialylated recultivated cells.
Platelet-activating activity of desialylated cells was also tested
after 48-h recultivation. Platelet aggregometry tests and perfu
sion studies demonstrated that recultivated SKNMC cells did
not restore their platelet-activating activity (Fig. 3/4). The per
centages of platelet aggregation and platelet thrombus forma
tion were less than 10% of the values measured in the same
tests for nondesialylated cells.

The results obtained with the U87MG line are shown in Fig.
35. After 48-h recultivation the percentage of cell sialylation
was regenerated to a value of 90%. The percentages of platelet
aggregation and the area of platelet thrombus formed were in
the same range as those measured for control cells.

DISCUSSION

The observations, that spontaneous metastatic behavior of
murine tumor cells correlates with their surface sialylation (12)
and that there is a relationship between elevated levels of sialic
acid and reduced immunogenicity of the tumor cells (24),
support the hypothesis of an involvement of tumor cell sialic
acid in some aspects of metastasis.

In this study we report the effects of neuraminidase treatment
on tumor cell-induced platelet activation, measured in two
homologous experimental systems. The study was performed
with two tumor cell lines of human origin, the SKNMC neu
roblastoma line and the U87MG glioblastoma line. Our pre
vious findings demonstrated that both cell lines possess platelet-
activating capacity, but operate through different mechanisms,
the SKNMC line stimulating platelets by an ADP-dependent
mechanism (13) and the U87MG line generating thrombin (14).

Our results indicate that treatment of the SKNMC cells with
neuraminidase produced the loss of 30% of their surface sialic
acid and significantly reduced their capacity to activate plate
lets, in either the aggregometer or the perfusion system. At
tempts to regenerate sialic acid and platelet-activating activity
upon recultivation of desialylated cells were unsuccessful.
SKNMC cells not only did not restore their initial sialylation
values, but also after 48 h of recultivation they displayed levels
of sialic acid that were lower than those initially measured.
These results indicate that partial desialylation of SKNMC
cells induced marked changes in some of their surface properties
that regulate their platelet-activating capacity.

Conversely, U87MG cells treated with neuraminidase which
lost 35% of their surface sialic acid did not reduce their capacity
to aggregate platelets or to generate platelet thrombi in the
perfusion system. These results demonstrate that sialic acid
present on the U87MG cell surface is not related to its capacity
to activate platelets.

These observations support the probability of heterogeneous
mechanisms that mediate the interactions of tumor cells with
platelets. It is therefore conceivable that tumor cell surface
sialylation could be one of the mediators in the phenomenon
of platelet activation induced by tumor cell lines which operate
through an ADP-dependent mechanism. However, when plate
let activation is triggered by other mechanisms, such as the
generation of thrombin, tumor cell sialylation may not be of
primary importance.

Furthermore, our data in the perfusion system, which gives
a better approach to an in vivo situation, also confirm that

tumor surface sialylation cannot be considered the unique me
diator of tumor cell-induced platelet activation.
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