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George P. Tuszynski,2 Tatiana B. Gasic, Vicki L. Rothman, Karen A. Knudsen, and Gabriel J. Gasic

Lankenau Medical Research Center fG. P. T., K. A. K., V. L. R.], Philadelphia, Pennsylvania 19151, and Laboratory of Experimental Oncology, Pennsylvania Hospital
Â¡T.B. G., G. J. G.I, Philadelphia, Pennsylvania 19107

ABSTRACT

The platelet-secreted protein thrombospondin (TSP) potentiates tumor
cell metastasis. Human TSP injected i.v. into mice 5 min prior to i.v.
injection of T241 sarcoma cells potentiates lung tumor colony formation.
Several lines of evidence suggest that the TSP-enhancing effect involves
both TSP-mediated tumor cell adhesion and the host's hemostatic system:

(a) TSP potentiates the initial, rapid sequestering of tumor cells in the
lung; (b) TSP promotes the adhesion of tumor cells in vitro; (c) the effect
of TSP on tumor cell metastasis is dependent on the presence of platelets
and a normal plasma clotting system, since TSP does not potentiate lung
tumor colony formation in either thrombocytopenic mice or mice antico-
agulated with Coumadin. Our results suggest a central role for TSP in
the metastatic process.

INTRODUCTION

Metastasis is the process by which tumor cells colonize
distant tissues via the circulatory system, leading to the eventual
death of the host. The metastatic process is complex and
consists of many steps, including the mechanisms by which
tumor cells enter and exit the circulatory system, evade host
defenses, and grow in new sites. An understanding of the
metastatic process is key to the development of effective cancer
treatments.

Platelets were first shown to play an important role in tumor
cell metastasis in 1968 by the work of Gasic et al. (1) who
demonstrated that a reduction in platelet number correlated
with a reduction in experimentally induced cell mÃ©tastases.
More recent studies by others have implicated a central role for
platelets in the metastatic process (2, 3; reviewed in Ref. 4).
Many studies have shown that tumor cells directly activate
platelets (4). Antiplatelet drugs, such as prostacyclin (5) and
forskolin (6), not only prevent platelet activation and secretion,
but also greatly inhibit experimentally induced cell mÃ©tastases
in mice with normal or high natural killer cell reactivity (7).
However, it remains unclear what role platelets play in metas
tasis. The events accompanying platelet activation such as
secretion of proteins, platelet aggregation, and activation of the
clotting cascade [which was recognized more than a century
ago as part of the malignant process (8)] may all play a signifi
cant role in tumor cell metastasis.

In this report we show that TSP,3 a platelet-secreted protein,

potentiates lung tumor colonization in mice. Our results suggest
that TSP, in conjunction with the host's hemostatic system,

plays a pivotal role in the metastatic spread of cancer.
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MATERIALS AND METHODS

Materials. All reagents, unless specified otherwise, were purchased
from Sigma. Syngeneic C57BL/6 or C57BL/6 x A F, mice were
obtained from Jackson Laboratory.

Cell Culture and Metabolic Radiolabeling. Mouse sarcoma cells
(T241) were maintained in an ascitic form by weekly peritoneal trans
plantation as described previously for the ascitic form of TA3 tumor
cells (1). Sarcoma cells were metabolically labeled with 125!-deoxyuri-

dine as described previously (9). Briefly, cells were maintained in
DMEM containing 5% fetal calf serum and 10 /Â¿Ci/ml'"I-deoxyuridine
for 4 h. Cells were harvested with EDTA-trypsin, washed, and resus-
pended in DMEM before injection into mice.

Measurement of Experimentally Induced MÃ©tastases.Each mouse
received i.v. injections of protein or buffer, followed 5 min later by i.v.
injection of tumor cells. We routinely inject 1 x 10* to 2.0 x 10* cells
per animal in all our studies. Fewer than 1 x 10' cells do not result in
a statistically significant number of mÃ©tastases.More than 2.0 x 10s

cells result in too many tumors to count accurately. That is, the more
cells we inject, the more tumors we observe. Under our chosen assay
conditions the frequency of pulmonary mÃ©tastasescan be quantitated,
while the frequency of extrapulmonary mÃ©tastasesis insignificant. After
14 to 19 days animals were euthanized, and the lung tumor colonies
were counted and measured.

Measurement of Tumor Cell Clearance in the Lung. Each mouse was
given an injection i.v. of IO5 '25I-deoxyuridine-labeled sarcoma cells

immediately after i.v. injection of protein or buffer. Animals were
euthanized after 10 min, 4 h, and 8 h, and the radioactivity associated
with glutaraldehyde-fixed lungs was measured with a gamma counter.

Measurement of Tumor Cell Adhesion. Tumor cell adhesion experi
ments were performed by methods similar to those previously described
(10). Briefly, cells were washed 4 times in Dulbecco's minimal essential

serum-free medium containing 2 mM CaCl2. A 300-Mlaliquot of resus-
pended cells (2.0 x IO5)was added to each well of an 8-well glass tissue

culture slide (Thomas Scientific, Philadelphia, PA) which had been
pretreated 30 min earlier by placing in the center of each well a 5-|il
drop of a 40-^g/ml solution of either TSP, fibronectin, fibrinogen, or
BSA. Proteins were dissolved in 20 mM Tris-bispropane, pH 6.0,
containing 2 mM CaCl2 and 0.25 M NaCI. Cell suspensions were
incubated for 30 min at 37Â°C.Nonadherent cells were removed by

aspiration, followed by washing with PBS. Adherent cells were fixed
with 2% glutaraldehyde for 10 min and then stained with 2% Giemsa
overnight. Cells were viewed at x 100 magnification, and representative
fields in 1.0-mm2 areas were counted.

Antibody Absorption. A 100 Â»/Ialiquot of a 40-ng/ml TSP solution
in 20 mM Tris-bispropane, pH 7.0, containing 2 mM CaCI2 and 0.25 M
NaCI was passed through a 2- x 0.2-cm Protein A-Sepharose column
pretreated with either rabbit control IgG or anti-TSP IgG. Column
pretreatment was accomplished by washing the columns with at least 3
column volumes of PBS and then passing through the column a 100-
ÃŸ\sample of 2 mg/ml IgG of either control IgG or anti-TSP IgG,
followed by washing with PBS.

Preparation of TSP and anti-TSP. Human TSP was purified to
homogeneity with minor modifications as previously described (11).
Anti-TSP was generated in a rabbit against the M, 180,000 subunit of
purified TSP (11).

RESULTS

TSP Potentiation of Tumor Cell Metastasis. TSP injected i.v.
5 min prior to the injection of tumor cells greatly potentiates
tumor cell lung colonization (Fig. 1). While the pictorial re-
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TSP POTENTIATION OF TUMOR CELL METASTASIS

Table 1 Effect of TSP on lung tumor colonization by T241 sarcoma cells
Lung tumor colonies were generated in 6-wk-old C57BL/6 mice by injecting

i.v. 10s viable T24I sarcoma cells in 0.2 ml of 4-(2-hydroxyethyl)-l-piperazine-
elhanesulfonic acid-buffered saline solution. Five min earlier each mouse was
given an injection i.v. of 0.2 ml of 4-(2-hydroxyethyl)-l-piperazineethanesulfonic
acid-buffered saline solution containing 30 to 56 fig of TSP or 500 fig of rabbit
immunoglobulin. Thirteen days later, mice were euthanized and autopsied for
detection of lung tumors. Statistical analysis of the data using the Student ( test
indicates a significant difference between control and TSP-treated groups with P

TreatmentControl

TSP
IgGTumor-bearing

mice/
totalmice37/37

34/34
6/6No.

of
tumors/mouse54

Â±6.5Â°

126 Â±12.8
27 Â±14

Fig. 1. Lungs from control and neuraminidase (/Vose)-treated animals given
injections of T241 cells in either the presence or absence of TSP. Experimental
details are described in the legend of Table 1.

cording alone of the effect of TSP on lung tumor colony
formation is striking, we have also elected to present our data
in a quantitative form involving counting of tumor colonies
(Table 1). TSP treatment results in more than a 100% increase
in lung tumor colonies (Table 1). Only an occasional extrapul-
monary tumor was observed in either the control or TSP-treated
group. Injection of 30 to 56 /Â¿gof TSP produced a similar
potentiation of metastasis, suggesting that the assays were
carried out at saturating TSP concentrations. Lung tumor
colony enhancement by TSP is not due to a nonspecific protein
effect, since injection of 10 times more rabbit immunoglobulin
than TSP has no effect on lung tumor colony formation (Table
1).

TSP Potentiation of Cell-Substratum Adhesion. One possible
explanation for the effect of TSP on tumor cell metastasis is

' Mean Â±SD.

that TSP potentiates tumor cell adhesion to the capillary bed.
To test this hypothesis, we determined whether TSP potentiated
in vitro tumor cell-substratum adhesion. We found that tumor
cells adhered to glass culture slides coated with either TSP or
fibronectin, but not significantly to slides coated with either
BSA or fibrinogen (Fig. 2). The TSP-promoted cell adhesion
was specific for TSP, since TSP preparations adsorbed with
monospecific anti-TSP IgG did not support cell adhesion (Fig.
3).

Effect of TSP on the Lung Clearance of Tumor Cells. TSP
causes an initial increase in the arrest of tumor cells in the lung
(Table 2). Furthermore, there is a slower clearance of tumor
cells from the lung in TSP-treated mice (Table 2). In the first
experiment, 10 min after injecting radiolabeled tumor cells in
TSP-treated mice, there was an 18% increase over controls in
radioactivity localized in the lung. After 4 and 8 h there were
28 and 60% increases, respectively, over controls. In the second
experiment, there were respective 21, 94, and 124% increases
over control values.

Effect of Platelet Reduction and Inhibition of Plasma Coagu
lation on TSP-enhanced Metastasis. Since TSP is known to

Fig. 2. Adhesion of T241 cells to TSP, fi
bronectin, BSA, and fibrinogen. Cell-substra
tum adhesion was performed as described in
"Materials and Methods." The protein used to

coat the slides is indicated in each panel. Cell
photography, x 200.

TSP Fibronectin

BSA
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TSP POTENTIATION OF TUMOR CELL METASTASIS

Fig. 3. Adhesion of T241 cells to TSP ab
sorbed with either anti-TSP or control serum
IgG. Cell-substratum adhesion and antibody
adsorption are described in "Materials and
Methods." The panels denoted anti-TSP IgG

and control serum IgG show cells adhering to
the surface coated with TSP absorbed with
anti-TSP IgG and control serum IgG, respec
tively. Cell photography, X 400.

Anti-TSP IgG Control serum IgG

Table 2 Clearance of labeled T24I cells from mouse lung in the presence and
absence of TSP

Animals were given injections of either buffer or 30 <igof TSP followed by 10*
labeled T24I cells. In Experiment 1, each animal received 4462 cpm of labeled
cells in the buffer-treated group and 4166 cpm of labeled cells in the TSP-treated
group. In Experiment 2, each animal received 2837 cpm of labeled cells in the
buffer-treated group and 2914 cpm in the TSP-treated group. At timed intervals
the animals were euthanized, and the amount of radioactivity remaining in
glutaraldehyde-fixed lungs was determined. Each time point includes the results
from 5 animals. Statistical analysis of the data using the Student t test indicates
a significant difference at all time points between buffer- and TSP-treated groups
with P < 0.05%. Increase over buffer is calculated by the following formula: (TSP
- bufferj/buffer x 100.

SampleExperiment

1
Buffer
TSP
Buffer
TSP
Buffer
TSPRadioactivity

(cpm)3903

Â±898"

4587 Â±926
838 Â±287

1070 Â±377
278 Â±101
445 Â±274Time

(min)10

10
240
240480

480%of

total labeled
cells inlung87

100
20
26

7
10%of

increase
over buffer18

28

60

Experiment 2
BufferTSPBufferTSPBufferTSP2273+2132750

Â±171403
Â±54782
Â±170191

Â±93428
Â±1951010240240480480809414277152194124â€¢

Mean Â±SD.

affect platelet aggregation and plasma clot formation, we as
sessed the effect of both platelets and a normal plasma clotting
system on the effect of TSP on lung tumor colony formation.
Animals were made either thrombocytopenic with neuramini
dase as previously described (1) or anticoagulated with Cou
madin, a vitamin K antagonist, and the effect of TSP on lung
tumor colony formation was determined. Neuraminidase-treat-
ment reduced the platelet count from 700,000 per n\ to 50,000
per pi, a 93% reduction. The blood from Coumadin-treated
animals was undottable. We found that thrombocytopenic mice
had 93 to 99% fewer tumors in either the presence or absence
of TSP, indicating that TSP alone is not sufficient to support
lung tumor colony formation (Fig. 1; Table 3). Similarly, mice
treated with Coumadin had dramatically fewer tumors whether
or not they were treated with TSP, indicating that a normal
plasma clotting system is required for the TSP effect (Table 4).
In both Coumadin- and neuraminidase-treated mice only an
occasional tumor was observed outside the lung.

DISCUSSION

Adhesive proteins that are part of the extracellular matrix
are thought to play an important role in the process of tumor

Table 3 Effect of neuraminidase-induced thrombocytopenia on the TSP-
enhanced lung tumor colonization by T241 sarcoma cells

Animals were given injections of 0.2 units of neuraminidase per mouse 24 h
prior to injection of TSP (30 /ig/animal) and 1 to 2 x 10s tumor cells. Platelet
counts in neuraminidase-treated animals were reduced from 700,000 per Â¡Ato
50,000 per u\. Animals were euthanized 19 days later, and tumor colonies were
counted. Statistical analysis of the data using the Student / test indicates a
significant difference with P < 0.01 between the TSP- and buffer-treated groups,
but no difference between the neuraminidase and TSP plus neuraminidase groups.

Tumor-bearing mice/
Treatment totalmiceBuffer

Buffer + Neu*

TSP
TSP + Neu9/9

4/107/7

5/8No.

of
tumors/mouse57

Â±14"

0.5 Â±0.7
136 Â±33
0.9 Â±1"

Mean Â±SD.
* Neu, neuraminidase.

Table 4 Effect ofCoumadin inhibition of blood coagulation on the TSP-
enhanced lung tumor colonization by T24I sarcoma cells

Animals were given 8 mg of Coumadin/liter of drinking water 48 h prior to
injecting TSP and tumor cells. After 48 h the blood was unclottahle. Mice were
given injections i.v. of 30 Mgof TSP followed by 10*T241 cells, and the Coumadin
treatment was discontinued. Animals were euthanized 2 wk later, and the number
of lung nodules was counted. Statistical analysis of the data using the Student I
test indicates a significant difference with P < 0.01 between the TSP- and buffer-
treated groups, but no difference between the Coumadin and TSP plus Coumadin
groups.

TreatmentBuffer

Buffer + TSP
Coumadin
Coumadin + TSPTumor-bearing

mice/
totalmice5/5

5/5
5/55/5No.

of
tumors/mouse41

Â±26Â°
131 Â±55
11 Â±6
13 Â±6

Â°Mean Â±SD.

cell metastasis. Two such proteins are laminin and fibronectin.
Laminili has been shown to potentiate tumor cell metastasis,
presumably by increasing cell adhesion to the capillary wall
(11). It is thought that the laminin molecule acts like a bridge
with one end of the molecule binding cell surface laminin
receptors and the other end interacting with type IV collagen
of the basement membrane of the capillary bed. Endogenous
fibronectin also appears to modulate cell metastasis, since BL6
melanoma cells grown in the absence of fibronectin were shown
to be more metastatic than those grown in its presence (12).
This observation was interpreted to indicate that cells grown in
the absence of fibronectin had free fibronectin receptors avail
able to bind to the fibronectin of the basement membrane (13).

The long-standing observation that normal platelet function
is required for tumor cell metastasis might be explained by
predicting that platelets secrete adhesive substances critical to
a step in the metastatic cascade. Since during metastasis tumor
cells enter the circulation and come in contact with platelets, it
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seems reasonable to postulate that platelets may secrete pro-
tein(s) that mediate the interaction of cells with the vessel wall,
a step preliminary to the digestion of the basement membrane
by tumor cell (or host cell) proteases. Such a substance might
be an adhesive protein that could help the tumor cells adhere
to the vessel wall. Our results suggest that TSP is such an
adhesive protein and that it participates in the initial arrest of
tumor cells in the capillary bed of the lung. TSP is a A/r 450,000
glycoprotein secreted by platelets in response to physiological
platelet activators, such as thrombin and collagen (14). It is a
major a-granule protein nearly equimolar in concentration to
platelet fibrinogen. TSP is synthesized by other tissues, such as
endothelial cells and smooth muscle cells (15), and appears to
be conserved in structure among various animal species, since
antibody against human TSP cross-reacts with TSP from the
mouse, pig, cow, sheep, dog, and turkey (16). TSP has been
shown to complex with numerous macromolecules, including
heparin (17), fibrinogen (11,18,19), thrombin (20), fibronectin
(18), collagen (21), histidine-rich glycoprotein (22), and plas-
minogen (23). In addition, TSP has also been shown to specif
ically incorporate into the extracellular matrix of fibroblasts
(24) and muscle cells (21).

TSP might potentiate tumor cell metastasis in much the same
way as has been shown for laminin (12), thus providing an
adhesive bridge between the tumor cells and the vessel wall. In
fact, recent evidence indicates that TSP promotes cell-substra
tum adhesion. For instance, TSP has been shown to potentiate
adhesion of malaria-infected RBC (25), human melanoma cells
(26), squamous carcinoma cells (27), and other cell types in
cluding endothelial cells.4 TSP has also been shown to poten
tiate the cell adhesion-promoting activity of fibronectin (28).
The hypothesis that TSP promotes attachment of tumor cells
to the vessel wall is further supported by two lines of evidence
reported here. We showed that TSP inhibits the clearance of
tumor cells from the lungs of mice given injections. Next, we
showed that TSP strongly potentiates the in vitro adhesion of
theT241 cells.

A simple TSP-tumor cell bridging hypothesis does not fully
explain the potentiating effects of TSP on metastasis, however.
Our results indicate that an intact host hemostatic system is
required to obtain maximum effects of TSP on enhancing tumor
colony formation to the lung. That is, the presence of platelets
is required, since thrombocytopenia abolishes the TSP effect.
In addition, the vitamin K-dependent clotting factors are also
essential, since inhibition of blood coagulation by Coumadin
treatment of the mice abolishes the TSP effect. These results
suggest that TSP promotes tumor cell sequestration not directly
to the vessel wall, but rather through a platelet-fibrin clot. TSP
might act in one, or both, of two ways, (a) It is possible that
TSP specifically binds tumor cells to the platelet-fibrin clot,
since, as we have shown here, the tumor cells adhere to TSP.
(b) Since TSP has been shown to promote platelet aggregation
(29) and stabilize clot formation (30), TSP might enhance
platelet-fibrin clot formation and mechanically trap tumor cells.
Determination of which of these mechanisms explains the
metastasis-promoting properties of TSP requires further study.
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