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Heparin attenuates metastasis mainly due
to inhibition of P- and L-selectin, but
non-anticoagulant heparins can have additional effects
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Abstract

Heparin and low molecular weight heparin (LMWH) are widely used for treatment of cancer patients with thrombosis, a
common complication of malignant disease. Several recent prospective clinical studies indicate that heparin might improve
outcomes of human cancer. Meanwhile, experimental evidence from mouse models consistently demonstrates that heparin
efficiently inhibits metastasis. We have previously shown that P- and L-selectin play independent roles in supporting the initial
stages of hematogeneous metastasis. Heparin is a known potent inhibitor of such selectin-mediated interactions. Here we
provide evidence that the absence of both P- and L-selectin (PL-/- mice) dramatically improved survival in an experimental
metastasis model. The use of clinically acceptable amounts of heparin did not further affect metastasis rates in such mice.
However, a non-anticoagulant derivative of heparin with P- and L-selectin inhibitory properties reduced metastasis to similar
levels as observed in PL-/- mice. The virtual elimination of metastasis by a single treatment with a modified heparin without
anticoagulant activity strongly suggests that heparin primarily reduces metastatic disease by inhibiting P- and L-selectin

interactions. However, such heparins could have further effects at higher doses.

© 2007 Elsevier B.V. All rights reserved.
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1. Abbreviations

LMWH: low molecular weight heparin;
NAC-heparin: non-anticoagulant heparin.

2. Introduction

During hematogenous metastasis malignant cells en-
ter the bloodstream and initiate a cascade of events
resulting in eventual formation of metastatic foci in
distant tissues[1]. Tumor cells entering the blood
circulation interact with platelets and leukocytes
leading to formation of tumor emboli. Although the
mechanism of platelet and leukocyte interactions
with tumor cells continues to be under investigation,
the vascular cell adhesion receptors P- and L-selectin,
vascular cell adhesion receptors, are known to be fa-
cilitators of these cell contacts. Indeed, the absence
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of P-selectin (present on activated platelets and
endothelium) lead to decreased platelet-tumor cell
interactions resulting in attenuation of metastasis [2].
Mice deficient in L-selectin, exclusively present only
on leukocytes, also demonstrated reduced metastasis
both in syngeneic and xenogenic models [3]. Mice
deficient in both P- and L-selectin (PL-/-) have shown
further reduction of metastasis, indicating synergistic
action in this process [3].

Thromboembolism is a well-recognized complica-
tion of malignant disease, where heparins have
served as effictive anticoagulant treatments for many
years [4,5]. Heparin is a natural complex mixture of
glycosaminoglycans with variable length, degree of
sulfation, only a small fraction of which can mediate
anticoagulation by potentiating antithrombin action.
While heparins were shown to reduce metastasis
in several mouse models, the mechanism of action
remains under investigation[6,7]. One of several
biological activities of heparin is its ability to
block P- and L-selectin binding to natural and
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tumor cells ligands [8,9]. A single bolus of 100U
of UFH prior to intravenous injection of colon
carcinoma cells attenuated metastasis to a similar
extent as the P-selectin deficiency[2,3]. A single
injection of UFH was also shown to attenuate
metastasis of melanomas, primarily by inhibition of
P-selectin interactions [10,11]. Recently was shown
that heparins (UFH and LMWH) at clinically relevant
doses reduced metastasis by inhibition of P-selectin
mediated interactions [12,13]. However, heparin has
many other potential anti-metastatic activities,
including anticoagulation, heparanase inhibition and
binding cytokines and growth factors[14,15]. In the
present study heparin the effect of heparin on
metastasis was investigated in the absence of both
P- and L-selectin, together with evaluation of heparin
derivative with no anticoagulant activity.

3. Material and Methods
3.1. Cell lines

MC-38GFP, mouse colon carcinoma cell line MC-38
stably expressing GFP was cultured as previously
described [3].

3.2. Heparin

Unfractionated heparin sodium - Liquemin (25,000
U/ml, lot number B1041) was obtained from Roche,
Reinach Switzerland. Unfractionated heparin sodium
from American Pharmaceutical Partners (20,000 U/ml;
lot number 333246) was obtained from the University
of California, San Diego Medical Center Pharmacy.
Heparin derivative with no anticoagulant activity but
preserved P- and L-selectin blocking activity was
previously characterized [16].

3.3. Mice

C57BL/6J (WT) and P-selectin deficient mice were
from The Jackson Laboratories (Bar Harbor, Maine) or
from in-house breeding of these mice. Mice deficient
in both P- and L-selectin (PL-/-) and syngeneic for the
C57BL/6J background were previously described [3].
All mice were fed standard chow and water
ad libitum, and maintained on a 12-hour light/dark
cycle.

3.4. Experimental metastasis assay

Experiments were performed in AAALAC-accredited
vivariums on a protocol approved by the university’s
IACUC. In keeping with IACUC recommendations,
“survival” studies did not use death as an end point,
but instead used euthanasia when the mice reached
an obviously moribund state (mostly immobile,

hunched over, breathing rapidly, and not seeking food
or water).

Mice were injected subcutaneously with 100 uL PBS
or heparin (19.68U) in 100 uL PBS 30 min prior to intra-
venous injection of MC-38GFP cells as described [12].
WT mice were euthanized when they appeared
moribund. All surviving mice were euthanized 50 or 55
days after injection. For the comparison of heparins
with and without anticoagulant activity 300 ug were
intravenously injected 30 min prior to MC-38GFP cells.
Mice were euthanized after 28 days and metastatic
foci counted on dissected lungs.

4. Results

4.1. Combined deficiency of P- and L-selectin
markedly extends survival of mice
intravenously injected with tumor cells

Decreased formation of metastatic foci in PL-/- mice
has been demonstrated in experimental metastasis
studies [3]. However, these studies were terminated
at the time point when the first WT control mouse
appeared moribund. Thus, the ability of P- and
L-selectin deficiency to improve survival has never
been evaluated. We have now intravenously injected
WT and PL-/- mice with syngeneic mouse colon
carcinoma cells and monitored them over a longer
period of time, euthanizing individual animals only
when they appeared moribund, with the typical
necropsy finding being nearly complete displacement
of the lung parenchyma by confluent masses of tumor
cells. The first WT mice were euthanized at day 33
after tumor cell injection (Figure 1). While the
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Fig. 1. P- and L-selectin deficiency improves long-term survival in
an experimental model of hematogenous metastasis. WT and PL-/-
mice were injected intravenously with MC-38GFP colon carcinoma
cells. Mice were monitored daily for appearance, and were
euthanized when moribund to verify the presence of pulmonary
metastatic foci. The number of surviving mice is plotted versus time
after tumor cell injection. While all PL-/- mice appeared normal at
the time of termination, 5 of 7 showed visible pulmonary metastatic
foci.
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number of surviving WT mice continued to decrease
over time, no PL-/- mice were observed to be
moribund at the study’s termination on day 55 after
tumor cell injection (Figure 1). However we noted
that more than half the PL-/- mice did have visible
lung metastases at day 55. The fact that the long-
living PL-/- mice still developed some metastatic
lesions also allows us to ask whether heparin would
have any further effects in these animals [3,17].

4.2. High dose heparin further reduces metastasis
in P- and L-selectin deficient mice

Previous studies showed that P-selectin is likely
playing a role in metastasis at very early time points
in the hematogenous metastatic cascade [3]. Based on
studies with a function blocking antibody, L-selectin
also appears to contribute to metastasis at somewhat
later time points, from ~6—18 hours after tumor cell
injection [17]. To test whether heparin can attenuate
metastasis further beyond blocking P- and L-selectin-
mediated interactions, PL-/- mice were injected with
clinically tolerable levels of heparin 30min prior to
tumor cell injection followed by repeated injection at
6h and 12 h after tumor cell injection. We previously
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Fig. 2. Only high doses of heparin can further reduce metastasis
in mice deficient in P- and L-selectin. PL-/- mice were injected
intravenously with tumor cells at t=0, and subcutaneously with
PBS or unfractionated heparin in PBS at t=-0.5h, +6h, and +12h.
(a) 100U of heparin. (a) 19.68 U of heparin. Mice were euthanized
50 days after injection, and the formation of pulmonary metastases
determined by counting the number of visible foci. P-values were
determined by performing a Student’s T-test.

optimized the dose of heparin to be 19.68U by
studying blood levels in test mice [12]. These mice
were kept on test for 50 days, allowing significant
metastatic foci to form in at least some animals. As
seen by evaluating the number of visible metastatic
foci (Figure 2a) there was no significant effect of the
clinically relevant heparin injections on metastasis in
the setting of P- and L-selectin deficiency. A trend
towards a slight improvement with heparin is not
statistically significant, either by quantifying the
number of visible metastatic foci or by measurement
of GFP fluorescence in the lung homogenate (data not
shown).

We next asked whether higher doses of heparin
have any additive effect in limiting metastasis,
beyond inhibition of P- and L-selectin. Therefore,
PL-/- mice were injected with 100U of heparin at
the same three time points, used to inhibit P-selectin
and L-selectin (-30min, +6 h, +12h). When the visible
metastatic foci were counted, a significant reduction
was observed in the PL-/- mice that received the
three heparin injections, as compared to those
that received PBS control injections (Figure 2b).
Thus, these high dose heparin injections have
some additional effects in attenuating metastasis,
which are independent of selectin inhibitory activity.
However, such effects may not be of practical value
in patients.

4.3. Non-anticoagulant heparin is better inhibitor of
metastasis than clinically used unfractionated
heparin

The efficiency of heparin attenuation of metastasis
was analyzed either with clinically used heparins
or modified heparins with limited characteriza-
tion of its biological activities[2,11,12,18-21]. To
compare the biological activity of unfractionated
heparin with a nonanticoagulant derivative — NAC
heparin [16], we injected 400ug of the respective
heparins (unfractionated heparin — Liquemin and
NAC heparin) in WT mice 30min prior to intra-
venous injection of colon carcinoma cells MC-38GFP
(Figure 3). After evaluation of lungs four weeks
later, a clear attenuation of metastasis was detected
with both heparins. Interestingly, NAC-heparin was
more efficient in attenuating metastasis than UFH
(P=0.034), indicating variability in anti-metastatic
activity of various preparations of heparins largely
dependent on standardization only based on anti-Xa
activity. Attenuation of metastasis with both heparin
preparations was comparable to the effect of the
P-selectin absence. However, unfractionated heparin
as well as NAC-heparin were less efficient than
the absence of both P- and L-selectins, indicating
that single dose of heparin cannot achieve effective
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Fig. 3. Asingle injection of heparin with no anticoagulant activity is
equally efficient inhibitor of metastasis as achieved by the absence
of P-selectin. Mice were intravenously injected with 400ug of
heparin 10min prior to injection of 3x10° MC-38GFP cells. Non-
anticoagulant heparin (NAC) with selectin inhibitory properties was
as previously characterized [16]. For comparison data with P- and
P-/L- double selectin deficient mice is shown. The extent of lung
colonization was analyzed by counting visible metastatic foci. A
2-way ANOVA multiple compare test was used to determine the
statistical significance of NAC heparin versus controls (P <0.01).

inhibition of the apparent synergistic contribution of
P- and L-selectin in hematogenous metastasis [3].

5. Discussion

Many of heparin’s activities, including anticoagulation
may reduce metastasis. Other groups have performed
studies in which it was demonstrated that adminis-
tration of hirudin, an antithrombin anticoagulant, can
reduce experimental metastasis. One study involved
multiple injections of 20mg/kg of hirudin spanning
the first ten days after tumor cell injection[22]. A
significant decrease in formation of metastatic foci
was observed. Metastatic foci formation was reduced
significantly with hirudin administration. A second
group observed significant reduction in pulmonary
metastases upon administration of 10mg/kg hirudin
prior to injecting tumor cells[23]. However, both
of these studies were performed at anticoagulant
levels that were likely not clinically relevant, as
the activated partial thromboplastin time test results
almost all exceeded the assay limit of detection in the
second study. Additionally, studies have demonstrated
reduction of metastasis with chemically-modified,
non-anticoagulant heparins, therefore anticoagulant
activity is not required for heparin inhibition of
metastasis [16,18-20]. Preparations of heparins with
no anticoagulant activity were recently characterized
in our laboratory[16]. When directly compared,
based on the amount, with the clinically used
unfractionated heparin, the NAC heparin seems to be
more efficient suggesting that anticoagulant activity
of heparin is not contributing to antimetastatic

activity in this model (Figure 3). The synthetic
pentasaccharide Fondaparinux, which has no selectin
inhibitory activity, was compared to low molecular
weight heparins and was found to have no effect
on metastasis at clinically acceptable levels giving
efficient anticoagulation [12,13]. Thus, while Figure 2
demonstrates some selectin-independent effect on
metastasis at this high dose of heparin, no practical
conclusion can be drawn about the implications for
the use of heparin in the clinical setting. The dose of
heparin (19.68U) has previously been demonstrated
to have a dramatic effect on formation of metastatic
foci in WT mice[12]. Since no further effect was
observed in mice deficient in both P- and L-selectin,
we can conclude that clinically relevant doses of
heparin attenuate metastasis mainly via inhibition
of P- and L-selectin. Of course there is always a
possibility that heparin also inhibits one or more
additional mechanisms that are within the same linear
pathway as the selectin contributions to metastasis.
However, in the experimental model of metastasis,
in which tumor cells are administered directly into
the vasculature and immediately interact with blood
cells, the selectins are likely to be involved in some
of the earliest steps in the metastatic cascade. Thus,
inhibiting these early steps in a cascade would render
other downstream effects of heparin to be practically
irrelevant. Additionally, as the doses of heparin
administered in this experiment are cleared within a
few hours, many of the additional effects of heparin
(e.g. heparanase and angiogenesis inhibition) are
likely not relevant during the time frame studied. It
remains possible that heparin binding to chemokines
would also be relevant during this time period, and
this should be studied further. However, one would
not expect this action to necessarily be in the same
pathway as the selectins.

Should heparin be administered over a longer
period of time during the metastatic process, it
is possible that it will also be working by some
of its other potential actions. Regardless, all of
heparin’s other activities should only be beneficial
in reducing metastasis and tumor growth. Therefore,
the potential for therapeutic use is great. Meanwhile,
further studies of non-anticoagulant heparins are
warranted, as they could be given at higher doses to
patients, providing additional benefits beyond P- and
L-selectin inhibition.

Acknowledgements

This work was supported by Swiss National Foundation
grant #3100A0-116295 (to L. Borsig) and NIH grant
R01Ca38701 (to A. Varki). We are greatly indebted
to Sandra Diaz for her technical support. We thank



J.L. Stevenson et al. / Thrombosis Research 120 Suppl. 2 (2007) $107-5111 S111

Benito Casu, Annamaria Naggi, Giangiacomo Torri for
providing us the modified heparins.

References

[1] Fidler 1J. Critical factors in the biology of human cancer
metastasis: twenty-eighth G.H.A. Clowes memorial award
lecture. Cancer Res 1990;50:6130-8.

Borsig L, Wong R, Feramisco J, Nadeau DR, Varki NM,

Varki A. Heparin and cancer revisited: mechanistic connections

involving platelets, P-selectin, carcinoma mucins, and tumor

metastasis. Proc Natl Acad Sci USA 2001;98:3352-7.

Borsig L, Wong R, Hynes RO, Varki NM, Varki A. Synergistic

effects of L- and P-selectin in facilitating tumor metastasis

can involve non-mucin ligands and implicate leukocytes
as enhancers of metastasis. Proc Natl Acad Sci USA
2002;99:2193-8.

Rickles FR, Falanga A. Molecular basis for the relationship

between thrombosis and cancer. Thromb Res 2001;102:V215-

V224.

[5] Zacharski LR, Ornstein DL, Mamourian AC. Low-molecular-
weight heparin and cancer. Semin Thromb Hemost 2000;
26(Suppl 1):69-77.

[6] Smorenburg SM, Van Noorden CJ. The complex effects of

heparins on cancer progression and metastasis in experimental

studies. Pharmacol Rev 2001;53:93-105.

Niers TM, Klerk CP, DiNisio M, Van Noorden CJ, Buller HR,

Reitsma PH, et al. Mechanisms of heparin induced anti-

cancer activity in experimental cancer models. Crit Rev Oncol

Hematol 2007;61:195-207.

Nelson RM, Cecconi O, Roberts WG, Aruffo A, Linhardt RJ,

Bevilacqua MP. Heparin oligosaccharides bind L- and P-selectin

and inhibit acute inflammation. Blood 1993;82:3253-8.

Koenig A, Norgard-Sumnicht K, Linhardt R, Varki A.

Differential interactions of heparin and heparan sulfate

glycosaminoglycans with the selectins. Implications for the

use of unfractionated and low molecular weight heparins as
therapeutic agents. J Clin Invest 1998;101:877-89.

[10] Vlodavsky I, Mohsen M, Lider O, Svahn CM, Ekre HP, Vigoda M,
et al. Inhibition of tumor metastasis by heparanase inhibiting
species of heparin. Invasion Metastasis 1994;14:290-302.

[11] Ludwig RJ, Boehme B, Podda M, Henschler R, Jager E, Tandi C,
et al. Endothelial P-selectin as a target of heparin action in
experimental melanoma lung metastasis. Cancer Res 2004;64:
2743-50.

12

—

[3

—_—

[4

[inar

[7

—

[8

—_—

[9

—

[12] Stevenson JL, Choi SH, Varki A. Differential metastasis
inhibition by clinically relevant levels of heparins — correlation
with selectin inhibition, not antithrombotic activity. Clin
Cancer Res 2005;11:7003-11.

[13] Ludwig RJ, Alban S, Bistrian R, Boehncke WH, Kaufmann R,
Henschler R, et al. The ability of different forms of heparins
to suppress P-selectin function in vitro correlates to their
inhibitory capacity on bloodborne metastasis in vivo. Thromb
Haemost 2006;95:535-40.

[14] Engelberg H. Actions of heparin that may affect the malignant
process. Cancer 1999;85:257-72.

[15] Zacharski LR, Ornstein DL. Heparin and cancer. Thromb
Haemost 1998;80:10-23.

[16] Hostettler N, Naggi A, Torri G, Casu B, Vlodavsky |, Borsig L.
Selectin-mediated and heparanase-dependent antimetastatic
activities of non-coagulant heparins. FASEB J 2007, in press.

[17] Laubli H, Stevenson JL, Varki A, Varki NM, Borsig L. L-selectin
facilitation of metastasis involves temporal induction of fut7-
dependent ligands at sites of tumor cell arrest. Cancer Res
2006;66:1536-42.

[18] Kragh M, Binderup L, Vig Hjarnaa PJ, Bramm E, Johansen
KB, Frimundt Petersen C. Non-anti-coagulant heparin inhibits
metastasis but not primary tumor growth. Oncol Rep 2005;14:
99-104.

[19] Lapierre F, Holme K, Lam L, Tressler RJ, Storm N, Wee J,
et al. Chemical modifications of heparin that diminish
its anticoagulant but preserve its heparanase-inhibitory,
angiostatic, anti-tumor and anti-metastatic properties.
Glycobiology 1996;6:355-66.

[20] Yoshitomi Y, Nakanishi H, Kusano Y, Munesue S, Oguri K,
Tatematsu M, et al. Inhibition of experimental lung metastases
of Lewis lung carcinoma cells by chemically modified
heparin with reduced anticoagulant activity. Cancer Lett
2004;207:165-74.

[21] Ono K, Ishihara M, Ishikawa K, Ozeki Y, Deguchi H, Sato M,
et al. Periodate-treated, non-anticoagulant heparin-carrying
polystyrene (NAC-HCPS) affects angiogenesis and inhibits
subcutaneous induced tumour growth and metastasis to the
lung. Br J Cancer 2002;86:1803-12.

[22] Hu L, Lee M, Campbell W, Perez-Soler R, Karpatkin S. Role
of endogenous thrombin in tumor implantation, seeding, and
spontaneous metastasis. Blood 2004;104:2746-51.

[23] Im JH, Fu W, Wang H, Bhatia SK, Hammer DA, Kowalska MA,
et al. Coagulation facilitates tumor cell spreading in
the pulmonary vasculature during early metastatic colony
formation. Cancer Res 2004;64:8613-9.



