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The platelet paradigm in hemostasis and thrombosis involves an
initiation step that depends on platelet membrane receptors bind-
ing to ligands on a damaged or inflamed vascular surface. Once
bound to the surface, platelets provide a unique microenvironment
supporting the accumulation of more platelets and the elaboration
of a fibrin-rich network produced by coagulation factors. The
platelet-specific receptor glycoprotein (GP) Ib-IX, is critical in this
process and initiates the formation of a platelet-rich thrombus by
tethering the platelet to a thrombogenic surface. A role for plate-
lets beyond the hemostasis/thrombosis paradigm is emerging with
significant platelet contributions in both tumorigenesis and in-
flammation. We have established congenic (N10) mouse colonies
(C57BL/6J) with dysfunctional GP Ib-IX receptors in our laboratory
that allow us an opportunity to examine the relevance of platelet
GP Ib-IX in syngeneic mouse models of experimental metastasis.
Our results demonstrate platelet GP Ib-IX contributes to experi-
mental metastasis because a functional absence of GP Ib-IX corre-
lates with a 15-fold reduction in the number of lung metastatic foci
using B16F10.1 melanoma cells. The results demonstrate that the
extracellular domain of the �-subunit of GP Ib is the structurally
relevant component of the GP Ib-IX complex contributing to
metastasis. Our results support the hypothesis that platelet GP
Ib-IX functions that support normal hemostasis or pathologic
thrombosis also contribute to tumor malignancy.
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C irculating blood platelets have an inherent adhesive poten-
tial long recognized as essential for hemostasis and throm-

bosis. Beyond the platelet paradigm for blood clotting and
thrombosis, it is becoming apparent that the platelet’s adhesive
potential influences pathological events outside its role in he-
mostasis. Indeed, emerging hypotheses suggest the platelet
paradigm in hemostasis and thrombosis, an accumulation of
platelets and the elaboration of a fibrin matrix, may provide a
mechanism for circulating tumor cells to metastasize. Experi-
mental proof that platelets effect tumor metastasis was provided
in models where an experimental lowering of circulating platelet
counts reduced metastasis (1–3).

Evidence suggests that carcinoma cells entering the circulation
interact with both platelets and leukocytes to form tumor cell
aggregates (1, 4). Data have suggested one mechanism linking
the platelet to metastasis is a platelet ‘‘cloak’’ surrounding the
tumor cell and protecting the tumor cell from immune surveil-
lance (5, 6). Tumorigenesis has been linked to several molecules
essential for blood coagulation and normal platelet function.
These include thrombin, tissue factor, platelet P-selectin, fibrin-
ogen, and lysophosphatidic acid (3, 4, 7–16). Together, these
results suggest that platelets and their procoagulant activity
support tumor metastasis, possibly by aiding tumor cells to lodge
in the microvasculature and either extravasate to the surround-
ing tissue or grow as an intravascular tumor (17).

Experimental metastasis refers to the injection of tumor cells
directly into the circulation. In mouse models of experimental

metastasis, the most common injection site is the lateral tail vein,
producing major metastases in the lung. The primary involve-
ment of the lung is probably due to the fact that the first capillary
bed through which tumor cells pass are in the lung (18). A variety
of murine cancer lines have been developed that are useful in
transplantable metastasis assays (18). One of the best charac-
terized is the melanoma B16 model, where successive collection
of metastases from the lung and reinjection has yielded a series
of lines with increasing metastatic potential (19). The syngeneic
host-mouse strain for B16 cells, C57BL/6J, is one of the more
commonly used laboratory mouse strains. A strength of using a
syngeneic model, versus a xenograft model, is the competency of
the immune system in the host animal (20).

We present data that experimental metastasis is highly regu-
lated and depends on a specific platelet receptor complex
normally reserved for hemostasis and thrombosis. Our data
demonstrate that normal platelet functions mediated by the
adhesion receptor, GP Ib-IX, are key to processes controlling
colonization of the mouse lung by B16 cells. Using a murine
model of GP Ib-IX deficiency and models where variants of the
�-subunit of the GP Ib-IX complex are expressed on the surface
of circulating platelets, we establish that the extracellular domain
of GP Ib� is the structural and functional component of the GP
Ib-IX complex supporting lung colonization. These studies pro-
vide a further understanding of the impact of platelet function
on tumor biology and may lead in the development of strategies
or adjunct therapies for controlling malignant disease.

Results
Platelet GP Ib� and Experimental Metastasis. Two mouse models of
platelet glycoprotein Ib-IX deficiency have been described (21,
22). Brief ly, a knockout of the platelet GP Ib� subunit
(GP1b�/�) generates a murine model of the human Bernard–
Soulier syndrome (BSS). These mice have a severe bleeding
phenotype, macrothrombocytopenia, and no detectable GP
Ib-IX receptor on their platelet surface. The second model was
developed by partially rescuing the GP1b�/� macrothrombocy-
topenic phenotype by transgenic expression of a variant GP Ib�
subunit (IL-4R). The variant subunit consists of an extracellular
domain of the human IL-4 receptor fused to human GP Ib�
transmembrane and cytoplasmic domains (22). These mice
retain a severe bleeding phenotype, owing to the absence of GP
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Ib� extracytoplasmic domains but, as compared with GP1b�/�

mice, have an increased platelet count and a more normal
distribution of platelet size in whole blood (22). For the purpose
of the current study, both mouse models have been backcrossed
for 10 generations to C57BL/6J mice, generating congenic
strains of each model (Fig 1).

A syngeneic model of experimental metastasis was used to
determine the physiologic relevance of platelet GP Ib� in
tumorigenesis. Metastatic murine melanoma cells B16F10.1
(B16) were injected into the lateral tail vein of mice, and 14 days
later, the extent of lung metastasis was determined. After the
mice were killed, lungs were dissected, and the number of
surface-visible lung tumors was determined. Results are shown
after the injection of 1 � 105 B16 cells in a series of age- and
sex-matched control (C57BL/6J), congenic GP1b�/�, and con-
genic IL-4R animals (Fig. 2). The average number of visible

tumors in GP1b�/� was 19-fold less than that observed in control
C57BL/6J animals. The median value for GP1b�/� mice was 8,
whereas the median value for control lungs was 150 (Fig. 2). The
reduction in surface metastases was statistically significant with
a P value of 0.003. Similar results were obtained in two inde-
pendent experiments. The number of tumor foci depended
strongly on the presence of GP Ib-IX, but the size and overall
appearance of individual foci were indistinguishable between
control C57BL/6J and GP1b�/� lungs.

As mentioned above, GP1b�/� mice display macrothrombo-
cytopenia with circulating platelet counts �1/3 of a normal
value. Thus, to determine the significance of the GP1b�/�

associated macrothrombocytopenia, we performed experiments
using the congenic IL-4R mouse model, still devoid of extracel-
lular GP Ib� functions but with an ameliorated macrothrombo-
cytopenia. Visible lung tumors in IL-4R mice had a median value
of 12, as compared with the median value of 150 tumors with
C57BL/6J controls (Fig. 2). The reduced number of metastatic
foci on IL-4R lungs was again statistically significant, with a P
value of 0.004. No statistical difference was observed between
GP1b�/� and IL-4R lungs.

To further evaluate platelet/tumor cell interactions, B16 cells
were mixed with washed platelets at a 1:200 (B16:platelets) ratio.
Flow cytometry analysis gating on tumor cells compared fluo-
rescence in the presence of labeled platelets from C57BL/6J,
GP1b�/�, and IL-4R animals. No obvious fluorescent profile
differences were seen among the three mouse strains (Fig. 3).

Fig. 1. Variant platelet GP Ib-IX receptor complexes expressed on the surface of
circulating platelets are schematically represented. (a) The WT GP Ib-IX complex
consists of three distinct gene products. The disulfide-linked �- and �-subunits of
GP Ib and the noncovalently associated GP IX. (b) A mouse model of GP Ib-IX
deficiency (GP1b�/�) has been previously described mimicking the human BSS
(21). This mouse model of BSS lacks the gene encoding GP Ib�, resulting in a
missing complex owing to the three-subunit requirement for efficient surface
expression of the complex (48). A hallmark feature of both human mouse BSS is
macrothrombocytopenia. The complex depicted in c expresses a variant GP Ib�

subunit with an ameliorated macrothrombocytopenia (22). The expressed GP Ib�

variant is composed of an extracellular domain from the interleukin-4 receptor
fused to coding sequence of a few residues from the GP Ib� extracellular domain
and the complete GP Ib� transmembrane and cytoplasmic domains (IL-4R). The
disulfide linkage occurring between the IL-4R/GP Ib� fusion and GP Ib� was
confirmed by biochemical analysis (22). (d) A rescue of mouse GP Ib� deficiency
was performed by transgenic expression of the human GP Ib� subunit (hTgWT) as
was a similar variant lacking the six terminal residues of the GP Ib� subunit
(hTgY605X, e) (21, 23).

Fig. 2. B16-F10.1 melanoma cells (1 � 105) were injected via a mouse tail vein.
Fourteen days later, the lungs were removed, and surface-visible tumors were
counted in normal (WT), BSS mice (GP1b�/�), and mice with an absent extra-
cellular domain of platelet GP Ib� (IL-4R). (a) Box plot data represent range,
median, and quartile values. Median values are represented by the horizontal
line. P values comparing each group are shown. (b) Two representative
metastatic lungs are shown for comparison.

Fig. 3. Flow cytometry profiles of B16F10.1 cells mixed with washed platelets
at a ratio of 1:200 (B16:platelets) are shown. Tumor cell forward scatter profile
(Upper) was analyzed for fluorescence (Lower) produced by a platelet-specific
phycoerythrin (PE)-labeled rat anti-mouse CD41 (�IIb, glycoprotein IIb) mono-
clonal antibody. Fluorescent profiles of tumor cells in the presence of platelets
from normal mice (C57BL/6J, black line), GP1b�/� animals (dark gray), and
IL-4R animals (light gray) are shown. Labeled B16 cells in the absence of
washed platelets are shown for comparison (shaded gray area).
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Thus, we conclude that under these experimental conditions,
there is not a major role for platelet GP Ib-IX in a platelet–tumor
cell interaction.

Experimental Metastasis and Human GP Ib�. We have previously
described mice devoid of mouse GP Ib�, GP1b�/�, but express-
ing a platelet-specific transgene encoding human GP Ib�, hTgWT

(21). hTgWT mice have a rescued Bernard–Soulier phenotype, as
evidenced by increased platelet count, a normal distribution of
platelet size, and normal hemostasis. We have also described the
generation of a similar mouse colony expressing a truncated
form of the human GP Ib� transgene, lacking six terminal
residues that interact with the signal transduction protein,
14-3-3� (23). These mice, hTgY605X, have been characterized for
the relevance of these cytoplasmic residues in megakaryocyte
maturation and proliferation (23). We also previously reported
the cytoplasmic truncation had no effect on circulating platelet
counts or hemostasis, as determined in a tail bleeding-time assay.

The relevance of these cytoplasmic residues for thrombosis is
presented in Fig. 4. In a model of ferric chloride-induced carotid
artery injury, mice expressing hTgWT were observed to have a
rapid and stable reduction of blood flow, leading to an occlusion
that persists for at least 25 min. In total, 10 hTgWT animals were
tested, with indistinguishable results from the three representa-
tive tracings presented in Fig. 4. This result supports our previous
conclusion that human GP Ib� expressed on the surface of
mouse GPIb-deficient platelets does rescue the mouse BSS
phenotype (21). In contrast, mice expressing the cytoplasmic
truncation, hTgY605X, had impaired thrombosis in this model.
Blood flow reduction indicative of thrombus formation oc-
curred, but in contrast to hTgWT, there was evidence of fluctu-
ating blood flow, indicative of embolization and an inability to
completely occlude the vessel (Fig. 4). Similar results were
obtained from 10 different animals, and three representative
tracings are shown (Fig. 4). Thus, truncation of GP Ib� does
impact thrombosis in this ferric-chloride model and presumably

relates to alterations in a GPIb�/14-3-3� signaling pathway, an
idea proposed by others (24, 25).

Having established both hTgWT and hTgY605X animals as con-
genic strains, experiments were performed to determine whether
human GP Ib� supports experimental metastasis and to determine
whether the cytoplasmic interactions, such as GP Ib�/14-3-3�
signaling pathways, might contribute to the process. B16 cells were
injected in the tail veins of hTgWT and hTgY605X animals. The
expression of human GP Ib� in this model of mouse GP Ib�
deficiency produced a significant number of visible tumors, me-
dian � 157, thus confirming the ability of human GP Ib� to support
tumor development (Fig. 5). Likewise, the six-residue truncation of
GP Ib� did not significantly impact the relevance of GP Ib� to
support metastasis (median value, � 96). No statistical significance
was observed between the two groups (P value of 0.066). This result
demonstrates that human GP Ib� supports metastasis and the GP
Ib�/14-3-3�-dependent signaling pathways are not relevant to the
formation of lung tumors in this model of experimental metastasis.
These results indicate that GP Ib-IX can support experimental
metastasis in platelets unable to form stable thrombi. In combina-
tion with results obtained with IL-4R mice, these results support the
hypothesis that the extracellular domain of platelet GP Ib� supports
experimental metastasis.

Discussion
Although the in vivo role of platelet GP Ib-IX in hemostasis and
thrombosis is well established (26–28), its role in other biological
events is only minimally appreciated. In the past decade, there
has been a growing appreciation for the platelet in a variety of
processes from tumorigenesis to inflammation (4, 29, 30). One
recent example is mice deficient in functional GP Ib-IX exhib-
iting impaired angiogenesis (27). A few reports have documented
that GP Ib� can function as a counterreceptor for P-selectin (31)
while supporting a platelet–leukocyte interaction via the integrin
receptor, Mac-1 (32, 33). Defining the binding proteins to the GP
Ib-IX complex is important, but defining the physiologic rele-

Fig. 4. A mouse model with a truncated GP Ib� subunit expresses a receptor
lacking 6 aa from the cytoplasmic COOH terminus of the human GP Ib� subunit
and is designated hTgY605X (right tracings). A similar mouse colony expressing the
normal human GP Ib� subunit has also been generated, hTgWT (left tracings).
Congenic strains of both mouse models are now available and have been tested
in an in vivo model of thrombus formation. A 10% FeCl3-soaked filter is placed on
the surface of an exposed carotid artery for 3 min. After removal of the filter,
blood flow through the carotid is measured by using a laser Doppler probe. The
representative tracings from three different mice of each colony follow blood
flow from a maximum value (top of the graph) to a minimum value that repre-
sents occlusion of the carotid (bottom of the graph). The FeCl3 filter was removed
at the time point designated by the arrow. The graphs are representative of 10
individual measurements from each mouse strain.

Fig. 5. B16-F10.1 melanoma cells (1 � 105) were injected via a mouse tail vein.
Fourteen days later, the lungs were removed, and surface-visible tumors were
counted from mice expressing a human GP Ib� subunit (hTgWT) and mice with
a truncated cytoplasmic tail of GP Ib� (hTgY605X). Box plot data represent
range, median, and quartile values. Median values are represented by the
horizontal line.
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vance of the binding becomes the greater goal. As one of the
major receptor complexes on the platelet surface, the role of
platelet GP Ib-IX in these processes warrants further consider-
ation, given the wealth of reagents and information that have
been developed in the study of hemostasis and thrombosis. To
this end, we examined the in vivo relevance of GP Ib-IX using a
model of experimental metastasis.

Our studies provide evidence that a primary adhesion receptor
for platelets, GP Ib-IX, also participates in metastasis because its
functional absence coincides with reduced experimental metastasis.
Our results appear, at first glance, to be independent of the major
GP Ib-IX ligand, von Willebrand factor (vWF), because it has been
reported that vWF-deficient mice have an unexpected increase in
metastatic potential (34). However, the results presented here and
those from the vWF-deficient mouse might be linked if the in-
creased metastatic potential in vWF-deficient animals is due to an
increased availability of platelet GP Ib-IX in the absence of vWF.
However, because vWF is a constituent of the plasma and suben-
dothelial matrix, the mechanism by which vWF participates in the
metastatic process remains unclear.

An obvious question is at what point in tumor metastasis does
platelet GP Ib-IX influence experimental metastasis. Perhaps
the role of GP Ib-IX is related to the local environment at the
site of tumor formation. It seems clear that the establishment of
a fibrin-rich network surrounding the tumor cell is important
because several inhibitors of blood coagulation, albeit at high
concentrations, have been associated with reduced metastasis (4,
9, 35). We have recently reported that the function of GP Ib-IX
in normal hemostasis exceeds that predicted by its interaction
with vWF further supporting a role for GP Ib-IX beyond primary
platelet adhesion (28). Indeed, the �-subunit of GP Ib contains
a thrombin-binding site that is well characterized at the bio-
chemical level, but the in vivo relevance of thrombin binding to
GP Ib-IX has remained elusive (36–38).

From a molecular standpoint, P-selectin has been identified as
critical for the cell–cell interactions that facilitate platelet-
mediated metastasis because P-selectin-deficient platelets have
fewer tumor cell–platelet interactions (4, 13). P-selectin was
originally identified as a marker of activated platelets (39, 40).
Whether sufficient P-selectin on unactivated platelets supports
binding to tumor cells is unclear. Nevertheless, increased ex-
pression by tumor cells of P-selectin ligands, such as sialyl Lewisx

or glycosaminoglycans, correlate with a poor prognosis owing to
increased metastatic spread (41, 42). This suggests a mechanism
whereby P-selectin expressed on platelets mediates an interac-
tion with tumor cells (4). Indeed, platelet activation may be
critical to this interaction because mice deficient in the signaling
protein, G�q, also have decreased metastatic potential (6).

Some have suggested the molecular steps required for metas-
tasis are similar for all solid tumors (43, 44). In future studies, we
can expand our results to include additional cell lines and
possibly follow the kinetic fate of tumor cells after tail vein
injection by using in vivo imaging technologies (45). An addi-
tional future direction should be to examine the relevance of GP
Ib-IX in models of spontaneous tumor development, a model
that may more closely mimic the catastrophic events leading to
a poor prognosis in human cancer. However, the current results
do suggest that targeting the platelet-specific GP Ib-IX complex
may have merit in the control and management of malignant
disease. Whether such a strategy is possible without excessive
blood loss owing to impaired hemostasis will have to be carefully
evaluated. It may be that reducing metastasis by GP Ib-IX
blockade comes with the added complication that excessive
bleeding near a growing tumor is more harmful than the
metastatic disease. Nevertheless, given the poor prognosis as-
sociated with metastatic disease, this is another potential direc-
tion for therapeutic intervention.

Materials and Methods
Mice. Control C57BL/6J animals were obtained from The Jack-
son Laboratory (Bar Harbor, ME). GP Ib-IX-deficient animals
have been described and were generated by a gene-targeting
strategy of the mouse GP Ib� gene (GP1b) (21). The platelet GP
Ib-IX receptor complex is assembled from three distinct platelet-
specific gene products, with mutations in any of the subunits
producing the BSS. Mutations in the gene encoding the �-sub-
unit of GP Ib are the most common molecular basis for the BSS
phenotype (46). In the mouse model of GPIb�-deficiency, the
coding sequence for GP Ib� was deleted, leading to a complete
lack of detectable platelet GP Ib-IX (21). The mouse BSS colony
was backcrossed (10 generations, N10) with C57BL/6J mice
purchased from The Jackson Laboratory. The breeding scheme
involved stabilizing the mouse Y chromosome in generation one
(N1) by using male C57BL/6J animals and choosing heterozygous
male offspring for subsequent generations. The breeding of
heterozygous GP1b�/� animals to normal C57BL/6J animals in
generation 10, led to GP1b�/� progeny that were bred to each
other, generating homozygous mice of the BSS phenotype
(B6.129S7-GP1btm1). For simplicity in the manuscript, these
animals are referred to GP1b�/�. All GP1b�/� mice used in this
study had been previously screened by flow cytometry to confirm
the absence of a mouse GP Ib-IX complex.

Three additional mouse colonies expressing variants of the GP
Ib� subunit have been described (21–23). In brief, each colony
has been bred onto a mouse background devoid of murine GP
Ib� alleles (GP1b�/�) and back-crossed with control C57BL/6J
animals for 10 generations to generate congenic animals in a
similar strategy described above. However, in each case, animals
were screened by flow cytometry at each generation to ensure
the presence of a transgenic product. One colony expresses a
variant GP Ib� subunit where most of the extracytoplasmic
sequence of GP Ib� has been replaced by an isolated domain of
the IL-4 receptor fused to the transmembrane and cytoplasmic
residues of GP Ib� (22). In this article, these congenic animals
are designated, IL-4R. Two additional colonies expressing trans-
genic products express either the full-length human GP Ib�
sequence (designated, hTgWT) or a six-residue truncation of the
cytoplasmic tail (designated, hTgY605X) (21, 23). All animal
procedures have been performed in accordance with institu-
tional guidelines and approval.

Antibodies and Flow Cytometry. Whole blood was analyzed by flow
cytometry (FACscan, Becton Dickinson, Franklin Lakes, NJ)
using a variety of phycoerythrin-labeled or FITC-conjugated
antibodies. An anti-mouse CD41 (anti-GPIIb or �IIb) mono-
clonal antibody (Cat. no. 558040; BD Pharmingen, San Jose, CA)
was used to identify the platelet population in whole blood. After
identifying the platelet population, a gate was set in the flow
cytometer to analyze fluorescence produced by a second labeling
with a FITC-conjugated rat anti-mouse CD42b (anti-GP Ib�)
monoclonal antibody to confirm the absence of mouse GP Ib�
[Xia.G; available from Emfret Analytics (Eibelstadt, Ger-
many)]. For the confirmation of human transgene expression, a
FITC-conjugated mouse anti-human CD42b monoclonal anti-
body (Cat. No. 555472; BD Pharmingen) was used.

To evaluate the B16F10.1-platelet interaction, whole blood
was drawn from anesthetized mice via the retroorbital plexus by
using heparinized capillary tubes. Platelet-rich plasma was re-
moved after centrifugation (200 � g for 5 min), and a platelet
pellet was generated after another centrifugation [2,000 � g for
5 min). Platelets were resuspended in modified Tyrode’s buffer
(140 mM NaCl/2.7 mM KCl/10 mM NaHCO3/0.42 mM
Na2HPO4/5 mM dextrose/1 mM CaCl2/10 mM Hepes (pH 7.4)]
and washed a second time after a similar centrifugation and
resuspension in modified Tyrode’s buffer. Platelet counts were
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determined, and tumor cells were added to generate a final ratio
of 1:200 (tumor cell-to-platelets). The samples were kept at room
temperature (RT) for �20 min, antibody was added (30-min RT
incubation), and the mixture was diluted 3-fold with modified
Tyrode’s buffer before analysis by flow cytometry.

Cells. B16-F10.1 were cultured in DMEM with 10% FBS, 100
units/ml penicillin, 100 units/ml streptomycin, 2 mM glutamine, 10
mM Hepes, and 1 mM sodium pyruvate in the presence of 5% CO2.

Experimental Metastasis. B16F10.1 cells were supplied with fresh
medium 1 day before their harvest for tail vein injection.
Subconfluent cells (70–80%) were washed with Dulbecco’s
phosphate-buffered saline and detached by brief exposure to
trypsin (0.25% trypsin and 0.2%EDTA) and washed twice with
serum-free medium. Cells were resuspended in serum- free
medium and kept on ice until injection. Viability was determined
by trypan blue exclusion and was always more than 95%. Two
hundred �l of a tumor cell (1 � 105 cells) suspension was injected
to the lateral tail vein of mice by using a 27-gauge needle.

Quantitation of Surface Pulmonary Metastatic Foci. Mice containing
lung tumors were killed on day 14 after tumor cell injection. The

lungs were removed and rinsed in saline and weighed. Lungs
were kept in Bouin’s fixative for 24 h before counting. Individual
lobes were separated, and the number of surface-visible metas-
tases was determined by using a stereomicroscope (�2 magni-
fication; Tritech Research, Los Angeles, CA). Statistical analysis
was performed by using the Student’s t test.

Ferric Chloride-Induced Thrombosis. For ferric chloride (FeCl3)-
induced carotid artery injury, the carotid artery was exposed on
anesthetized mice (2.5% isoflurane). A 4 � 10-mm strip of
Whatman No. 1 filter paper was soaked with 10% FeCl3 and
placed on the exposed artery for 3 min. After removal of the
filter paper, the exposed area was thoroughly rinsed with isotonic
saline. Blood flow was monitored by using a laser Doppler
system (Trimflo; Vasamedics, Eden Prairie, MN) connected to
a BPM2 blood perfusion monitor (Vasamedics) interfaced via an
analogue to digital output with software from PowerLab System
(AD Instruments, Castle Hill, Australia) (47).
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