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Fibrinogen is an important determinant of the metastatic potential
of circulating tumor cells
Joseph S. Palumbo, Keith W. Kombrinck, Angela F. Drew, Timothy S. Grimes, John H. Kiser, Jay L. Degen, and Thomas H. Bugge

Detailed studies of tumor cell–associated
procoagulants and fibrinolytic factors
have implied that local thrombin genera-
tion and fibrin deposition and dissolution
may be important in tumor growth and
dissemination.Todirectlydeterminewhether
fibrin(ogen) or plasmin(ogen) are determi-
nants of the metastatic potential of circu-
lating tumor cells, this study examined
the impact of genetic deficits in each of
these key hemostatic factors on the hema-
togenous pulmonary metastasis of 2 es-
tablished murine tumors, Lewis lung car-
cinoma and the B16-BL6 melanoma. In
both tumor models, fibrinogen deficiency

strongly diminished, but did not prevent,
the development of lung metastasis. The
quantitative reduction in metastasis in
fibrinogen-deficient mice was not due to
any appreciable difference in tumor stroma
formation or tumor growth. Rather, tumor
cell fate studies indicated an important
role for fibrin(ogen) in sustained adhe-
sion and survival of tumor cells within the
lung. The specific thrombin inhibitor, hiru-
din, further diminished the metastatic po-
tential of circulating tumor cells in fibrino-
gen-deficient mice, although the inhibitor
had no apparent effect on tumor cell
proliferation in vitro. The absence of plas-

minogen and plasmin-mediated fibrinoly-
sis had no significant impact on hemato-
genous metastasis. The authors concluded
that fibrin(ogen) is a critical determinant
of the metastatic potential of circulating
tumor cells. Furthermore, thrombin ap-
pears to facilitate tumor dissemination
through at least one fibrin(ogen)-indepen-
dent mechanism. These findings suggest
that therapeutic strategies focusing on
multiple distinct hemostatic factors might
be beneficial in the containment of tumor
metastasis. (Blood. 2000;96:3302-3309)
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Introduction

A specific association between human cancer and the hemostatic
system has been recognized for more than a century. Many
significant hemostatic abnormalities have been described in pa-
tients with cancer, including disseminated intravascular coagula-
tion, hemorrhagic events, and migratory thrombophlebitis. Indeed,
hemostatic complications are a common cause of death in patients
with cancer.1-3 Many tumor cells possess strong procoagulant
activities that promote the local activation of the coagulation
system.2,4 Furthermore, tumor-mediated activation of the coagula-
tion cascade has been implicated in both the formation of tumor
stroma and the promotion of hematogenous metastasis.4-8 Most
solid tumors in humans and experimental animals contain consider-
able amounts of fibrinogen-related products, mostly cross-linked
fibrin, suggesting that fibrin(ogen) is important in tumor stroma
formation.1,3,4,9-13 Fibrin matrices promote the migration of a
substantial number of distinct cell types, including both trans-
formed cells, endothelial cells, macrophages, and fibroblasts.4,14,15

Fibrin matrices also promote neovascularization, supporting the
notion that fibrin may facilitate tumor stroma formation by
mechanisms that are analogous to wound repair.10,16,17 Fibrin
degradation products (FDPs) have also been shown to display
powerful chemotactic, immune-modulatory, as well as angiogenic
properties.18-23Taken together, substantial indirect evidence points
to an important role for fibrin(ogen) in tumor progression.

Hematogenous metastasis represents a second aspect of tumor
biology in which activation of the coagulation system has been

implicated. Following their entrance into the circulation, tumor
cells must adhere in the microvasculature of a target organ prior to
growth.24 It has been suggested that the formation of platelet-fibrin-
tumor cell aggregates may be causally related to endothelial
adhesion and metastatic potential.5,25,26Deposition of fibrin within
adherent tumor cell–platelet aggregates can be detected as early as
5 minutes after tumor cell inoculation and persists for more than 9
hours.25,27Furthermore, antibody or drug-induced thrombocytope-
nia or inhibition of tissue factor (TF), factor Xa, or thrombin has
been shown to substantially reduce experimental hematogenous
metastasis.6,7,28-32

In this study, we used 2 transplantable murine tumor cell lines,
Lewis lung carcinoma (LLC) and B16-BL6 melanoma, and
fibrinogen-deficient transgenic mice to directly determine whether
fibrin(ogen) contributes to metastatic potential. We report that
fibrin(ogen) is an important determinant of metastatic potential, but
thrombin facilitates tumor progression through at least one fibrino-
gen-independent mechanism.

Materials and methods

Transgenic mice

The generation of fibrinogen- and plasminogen-deficient mice has been
described previously.33,34All mice enrolled in these studies were inbred into
the C57BL/6J background (Jackson Laboratories, Bar Harbor, ME) for 6
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generations. These mice were shown to be uniformly histocompatible with
the transplantable tumors by monitoring tumor growth following subcutane-
ous injection of either LLC or B16-BL6 melanoma. The genotypes of the
mice were determined by multiplex polymerase chain reaction analysis of
DNA obtained from ear biopsies as described previously.33,34 Age- and
sex-matched cohorts of fibrinogen-deficient (Fib2), plasminogen-deficient
(Plg2), and control (heterozygous) mice were used in all experiments. The
study protocols were approved by the Children’s Hospital Research
Foundation Institutional Animal Care and Use Committee and were in
accordance with the guidelines of the National Institutes of Health.

Tumor cell inoculation

The LLC cells were a gift from Dr Michael S. O’Reilly (Boston, MA).
Single cell suspensions of these tumor cells were prepared as described
previously.35 The B16-BL6 melanoma cell line was kindly provided by Dr
Isaiah Fidler (Houston, TX). Both tumor cell lines were cultured in vitro by
subconfluent passage in Dulbecco modified Eagle medium (DMEM) (Bio
Whittaker, Walkersville, MD) containing 10% fetal calf serum (FCS),
penicillin, and streptomycin. Subconfluent tumor cells were washed with
phosphate-buffered saline (PBS), detached by a brief exposure to a 0.25%
trypsin, 0.53 mmol/L EDTA solution (Life Technologies, Rockville, MD),
washed in serum-containing media, and then resuspended in cold serum-
free medium. The viability of the tumor cells was determined by trypan blue
exclusion and was always more than 95%. The cells were kept in an ice bath
until transplanted into mice. Mice were anesthetized by inhalation of 2%
isoflurane (Ohmeda PPD, Liberty Corner, NJ), and 200mL of tumor cell
suspension was injected into the lateral tail vein using a 27-gauge needle.

Quantitation of surface pulmonary metastatic foci

Tumor-bearing mice were killed 17 to 21 days after tumor cell injection.
The lungs were removed, rinsed in PBS, and placed in Bouin fixative for at
least 24 hours. The lungs were separated into individual lobes and the
number of surface metastatic foci was counted with a stereomicroscope by
an investigator unaware of animal genotype.

Histologic analysis

Fixed tissue was processed into paraffin, sectioned, and stained with
hematoxylin and eosin. Fibrin(ogen) immunostaining was performed using
a rabbit antimouse polyclonal antiserum as described previously.36

Labeling of cells with [ 125I] iododeoxyuridine

To prepare labeled cells for tail vein injection, tumor cells were plated on
100-mm dishes at a density of 106 cells per dish, and grown for 24 hours in
DMEM containing 10% FCS. Then, 1mCi/ml 5-(125I)iodo-29-deoxyuridine
(ICN Biomedicals, Costa Mesa, CA) was added to the medium and the cells
were incubated for an additional 24 hours. The cells were washed in PBS,
detached with trypsin-EDTA, washed in serum-containing media, and suspended
in cold serum-free media at a concentration of 13 106 live cells/mL.

Determination of the fate of tumor cells after introduction
to the circulation

The fate of labeled tumor cells was determined essentially as described
previously.6,37 Briefly, (125I)iododeoxyuridine-labeled tumor cells (23 105

cells/77 000 cpm) in 200mL serum-free medium were introduced into the
circulation by injection into the lateral tail vein as described above. At 15
minutes, 1 hour, 4 hours, and 24 hours the mice were anesthetized by
isoflurane inhalation and approximately 400mL blood was collected from
the inferior vena cava into 10mL 0.5 mol/L EDTA anticoagulant using a
27-gauge needle. In addition, lungs, liver, and spleen were collected, rinsed
in PBS, and placed in 70% ethanol. The organs were washed extensively in
70% ethanol for 4 days to liberate any free iodine.6,37Radioisotope levels in
blood, organs, and in cell suspensions were measured with a Cobra gamma
counter (Packard, Canberra, Canada). Radioactivity in blood and organs
was expressed as a percentage of radioactivity of the input dose. The input
dose was determined by measuring the radioactivity of three 200-mL

aliquots of the cell suspension in parallel with the organ and blood samples
to adjust for radioactive decay.

Determination of the rate of growth of intradermally
transplanted LLC cells

A single cell suspension of 53 105 LLC cells/100mL serum-free media
was injected subcutaneously into the dorsal midscapular skin of anesthe-
tized fibrinogen-deficient mice and controls. The mice were monitored
daily for the development of visible tumors. Once a tumor was clearly
visible, it was calipated daily and the volume estimated by the formula
V 5 (LW2)p/6, where V5 volume, L5 longest diameter, and W5 shortest
diameter.38 After 12 days, the mice were killed and the tumors removed
and weighed.

Determination of the effect of hirudin on the in vitro growth
of B16-BL6 melanoma cells

The B16-BL6 cells (13 105) were plated onto replicate 60-mm dishes in
serum-containing media. After 24 hours the cells from 3 of the plates were
removed by trypsinization and viable cells counted by trypan blue exclusion
to provide a baseline cell count per plate. Saline carrier or deshirudin
(Rhône-Poulenc Rorer, Collegeville, PA) at a final concentration of either
30 mg/mL or 100mg/mL was added to each plate. Every other day media
changes included the same concentrations of hirudin. At each time point, 3
plates from each group were trypsinized and the total cell number counted.

Determination of tumor metastasis in the presence of hirudin

Cohorts of fibrinogen-deficient and control mice were anesthetized with
isoflourane and injected subcutaneously with either saline or deshirudin at a
dose of 10 mg/kg as previously described.6 Twenty minutes after injection
with either hirudin or saline, 200mL of a single cell suspension of B16-BL6
melanoma (3.53 105 cells/mL) was injected into the lateral tail vein. The
animals were killed 21 days after injection and the pulmonary metastatic
foci quantitated as described earlier.

Results

Fibrinogen increases the metastatic potential
of circulating tumor cells

To directly test the hypothesis that fibrin(ogen) is a determinant of
the metastatic potential of circulating tumor cells, the formation of
pulmonary metastatic foci was compared in immunocompetent
control and fibrinogen-deficient mice following the intravenous
injection of LLC and B16-BL6 melanoma. These specific tumor
lines were selected for detailed study because both are highly
metastatic and various inhibitors of the coagulation and fibrinolytic
systems have been reported previously to inhibit their metastatic
potential.6,30 Control experiments using mice carrying the fibrino-
gen knockout allele that had been inbred to C57BL/6J for 6
generations indicated that both LLC and B16-BL6 melanoma
formed tumors when injected subcutaneously (53 105 cells/
mouse) with 100% penetrance (n5 40 for LLC, n5 20 for
B16-BL6). Therefore, no evidence of histoincompatibility or tumor
rejection was observed based on the rapid development of visible
tumors after injection (100% of mice within 3 days with both LLC
and B16-BL6) and the steady growth of the tumors (representative
data, Figure 1). Both LLC and B16 melanoma cells were also
capable of establishing pulmonary metastatic foci in fibrinogen-
deficient mice that were qualitatively comparable to those observed
in fibrinogen-expressing mice in macroscopic and microscopic
appearance (Figures 2 and 3). Thus, fibrinogen is not strictly
required for hematogenous metastasis. However, fibrinogen defi-
ciency strongly diminished the metastatic capacity of both tumors.
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Quantitative analyses in a series of independent experiments with
LLC and B16 melanoma demonstrated a consistent and significant
reduction in surface pulmonary metastases in fibrinogen-deficient
mice (Table 1).

Although the total number of metastatic foci was dependent on
animal genotype, there was no obvious difference in the size or
distribution of the metastatic foci that formed in control and
fibrinogen-deficient mice. A random sampling of LLC and B16-
BL6 foci from 4 mice of each genotype was measured and scored
from 1 to 5 as follows: 15 , 0.5 mm; 25 0.6-0.9 mm; 35 1-1.4
mm; 45 1.5-1.9 mm; 55 $ 2 mm. No significant difference
between genotypes was noted in the size distribution of individual
metastastic foci from LLC or B16-BL6 (Figure 2C). This suggests
that initial establishment of metastatic foci, and not tumor growth,
was impaired in fibrinogen-deficient mice.

To explore in greater detail whether the presence of fibrinogen
has any impact on tumor growth, we compared the growth of LLC
tumors following subcutaneous injection into control and fibrinogen-
deficient mice. All mice developed palpable tumors within 3 days
of injection, regardless of genotype. Furthermore, the tumorvolumes,
as measured by calipation,38 increased in parallel over a 12-day

Figure 1. Fibrin(ogen) deficiency does not reduce the growth rate of subcutane-
ously transplanted LLC. A single cell suspension of 5 3 105 LLC cells was injected
subcutaneously into the dorsal, midscapular skin of Fib2 (n 5 16) and control
(n 5 19) mice. The individual tumor volumes were measured daily by calipation. The
data presented are mean values and SDs for each time point. No significant
difference was noted in tumor growth between Fib2 and control mice (P . .6, random
coefficient mixed model).

Figure 2. Fibrinogen deficiency diminished the meta-
static potential of circulating tumor cells but not the
growth of metastatic foci. Representative examples of
metastatic pulmonary foci produced 21 days after intrave-
nous injection of 1.7 3 104 B16-BL6 cells (A) and 1 3 105

LLC cells (B) into the lateral tail vein. Lungs from fibrinogen-
deficient mice are pictured on the right and controls on the
left. (C) Scatter plot of the size distribution of metastatic
foci with transplanted B16-BL6 (left) and LLC (right) in
fibrinogen-deficient (Fib2) and control (Fib1) mice. See
text for definitions of arbitrary units used for size distribu-
tion. (P values were generated using the Student t test.)
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study period (Figure 1) (P . .6, random coefficient mixed model).
Therefore, fibrin(ogen) appears to have a significant impact on
metastatic potential. However, it is not critical for tumor cell
proliferation and has no major impact on overall tumor expansion.

Plasmin-mediated fibrinolysis does not have a critical impact
on the metastasis of circulating tumor cells

Because fibrin(ogen) is a determinant of metastatic potential, it
follows that the primary physiologic fibrinolytic enzyme, plasmin,
might influence metastasis in the same assay system. To determine
the importance of plasmin-mediated fibrinolysis in hematogenous
metastasis, LLC and B16-BL6 melanoma cells were injected into
the tail veins of plasminogen-deficient and control mice in aseparate
series of experiments. Contrary to expectations, plasminogen
deficiency had no appreciable impact on the number of surface
pulmonary metastases observed, regardless of the tumor model
used (Table 2).

Histologic analysis of pulmonary metastatic foci in control
and fibrinogen-deficient mice

Tumor-associated fibrin deposition has been proposed to be
essential for tumor stroma formation and angiogenesis. A detailed
microscopic analysis of lung tissue from tumor-bearing fibrinogen-

deficient and control mice failed to reveal any obvious qualitative
differences in metastatic lesions other than the distinct absence of
peritumoral fibrin(ogen) in the Fib2 mice (representative data,
Figure 3). The metastatic foci in mice of both genotypes grew as
discreet nodules composed primarily of tumor cells with little
associated stromal tissue. However, examination at higher magnifi-
cation revealed the presence of capillaries in foci from both
genotypes. The nodules from both genotypes were often pleural
based, but also showed evidence of extension into underlying
pulmonary parenchyma. These data demonstrate that fibrinogen is
not required for tumor stroma formation. However, a more detailed
quantitative analysis of tumors at several stages of development
will be required to determine if fibrinogen deficiency has more
subtle effects on the formation, stability, or composition of the
tumor stroma.

Fibrinogen deficiency does not affect initial arrest but impairs
the sustained adherence of tumor cells in the lungs

To study the immediate fate of circulating tumor cells in fibrinogen-
deficient mice, we used an assay originally described by Fidler and
colleagues37 in which tumor cells were labeled in vitro with
(125I)iododeoxyuridine before introduction into the circulation.
This method of labeling permits the direct determination of the

Figure 3. Comparative microscopic analysis of meta-
static foci in fibrinogen-deficient and control mice.
Representative examples show lung metastases (p) of
B16-BL6 melanoma (A and B) and LLC (C and D) in
control mice (A and C) and Fib2 mice (B and D).
Fibrin(ogen) deposition (appearing as red reaction prod-
uct in panels A and B and brown staining in panels C and
D) is apparent in the lung tissue surrounding the meta-
static nodule of the control mice but not in the Fib2 mice.
The metastases from both genotypes were often pleural
based and associated with blood vessels (arrow). Note
the dark material in panels A and B is melanin produced
by the B16-BL6 cells.

Table 1. Effect of fibrinogen deficiency on pulmonary metastasis of circulating tumor cells

Tumor cell line Mouse genotype
Number of

cells injected
Pulmonary metastatic foci

median (range)
P

(Mann-Whitney U 2-tailed)

Lewis lung carcinoma

Experiment 1 Control (n 5 16) 1 3 105 13 (2-24) , .007

Fib2 (n 5 16) 0.5 (0-6)

Experiment 2 Control (n 5 15) 1 3 105 22 (0-142) , .029

Fib2 (n 5 10) 5 (0-16)

Experiment 3 Control (n 5 16) 2 3 105 46 (5-110) , .004

Fib2 (n 5 10) 11 (0-37)

B16-BL6 melanoma

Experiment 1 Control (n 5 17) 1.7 3 104 36 (3-163) , .01

Fib2 (n 5 18) 9 (2-66)

Experiment 2 Control (n 5 20) 1.7 3 104 9 (0-30) , .009

Fib2 (n 5 14) 3 (0-13)
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distribution and fate of circulating tumor cells, because the label is
stable in living tumor cells, but rapidly cleared from dead tumor
cells and excreted from the body.37 Labeled tumor cells were
injected into the tail vein of fibrinogen-deficient and control mice.
Blood, lungs, livers, and spleens were collected from the mice from
15 minutes to 24 hours after the introduction of the radiolabeled
cells, and the distribution of tumor cells in the blood and organs of
the 2 groups of mice was determined (Figure 4). As described
previously,37 the labeled tumor cells were rapidly cleared from the
circulation, with less than 25% of the initial inoculum remaining in
circulation 15 minutes after injection. The majority of the tumor
cells (approximately two-thirds) were arrested in the lungs (Figure
4), whereas a minor fraction of the cells was associated with the
liver and spleen (10% and, 1%, respectively.) There were no
quantitative differences in the initial arrest of labeled tumor cells

between the fibrinogen-deficient and control mice in any of the 3
organs. However, 4 hours after injection there was a significant
reduction in the apparent number of tumor cells in the lungs of the
fibrinogen-deficient mice relative to fibrinogen-expressing ani-
mals. At 24 hours after injection, a 4-fold difference in the number
of tumor cells was apparent between genotypes (Figure 4).

Thrombin promotes the metastatic potential of circulating
tumor cells by at least one fibrinogen-independent mechanism

The specific thrombin inhibitor, hirudin, inhibits the metastasis of
circulating tumor cells.6 To determine whether the inhibition of
metastasis achieved with thrombin inhibition was related primarily
to the thrombin substrate, fibrinogen, we injected 2 groups of
fibrinogen-deficient mice and controls with either saline or 10
mg/kg hirudin 20 minutes prior to intravenous injection of 73 104

B16-BL6 melanoma cells.
Consistent with earlier reports,6 hirudin diminished the number

of pulmonary metastatic foci by more than 20-fold in fibrinogen-
expressing mice relative to saline-treated controls (P , .0001
Mann-Whitney U test) (Figure 5). Interestingly, a significant
diminution in pulmonary metastasis was also observed with hirudin
in fibrinogen-deficient mice (Figure 5). The median number of
pulmonary foci was 2.5 for the saline-treated Fib2 mice and 0 for
the hirudin-treated Fib2 mice (P , .01 Mann WhitneyU Test).
This experiment was repeated with similar results (data not shown).

To confirm that hirudin has no direct inhibitory effect on
cultured B16 melanoma, 13 105 B16-BL6 cells were plated onto
60-mm plates and cultured in the presence of either saline carrier or
hirudin at a final concentration of either 30mg/mL or 100mg/mL.
No difference in the rate of cell growth or the morphology of the
cells was observed, regardless of the presence or absence of hirudin
(data not shown).

Discussion

A critical role for hemostatic factors in malignancy has been
suspected for decades and is a concept that is supported by a
substantial body of correlative and indirect evidence. The recent
generation of viable mouse lines with selected deficits in key
hemostatic factors has provided an opportunity to directly test this
long-standing hypothesis. The studies of fibrinogen-deficient mice
presented here directly demonstrate that fibrin(ogen) plays an
important role in cancer pathophysiology and is a determinant of
metastatic potential. Fibrin(ogen) appears to facilitate metastasis
by enhancing the sustained adherence and survival of individual

Table 2. Effect of plasminogen deficiency on pulmonary metastasis of circulating tumor cells

Tumor cell line Mouse genotype
Number of

cells injected
Pulmonary metastatic foci

median (range)
P

(Mann-Whitney U 2-tailed)

Lewis lung carcinoma

Experiment 1 Control (n 5 12) 2 3 105 19 (2-42) . .18; NS

Plg2 (n 5 12) 23 (11-46)

Experiment 2 Control (n 5 9) 2 3 105 34 (0-63) . .65; NS

Plg2 (n 5 10) 36 (17-52)

B16-BL6 melanoma

Experiment 1 Control (n 5 30) 1.7 3 104 39 (2-106) . .32; NS

Plg2 (n 5 16) 47 (16-255)

Experiment 2 Control (n 5 13) 1.7 3 104 53 (17-101) . .50; NS

Plg2 (n 5 14) 61 (11-172)

NS indicates not significant.

Figure 4. Fibrinogen deficiency does not prevent the initial arrest of circulating
tumor cells in lung tissue but diminishes sustained adherence or survival. LLC
cells labeled with 5-(125I)iodo-29-deoxyuridine were injected into the lateral tail vein of
fibrin(ogen)-deficient (white bars) and control mice (hatched bars). The mice were
killed at the specified time points and the amount of radioisotope in the lungs was
measured. The data presented are median values and are expressed as percent of
injected dose (1 3 105 cells/77 000 cpm); n 5 number of mice. The P values were
determined by the Mann-Whitney U test, 2 tailed.
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tumor cell emboli in the vasculature of target organs. However,
fibrin(ogen) does not appear to play a critical role in the growth of
established metastases. Tumor cell–associated thrombin genera-
tion, and the local conversion of fibrinogen to fibrin, may be
mechanistically related to metastasis (see below), but it appears
that thrombin promotes tumor cell metastasis through at least one
fibrinogen-independent mechanism. Interestingly, despite the pow-
erful effect of fibrin(ogen) on metastasis, plasmin-mediated fibrino-
lysis does not appear to be a critical determinant of the metastatic
potential of circulating tumor cells.

Although these studies firmly establish that fibrinogen is
important in tumor dissemination in vivo, 2 important and still
unresolved questions are: (1) How does fibrin(ogen) sustain tumor
cell adhesion/survival? and (2) What is the relative biologic
importance of soluble fibrinogen, insoluble fibrin polymer, and
FDPs in tumor progression? Conceivably, all 3 of these fibrinogen
derivatives could influence tumor dissemination and could do so in
ways that are not mutually exclusive. Soluble fibrinogen has many
functional properties that might promote metastatic potential,
including the ability to support cell-cell adhesion through integrin
(eg,aIIbb3,39avb3,40a5b1,41aMb2

42) and nonintegrin (eg, ICAM-143)
receptors, and the ability to interact with other soluble factors and
matrix components, including factor XIII and fibronectin.44,45

Soluble fibrinogen is a dimeric molecule that could support the
stable adherence of tumor cells in the lung by acting as a
“molecular bridge” between specific receptors on tumor cells and
vascular endothelium or adherent platelets and leukocytes. The
concept that platelets and platelet-tumor cell microemboli contrib-
ute to tumor dissemination is particularly attractive based on
microscopy data showing the colocalization of platelets and
adherent tumor cells in vascular beds.26,27Furthermore, a variety of
antiplatelet agents appear to reduce tumor cell metastatic poten-
tial.28,29 Detailed studies of tumor progression in mice with single
and combined deficits in fibrinogen and platelet function, including

deficits in integrinb3,46 protease-activated receptors (PARs),47-49

glycoprotein (GP)1b,50 and Gaq,51 should help illuminate the
interplay between platelets and fibrinogen in tumor dissemination.
The hypothesis that soluble fibrinogen and platelets contribute
significantly to the exit of tumor cells from the vasculature is
consistent with recent findings that fibrinogen- and platelet-
mediated adhesion may be important in stable leukocyte adhesion
and transendothelial cell migration.20

Fibrin polymer formation might also be key to tumor dissemina-
tion by several distinct mechanisms. In the context of circulating
tumor cells, local deposition of an insoluble fibrin matrix could
stabilize the adhesion of tumor cells or tumor cell–associated
emboli to the vessel wall, particularly in a high-shear stress
environment. In addition, just as fibrin provides an important
provisional matrix supporting the growth and organization of cells
within wound fields, local fibrin deposition might support initial
tumor cell proliferation and migration. Finally, fibrin matrices
could support the formation of the stroma tissue (eg, tumor
vasculature) that provides nutrient and gas exchange for rapidly
growing malignant cells. Indeed, the general similarities between
stromal tissues formed within wound fields and tumor tissue have
been well documented, and in both contexts fibrin or FDPs has
been proposed to direct neovascularization.4,10,16,17However, con-
sistent with the established capacity of fibrinogen-deficient mice to
generate and remodel their vasculatures in physiologic contexts,
including embryonic development and wound repair,52,53 there
appears to be no obvious defect in either the formation of tumor
stroma or tumor growth rate in fibrinogen-deficient mice. Although
subtle differences in tumor stroma in fibrinogen-deficient mice
have notbeen excluded, the mechanism(s) linking fibrin(ogen)with
metastatic potential does not appear to be related to tumor growth.

Fibrin degradation products have been reported to have angio-
genic, chemoattractant, and anti-inflammatory activities18-23 and
these proteolytic derivatives of fibrin might also be of biologic
relevance to tumor progression. Although the data presented here
do not exclude a role for FDPs in metastatic disease, based on the
absence of any significant impact of plasminogen deficiency on
hematogenous metastasis, it is clear that FDPs generated by
plasmin-mediated fibrinolysis are not critical for the development
of pulmonary metastasis.

If fibrin formation is a determinant of metastatic potential, then
it follows that the conversion of prothrombin to thrombin is also a
critical factor in tumor dissemination. The failure of prothrombin-
deficient mice to survive beyond the neonatal period54 precludes a
direct genetic test of this concept, but substantial indirect evidence
supports this view. Notably, the metastatic potential of transplanted
tumors in experimental animals is greatly diminished by specific
inhibitors of coagulation system components, including the specific
thrombin inhibitor, hirudin.6,31 In addition, gene-transfer studies
have shown that the presence of tissue factor on the surface of
tumor cells markedly increases the number of pulmonary metasta-
ses observed following intravenous inoculation into mice.7 In
contrast, the expression of mutant forms of tissue factor that do not
support factor VIIa binding or activity does not increase metastatic
potential, implying that coagulation system activation, and ulti-
mately thrombin formation, promote metastatic phenotype. How-
ever, it should be noted that the cytoplasmic domain of TF has also
been shown to be important to tumor cell metastatic potential,7

suggesting a more complex relationship between TF and tumor
dissemination than solely thrombin generation.

Several targets of thrombin-mediated proteolysis other than
fibrinogen might be related to tumor progression, including factor

Figure 5. Thrombin promotes the metastasis of circulating tumor cells by at
least one fibrinogen-independent mechanism. Fibrinogen-sufficient mice (A) and
fibrinogen-deficient mice (B) were pretreated with 10 mg/kg hirudin or saline 20
minutes before injection of 7 3 104 B16-BL6 melanoma cells into the lateral tail vein.
The mice were killed 21 days later and the surface pulmonary metastases quanti-
tated. The data presented are the number of surface pulmonary metastases
observed in individual mice. The horizontal bars represent the median value for each
group. The median value for the hirudin-treated Fib2 mice was 0 (B). The P values
were determined by the Mann-Whitney U test, 2 tailed.
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XIII, factor XI, protein C, and thrombin-activated fibrinolysis
inhibitor (TAFI). However, the thrombin substrates that are perhaps
the most likely determinants of tumor metastatic potential are the
G-protein–coupled signal molecules, PAR-1, -3, and -4. Because
mice with genetic deficits in several PARs have now been
described,47,48 the role and interplay of thrombin, PARs, and
fibrinogen in tumor biology can be explored in detail.

The impact of fibrinogen deficiency on spontaneous tumor
metastasis has not yet been established. Conceivably, the absence
of fibrin matrices within primary tumor tissue might promote the
escape of tumor cells by removing at least one physical barrier that
must be negotiated to enter the circulation. On the other hand, the
absence of fibrin might impede primary tumor cell dissemination
by destabilizing the tumor stroma or removing a suitable matrix for
tumor cell migration. Indeed, fibrin might be simultaneously an
asset and a liability to tumor cells with the net effect on metastatic
potential determined by local matrix composition at the site of
tumor growth and the functional properties of individual tumor
cells related to the binding and infiltration of fibrin matrices.

In summary, these studies directly demonstrate that the key

hemostatic factor, fibrinogen, is a critical determinant of tumor cell
metastatic potential. Fibrinogen and thrombin may work coopera-
tively in facilitating metastatic disease, but these studies have
shown that thrombin contributes to metastatic potential by at least
one mechanism that is independent of fibrinogen. These data
suggest that therapeutic interventions directed at multiple distinct
hemostatic factors might be effective in clinically limiting tumor
cell dissemination. Finally, a more detailed understanding of the
mechanism(s) by which hemostatic factors influence metastatic
potential might suggest advantageous therapeutic targets for ad-
junct cancer treatment.

Acknowledgments

The authors would like to thank Dr David Witte for his expert
assistance in interpreting the histologic data. We would also like to
than Alicia Emley for her help with the photographs, Alan A.
Thomay for his technical assistance, and Drs Robert J. Arceci and
Beth A. Myers for critically reviewing the manuscript.

References

1. Costantini V, Zacharski LR. Fibrin and cancer.
Thromb Haemost. 1993;69:406.

2. Donati MB. Cancer and thrombosis: from Phleg-
masia alba dolens to transgenic mice. Thromb
Haemost. 1995;74:278.

3. Dvorak HF. Thrombosis and cancer. Hum Pathol.
1987;18:275.

4. Dvorak HF, Nagy JA, Berse B, et al. Vascular per-
meability factor, fibrin, and the pathogenesis of
tumor stroma formation. Ann N Y Acad Sci. 1992;
667:101.

5. Cavanaugh PG, Sloane BF, Honn KV. Role of the
coagulation system in tumor-cell-induced platelet
aggregation and metastasis. Haemostasis. 1988;
18:37.

6. Esumi N, Fan D, Fidler IJ. Inhibition of murine
melanoma experimental metastasis by recombi-
nant desulfatohirudin, a highly specific thrombin
inhibitor. Cancer Res. 1991;51:4549.

7. Mueller BM, Ruf W. Requirement for binding of
catalytically active factor VIIa in tissue factor-
dependent experimental metastasis. J Clin In-
vest. 1998;101:1372.

8. Walz DA, Fenton JW. The role of thrombin in tu-
mor cell metastasis. Invasion Metastasis. 1994;
14:303.

9. Bardos H, Molnar P, Csecsei G, Adany R. Fibrin
deposition in primary and metastatic human brain
tumours. Blood Coagul Fibrinolysis. 1996;7:536.

10. Dvorak HF. Tumors: wounds that do not heal.
Similarities between tumor stroma generation
and wound healing. N Engl J Med.
1986;315:1650.

11. Harris NL, Dvorak AM, Smith J, Dvorak HF. Fibrin
deposits in Hodgkin’s disease. Am J Pathol.
1982;108:119.

12. Brown LF, Van de Water L, Harvey VS, Dvorak
HF. Fibrinogen influx and accumulation of cross-
linked fibrin in healing wounds and in tumor
stroma. Am J Pathol. 1988;130:455.

13. Dvorak HF, Harvey VS, McDonagh J. Quantita-
tion of fibrinogen influx and fibrin deposition and
turnover in line 1 and line 10 guinea pig carcino-
mas. Cancer Res. 1984;44:3348.

14. Altieri DC, Mannucci PM, Capitanio AM. Binding
of fibrinogen to human monocytes. J Clin Invest.
1986;78:968.

15. Dejana E, Languino LR, Polentarutti N, et al. In-
teraction between fibrinogen and cultured endo-
thelial cells: induction of migration and specific
binding. J Clin Invest. 1985;75:11.

16. Dvorak HF, Dvorak AM, Manseau EJ, Wiberg L,
Churchill WH. Fibrin gel investment associated
with line 1 and line 10 solid tumor growth, angio-
genesis, and fibroplasia in guinea pigs: role of
cellular immunity, myofibroblasts, microvascular
damage, and infarction in line 1 tumor regression.
J Natl Cancer Inst. 1979;62:1459.

17. Dvorak HF, Harvey VS, Estrella P, Brown LF, Mc-
Donagh J, Dvorak AM. Fibrin containing gels in-
duce angiogenesis: implications for tumor stroma
generation and wound healing. Lab Invest. 1987;
57:673.

18. Robson SC, Saunders R, Purves LR, de Jager C,
Corrigall A, Kirsch RE. Fibrin and fibrinogen deg-
radation products with an intact D-domain C-ter-
minal gamma chain inhibit an early step in acces-
sory cell-dependent lymphocyte mitogenesis.
Blood. 1993;81:3006.

19. Skogen WF, Senior RM, Griffin GL, Wilner GD.
Fibrinogen-derived peptide B beta 1-42 is a mul-
tidomained neutrophil chemoattractant. Blood.
1988;71:1475.

20. Languino LR, Duperray A, Joganic KJ, Fornaro
M, Thornton GB, Altieri DC. Regulation of leuko-
cyte-endothelium interaction and leukocyte trans-
endothelial migration by intercellular adhesion
molecule 1-fibrinogen recognition. Proc Natl Acad
Sci U S A. 1995;92:1505.

21. Thompson WD, Smith EB, Stirk CM, Marshall FI,
Stout AJ, Kocchar A. Angiogenic activity of fibrin
degradation products is located in fibrin fragment
E. J Pathol. 1992;168:47.

22. Gross TJ, Leavell KJ, Peterson MW. CD11b/
CD18 mediates the neutrophil chemotactic activ-
ity of fibrin degradation product D domain.
Thromb Haemost. 1997;77:894.

23. Plow EF, Edgington TS. Lymphocyte suppressive
peptides from fibrinogen are derived predomi-
nantly from the A alpha chain. J Immunol. 1986;
137:1910.

24. Al-Mehdi AB, Tozawa K, Fisher AB, Shientag L,
Lee A, Muschel RJ. Intravascular origin of metas-
tasis from the proliferation of endothelium-
attached tumor cells: a new model for metastasis.
Nat Med. 2000;6:100.

25. Chew EC, Wallace AC. Demonstration of fibrin in
early stages of experimental metastases. Cancer
Res. 1976;36:1904.

26. Crissman JD, Hatfield JS, Menter DG, Sloane B,
Honn KV. Morphological study of the interaction
of intravascular tumor cells with endothelial cells

and subendothelial matrix. Cancer Res. 1988;48:
4065.

27. Crissman JD, Hatfield J, Schaldenbrand M,
Sloane BF, Honn KV. Arrest and extravasation of
B16 amelanotic melanoma in murine lungs: a
light and electron microscopic study. Lab Invest.
1985;53:470.

28. Gasic GJ, Gasic TB, Stewart CC. Antimetastatic
effects associated with platelet reduction. Proc
Natl Acad Sci U S A. 1968;61:46.

29. Honn KV, Cicone B, Skoff A. Prostacyclin: a po-
tent antimetastatic agent. Science.
1981;212:1270.

30. Colucci M, Delaini F, de Bellis Vitti G, et al. Warfa-
rin inhibits both procoagulant activity and meta-
static capacity of Lewis lung carcinoma cells: role
of vitamin K deficiency. Biochem Pharmacol.
1983;32:1689.

31. Mueller BM, Reisfeld RA, Edgington TS, Ruf W.
Expression of tissue factor by melanoma cells
promotes efficient hematogenous metastasis.
Proc Natl Acad Sci U S A. 1992;89:11832.

32. Fischer EG, Ruf W, Mueller BM. Tissue factor-
initiated thrombin generation activates the signal-
ing thrombin receptor on malignant melanoma
cells. Cancer Res. 1995;55:1629.

33. Suh TT, Holmback K, Jensen NJ, et al. Resolu-
tion of spontaneous bleeding events but failure of
pregnancy in fibrinogen-deficient mice. Genes
Dev. 1995;9:2020.

34. Bugge TH, Flick MJ, Daugherty CC, Degen JL.
Plasminogen deficiency causes severe thrombo-
sis but is compatible with development and repro-
duction. Genes Dev. 1995;9:794.

35. Bugge TH, Kombrinck KW, Xiao Q, et al. Growth
and dissemination of Lewis lung carcinoma in
plasminogen-deficient mice. Blood.
1997;90:4522.

36. Drew AF, Kaufman AH, Kombrinck KW, et al. Lig-
neous conjunctivitis in plasminogen-deficient
mice. Blood. 1998;91:1616.

37. Fidler IJ. Metastasis: guantitative analysis of dis-
tribution and fate of tumor embolilabeled with 125
I-5-iodo-2’-deoxyuridine. J Natl Cancer Inst.
1970;45:773.

38. Geran H, Greenberg N, MacDonald M, Schuma-
cher A, Abbot B. Protocols for screening chemical
agents and natural products against animal tu-
mors and other biological systems. Cancer Che-
mother Rep. 1972;3:1.

39. Holmback K, Danton MJ, Suh TT, Daugherty CC,

3308 PALUMBO et al BLOOD, 15 NOVEMBER 2000 z VOLUME 96, NUMBER 10

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/96/10/3302/1669081/h8220003302.pdf by guest on 11 June 2024



Degen JL. Impaired platelet aggregation and sus-
tained bleeding in mice lacking the fibrinogen mo-
tif bound by integrin alpha IIb beta 3. EMBO J.
1996;15:5760.

40. Katagiri Y, Hiroyama T, Akamatsu N, Suzuki H,
Yamazaki H, Tanoue K. Involvement of alpha v
beta 3 integrin in mediating fibrin gel retraction.
J Biol Chem. 1995;270:1785.

41. Suehiro K, Gailit J, Plow EF. Fibrinogen is a li-
gand for integrin alpha5beta1 on endothelial
cells. J Biol Chem. 1997;272:5360.

42. Ugarova TP, Solovjov DA, Zhang L, et al. Identifi-
cation of a novel recognition sequence for inte-
grin alphaM beta2 within the gamma-chain of fi-
brinogen. J Biol Chem. 1998;273:22519.

43. Farrell DH, al-Mondhiry HA. Human fibroblast
adhesion to fibrinogen. Biochemistry. 1997;36:
1123.

44. Engvall E, Ruoslahti E, Miller EJ. Affinity of fi-
bronectin to collagens of different genetic types
and to fibrinogen. J Exp Med. 1978;147:1584.

45. Greenberg CS, Dobson JV, Miraglia CC. Regula-
tion of plasma factor XIII binding to fibrin in vitro.
Blood. 1985;66:1028.

46. Hodivala-Dilke KM, McHugh KP, Tsakiris DA, et
al. Beta3-integrin-deficient mice are a model for
Glanzmann thrombasthenia showing placental
defects and reduced survival. J Clin Invest. 1999;
103:229.

47. Connolly AJ, Ishihara H, Kahn ML, Farese RV Jr,
Coughlin SR. Role of the thrombin receptor in
development and evidence for a second receptor.
Nature. 1996;381:516.

48. Kahn ML, Zheng YW, Huang W, et al. A dual
thrombin receptor system for platelet activation.
Nature. 1998;394:690.

49. Kahn ML, Nakanishi-Matsui M, Shapiro MJ, Ishi-
hara H, Coughlin SR. Protease-activated recep-

tors 1 and 4 mediate activation of human platelets
by thrombin. J Clin Invest. 1999;103:879.

50. Ware J, Russell S, Ruggeri ZM. Generation and
rescue of a murine model of platelet dysfunction:
the Bernard-Soulier syndrome. Proc Natl Acad
Sci U S A. 2000;97:2803.

51. Offermanns S, Toombs CF, Hu YH, Simon MI.
Defective platelet activation in G alpha(q)-defi-
cient mice. Nature. 1997;389:183.

52. Bugge TH, Kombrinck KW, Flick MJ, Daugherty
CC, Danton MJ, Degen JL. Loss of fibrinogen
rescues mice from the pleiotropic effects of plas-
minogen deficiency. Cell. 1996;87:709.

53. Bezerra JA, Bugge TH, Melin-Aldana H, et al.
Plasminogen deficiency leads to impaired remod-
eling after a toxic injury to the liver. Proc Natl
Acad Sci U S A. 1999;96:15143.

54. Sun WY, Witte DP, Degen JL, et al. Prothrombin
deficiency results in embryonic and neonatal le-
thality in mice. Proc Natl Acad Sci U S A. 1998;
95:7597.

FIBRINOGEN AND METASTATIC POTENTIAL OF TUMOR CELLS 3309BLOOD, 15 NOVEMBER 2000 z VOLUME 96, NUMBER 10

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/96/10/3302/1669081/h8220003302.pdf by guest on 11 June 2024


