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ABSTRACT OF THE DISSERTATION
Roles of Selectins, Selectin Ligands, and Heparin in Tumor Progression
By
Jennifer Lynne Stevenson
Doctor of Philosophy in Biomedical Sciences
University of California, San Diego, 2005
Professor Ajit Varki, Chair

Hematogenous metastasis is the passage of malignant cells from a
primary solid tumor into the vasculature, where they interact with leukocytes
and platelets before their extravasation into a distant tissue, forming metastatic
foci. This dissertation focuses on two proteins known to be involved in this
process, P-selectin and L-selectin. P-selectin is expressed on activated
platelets and endothelium, whereas L-selectin is constitutively expressed on
most leukocytes.
The role of P-selectin in metastasis has been previously studied. Pselectin mediates platelet interactions with tumor cells, potentially shielding
them from immune cell surveillance in the vasculature. The role of L-selectin in
metastasis was not previously known. Chapter II of this dissertation describes
the findings that L-selectin affects tumor cell survival in the vasculature, and
that

there

is

a

temporal

appearance

of

putative

endothelial,

Fucosyltransferase-7-dependent ligands that appear in the lungs following
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tumor cell injection. Work shown in Appendix I supports this supposition, as it
demonstrates that leukocyte selectin ligands are not involved in experimental
metastasis.
While many investigators are developing specific inhibitors of selectinligand binding, with the hope of attenuating metastasis, our lab had previously
discovered that the clinical anticoagulant heparin also has the ability to inhibit
P- and L-selectin. An independent body of work had indicated that heparin
might block metastasis. However, most prior experimental evaluations of
heparin and metastasis were done at very high doses that were not clinicallyrelevant, and not all currently available heparins had been tested for selectin
inhibition. Chapter III details studies demonstrating that not all heparins can
inhibit selectins in vitro, and that only those heparins with selectin-inhibitory
activity are capable of inhibiting metastasis in vivo, at clinically-relevant doses.
Additionally, it is shown that the higher molecular weight fragments of a
heparin contain the bulk of the selectin-inhibitory activity.
The roles of P- and L-selectin and their ligands in tumor progression are
explored in this dissertation. Mechanistic studies of the exact role of L-selectin
have been performed, and the clinical potential for inhibiting metastasis by
inhibiting selectins is demonstrated. This knowledge can be used to further
the treatment of not only metastasis, but other selectin-mediated pathologies
as well.
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CHAPTER I

Introduction

1

2
Mechanisms of Tumor Growth and Metastasis
A solid tumor begins when a normal cell accumulates multiple somatic
mutations, often including activation of oncogenes and inactivation of tumor
suppressor genes, to become a malignant cell.

The mutations can be

ascribed to many potential causes, including hereditary and environmental
influences. The cumulative effect of the mutations eventually confers a
selective growth advantage, such that the tumor cells divide and invade the
surrounding tissue (this process is reviewed in reference to colorectal
tumorigenesis in reference 1).

Tumors often express many proteases,

including heparanase, an enzyme that degrades the heparan sulfate
proteoglycans in the extracellular matrix, thereby enabling this growth and
invasion (2-4). As tumors grow in size, they reach a point where they are
limited by the ability of oxygen and nutrients to diffuse from surrounding blood
vessels into the center of the solid tumor (5).

Thus, tumors often are

associated with increased angiogenesis, where new blood vessels grow into
the tumor, removing limitations on how large they can grow (5). As tumors
grow, some of the cells may invade through the tissue to the basement
membrane of vascular endothelium, where they intravasate into the lumen of
the blood vessel (6). Once in the blood vessel, tumor cells interact with
platelets and leukocytes, forming tumor cell emboli (7, 8). These emboli travel
through the vasculature into different organs, where they physically arrest
and/or adhere to the endothelium and eventually extravasate out of the blood
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vessel and into the tissue. Once in the tissue, they proliferate and form a new
tumor focus (9), where the process of tumor growth continues. Recent
experimental evidence confirms the impression from classic pathological
studies that tumor cells can be resident in the circulation for many hours
before they finally die or exit the circulation (10). However, it has also been
shown that the vast majority of tumor cells that enter the vasculature do not
survive to eventually form metastatic foci (9).
Metastasis is the movement of a tumor cell from the location of the
primary tumor to a distant tissue, where it forms metastatic foci.
Hematogenous metastasis refers to the dissemination of tumor cells to a
distant tissue through the vasculature. A schematic of tumor progression as
described here is shown in Figure I-1. The main focus of this dissertation is
interactions of tumor cells with platelets, leukocytes, and the endothelium
during hematogenous metastasis.

P- and L-selectin and Their Ligands in Normal Physiology
Two of the proteins involved in hematogenous metastasis are Pselectin and L-selectin (for general reviews on selectins, see references 1116). P- and L-selectin are glycan-binding proteins normally involved in cell
adhesion and signaling in the vascular system.

They are type I

transmembrane proteins containing one C-type lectin domain, EGF-like
domains, and multiple CR repeats. P-selectin is constitutively expressed, and
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is stored in the α-granules of platelets and the Weibel-Palade bodies of
endothelial cells. Upon activation of platelets and endothelial cells (which can
be caused by cytokines, such as TNFα, released from carcinoma cells), Pselectin is moved to the membrane rapidly, and is then endocytosed. Pselectin has also recently been shown to be expressed in peritoneal
macrophages (17).

L-selectin is constitutively expressed on the cell

membrane of several types of leukocytes. The left panel of Figure I-2 depicts
the interactions of P- and L-selectin and their ligands in normal physiology. It
should be noted that there is a third member of the selectin family, E-selectin,
which is expressed on activated endothelial cells. As it is not the focus of the
studies in this dissertation, it will not be further discussed here.
P- and L-selectin bind to sialylated, fucosylated ligands in a calciumdependent manner. A common selectin ligand is sialyl Lewis X (sLex), which
contains both α2-3 sialic acid and α1-3 fucose residues (see, for example,
references 13, 18-20). Selectins can also bind to additional glycan structures,
which may have different linkages or modifications (21, 22). Most selectin
glycoprotein ligands have mucin-like regions, including the P-selectin ligand
CD24 (23), L-selectin ligands GlyCAM-1 and Sgp90 (24), and P-selectin
glycoprotein ligand-1 (PSGL-1), a ligand for both P- and L-selectin (25). For
mucin-type selectin ligands, it has been shown that selectin binding depends
on proper sulfation and glycosylation (reviewed with respect to PSGL-1 in
reference 26). Finally, more recent studies have demonstrated that P- and L-
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selectin can bind to non-mucinous ligands, such as sulfated glycopeptides
(27).
P- and L-selectin both play a role in leukocyte extravasation, as they
mediate the initial tethering of leukocytes to endothelium, either via
endothelial P-selectin interacting with leukocyte selectin ligands, or by
leukocyte L-selectin interacting with endothelial selectin ligands (28-33).
Additionally, L-selectin mediates the recruitment of other leukocytes to
leukocytes that are already bound to the endothelium via PSGL-1 interactions
(34). P-selectin is also involved in hemostasis. This has been demonstrated
by studies showing that P-selectin-deficient mice have increased bleeding
time upon induction of injury (35), that P-selectin facilitates platelet-dependent
neutrophil adhesion (36), and that P-selectin interactions with PSGL-1 support
proper thrombus formation (37-39). Additionally, L-selectin has been shown
to play a role in chemokine-mediated chemotaxis, and some cross talk
between chemokines and L-selectin has been identified (reviewed in 40).

Tumor Selectin Ligand Expression and Correlation with Survival
By screening many types of tumors, it has been found that tumor cell
expression of sLex, a major component of selectin ligands, correlates with
decreased survival. It was found that patients with sLex-positive colorectal
carcinoma had a percent survival of only 58.3%, while patients whose tumors
did not express sLex had a percent survival of 93.0%. In this and other
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studies of colorectal carcinoma, it was demonstrated that sLex expression
also correlated with the stage of the disease, disease recurrence, and the
presence of lymph node metastases (41, 42). Studies of patients with nonsmall cell lung cancer correlated sLex expression with decreased disease-free
survival (43). Further studies demonstrated that fucosyltransferase-7 (the
enzyme that adds the α1-3 fucose to sLex) also correlates with poor prognosis
in lung carcinoma (44).

The relationship between sLex expression and

decreased survival and/or increased disease severity or incidence has been
shown for a variety of additional cancers, including gastric cancer (45, 46),
prostate cancer (47, 48), breast cancer (49, 50), cutaneous squamous cell
carcinoma (51), melanoma (52), renal cell carcinoma (53), Hodgkin’s disease
(54), and pancreatic ductal adenocarcinoma (55). From all of this information,
it can be seen that there is frequent association between sLex expression and
increased disease severity among various cancers. A major component of
selectin ligands is sLex, therefore the likelihood that selectins are also
involved in disease progression is high.

Potential Interactions Involving Selectins in Metastasis
Studies using recombinant selectins have confirmed that tumors often
express increased levels of selectin ligands. These ligands are often carried
on membrane-bound or shed mucins, which are heavily O-glycosylated
molecules (56). Once a tumor cell is in the vasculature, it is known to interact
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with platelets and leukocytes, forming tumor cell emboli, as discussed in the
first section of Chapter I. These emboli will cause mechanical arrest and/or
interact with endothelial cells. The panel on the right hand side of Figure I-2
demonstrates the potential interactions of intravascular carcinoma cells, via
mucinous ligands to P- and L-selectin.
Studies published in 1980 demonstrated a correlation between
metastatic potential of tumor cells with platelet aggregating activity in their cell
surface extracts (57). Interactions between tumor cells and activated platelets
or endothelial cells were demonstrated in vitro using human colon carcinoma
cells (58, 59). This same study also demonstrates reduction of in vitro tumor
cytolysis by effector cells when platelets are present, indicating that platelet
association with tumor cells may have a protective effect (59). Interactions
between isolated tumor mucins, platelets, endothelium, and peripheral blood
mononuclear cells have also been demonstrated in vitro (60). Additionally, an
association between tumor cells and platelets has been shown in vivo using
various techniques (58, 61-63).

Mouse Models of Metastasis Demonstrate Selectin Dependence
Using mice deficient in P-selectin (64), L-selectin (65), and both P- and
L-selectin (66), studies were performed to determine whether P- and/or Lselectin play a role in metastasis.

P-selectin-deficient mice have

demonstrated a dramatic reduction in experimental metastasis, using both
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xenogenic (58, 67) and syngenic (27) tumor models. Similarly, syngenic and
xenogenic studies utilizing mice deficient in L-selectin demonstrated a
reduction in metastasis (27). Finally, a further reduction in metastasis was
observed in mice deficient in both P- and L-selectin, indicating that the two are
non-redundant (27). These studies all help to demonstrate that both P- and Lselectin play important, independent roles in metastasis.

Mechanism of P-selectin Involvement in Metastasis
Studies by Borsig et al. demonstrated that platelets surround P-selectin
ligand-positive tumor cells in a P-selectin-dependent manner (58). It was
hypothesized at the time that platelets may serve as a cloak that protects
tumor cells from detection by the immune system. In fact, a different group
has shown that platelets protect tumor cells from NK cell-mediated lysis in
vivo (61), and additional in vitro studies by Fuster et al. have demonstrated
that platelets from P-selectin-deficient mice have a reduced ability to protect
tumor cells from effector cell-mediated lysis as compared to platelets from
wild type mice (59).
As discussed earlier in this chapter, P-selectin is expressed on
activated endothelial cells in addition to activated platelets. Studies in which
lethal-dose irradiation was used to create radiation chimeric mice (mice
deficient in P-selectin only on platelets) demonstrated that endothelial Pselectin is also involved in metastasis. While metastasis was reduced in mice
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with platelet P-selectin deficiency, it was not reduced to the same degree that
metastasis in mice with a combined deficiency in platelet and endothelial Pselectin was, and it was further reduced with administration of a P-selectin
blocking antibody (62). In addition, various groups have demonstrated tumor
cell interaction with endothelial cells in a P-selectin dependent manner (62,
68).

Role of L-selectin in Metastasis is Not Well Understood
As discussed earlier, L-selectin is expressed on leukocytes, and Lselectin deficiency leads to a decrease in metastasis. No work, however, had
been performed to determine the role that L-selectin might be playing in
hematogenous metastasis. A variety of interactions that L-selectin mediates
might possibly be involved in mediating metastasis (Figure I-2).

These

include leukocyte-leukocyte interactions, interactions between tumor cells (or
secreted tumor cell mucins) and leukocytes, and interactions between
leukocytes and endothelial cells.

It is known that normal leukocyte

extravasation is supported by L-selectin (12, 69). Thus, one hypothesis is that
carcinoma cells extravasate following paths newly created by extravasating
leukocytes. Chapter II and Appendix I of this thesis explore the potential role
that L-selectin may be playing in metastasis, and describe novel findings as to
how and when L-selectin is involved.
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Selectin Inhibition as a Therapy
Given the knowledge that P- and L-selectin are involved in many
pathologies involving inflammation or reperfusion injury, many researchers
have worked on developing specific selectin inhibition therapies to ameliorate
selectin-mediated pathologies. Therapies that have been explored include
sLex mimetics, monoclonal antibodies against P-selectin or L-selectin, and a
recombinant PSGL-1 chimera. While these have undergone some testing,
their clinical indications are, as of yet, unclear (reviewed in reference 70). In
addition, any new drug will need to undergo the extensive testing and
investigation required by the FDA. Thus, a selectin-specific therapy will not
be available clinically in the immediate future (71).

Heparin Inhibits P- and L-Selectin
Heparin is a highly sulfated glycosaminoglycan that has been in clinical
use as an anticoagulant for many years (72-74).

In addition to its

anticoagulant action, heparin has a variety of unrelated activities, including
heparanase inhibition, angiogenesis inhibition, cytokine and growth factor
binding, interactions with integrins, and effects on proteases and extracellular
matrix components (reviewed in references 75, 76). It was also found that
heparin can inhibit P- and L-selectin binding to their natural ligands (77-81).
This finding is of practical significance, as heparin is an FDA-approved drug.
Therefore, should selectin inhibition with heparin be proven therapeutically
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useful, it has the potential to be quickly available. In addition, as there are
already many patient-years of experience in the clinic, potential side effects
are already well known.

Human Clinical Data on Heparin and Metastasis
It has been shown through retrospective analysis of human clinical
data that heparin therapy given peri-operatively for surgeries to remove an
abdominal malignancy may increase survival significantly (82). Subsequent
human clinical trials using oral Vitamin K antagonists, another type of
anticoagulant, showed much less improvement of survival in most carcinomas
(83-86). This has led us to the conclusion that the effect of peri-operative
heparin therapy was not due to its anticoagulant function. Our laboratory has
therefore hypothesized that the clinical findings with heparin might in fact be
due to inhibition of P- and L-selectin. This concept is supported with the
knowledge that expression of a common selectin ligand (sLex) is inversely
correlated with survival/disease severity in a wide variety of cancers.

Experimental Models Demonstrate that High-Dose Heparin can Reduce
Metastasis
Subsequent studies using murine colon carcinoma metastasis models
demonstrated that a single bolus dose of 100U of unfractionated heparin
given just prior to tumor cell injection attenuates levels of colon cancer
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metastasis as significantly as P-selectin-deficiency (58). A more recent study
demonstrated that administration of unfractionated heparin prior to injection of
melanoma cells has the ability to attenuate experimental metastasis (62).
These and other studies help to support the theory that heparin therapy has
the potential to attenuate metastasis of a variety of cancers. It was also
shown that high-dose heparin given 30 minutes prior to tumor cell injection
had no further effect on metastasis in mice deficient in both P- and L-selectin
(27). These data are very promising, as they suggest that heparin attenuation
of metastasis may in fact be due to selectin inhibition, however the doses
given were likely not to be clinically acceptable.

Open Questions Regarding Heparin Therapy in Metastasis
There are many good indications, both from experimental studies and
from human clinical analyses, that heparin therapy has the potential to inhibit
metastasis via inhibition of P- and L-selectin and/or other mechanisms.
However, there remained some unanswered questions regarding the
feasibility of this treatment. Heparin preparations are complex mixtures, not
all of which can inhibit P-selectin equally well (79).

The amount of

unfractionated heparin administered in previous mouse studies was higher
than the levels currently used in the clinic for maximal anti-coagulation,
therefore it is not clear whether clinically-tolerable doses of heparin are
capable of attenuating metastasis (58, 62).

In addition, the use of
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unfractionated heparin in the clinic is now falling into disfavor and is being
replaced by various kinds of low molecular weight heparins, which have fewer
side effects and require less frequent dosing (74, 87).

There are many

different kinds of clinically approved low molecular weight heparins, which are
prepared from unfractionated heparin using various chemical and enzymatic
methods of degradation (88). Therefore it is reasonable to expect that they
would have varying selectin-blocking potencies. Most recently, a synthetic
pentasaccharide with the exact antithrombin binding sequence has been
approved for clinical use as an anticoagulant (89, 90). This compound also
has never been tested for selectin inhibition.
Given the promising data that suggests that heparin may prove to be
an effective therapy against metastasis of cancer, there is a need for more
thorough evaluation of the potential for heparin therapy for preventing cancer
metastasis via selectin inhibition. This is especially true as questions remain
as to whether or not the experimental findings can be translated to clinical
treatment. Many articles have been written in the previous few years that
discuss the need for properly designed clinical trials to effectively analyze this
(58, 71, 91-93). Before such clinical trials are performed, however, it is vital to
understand how the differences in low molecular weight heparin formulations
will affect the potential outcomes of these trials due to differences in their
abilities to inhibit P- and L-selectin binding. Chapter III of this dissertation
discusses work performed to bridge the knowledge gap between experimental
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studies and the needed but, as-yet, unperformed clinical trials that will serve
to evaluate heparin reduction of metastasis via selectin inhibition in the
appropriate manner.
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Figure I-1. Tumor progression. This cartoon depicts the process of tumor
development and hematogenous metastasis, as described in the text of
Chapter I.
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Figure I-2. P- and L-selectin interactions in normal physiology and
during the hematogenous phase of metastasis. The cartoon shows Pand L-selectin mediated interactions in normal physiology (left panel), and
potential P- and/or L-selectin-mediated interactions involving tumor cells, their
membrane-associated and secreted mucins, blood cells and endothelial cells
(right panel). P- and L-selectin ligands on both normal cells and tumor cells
are often comprised of mucin-like molecules bearing the correct glycosylation
and sulfation patterns to permit recognition by these selectins. Such selectinbinding mucins can also be secreted into the blood circulation by carcinoma
cells.
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CHAPTER II

L-selectin Facilitation of Metastasis Involves Temporal Induction of
Fut7-Dependent Ligands at Sites of Tumor Arrest
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ABSTRACT
Hematogenous carcinoma metastasis is supported by aggregated
platelets and leukocytes, forming tumor cell emboli. Early tumor cell-platelet
interactions can be mediated by P-selectin binding to tumor cell surface
ligands, and this process is blocked by heparin. We previously showed that
L-selectin deficiency also attenuates experimental metastasis [Borsig et al.
(2002) Proc.Natl.Acad.Sci.USA 99:2193]. However, the mechanisms and
timing of L-selectin action remained unknown. Here we study how L-selectin
facilitates establishment of pulmonary metastatic foci in syngeneic mice, using
experimental metastasis to time events following entry of tumor cells into the
bloodstream. While L-selectin deficiency did not affect platelet aggregation or
initial tumor cell embolization, the association of leukocytes with tumor cells
was reduced, and tumor cell survival was diminished 24 hours later.
Temporal inhibition of L-selectin by a function-blocking antibody reduced
metastasis. Moreover, while selectin blockade by heparin 6-18 hours after
tumor cell injection was synergistic with P-selectin deficiency in reducing
metastasis, there was no further effect in L-selectin-deficient animals. Thus,
heparin apparently works at these time points primarily by blocking L-selectin.
Endogenous L-selectin ligands were concomitantly induced adjacent to
established intravascular tumor cell emboli in a similar time window, when
leukocytes were also present. Metastasis was attenuated in mice missing
these induced endogenous L-selectin ligands due to Fucosyltransferase-7
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deficiency. Thus, L-selectin facilitation of metastasis progression involves
leukocyte-endothelial interactions at sites of intravascular arrest supported by
local induction of L-selectin ligands, via Fucosyltransferase-7. These data
provide the first explanation for how leukocyte L-selectin facilitates tumor
metastasis.

INTRODUCTION
Substantial evidence indicates that carcinoma cells entering the blood
circulation from solid tumors rapidly interact with platelets and leukocytes,
forming tumor cell emboli, which contribute to establishing metastatic foci (1,
2). While the mechanism of platelet aggregation on tumor cells and its
contribution to metastasis have been studied (3-6), the facilitating role of
leukocytes remains poorly understood. Leukocyte responses to cancer are
not unique, and have many parallels with inflammation and wound healing, as
leukocytes undergo regional and intratumoral activation (7-9). Leukocytes are
now thought to not only have potential antitumor roles, but also appear to be
supporting tumor progression.

The contribution of leukocytes to tumor

progression seems to be dependent on temporal and spatial stimulation,
which is defined by the tumor microenvironment (7, 10, 11). During early
tumorigenesis, inflammatory leukocytes can be powerful tumor promoters,
producing chemokines, growth factors and cytokines required for tumor
growth, angiogenesis and migration (7). These causal relationships are now
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widely accepted, but many cellular and molecular mechanisms remain
unresolved.
The contribution of vascular cell adhesion molecules P- and E-selectin
to metastasis is known, involving selectin binding to tumor cell ligands (3, 5,
12, 13). However, the possibility of endogenous (non-tumor) selectin ligand
involvement in facilitation of metastasis was not studied. In peripheral blood,
L-selectin is constitutively expressed on all neutrophils and monocytes and on
subsets of T cells, B cells and NK cells (14). L-selectin supports recruitment
of leukocytes into sites of inflammation via endothelial ligands (14, 15).
Leukocyte rolling along blood vessel walls is also mediated by L-selectin
recognition of P-selectin glycoprotein ligand-1 (PSGL-1) on already adherent
leukocytes (16).
Heparin, a commonly used anticoagulant in the clinic, is known to be
an excellent inhibitor of P-and L-selectin (17). Furthermore, heparin treatment
of cancer patients was shown to improve survival by mechanisms not
explainable by anticoagulation (18, 19). In mouse models, heparin was
shown to effectively inhibit P-selectin-mediated binding of platelets and
endothelia to tumor cells, thereby attenuating metastasis (3, 5, 20).
Previously we have observed attenuation of metastasis in L-selectin
deficient mice, thus implicating leukocytes in this process (20). The effect of
L-selectin was noted even in T- and B-cell deficient mice, indicating that
granulocytes and/or monocytes are the likely effectors. The present study
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was undertaken to elucidate the role of L-selectin in facilitating metastasis,
using selectin- and fucosyltransferase-deficient mice, as well as treatment
with heparin and anti-L-selectin antibodies.

MATERIALS AND METHODS
Syngeneic mouse/tumor model. P-selectin deficient mice (Psel-/-) in
a C57BL/6J background <Selp tm1Bay> and control wild type C57BL/6J mice
were from The Jackson Laboratory (Bar Harbor, ME). L-selectin deficient
mice (Lsel-/-) were backcrossed into the C57BL/6J background as described
previously (20). Fucosyltransferase-7-deficient mice (FucT7-/-) in a C57BL/6J
background were kindly provided by Dr. J. B. Lowe (University of Michigan).
For experimental metastasis studies, syngeneic MC-38 murine colon
carcinoma cells, derived from C57BL/6J mouse strain and isolated as a mixed
population of cells stably expressing GFP (MC-38GFP), were used (20).
In vivo analysis of tumor cell thrombi formation and tumor cell
survival. Mice were intravenously injected with 4 x 105 MC-38GFP cells and
lungs were excised and prepared at various time points as described
previously (3). Frozen lung sections were stained with a polyclonal antifibrin
antibody (Nordic Immunological Lab, The Netherlands) or with a monoclonal
anti-CD41 antibody (Becton Dickinson), followed by donkey-antigoat–Alexa568 or goat-anti-rat-Alexa660 antibodies, respectively (Molecular
Probes). Sections were analyzed on a Leica SP1 confocal laser scanning
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microscope. Serial images in the z-axis through the tissue section were
taken, and the resulting stack of images analyzed using Imaris® software
(Bitplane AG, Zürich, Switzerland). At least eight images for every lung/time
point were analyzed. The number of surviving cells was determined on 240
view fields at 400x magnification from at least 2 mice at every time point for
each genotype (Lsel+/+ or Lsel-/-). Statistical significance was determined by
the Student’s t-test.
In vivo detection of leukocytes associated with tumor cells. Lungs
were prepared from mice injected with MC-38GFP cells as described above.
Frozen lung sections were stained with a monoclonal anti-CD11b (Mac-1)
antibody (Becton Dickinson), followed by goat-anti-rat-Alexa568 antibody
(Molecular Probes). Serial section image stacks, representing 4.5 micron
thickness of a tissue section, acquired by Leica SP1 confocal laser scanning
microscope were analyzed by Imaris® software (Bitplane AG, Zürich,
Switzerland). At least 30 independent images for every lung/time point were
analyzed. Statistical significance was determined by the Student’s t-test.
Experimental metastasis assays. Mice were intravenously injected
with 3 to 5 x 105 MC-38GFP cells. Some received 100IU of intravenous
Heparin (Liquemin, Roche Pharma, Reinach, Switzerland; 5,000 IU/ml; Lot#
3094065) 6 h and 12 h after tumor cell injection (hereafter called “late” heparin
injection). In some experiments, L-selectin function was blocked in vivo by
intravenous injection of 160 µg of MEL-14-F(ab’)2 at given time points. The L-
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selectin function blocking mAb (rat IgG2a) MEL-14 was purified from
hybridoma supernatant (American Type Culture Collection, Manassas, VA)
and processed to F(ab’)2-fragments (Pierce Immunoglobulin F(ab’)2
Preparation Kit; Pierce Chemical Co., Rockford, IL).

Metastases were

evaluated after varying amounts of time by counting lung foci and/or detecting
GFP fluorescence in lung homogenate as described previously (20).
Detection of L-selectin ligands in the lung tissue. Lungs were
prepared for analysis at various time-points after intravenous injection of
tumor cells essentially as described previously (3), but were first fixed for 15
min by inflation with 2% paraformaldehyde in Hank’s Buffered Saline Solution
(Sigma Chemical Company, St. Louis, MO) through the trachea. To detect
selectin ligands, sections were treated for 30 min at 4°C in the dark with 2
mmol/L sodium periodate, which selectively oxidizes sialic acid side chains,
thereby enhancing L-selectin binding to its ligands (21), followed by incubation
with mouse L-selectin-Ig-Fc chimera at 30 µg/mL (Sigma Chemical Company,
St. Louis, MO) for 1 h at room temperature. Control slides were incubated
with L-selectin chimera in the presence of 10 mmol/L EDTA. Chimera binding
was detected by goat-anti-human-Alexa568 antibody (Molecular Probes).
Lungs were prepared from 2 independent experiments and at least 5 random
images for each time point (11 images for 24 h time points) were analyzed
(see above).
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RESULTS
L-selectin supports the extended survival of hematogenously
embolized tumor cells. All studies were done in a syngeneic mouse model,
using experimental metastasis to precisely monitor the timing of events
following entry of tumor cells into the bloodstream. To determine the time
window during which L-selectin facilitates metastasis, we analyzed the
survival of the intravenously-injected tumor cell in lungs, the organ primarily
colonized by such injected cells. Wild type (Lsel+/+) and L-selectin-deficient
(Lsel-/-) mice were injected with MC-38GFP syngeneic murine colon
carcinoma cells and euthanized at different time points. Surviving GFPlabeled tumor cells were visualized in tissue sections, in the lung
microvasculature. Initial arrest of tumor cells in the pulmonary vasculature
was similar in both groups (Figure II-1A). This contrasts with P-selectin
deficiency, which causes a decrease in initial arrest (22). There was no
difference in tumor cell survival during the first 12 h, indicating that initial
survival was also L-selectin independent (Figure II-1A). However, significantly
fewer tumor cells were observed in the lungs of Lsel-/- mice at 24 h postinjection and beyond (Figure II-1A). Thus, the absence of L-selectin reduced
the long-term survival of tumor cells.

These data implicate L-selectin

(presumably expressed on leukocytes associated with the established tumor
emboli) in supporting the eventual establishment of metastatic foci.
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An important step in the process of hematogenous metastasis is the
formation of tumor cell emboli (1). We previously showed that initial platelettumor cell interactions are mediated mainly by P-selectin (3). To address the
possible role of leukocyte L-selectin at this step, we analyzed tumor cell
emboli for the presence of platelets and fibrin by immunofluorescence
microscopy, followed by 3D image reconstitution. There was no significant
difference in the tumor thromboembolus composition at any given time point
between Lsel+/+ and Lsel-/- mice (Figure II-1B and C). Interestingly, platelets
and fibrin were rapidly eliminated from surviving tumor cells within the first 12
h, in agreement with previously observed rapid platelet elimination (6). Thus,
the reduction of metastasis observed in Lsel-/- mice is mediated neither by
effects on platelet aggregation, nor on fibrin deposition.
L-selectin facilitates establishment of metastatic foci.

The

presence of L-selectin in wt mice led to better survival of tumor cells (Figure II1A), suggesting that L-selectin can positively affect early steps in metastasis.
This led us to hypothesize that L-selectin contributed to the recruitment of
leukocytes to tumor cell emboli. Thus, we analyzed lung sections for the
presence of leukocytes (monocytes and granulocytes) by staining with antiCD11b (Mac-1) antibody (Figure II-2). A statistically significant difference in
the number of leukocytes associated with tumor cells between wt and L-sel-/mice was detected at 12 h and beyond (Figure II-2A).

While a time-

dependent increase in association of CD11b positive leukocytes with tumor

34
cells was observed in wt mice, no difference was detected in L-sel-/- mice
(Figure II-2B). This finding suggests that L-selectin mediated recruitment of
leukocytes to tumor cell emboli might affect the initiation of tumor cell
extravasation. To test this, we injected mice with L-selectin function blocking
F(ab’)2 MEL-14 Ab at 6 h and 12 h post-tumor cell injection. The selected
dose of F(ab’)2 MEL-14 antibody lasted in circulation for up to 6 h (data not
shown). This temporal inhibition of L-selectin function for ~12 h led to a
significant attenuation of metastasis, as evaluated by the number of
metastatic foci and the extent of metastases (Figure II-3A and B). The time
when the inhibition of L-selectin function affected metastasis (+ 6 h up to + 18
h post tumor cell injection) corresponded to the time period when a difference
in tumor cell survival was observed (Figure II-1A), and when L-selectindependent association of leukocytes with tumor cells was detected (Figure II2). Inhibition of L-selectin function by the F(ab’)2 MEL-14 antibody given
beyond 12 h after tumor cell injection did not affect metastasis (data not
shown), indicating the time restriction of L-selectin action in this process.
Taken together, these data suggest that L-selectin-mediated interactions of
leukocytes at the sites of embolization support the initiation of tumor cell
extravasation. Thus, inhibition or absence of L-selectin is reflected in the
reduced number of eventually established metastatic foci.
Heparin also attenuates metastasis at time points beyond the
early inhibition of P-selectin. We previously showed that a single injection
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of unfractionated heparin, which remained in the circulation for less than 6-8
h, significantly reduced metastasis both in syngeneic and xenogeneic mouse
models (3, 20). This “early” heparin injection (given 30 min prior to tumor cell
injection) inhibited P-selectin-mediated platelet-tumor cell interactions. Since
heparin can inhibit not only P- but also L-selectin (17), we asked whether
heparin administration several hours after tumor cell injection would affect
metastasis (23).

Based on the results with temporal L-selectin function

blocking by antibody administration (Figure II-3), we tested the effect of two
heparin injections given at 6 h and 12 h post-tumor cell challenge (“late”
heparin injection), presumably blocking P- and L-selectin mediated
interactions for about 16 h, starting from 6 h until ~20 h post-tumor cell
injection.
To discount any effect of late heparin administration on P-selectinmediated interactions, we first analyzed the effect of such treatment in Pselectin deficient mice (Psel-/-). Since the level of observed metastases in
Psel-/- mice is considerably lower than in wild type mice (20), we euthanized
them at a later time point than usual (after 44 days) and counted the number
of metastatic foci (Figure II-4A). Mice receiving “late” heparin injections
showed significantly fewer metastatic foci compared to those receiving PBS
injections. The attenuation was confirmed by measuring GFP fluorescence in
the whole lung homogenate (Figure II-4B). In fact, “late” heparin injection in
Psel-/- mice further attenuated metastasis to a level comparable to the
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extreme reduction of metastasis previously noted in P- and L-selectin double
deficient mice (20). Thus, the “late” heparin treatment (6 and 12 hours post
tumor cell injection) is not working by inhibiting P-selectin, but is synergistic
with it. Rather it is likely to be working by blocking L-selectin.
To exclude the possibility that “late” heparin injection exerts other major
biological activities leading to reduction of metastasis, we also tested this
regimen in Lsel-/- mice. However, we observed no further alteration of
metastasis (Figure II-4C). Indeed, the “late” heparin injection in wt mice
resulted in attenuation of metastasis to a similar extent as observed in Lsel-/deficient mice (Figure II-4C). The extent of metastases in Lsel-/- mice was
low, but clearly distinguishable as evaluated by metastatic foci (data not
shown). Taken together, these results indicate that “late” heparin injection
primarily affects L-selectin mediated interactions, which are necessary for
successful establishment of metastatic foci.
L-selectin binding to endogenous selectin ligands facilitates
metastasis. While L-selectin plays a role in hematogenous metastasis
(current data and ref. 20) it is unknown whether this is mediated via L-selectin
interactions with tumor cell ligands or with endogenous ligands.
investigate

whether

endogenous

selectin

ligands

play

a

To
role,

Fucosyltransferase-7 deficient (FucT7-/-) and wild-type (wt) mice were
injected with tumor cells.

FucT7 is the primary enzyme that generates

endogenous selectin ligands in mice (24, 25).

A marked reduction in
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formation of metastatic foci, comparable to that observed with L-selectin
deficiency, was observed in FucT7-/- mice (Figure II-5). Attempts were made
to distinguish between hematopoetic and endothelial selectin ligands by
creating chimeras using wt and FucT7-/- mice, but results were not
interpretable due to unexpectedly extensive fibrosis of the lungs following
lethal irradiation in this system (data not shown). Regardless, the attenuation
of metastasis in FucT7 deficiency indicates the importance of selectin
interactions with endogenous ligands.

Meanwhile, preliminary studies

indicate that mice lacking the major leukocyte P- and L-selectin ligand PSGL1 (26) do not show attenuation of experimental metastasis with the MC38GFP colon carcinoma cells (see Appendix I, in collaboration with Dr.
Rodger P. McEver). Thus, the relevant endogenous selectin ligands missing
in FucT7-/- mice are likely to be on endothelial cells. Taken together, the data
indicate that the contribution of selectin binding to mediation of metastasis is
dependent not only on recognition of tumor cell ligands, but also some
endogenous ligands.
FucT7-dependent ligands are upregulated adjacent to tumor
emboli 12-24 hours after injection. To identify the timing and possible
expression sites of endogenous selectin ligands relevant for metastasis, lungs
were harvested 6, 12, 24 and 48 h after tumor cell injection, sectioned, and
stained with a recombinant soluble mouse L-selectin probe. Control lungs
from mice with saline injection demonstrated no staining (data not shown). L-
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selectin ligands were first detected 12 h post-tumor cell injection and only in
close proximity to tumor cells (Figure II-6A). While there was virtually no
staining at 6 h, maximum binding of L-selectin was detected 24 hours after
injection of tumor cells (Figure II-6A). This L-selectin ligand expression
around the tumor cell emboli was transient, and significantly reduced by 48 h
(Figure II-6B). Nevertheless, the presence of L-selectin ligands at 48 hours
was elevated when compared with the 6 h time point and found statistically
relevant (p<0.01). The fact that specific L-selectin staining was detected
exclusively in the vicinity of tumor cell emboli suggests an endothelial origin of
selectin ligand expression. Interference contrast images were merged with
immunofluorescence images, confirming that L-selectin ligands were not on
the tumor cells themselves (Figure II-6C). In keeping with this, we have
confirmed prior studies indicating that tumor cells indeed remain intravascular
at this time point [(27) and Dr. Lubor Borsig’s unpublished observations].
These findings show temporally-induced expression of endogenous L-selectin
ligands, which is likely caused by activation of local endothelium, due to the
presence of tumor and/or inflammatory cells (28). This induced L-selectin
ligand staining around tumor cells was absent in FucT7-/- mice at 24 h,
indicating a requirement for alpha1-3 linked fucose in Sialyl Lewis X-like
structures in induction of endogenous ligands (Figure II-6C). The punctate
pattern of L-selectin ligands is similar to the staining of activated endothelial
cells in vitro (29).
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DISCUSSION
Hematogenous metastasis is known to be facilitated by tumor cellplatelet-leukocyte emboli formation. The observed association of enhanced
selectin ligand expression on tumor cells with cancer progression suggested
involvement of vascular selectins in tumor progression (12, 30, 31).
Endothelial E- and P-selectin were found to contribute to metastasis in several
mouse models (12, 13, 20), and our previous data particularly implicated
platelet P-selectin during the early steps of metastasis (3, 20). In addition, the
observation that L-selectin deficiency attenuated metastasis even in T and B
cell–deficient mice indicated that granulocyte and/or monocyte L-selectin
facilitates leukocyte participation in this process (20). Although the presence
of leukocytes in primary tumors is well documented and their role is being
elucidated, the mechanism of leukocyte contribution to metastasis remained
poorly understood (7). Here we provide the first evidence for the mechanism
of leukocyte L-selectin action during metastasis. The finding that L-selectin
promotes tumor cell survival, and that this facilitation occurs 12-24 h following
tumor cell entry into the vasculature (Figure II-1A) indicates local involvement
of leukocytes in establishment of metastatic foci. Indeed, an enhanced
presence of CD11b positive leukocytes associated with tumor cells was
concomitantly detected, suggesting their involvement in this process (Figure
II-2). One possible explanation for the observed leukocyte contribution to
metastasis comes from the capacity of L-selectin-positive leukocytes to
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transmigrate through L-selectin ligand–positive endothelium (15, 32, 33).
Thus, leukocytes may assist tumor cells to breach the endothelial barrier at
sites of intravascular embolization, thereby facilitating metastasis (34-36).
The L-selectin positive leukocytes that promote metastasis are likely to be
monocytes and/or granulocytes, which were found to be associated with
tumor cells during metastasis initiation (Figure II-2). Although, we cannot
completely exclude a role for NK cells, there was no difference in the
presence of NK cells in the lung sections of Lsel-/- and wt mice as detected by
NK-1.1. Ab (data not shown). Also, no major alterations of NK cell counts or
function have been reported in the setting of L-selectin deficiency (37, 38). It
remains to be evaluated whether local L-selectin-mediated interactions of
leukocytes with metastatic foci also contribute to subsequent tumor growth.
Inflammatory leukocytes can facilitate malignant outgrowth and
potentiate metastasis (7, 35, 39, 40). The analysis of leukocyte populations
associated with tumor cell emboli formation indicated a contribution of
granulocytes and monocytes to this process, which correlates with the
observed effect of L-selectin even in immunodeficient mice [(20) and Figure II2]. Tumor cell extravasation has a key role in metastasis, and leukocytes
could promote this process by mediating interactions with endothelium and/or
chemokine production (35, 39, 40). The unexpected time restriction for Lselectin contribution to metastasis suggests involvement of leukocytes only
after the early embolization event (Figures II-1 and II-2). We found that
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metastasis was attenuated by temporal inhibition of L-selectin function either
by F(ab’)2 MEL-14 antibody or heparin injection during the time when tumor
cells were still in the vasculature (Figures II-3 and II-4). The observed
facilitation of metastasis by L-selectin correlated with the time when the tumor
cells were still intravascular, thus suggesting that L-selectin positive
leukocytes participate by establishment of metastatic foci (7).
Heparin is widely used as an anticoagulant treatment of venous
thromboembolism in cancer patients (19). Improved cancer mortality after
treatment with heparin, when compared to other anticoagulants (Vitamin K
antagonists) was observed in retrospective analysis of several clinical studies
(18, 19, 41, 42). Although blood coagulation is thought to support metastatic
progression, heparin affects several other biological activities (18, 22). In a
recent study, selective inhibition of coagulation (hirudin) reduced colonization
of mouse lungs by melanomas but heparin was not evaluated (6). Here we
show that heparin treatment within the first 6-22 h post-tumor cell challenge
led to attenuation of metastasis primarily by inhibition of L-selectin mediated
interactions (Figure II-4), even in the absence of alterations in fibrin deposition
or platelet-tumor cell aggregations (Figures II-1B and II-1C). These results
have clinical relevance, since the tumor cells were already in circulation at the
time of heparin treatment, similar to the situation in advanced stage cancer
patients.
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The association of enhanced selectin ligand expression by tumor cells
with poor prognosis originally led to a prediction of direct interaction among
vascular selectins and tumor cells (12, 31). Here we show for the first time
the temporal appearance of endogenous L-selectin ligand expression in the
vicinity of hematogenously borne tumor cells arrested in the vasculature
(Figure II-6). The transient expression of endogenous selectin ligands around
tumor emboli implies that L-selectin does not need direct interactions with
tumor cells in order to promote metastasis. Furthermore, the absence of the
putative endothelial ligands (Figure II-6C) and the reduction of metastases in
FucT7-deficient mice (Figure II-5), support the involvement of endothelial Lselectin ligands in this process. Although FucT7-/- as well as PSGL-1-/- mice
have moderately elevated total leukocyte counts (24, 26), the attenuation of
metastasis was seen only in FucT7-/- mice, indicating that this effect cannot
be explained by leukocytosis. The correlation of transient L-selectin ligand
expression with the time when temporal inhibition of L-selectin resulted in
attenuation of metastases strongly supports the interdependence of leukocyte
recruitment with local selectin ligand expression. The precise nature of the Lselectin ligands remains unknown. Many studies on lymphocyte homing to
lymphoid organs identified several mucosal “addressins” as ligands for Lselectin (for review see reference 43).

In addition, L-selectin-mediated

recruitment of leukocytes to sites of inflammation has been demonstrated (32,
44-47).

However, the nature of endothelial ligands induced during
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inflammation has been only partially characterized (44, 48, 49).

The

investigations of cultured endothelial cells led to prediction of candidate
molecules that require appropriately sialylated, fucosylated and sulfated forms
of ligands carried on yet unidentified carrier molecules (43, 44). Furthermore,
the induction of L-selectin ligands on endothelium is dependent on the type of
inflammation (50). L-selectin ligands around tumor cell emboli were absent in
FucT7-deficient mice, and the binding of L-selectin was enhanced by mild
periodate treatment of the tissues (Figure II-6). This is in agreement with the
previously observed lack of L-selectin-dependent leukocyte recruitment to
sites of inflammation in FucT7-deficient mice (25).
In conclusion, our study proposes L-selectin as one molecular link
between recruitment of inflammatory leukocytes to the sites of tumor cell
emboli in the microvasculature and their potential to facilitate metastasis. The
virtual lack of metastases in the absence of endogenous selectin ligands, due
to FucT7 deficiency, provides strong evidence for the critical role of a tumor
cell microenvironment during establishment of metastases.
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Figure II-1. L-selectin deficiency reduces the number of surviving tumor
cells in the lung vasculature, but does not affect the formation of tumor
cell-thrombi. A) Mice were intravenously injected with 4 x 105 MC-38GFP
cells and euthanized at different time points between 6 h and 96 h. The
number of viable, GFP positive tumor cells (microfoci) was determined. The
reduction of viable tumor cells in L-selectin deficient mice was statistically
significant at time points 24 h and later (*, p<0.05). B-C) Tumor cell emboli
were analyzed by staining with CD41 antibody detecting platelets; and with
anti-fibrinogen antibody. Analysis of tumor emboli was performed by 3D
reconstruction using Imaris® software. The signal in Voxels is presented for
the volume of 1000 µm 3 surrounding each central tumor cell. None of the
time points showed statistically significant differences (Mean ± SE).
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Figure II-2. Association of leukocytes with tumor cell emboli is Lselectin-dependent. Mice intravenously injected mice with MC-38GFP cells
were euthanized at different time points, and lung frozen sections stained with
anti-CD11b antibody to detect monocytes and granulocytes. A) The number
of leukocytes found near tumor cells in wild type mice (solid bars) and in Lsel-/- mice (open bars) was found to be significantly different from 12 h
onwards. (Mean ± SE; * corresponds to p<0.005). B) The percentage of tumor
cells associated with leukocytes at given time points was found to be
significantly different from 12 h onwards (p<0.05) between wt and L-sel-/mice.

47

Figure II-3. Temporal inhibition of L-selectin function in vivo attenuates
metastasis. A) Wild type mice were injected with MC-38GFP cells, followed
by injections of 160 µg of L-selectin function blocking antibody MEL-14 F(ab’)2
at +6 h and +12 h. Mice were euthanized after 28 days and dissected lungs
evaluated for metastatic foci. B) The extent of metastasis was analyzed by
GFP fluorescence read out in lung homogenates.
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Figure II-4. Late heparin injection attenuates metastasis, in a P-selectin
independent manner, but has no further effect in the absence of Lselectin. A) Psel-/- mice were injected with MC-38GFP cells, followed by
injections of 100IU of heparin at +6 h and +12 h. Mice were euthanized after
44 days and dissected lungs evaluated for metastatic foci. B) The extent of
metastasis was analyzed by GFP fluorescence read out in lung homogenates.
C) Wild type (wt) and L-selectin deficient (Lsel-/-) mice were injected with MC38GFP cells, followed by an intravenous injection of 100IU of unfractionated
heparin at +6 h and +12 h. Heparin blocked selectin-dependent interactions
for a period between +6 h and +18 h post tumor cell injection. Mice were
euthanized after 28 days, and lungs were dissected and homogenized for
quantitation of metastasis by GFP fluorescence detection.
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Figure II-5. Absence of endogenous selectin ligands leads to attenuation
of metastasis.
Fucosyltransferase 7-deficient mice (FucT7-/-) were
intravenously injected with 5 x 105 MC-38GFP cells. Parallel injections of MC38GFP cells were performed also in wild type mice (wt) and L-selectin
deficient (Lsel-/-) mice. Mice were euthanized after 34-39 days, and lungs
were dissected and homogenized for the detection of metastasis by GFP
fluorescence.
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Figure II-6. FucT7-dependent L-selectin ligands are induced locally at
sites of tumor cell arrest. A) Mice injected with MC-38GFP cells were
terminated 6, 12, 24, and 48 hours post tumor- cell injection, respectively.
Representative images of lungs sections stained with mouse L-selectin
chimera (red) and GFP tumor cells (green) and nuclei stained with DAPI
(blue) are presented. (Bar = 10 µm) B) Quantification of mouse L-selectin
ligand staining detected in area of 3025 µm 2 in a stack of 22 sections (4 µm)
in depth using Imaris® Software. The increase in L-selectin binding was
statistically significant as determined by two-way ANOVA multiple compare
test (p<0.01). C) Interference contrast (IC) and immunofluorescence image
(IF) of lung section of wt mice in overlay show distinct L-selectin staining (red)
apart from tumor cells in wt mice. No visible L-selectin ligand staining (red)
was detected in FucT7-/- mice. (Bar = 8 µm)
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CHAPTER III

Differential Metastasis Inhibition by Clinically-Relevant
Levels of Heparins - Correlation with Selectin Inhibition, not
Antithrombotic Activity
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ABSTRACT
Purpose: Unfractionated heparin reduces metastasis in many murine
models. Multiple mechanisms are proposed, particularly anticoagulation
and/or inhibition of P- selectin and L-selectin. However, the doses used are
not clinically tolerable and other heparins are now commonly used. We
studied metastasis inhibition by clinically relevant levels of various heparins
and investigated the structural basis for selectin inhibition differences.
Experimental Design:

Five clinically approved heparins were

evaluated for inhibition of P-selectin and L-selectin binding to carcinoma cells.
Pharmacokinetic studies determined optimal dosing for clinically relevant
anticoagulant levels in mice.

Experimental metastasis assays using

carcinoma and melanoma cells investigated effects of a single injection of
various heparins. Heparins were compared for structural relationships to
selectin inhibition.
Results: One (Tinzaparin) of three low molecular weight heparins
showed increased selectin inhibitory activity, and the synthetic
pentasaccharide, Fondaparinux, showed none when normalized to
anticoagulant activity. Experimental metastasis models showed attenuation
with unfractionated heparin and Tinzaparin, but not Fondaparinux, at clinically
relevant anticoagulation levels. Tinzaparin has a small population of high
molecular weight fragments not present in other low molecular weight
heparins, enriched for selectin-inhibitory activity.
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Conclusions: Heparin can attenuate metastasis at clinically relevant
doses, likely by inhibiting selectins. Equivalent anticoagulation alone with
Fondaparinux is ineffective.

Clinically approved heparins have differing

abilities to inhibit selectins, likely explained by size distribution. It should be
possible to size fractionate heparins and inhibit selectins at concentrations
that do not have a large effect on coagulation. Caution is also raised about
the current preference for smaller heparins.

Despite equivalent

anticoagulation, hitherto unsuspected benefits of selectin inhibition in various
clinical circumstances may be unwittingly discarded.

INTRODUCTION
P-selectin and L-selectin are C-type lectins that recognize sialylated,
fucosylated, sulfated ligands. P-selectin is stored within resting platelets and
endothelial cells and translocates to the cell surface upon activation. Lselectin is constitutively expressed on most leukocyte types and mediates
their interactions with endothelial ligands. Both selectins promote the initial
tethering of leukocytes during extravasation at sites of inflammation. Pselectin also plays a role in hemostasis. Endogenous ligands for P-selectin
and L-selectin (such as PSGL-1) are expressed on leukocytes and endothelial
cells (for general reviews on selectins and their ligands, see refs. 1-6).
P- and L-selectin also have pathological roles in many diseases
involving inflammation and reperfusion (7-9), as well as in carcinoma
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metastasis.

Many tumor cells express selectin ligands and an inverse

relationship between tumor selectin ligand expression and survival has been
reported (reviewed in ref. 10). Syngenic and allogenic mouse models have
demonstrated that metastasis of selectin ligand-positive adenocarcinomas to
the lungs is P-selectin and L-selectin-dependent (11-14). Upon entering the
circulation tumor cells rapidly acquired a protective “platelet cloak”, in a Pselectin-dependent manner (13). There is now also evidence that endothelial
P-selectin supports metastasis (15). The mechanism of L-selectin facilitation
of metastasis remains under investigation.
Many classic studies documented an inhibitory effect of unfractionated
heparin in animal models of cancer metastasis (16-19), and retrospective
analyses indicated that heparin may have similar effects in human cancer (2024).

A large body of literature also discusses the well-documented

relationships of cancer and venous thrombosis (reviewed in ref. 25), and the
inhibition of metastasis via blocking fluid-phase coagulation, either with
heparin or hirudin (16-18, 21, 22, 26-30).

However, human trials using

Vitamin K antagonists as an alternate mode of anticoagulation showed no
effect on survival in most carcinomas (18, 30-32). Thus, it should not be
assumed that heparin efficacy in metastasis is primarily based on its
anticoagulant activity.
Unfractionated heparin has been in clinical use for decades based on
its ability to inhibit fluid phase coagulation by enhancing Antithrombin
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inactivation of Factors IIa and Xa (33-35). However, unfractionated heparin is
a natural product containing a complex polydisperse mixture of highly sulfated
glycosaminoglycan chains ranging from 5,000 to 30,000 Da, only some of
which actually bind Antithrombin (34, 36). Early studies showed that Pselectin could bind to immobilized heparin (37). We and others subsequently
showed that various heparins and heparinoids could inhibit binding of both Pselectin and L-selectin to their natural ligands (38-42). We have, therefore,
hypothesized that the heparin effect on metastasis is not primarily due to
anticoagulation, but rather to inhibition of P-selectin and L-selectin binding to
tumor cell ligands (10).
Of course, heparins have many other biological effects potentially
relevant to solid tumor spread, including inhibition of heparanases involved in
degrading basement membranes, modulatory effects on various heparinbinding growth factors or extracellular proteases, alteration of integrin
functions in cell adhesion, inhibition of angiogenesis, etc. (for general reviews
see refs. 17, 19, 43). Of all these potential nonanticoagulant mechanisms, Pselectin and L-selectin inhibition is the first one likely to be relevant when
tumor cells initially enter the blood stream. This effect also stands at the
beginning of a cascade of events involved in survival of tumor cells, before
their eventual extravasation and establishment as metastatic foci. As with any
cascade, blocking the first step can make all subsequent mechanisms
practically irrelevant. Indeed, we have shown previously that effects of single-
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dose unfractionated heparin given before intravenous tumor cell introduction
can be explained by inhibition of P-selectin and L-selectin because heparin
had no further effects on metastasis in mice with a combined deficiency of
both selectins (14). A similar result was seen regarding heparin effects in
attenuating inflammation, with the relevant activity again limited to P-selectin
and L-selectin inhibition (44).
Overall, our working model to explain heparin action in solid tumor
metastasis has been inhibition of P-selectin and L-selectin, combined with an
unknown degree of blockade of intravascular fibrin formation by the fluidphase coagulation pathway. However, the relatively high doses administered
in most previous studies would be impractical to use clinically, because of
excessive anticoagulation. Unfractionated heparin also generally has poor
bioavailability, requires multiple daily dosing, and has side effects, such as
heparin-induced thrombocytopenia (34, 35). To circumvent this, many low
molecular weight heparins have been created by degrading unfractionated
heparin using a variety of methods, including chemical depolymerization and
enzymatic digestion (34, 45). Whereas low molecular weight heparins are
also a mixture of fragment sizes, with molecular weight profiles ranging from
3,000 to 9,000 Da, they have better kinetics and bioavailability, typically
requiring only single daily doses. Taken together with a similar efficacy in
clinical anticoagulation (via anti-Xa activity) and a lower incidence of side
effects, such as heparin-induced thrombocytopenia, they have become
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favored in clinical practice (35, 46).

Further benefits are claimed for

Fondaparinux, a synthetic heparinoid pentasaccharide of defined structure
(33) that specifically binds to Antithrombin (47, 48).
Recently, one low molecular weight heparin was reported to give
improved survival in a subset of patients with advanced cancer (49).
Meanwhile, we have suggested the use of heparin to interdict metastasis
during the period between initial diagnosis of early-stage carcinomas and
soon after their surgical removal (10), an idea supported by the recent finding
that patients with primary tumors (but no metastases) who were treated with a
low molecular weight heparin had increased survival (30).
Translating all these promising ideas into clinical practice now requires
experimental evaluation of the potential for clinically acceptable levels of the
various kinds of heparins to block P-selectin and L-selectin and attenuate
metastasis.

Here, we compare five heparins/heparinoids (hereafter

collectively referred to as heparins) for their ability to inhibit P-selectin and Lselectin. After defining pharmacokinetics in mice, we then compare a subset
of these heparins for their ability to inhibit metastasis in two different tumor
models at clinically relevant doses. Finally, we investigate the structural
differences between the low molecular weight heparins in light of their
differential selectin inhibition activity and address the relative roles of
anticoagulation and selectin inhibition in attenuating metastasis.
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MATERIALS AND METHODS
Materials.

The following materials were from the University of

California, San Diego, Medical Center Pharmacy: unfractionated heparin
sodium from American Pharmaceutical Partners (Schaumburg, IL;
20,000U/ml; lot numbers 302523, 333246); Innohep (Tinzaparin) from
Pharmion (licenced from LEO Pharmaceutical Products, Ballerup, Denmark:
20,000IU/ml; lot numbers E9867A and G3371A); Fragmin (Dalteparin) from
Pharmacia (Kalamazoo, MI; 5000IU/0.2ml; lot numbers 94250A51, 94683A02,
and 94802A01); Lovenox (Enoxaparin) from Aventis (Bridgewater, NJ;
30mg/0.3ml; lot numbers 30324, 9367, and 9369); and Arixtra (Fondaparinux)
from Sanofi-Synthelabo (West Orange, NJ; 2.5mg/0.5ml; lot numbers
0010000003 and 0170000010).

Unless otherwise noted, all remaining

chemicals were purchased from Sigma Chemical Company (St. Louis, MO).
Cell lines.

LS180 cells, human colonic adenocarcinoma cells

(American Type Culture Collection, Manassas, VA) were cultured in α-MEM
with 10% FCS. MC38GFP cells, a mouse colon carcinoma cell line stably
transfected with enhanced green fluorescent protein (14), were cultured in
DMEM with 10% FCS, 1 mmol/L sodium pyruvate, 0.1 mmol/L non-essential
amino acids, and 1.0 mg/ml G418 for selection. Mouse melanoma B16F1
cells from ATCC (Manassas, VA) were cultured in DMEM with 10% FCS. All
media and additives were from Life Technologies (Invitrogen; Carlsbad, CA),
except for FCS, which was from HyClone (Logan, UT).

All cells were
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incubated at 37oC with 5% CO2.

Before use, cells were released by

incubation in PBS with 2 mmol/L EDTA at 37oC for 5 to 10 minutes (it should
be noted that trypsin was not used to lift cells so as to avoid cleaving surface
proteins), and washed in PBS with Ca2+, Mg2+ and glucose before suspending
in the same buffer for intravenous injection.
Mice. C57BL/6J mice from The Jackson Laboratory (Bar Harbor, ME)
were fed standard chow and water ad libitum, and maintained on a 12-hour
light/dark cycle. Some mice were obtained from in-house breeding of these
C57BL/6J mice. All purchased mice were allowed to acclimate in the vivarium
for a minimum of one week following arrival before beginning experiments. All
experiments were performed in Association for Assessment and Accreditation
of Laboratory Animal Care-accredited vivariums on a protocol approved by
Institutional Animal Care and Use Committee of the university.
Heparin inhibition of LS180 binding to selectins. Levels of heparin
were normalized based on their anti-Xa activity. High binding 96-well plates
were coated overnight with 8 µg/mL Protein A in 50 mmol/L carbonate buffer,
pH 9.5.

Wells were rinsed with PBS and blocked for 1 hour at room

temperature with PBS + 1% bovine serum albumin. Human selectin-Fc
chimeras, prepared as described previously (40), were immobilized on
blocked Protein A-coated 96-well plates by incubating for one hour at room
temperature. Calcein AM-loaded LS180 cells were incubated in the wells in
the presence of varying concentrations of heparin (or 2.5 mmol/L EDTA as a
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control). Wells were rinsed multiple times with PBS/1%BSA, and bound cells
were lysed with 100 mmol/L Tris, pH 9.5 and 2% Triton X-100. Fluorescence
was analyzed using a fluorescence plate reader, at an excitation of 488 nm
and an emission of 530 nm. Results are expressed as percent of control
binding, which is calculated using the following formula: 100*(heparin value –
EDTA value)/(buffer alone value – EDTA value). Each anti-coagulant was
tested in triplicate wells at each relative concentration.
Titrating heparin dosage via plasma anti-Xa levels. Mice were
injected subcutaneously with 100 µL of unfractionated heparin, Tinzaparin, or
Fondaparinux diluted in PBS at various final concentrations. Thirty minutes
later, blood was collected by cardiac puncture into 1 mL syringe containing 30
µL of 10 mmol/L EDTA. Samples were centrifuged twice for 10 minutes at
2,000 relative centrifugal force at 24oC to collect the plasma, which was
stored at –80oC until analysis for anti-Xa activity. Human Antithrombin III (3.3
µg/well; Enzyme Research Laboratories, South Bend, IN), and human factor
Xa (0.02 µg/well; Enzyme Research Laboratories), in 155 µL 25 mmol/L
HEPES/150 mmol/L NaCl/pH 7.5 were added to 1.25 µL plasma samples,
which were then incubated with 25 µ g/well of a synthetic factor Xa
chromogenic substrate (Diapharma, Columbus, OH).

The reaction was

stopped after 15 min by adding 50 µL/well 20% acetic acid. The resulting
chromophore was measured at 405 nm.

Plasma heparin levels were

calculated in anti-Xa units/mL by comparing against a standard curve of
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heparin-spiked mouse plasma samples.
analyzed in triplicate.

Standards and samples were

Final amounts used for 1x dosing were 6.56 U

unfractionated heparin, 7.32 IU Tinzaparin, and 0.0033 mg Fondaparinux.
The 3x dosing used three times the amount.
Carcinoma experimental metastasis assay.

Mice were injected

subcutaneously with 100 µL PBS or heparin in 100 µL PBS. Thirty minutes
afterwards, 500,000 MC38GFP cells (in 150 µL) were injected intravenously
into the lateral tail vein. Mice from each studied group were injected in
alternating order and cells were resuspended by gently flicking the tube
before aspirating the sample for each injection. Twenty-seven days after
injection, mice were euthanized and the lungs were removed and placed into
2 mL 20 mmol/L Tris, pH 8 in bacterial culture tubes. Lungs were stored at
–20oC until further analysis. Samples were quickly thawed at 37oC and
placed immediately on ice. Lungs were homogenized using a Polytron PT1035 homogenizer, and then lysed by adding 50 µL 20% Triton X-100 and
allowing to sit on ice for 30 minutes.

Samples were spun using a

microcentrifuge, and fluorescence of supernatant was quantified in a quartz
plate on a fluorescent plate reader at a 1:10 dilution in 20 mmol/L Tris, pH 8.0,
using an excitation wavelength of 488 nm and an emission wavelength of 530
nm.

Samples were evaluated in triplicate.

Background fluorescence,

determined by evaluating the fluorescence of lungs from mice that were not
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injected with tumor cells, was subtracted from the average of the triplicate
readings.
Melanoma experimental metastasis assay. Mice were injected with
heparin and 500,000 B16F1 cells using the protocol described for the
carcinoma metastasis assay. Seventeen days after injection, mice were
euthanized, tracheal perfusion with 10% buffered formalin was performed,
and the lungs were removed and placed into 10% buffered formalin. Lungs
were allowed to fix for a minimum of twenty-four hours, removed from formalin
individually, and photographed using a digital camera. Lung weights were
determined by removing the lungs from formalin, briefly setting them on filter
paper to remove excess liquid, and then weighing them on a Sartorius
analytical scale.
Heparin disaccharide analysis. Disaccharide analysis was done by
the University of California, San Diego, Glycotechnology Core Facility. Briefly,
5 µg of each heparin were dried down, resuspended in 100 mmol/L sodium
acetate, 0.1 mmol/L calcium acetate, pH 7.0, and incubated with 5 mU each
of heparin lyases I, II, and III for 18 hours at 37oC. Samples were boiled for 2
minutes and run though a prewashed Microcon 10 filter. Samples were then
dried down, resuspended in MilliQ water, and separated by HPLC on a
Dionex ProPac PA1 anion exchange column using MilliQ water at pH 3.5 with
a sodium chloride gradient of 50 to 1000 mmol/L over 60 minutes. Postcolumn derivatization with fluorescence detection was achieved by mixing 2-
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cyanoacetamide (1%) with 250 mmol/L NaOH in the eluent stream using an
Eldex dual channel pump. The eluent was then passed through an Eppendorf
TC-40 reaction coil heated to 130oC, followed by a cooling bath, and then to a
Jasco fluorescence detector set at an excitation of 346 nm and an emission of
410 nm. The sensitivity of this method is ~5pmoles (50).
Heparin sizing. A TosoHaas TSKG2000SW HPLC column was run at
0.4 ml/min in 10 mmol/L KH2PO4, 0.5 mol/L NaCl, and 0.2% Zwittergent
(Calbiochem, San Diego, CA). The void volume was determined using blue
dextran. Cytidine monophosphate (0.5 µg) was spiked into all samples for
use as an internal control to mark the included volume. Two different lots of
each heparin were evaluated. Each sample was brought up to 10 µL total
volume with MilliQ water. UV absorbance was monitored throughout the 45minute runs at a wavelength of 206 nm. In an additional run, a larger aliquot
of Tinzaparin (19.5 µL Tinzaparin and 2.5 µg cytidine monophosphate marker)
was run on the same column, and 200 µL fractions were collected and
evaluated for their inhibitory activity against P-selectin binding to sialyl Lewis
X (sLex; see assay details below). The amount of uronic acid in each fraction
was quantified using a standard carbazole assay (51).
Assay for inhibition of P-selectin binding to sialyl Lewis X. Highbinding 96-well ELISA plates were coated overnight with 2 µg/mL sLex-PAA
(Glycotech, Gaithersburg, MD) in 50 mmol/L carbonate buffer, pH 9.5. Plates
were rinsed twice with a 1:5 dilution of HPLC running buffer (final
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concentration of 2 mmol/L KH2PO4, 0.1 mol/L NaCl, and 0.04% Zwittergent),
and then blocked for 1 hour in a 1:5 dilution of HPLC running buffer + 0.5%
bovine serum albumin. Human P-selectin chimera was precomplexed with
goat anti-human IgG-AP (0.25 µg:0.25 µL; BioRad, Hercules, CA) in the
presence of 1:5 dilutions of collected HPLC fractions (or dilutions of those
fractions in column buffer) or heparin standards for one hour at room
temperature with mixing. Samples were added to the blocked plate and
incubated at room temperature for 2 to 3 hours. The plate was rinsed twice
with 1:5 dilution of HPLC buffer + 0.5% bovine serum albumin, and then twice
with a 1:5 dilution of HLPC buffer. AP substrate solution (150 µL; 10 mmol/L
p-nitrophenyl phosphate, 100 mmol/L Na2CO3, 1 mmol/L MgCl2, pH 9.5) was
added to the plate and allowed to develop at room temperature.

The

absorbance at 405 nm was read on a SpectraMax 250 plate reader. One unit
of inhibitory activity was arbitrarily defined as 1% inhibition of selectin binding,
within the linear range of the assay. Results are expressed as total inhibitory
units, which is calculated using the following formula: 100*[(max binding –
unknown binding)/(max binding – min binding)]*(200/µL fraction tested in
inhibition assay), where “max binding” is the amount of binding in the
presence of a fraction that eluted prior to heparin elution and “min binding” is
the amount of binding in the presence of 0.5 IU/mL Tinzaparin.
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RESULTS
Clinically approved heparin formulations have widely varying
abilities to inhibit P-Selectin and L-Selectin in vitro.

Clinical grade

preparations of unfractionated heparin, three types of low molecular weight
heparin (Tinzaparin, Dalteparin, and Enoxaparin), and the synthetic
pentasaccharide Fondaparinux were obtained from the University of
California, San Diego, Medical Center Pharmacy, representing all heparins
currently marketed for clinical use in the United States (source: Physician’s
Desk Reference). Notably, the low molecular weight heparins are prepared
by different methods of unfractionated heparin degradation: Tinzaparin, by
beta-eliminative cleavage with heparinase; Dalteparin, by deaminative
cleavage with nitrous acid; and Enoxaparin, by beta-eliminative cleavage with
alkali (45). P-selectin or L-selectin chimeras were immobilized on Protein-A
coated plates and fluorescently labeled tumor cells allowed to bind in the
presence of varying amounts of heparins. When normalized to anti-factor-Xa
activity (anti-Xa is a good predictor of in vivo anticoagulant activity),
unfractionated heparin was the best inhibitor of both selectins (Figure III-1).
Much variation was observed among the three low molecular weight heparins,
with Tinzaparin having higher inhibitory activity than Dalteparin and
Enoxaparin.

Interestingly, Fondaparinux, while synthetically designed

specifically for its potent anticoagulant activity, had no ability to inhibit either
P-selectin or L-selectin. Dalteparin and Enoxaparin were capable of inhibiting
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P-selectin binding at higher anti-Xa concentrations (Figure III-1, top), but had
only minimal ability to inhibit L-selectin binding (Figure III-1, bottom). While
inhibition of P-selectin was obtained at lower relative doses than L-selectin,
the overall rank order of inhibition (unfractionated heparin > Tinzaparin >
Dalteparin = Enoxaparin >> Fondaparinux) was the same.
Pharmacokinetic studies in mice to normalize heparin dosing.
Based on the above results, we chose to do further studies comparing
unfractionated heparin, Tinzaparin and Fondaparinux, thus encompassing the
spectrum of selectin inhibition properties. Good documentation about the
pharmacokinetics of these heparins in mice is not available in the literature.
Indeed, most prior mouse studies have used high molecular weight
unfractionated heparin doses that are likely to achieve anticoagulant effects
unacceptable in human clinical use (see Introduction). Prior to testing these
heparins in metastasis assays, studies were performed to normalize dosing,
such that each administered heparin gave similar, clinically acceptable in vivo
anti-Xa levels. Subcutaneous delivery is the preferred route of administration
of low molecular weight heparins (46). Thus, subcutaneous heparin doses in
mice were optimized to achieve clinically relevant anti-Xa levels. Therapeutic
levels for patients treated with heparin for venous thromboembolism are ~1
anti-factor Xa unit/mL for low molecular weight heparins, typically measured at
3 to 4 hours after injection (35, 48). Thus, we systematically titrated doses of
subcutaneous heparin to achieve approximately similar plasma anti-Xa levels
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in mice. We eventually determined single dose injection amounts of 1x
unfractionated heparin, Tinzaparin, and Fondaparinux that yielded mean antiXa levels within this range (as in humans, there is considerable variation
amongst individuals in the effects of a single subcutaneous dose; Figure III2A). Plasma anti-Xa levels were analyzed 30 minutes after subcutaneous
delivery, which is when the tumor cells would be injected into the vasculature
in the planned metastasis experiments. However, pharmacokinetic studies
(data not shown) showed that Tinzaparin was actually cleared much faster in
mice than in humans, in whom one daily dose is sufficient to maintain
anticoagulation (35, 48, 52). Thus, it is impossible to precisely mimic the
human situation in mice and use of the 1x dose could result in erroneously
negative data. To partially overcome this limitation, we also increased the
single heparin doses from 1x to 3x dosing, and analyzed the anti-Xa levels
(Figure III-2B). Here, the initial peak level might be slightly higher than
clinically acceptable, but practically relevant levels would be sustained a while
longer. Both 1x and 3x heparin doses (see details in Materials and Methods)
were used for the metastasis experiments, as approximating the range of
concentrations that might be found in a patient on these drugs.
Carcinoma metastasis can be attenuated only by certain heparins.
All subsequent in vivo studies utilized the “experimental” model of metastasis,
in which tumor cells are injected intravenously. While this model has its
limitations (53), it is the only way to study interactions between the tumor cells
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and blood cells within the first few hours of tumor cell entry into the
vasculature in a controlled manner at a known time point (i.e., “spontaneous”
metastasis experiments are unsuitable). Also, all our experiments utilized a
single bolus injection of heparin prior to tumor cell injection. As this heparin
dose is cleared within a few hours after injection, we are investigating the
effect only during the first few hours of tumor cell interaction in the
vasculature.
We previously showed that experimental metastasis of human and
mouse colon carcinoma cells could be attenuated by intravenous injection of
100 U of unfractionated heparin thirty minutes before tumor cell injection (13,
14). Studies by others using 12.5 or 60 IU of unfractionated heparin prior to
tumor cell injection also showed a decrease in metastasis of melanoma cells
(15). While demonstrating the potential for heparin to reduce metastasis,
these and most prior studies were performed using heparin doses that are
clinically unacceptable. To evaluate heparin treatment in a more clinically
relevant setting, metastasis assays were performed comparing unfractionated
heparin, Tinzaparin, and Fondaparinux at 1x and 3x dosing. Mice were
intravenously injected with syngeneic MC38GFP colon carcinoma cells known
to carry selectin ligands (14) 30 minutes after subcutaneous dosing with the
heparins at 1x or 3x dosing or with a PBS control. Results with 1x dosing
demonstrated a trend in reduction of metastasis that matched the observed in
vitro selectin inhibition activity (i.e., unfractionated heparin > Tinzaparin >>
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Fondaparinux; Figure III-3A). However, these results were not statistically
significant. Injection of 3x heparin gave almost complete attenuation of
metastasis with unfractionated heparin and Tinzaparin, but still no significant
difference between Fondaparinux and PBS (Figure III-3B). Notably, this dose
of Fondaparinux gave plasma anti-Xa levels at or above the accepted range
for clinical anticoagulation (Figure III-2B). A comment should be made about
the different y-axis ranges shown for results with 1x and 3x dosing (Figure III3). These experiments were performed on different days with different tumor
cell preparations. The observed differences with the control PBS-injection is
due to the inherent variability of such models, which is the reason why
appropriate controls were always performed with each round of injections.
Heparin inhibition of melanoma metastasis is also dependent on
selectin-inhibitory activity. Whereas the results obtained with MC38GFP
cells show the relationship between inhibition of colon carcinoma metastasis
and the ability of the heparin to inhibit P-selectin and L-selectin, we wanted to
see whether this phenomena was applicable to other models of cancer
metastasis. Mice were injected intravenously with B16F1 melanoma cells 30
minutes following subcutaneous injection of 1x or 3x dosing of unfractionated
heparin, Tinzaparin, or Fondaparinux (PBS as a control). Seventeen days
following injection, the lungs were excised and evaluated for the presence of
metastatic foci. In lieu of counting foci, lung weights were obtained and
compared to the weight of lungs from mice not injected with tumor cells. This
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method has been used by others (54), and correlated quite well with the
physical appearance of the lungs (sample photos are shown below
quantification).

In mice that received 1x heparin dosing, a statistically

significant reduction in metastasis was observed in those that received
unfractionated heparin and Tinzaparin (Figure III-4A). Again, Fondaparinux
had no effect, with lungs appearing comparable to those of mice injected with
PBS. When the amount of heparin was increased to 3x dosing, an even
greater reduction in metastasis was observed with unfractionated heparin and
Tinzaparin treatment, with lung weights similar to those of mice that did not
receive tumor cells (Figure III-4B). Again, Fondaparinux had no effect on
metastasis, even at the higher dosing. Thus, a single bolus of low-dose
unfractionated heparin and Tinzaparin, given just before injection of
melanoma cells, has the ability to reduce metastasis. This trend matches that
observed with colon carcinoma cells, confirming the importance of selectin
inhibition (and lack of importance of anticoagulant effect) across multiple
tumor cell types. It should be noted that any effects of heparin on the local
growth rate of metastatic foci in the lungs are not applicable in this system, as
the injected heparin is only present for a few hours after tumor cells enter the
circulation.
Varying ability of low molecular weight heparins to inhibit
selectins does not correlate with disaccharide composition. Heparins
are complex polysaccharides with a polydisperse distribution of sulfation and
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epimerization patterns. It has been previously shown that sulfation patterns
can affect the ability of chemically-modified heparins to inhibit selectins (44,
55). Given different methods of preparation of the three low molecular weight
formulations (45), we hypothesized that distinct sulfation patterns might
explain their differential ability to inhibit P-selectin and L-selectin.

The

structure of Fondaparinux is well known. We evaluated the disaccharide
composition of two lots each of unfractionated heparin and of each of the
three low molecular weight heparins as described in Materials and Methods.
No significant differences in the percentage of each disaccharide were noted
(Table III-1). It is likely, therefore, that the differences in inhibition observed
between the various low molecular weight heparins are not due to major
differences in basic sulfation patterns. Rather, it would have to be due to
higher-order structure and/or overall length. In support of the latter possibility,
our previous work demonstrated that increasing length in the range of one to
seven disaccharides correlated with increasing ability to inhibit P- selectin and
L-selectin (40).
Size fractionation identifies heparins with potent selectin
inhibitory properties relative to anticoagulant activity. The package
inserts that accompany the heparin formulations indicate that Tinzaparin is
likely to contain more high molecular weight heparin fragments than either
Dalteparin or Enoxaparin. The amount of fragments of >8,000 Da is specified
as 22 to 36% for Tinzaparin, 14 to 26% for Dalteparin, and 0 to 18% for
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Enoxaparin. To determine whether this potential difference in high molecular
weight content was present in our samples, size exclusion HPLC analysis was
performed on all five heparins.

The size profile of each heparin was

determined by monitoring the UV absorbance at 206 nm (the profiles are
jagged because of low sensitivity and the polydisperse nature of the heparins;
Figure III-5A). As expected, each of the three low molecular weight heparins
contained a noticeably smaller size range of heparin fragments than
unfractionated heparin. Enoxaparin has a molecular weight profile lower than
both Tinzaparin and Dalteparin. Whereas the average molecular weight
seemed to be similar for Tinzaparin and Dalteparin, the profile of Tinzaparin
was broader than that of Dalteparin. Thus, Tinzaparin contains a small
amount of higher molecular weight molecules not present in Dalteparin
(Figure III-5A).
To determine if this small population of larger fragments is
disproportionately involved in P-selectin inhibition, fractions were collected
following HPLC size separation of a larger aliquot of Tinzaparin. The total
amount of heparin in each fraction was determined by measuring uronic acid
content using a standard carbazole assay. Fractions were evaluated for their
total number of P-selectin inhibitory units. A large amount of P-selectin
inhibitory activity was noted in a small number of the highest molecular weight
fractions (Figure III-5B). Indeed, this activity was seen even before uronic
acid can be detected in the sample (data not shown), indicating that a
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relatively small amount of high molecular weight material has great P-selectin
inhibitory activity. This result strongly supports our hypothesis that length is
an important factor in determining inhibitory activity.
When evaluating the total number of anti-Xa units in the size
fractionation profile of Tinzaparin (Figure III-5B), one can see that there is a
shift between the peaks of P-selectin inhibition and anti-Xa. In fact, when
these variables are normalized to the amount of uronic acid in each fraction, it
can be seen that there is a small subset of fractions (fractions 28 – 32,
denoted by the hatched box at the top of the graph) that contain a very high
amount of P-selectin inhibitory activity and minimal anti-Xa activity (Figure III5B). Thus, a commercially available heparin contains a subset of fragments
that, at a given concentration, are capable of inhibiting P-selectin binding to its
ligand, while only minimally affecting the coagulation process.

DISCUSSION
The close relationships of cancer and excessive systemic thrombosis
are well-documented (25), and the need for anticoagulation in such situations
is clear. Here, we address the converse issue, as to whether anticoagulation
affects the spread of cancer. Numerous previous studies have demonstrated
unfractionated heparin inhibition of solid tumor metastasis in mice, and limited
data suggest that the effect is likely to be relevant to humans as well. A basic
assumption has, therefore, been that anticoagulation is the primary
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mechanism of its action in attenuating the metastatic process. As discussed
in the Introduction, heparins are complex mixtures of bioactive molecules with
many effects potentially relevant to the overall biology of solid tumors.
However, for the reasons mentioned in the Introduction, we believe that the
heparin effects relevant to the initial survival of tumor cells in the circulation
are mainly due to inhibition of P-selectin and L-selectin, possibly along with
blockade of intravascular fibrin formation via the fluid-phase coagulation
pathway. Should heparin be given perioperatively as suggested, its other
effects would benefit the patient during the time when tumor cells are not
actively in the vasculature, as it has the potential to decrease primary tumor
growth and invasion, as well as growth of established metastatic foci, due to
inhibition of angiogenesis, heparanases, etc.
Almost all studies in rodents have used heparin at relatively high
doses, and analysis of the various types of currently marketed heparins at
clinically relevant doses had not been performed. Here, we show, for the first
time, that the ability of various heparins to inhibit P-selectin and L-selectin in
vitro correlates with their ability to inhibit metastasis of two different types of
syngeneic murine tumors. This reduction of metastasis is also shown to be
independent of the anticoagulant activity of the heparins, because
Fondaparinux, an excellent anticoagulant, had no ability to inhibit metastasis
at the same level of clinically tolerable anti-Xa activity, measured in vivo. In
this regard, recent studies of metastasis inhibition with hirudin (a potent anti-

80
thrombin) in mice (28) used a dose far above that recommended in humans
(48), and caused anticoagulation levels sometimes beyond the upper limits of
detection of their assay. Thus, while the previously reported effects of high
dose heparin and hirudin on fibrin formation supporting tumor metastasis are
likely true, they may not be very relevant to the clinical situation in human
patients. In support of this, we have also recently reported that the plateletand leukocyte-mediated P- and L-selectin-dependent microangiopathic
coagulopathy of Trousseau Syndrome can be induced by injecting tumor
mucins into mice, even in the presence of hirudin (56).
Overall, while we do not discount a role for fibrin formation, our data
indicate that selectin inhibition is the most practically important action of
heparin affecting tumor metastasis at clinically relevant doses. The rank order
of the ability of each heparin to inhibit P-selectin and L-selectin in vitro
matched the effect on metastasis attenuation in vivo. Also, these studies
used single boluses of heparin yielding clinically tolerable anti-Xa levels that
are cleared from the system within a few hours. Thus, many of the other
subsequent actions of heparin (e.g., angiogenesis inhibition, heparanase
inhibition, etc.) are likely irrelevant to our current studies, as the single-dose
heparin is not in the system long enough to influence these interactions.
Moreover, these other actions of heparins are downstream of the selectin
effect in our metastasis model, as tumor cells are introduced directly into the
vasculature, where they interact first with P-selectin and L-selectin bearing
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blood and endothelial cells.

In the clinical setting of continued heparin

administration, they may or may not contribute to varying extents, in different
situations. It should be noted that, in the clinical setting, heparin would remain
in the circulation for longer following each dose (because of its increased halflife in humans). Also, there would be a more extended duration of therapy.
Thus, the dramatic effects seen in these single-injection studies would likely
be even more pronounced in the clinical setting.
Our original model was that platelets and leukocytes support
metastasis by interacting with selectin ligands expressed on the surface of
tumor cells (10). However, the melanoma cell line used in these studies was
previously shown to express low levels of sLex, a main component of selectin
ligands (57), and experiments performed in our laboratory indicated that
recombinant P-selectin binds these cells minimally (data not shown). This
presents the possibility that heparin inhibition of the melanoma cells might be
due also to inhibition of endogenous selectin-ligand interactions (e.g.,
between PSGL-1 and P-selectin). This is supported by the recent finding that
platelet aggregates around tumor cells can occur even when they do not carry
P-selectin ligands (28). Interruption of these platelet aggregates by heparin
inhibition of P-selectin and/or blockade of other effects of L-selectin may be
sufficient to diminish metastasis. Therefore, the potential for heparin therapy
may not necessarily be limited to patients whose tumor cells carry selectin
ligands.
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This work provides valuable information for designing a prospective
clinical trial evaluating preoperative, perioperative, and postoperative heparin
therapy in relation to surgery to remove a primary malignancy (10), which is a
period of time in which malignant cells can enter the vasculature. It also
shows the importance of choosing a heparin preparation known to be a potent
inhibitor of P-selectin and L-selectin binding. The in vitro and in vivo data
presented here would indicate that Tinzaparin would have more of an
increase in metastasis-free survival than Dalteparin and Enoxaparin, and that
Fondaparinux would have no effect on the outcome. Therefore, recent clinical
trials demonstrating an improvement in patient survival with Dalteparin
therapy (30, 49) might have seen an even bigger effect if Tinzaparin had been
included in their studies. One might argue that perioperative heparin therapy
might lead to adverse side effects, such as excessive anticoagulation and/or
heparin-induced thrombocytopenia. However, there is an extensive history of
use of these heparins in patients, so the potential side effects are well
documented. Moreover, we have identified a low molecular weight heparin,
which traditionally carry fewer risks for harmful side effects, that is also
capable of reducing metastasis via selectin inhibition.

Additionally, our

studies evaluating various fractions of Tinzaparin show that it should
eventually be possible to isolate a subset of heparin fragments that allow
administration of very low doses not affecting the coagulation state of a
patient, but still having a significant ability to inhibit P-selectin. Finally, as anti-
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coagulant therapy is frequently needed in cancer patients to treat thrombosis
anyhow, we suggest that more attention should be paid in choosing the
anticoagulant, as it might be possible to improve survival in a way that is
independent of anticoagulation.
A brief discussion of the potential reasons for the differences in effects
on anticoagulation and selectin inhibition is warranted (see Figure III-6 for
details). The most likely reasons are due to the extended dual-site nature of
the P-selectin lectin domain (58), and the multivalent avidity of selectin-ligand
binding involving cell surfaces (1, 4-6). This stands in contrast to heparinAntithrombin binding, which involves only one pentasaccharide binding site
with a specific requirement for the precise structure found in Fondaparinux,
which is also found scattered along the length of the longer heparin chains.
These concepts are modeled in Figure 6 and explained in the figure legend.
Another possible (not mutually exclusive) explanation lies with the fact that as
an anionic polysaccharide increases in length, many changes potentially
occur in the middle of the chain, including changes in conformation and
charge (59). Thus, extended heparin chains may have novel internal features
that are preferred by P-selectin and L-selectin.
We and others have worked on designing new types of heparin to
decrease anticoagulant activity yet retain other activities (42, 44, 55, 60, 61).
However, such novel modified heparins will require complete pre-clinical and
Phase I to III clinical testing before they can eventually be approved for use in
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humans. Meanwhile, we have demonstrated that no special modification is
needed, and that an effective preparation could be isolated from a subset of
fragments in currently Food and Drug Administration-approved forms of
heparin.
While this work addresses the importance of P-selectin and L-selectin
inhibition by heparin in the reduction of metastasis, the findings are also of
significance to the treatment of many other human diseases in which Pselectin and L-selectin have been shown to be important. These include
inflammatory diseases such as allergic dermatitis, asthma, atherosclerosis,
and inflammatory bowel disease; diseases in which ischemia-reperfusion
injury play a critical role, such as organ transplants, myocardial dysfunction
following angioplasty of blocked coronary arteries, etc. (for general reviews,
see refs. 7-9); and others, such as sickle cell disease (62). Thus, our work
sends a cautionary note about the current clinical trend towards the use of
smaller and smaller heparin fragments. Whereas pharmacokinetics may be
better, side effects fewer, and anticoagulation equivalent, it is likely that
hitherto unsuspected benefits of selectin inhibition in many diseases is in the
process of being unwittingly discarded.
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Table III-1. Disaccharide analysis does not predict a heparin’s ability to
inhibit selectins. Disaccharide analysis of various heparins was carried out
as described in Materials and Methods. Two different lots of each of the
heparins were evaluated. The disaccharide composition of each was
determined by evaluating the retention time of peaks that were detected using
a fluorescence detector following separation on a Dionex ProPAC PA1 anion
exchange column and post-column derivatization with 2-cyanoacetamide.
Values given reflect the percentage of each disaccharide of the total
population (rounded to the nearest tenth). UFH, unfractionated heparin; TINZ,
Tinzaparin; DALT, Dalteparin; ENOX, Enoxaparin.

Disaccharide

Retention
Time (min)

UA-[1,4]-GlcNAc
UA-2S-[1,4]-GlcN
UA-[1,4]-GlcNS
UA-[1,4]-GlcNAc-6S
UA-[1,4]-GlcNS-6S
UA-2S-[1,4]-GlcNS
UA-2S-[1,4]-GlcNAc-6S
UA-2S-[1,4]-GlcNS-6S

8.2
13.5
17.9
20.1
30.3
35.0
48.8
61.2

UFH
Lot
Lot
1
2

TINZ
Lot
Lot
1
2

DALT
Lot
Lot
1
2

ENOX
Lot
Lot
1
2

8.5
2.0
3.1
3.0
16.7
5.3
2.5
59.0

7.4
1.3
3.4
2.7
11.0
5.7
2.8
65.8

9.5
2.4
1.1
2.6
10.4
5.2
3.8
65.0

4.8
1.7
2.9
2.6
11.9
5.6
2.5
68.1

6.0
1.0
3.2
3.3
12.6
6.6
2.4
64.8

7.7
1.4
3.1
2.0
10.7
6.0
2.5
66.5

6.6
2.6
1.5
2.5
11.1
5.4
3.4
66.9

8.6
1.6
2.8
2.1
11.8
5.7
2.4
65.0
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160

P-Selectin

120

Percent of Control Binding

80

40

0
.001
120

.01

.1

1
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100

L-Selectin

80

40

0
.001

UFH
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DALT
FOND
.01
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1
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100

Anti-Xa Units/ml
Figure III-1. Clinically utilized heparin preparations show marked
differences in their ability to inhibit P-selectin (top) and L-selectin
(bottom) binding to carcinoma ligands. Binding of human colon carcinoma
cells to immobilized selectin chimeras was tested in the presence of a range
of concentrations of different heparins. Control binding was based on
measurements in the presence of buffer alone and background values were
measured in 2.5 mmol/L EDTA. Each heparin concentration was tested in
triplicate, and the presented data is representative of results from multiple
experiments. UFH, unfractionated heparin; TINZ, Tinzaparin; ENOX,
Enoxaparin; DALT, Dalteparin; FOND, Fondaparinux.
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Figure III-2. Therapeutic range of anti-Xa units can be achieved with a
single heparin dose. Anti-Xa levels were measured in plasma from multiple
mice 30 min after each mouse received a single 1x (A ) or 3x (B )
subcutaneous dose of various heparins. Open circles, individual mice;
horizontal bars, mean values. UFH, unfractionated heparin; TINZ, Tinzaparin;
FOND, Fondaparinux.

89

A

5000

P=0.60
P=0.23

Fluorescence

4000

P=0.08

3000

2000

1000

0

B 1800
P=0.365

Fluorescence

P=0.001
P=0.0003

1200

600

0

PBS

UFH

TINZ

FOND

Figure III-3. Inhibition of metastasis of colon carcinoma cells is
achieved at clinically tolerable levels of unfractionated heparin and
Tinzaparin, with Fondaparinux having no effect. Mice were injected
subcutaneously with 1x heparin (A) or 3x heparin (B) (or PBS as a control),
and 30 minutes later were injected intravenously with MC38GFP cells. After
27 days, mice were euthanized, and metastasis was evaluated by quantifying
the fluorescence of lung homogenate. Open circles, individual mice;
horizontal bars, mean values. P-values were determined by a Student’s Ttest, assuming two-tailed, unequal distribution. UFH, unfractionated heparin;
TINZ, Tinzaparin; FOND, Fondaparinux.
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Figure III-4. Heparins with selectin-inhibitory activity inhibit metastasis
of melanoma cells. Mice were injected subcutaneously with 1x heparin (A)
or 3x heparin (B) (or PBS as a control), and 30 minutes later were injected
intravenously with B16F1 cells. After 17 days, mice were euthanized, lungs
perfused with formalin through the trachea and then allowed to fix in formalin
for a minimum of 24 hours. Metastasis was quantified by measuring lung
weight, which correlated well with the physical appearance of the lungs,
documented by photography (representative pictures are shown below
quantification). Open circles, individual mice; horizontal bars, mean lung
weights. P-values were determined by a Student’s T-test, assuming twotailed, unequal distribution. UFH, unfractionated heparin; TINZ, Tinzaparin;
FOND, Fondaparinux.
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Figure III-5. Selectin inhibition by Tinzaparin is mediated mainly by high
molecular weight fragments with relatively lower anti-Xa activity. (A)
Aliquots of the five heparins (unfractionated heparin, the three low molecular
weight heparins, and Fondaparinux) were run on an HPLC size exclusion
system and their size profiles evaluated by tracking absorbance at 206nm (the
relevant part of the chromatogram shown is from t=17.5 to 33.3 minutes).
The open arrow marks the elution of the synthetic pentasaccharide
Fondaparinux. (B) An aliquot of Tinzaparin was run on the same HPLC
system, and 0.5-minute fractions were collected post UV detector. The total
amount (µg) of uronic acid in each fraction was quantified using a carbazole
assay. The ability of each fraction to inhibit binding of P-selectin to sLex was
determined, with appropriate dilutions so that all readings were in the linear
range (~30-70% inhibition). One inhibitory unit is arbitrarily defined as 1%
inhibition of P-selectin binding. The total number of anti-Xa units in each
fraction was also determined in the linear range of that assay (if no activity
was detected, the minimum detection limit of the assay was used). Total
inhibitory units and total anti-Xa units were normalized to total uronic acid
content. If no uronic acid was detected in a sample, the minimum detection
limit of the assay was used for the calculation. The hatched box at the top of
the graph designates fractions 28-32, which contain high P-selectin inhibitory
activity, and minimal anti-Xa activity, when normalized to uronic acid content.
UFH, unfractionated heparin; TINZ, Tinzaparin; ENOX, Enoxaparin; DALT,
Dalteparin.
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Figure III-6. Proposed explanation for selectin inhibitory activity being
concentrated in higher molecular weight heparin fractions. P-selectin
(presented by either activated platelets or endothelial cells) is known to have
two binding pockets: one for the sLex moiety, and another for the tyrosine
sulfate rich region of its native ligand PSGL-1, which is presented on
leukocytes (58). The latter region of PSGL-1 is also rich in amino acids with
carboxylate side chains. Other P- or L-selectin ligands can be sulfated,
sialylated mucins presented on endothelial cells or on carcinoma cells.
Notably these are also molecules presenting high densities of negatively
charged sulfates and carboxylates. We hypothesize that heparins mimic
these natural and pathological ligands by virtue of their high density of
sulfates and carboxylates, i.e., presenting a similar “clustered saccharide
patch” (1). If the heparin chain is very short (as in Fondaparinux, FOND) it
can only block one site at a time, making it a very poor inhibitor (top). A
somewhat longer heparin chain could interact with both binding sites on Pselectin, and have some inhibitory activity (middle). An even longer chain
could block multiple P-selectin molecules and more dramatically affect the
avidity of cell-cell interactions involving P-selectin ligands (bottom). In
contrast, the Antithrombin-Factor Xa complex is a soluble one, and a single
pentasaccharide (with the sequence identical to that found in FOND) is both
necessary and sufficient to bind to Antithrombin and catalyze the inactivation
of Xa. Increasing the length of a heparin molecule would not change the
outcome, unless there was more than one Antithrombin-binding
pentasaccharide in the sequence. However, unlike the case with the
multivalent, multi-site binding of P-selectin with its ligands in cell:cell
interactions, the effect on Antithrombin-Xa interactions would only be additive.
The specificity of heparin structure for recognition by P-selectin is also not
detailed in this model. However previous work, by us and others (see text),
indicate a continuum of binding affinities, with 6-O-sulfation being necessary.
LMW, low molecular weight; TINZ, Tinzaparin; HMW, high molecular weight.
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Role of P- and L-selectin in Metastasis: What is Known, and What Has
Yet to be Determined
This dissertation describes work investigating the role of two proteins,
P-selectin and L-selectin, in hematogenous metastasis. Models of metastasis
using P- and/or L-selectin deficient mice have clearly demonstrated their
involvement in this process (see Chapter I). Additionally, a correlation with
tumor cell selectin ligand expression and decreased survival has been
demonstrated repeatedly (see Chapter I). Nevertheless, there is still a large
knowledge gap as to the role that P- and L-selectin play in metastasis.
Platelet P-selectin: While some work has been done to define the role
that platelet P-selectin plays in metastasis, it is still an area to be further
explored.

It has been shown that platelets surround selectin ligand

expressing tumor cells in a P-selectin dependent manner (1). However, it has
also been shown that platelets can aggregate around tumor cells that do not
express selectin ligands (2). Therefore, it is possible that platelet cloaking of
tumor cells may be due not only to interactions of platelet P-selectin with
tumor cell ligands, but also to P-selectin-mediated platelet-platelet
interactions. It is also known that platelets can protect tumor cells from
cytolysis in a P-selectin-dependent manner in vitro (3), and that platelets
protect tumor cells from natural killer (NK) cell-mediated killing in vivo (4).
Depletion of platelets in mice has been demonstrated to lead to reduced
formation of metastatic foci (5-8). Finally, while dependence on P-selectin
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was not tested, analysis of platelet counts prior to surgery to remove
pancreatic adenocarcinoma has demonstrated that elevated pre-surgery
platelet counts correlated with decreased survival (9). All of these studies
support the theory that platelets protect tumor cells from the immune system,
and in some of these cases this has been shown to be P-selectin dependent.
However, with a few exceptions discussed below, these studies did not
distinguish between the role of platelets (via P-selectin) as a physical barrier
versus platelet function as a mechanism important in promoting metastasis.
Studies of metastasis in mice with a deficiency in β 2-microglobulin
demonstrated that loss of this protein did not affect platelet mediation of
metastasis (4). As deficiency in β2-microglobulin leads to severe, if not total,
reduction in MHC class 1 molecules on platelets (10), it was concluded that
platelet protection of NK cell-mediated lysis of tumor cells was not dependent
on MHC class 1 molecules (4). Work performed by another group has shown
that production of lysophosphatidic acid by activated platelets was stimulated
by cancer cells at sites of metastasis, and caused increased tumor growth
and facilitated metastasis (11), indicating that platelet function does indeed
play a role in mediation of metastasis, at least in this model. Platelet-derived
microvesicles have been shown to induce signaling in tumor cells, leading to
increased proliferation and invasion, as well as, potentially, adhesion and
angiogenesis (12). One group reported that mice deficient in Gαq have
decreased metastasis, however this protein is critical for platelet activation
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(13). As platelet activation leads to translocation of P-selectin to the cell
membrane (see Chapter I), it is not clear whether the effect seen in Gαqdeficient mice is due to a lack of P-selectin expression on the platelets, or
whether there is another effect due to lack of platelet activation.
Experiments could be performed to further elucidate whether platelet
function or physical presence mediates platelet involvement in metastasis.
For example, given the availability of mice with various genetic deficiencies,
studies of the role of platelets in metastasis can be performed using mice that
have deficiencies in other platelet factors. A few examples are mice deficient
in: a disintegrin and metalloprotease 17 (ADAM17), which cleaves platelet
glycoprotein Ibα and V upon platelet activation (14), platelet endothelial cell
adhesion molecule-1 (PECAM-1), which has adhesion and signaling functions
(15), and platelet glycoprotein VI, which mediates platelet collagen binding
(16). Various compounds that will affect platelets can be given to wild type
mice, such as function blocking antibodies or receptor inhibitors such as
integrilin or tirofiban, both of which inhibit platelet glycoprotein IIb/IIIa (17).
Platelet transfusion experiments can be performed in which pretreated
platelets can be transfused into mice which have experimentally-reduced
platelet counts or which are deficient in P-selectin. Prior to transfusion,
platelets could be pretreated with inhibitors or function blocking antibodies.
This could be done using platelets from wild type and P-selectin deficient
mice, answering the questions of not only function versus shielding, but also
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P-selectin dependence. It should be noted that, in addition to long-term
experimental metastasis assays, these modified (either genetically or
chemically) platelets could also be tested using in vitro cytolysis assays (3, 4).
Another possibility would be to use P-selectin containing lipospheres or
activated, fixed platelets in cytolysis experiments to determine whether
physical shielding is sufficient to prevent NK cell-mediated lysis.
Endothelial P-selectin: While work has been done to demonstrate
interactions between tumor cells and endothelial cells (see Chapter I of this
dissertation for discussion on this topic), only one manuscript has reported
direct in vivo analysis of the role of endothelial P-selectin (18). In this study,
wild type and P-selectin deficient mice were lethally irradiated and rescued
with wild type bone marrow. This resulted in mice that expressed P-selectin
on both platelets and endothelial cells, or only expressed P-selectin on
platelets. A significant decrease in melanoma metastasis was seen in mice
that lacked endothelial P-selectin yet retained platelet P-selectin expression.
Yet, this decrease was not equivalent to the decrease seen with P-selectin
deficiency in both platelets and endothelium (18). While this study does
suggest that endothelial P-selectin plays a role, there are important additional
experiments that should be performed to further investigate this.
An important control that was not performed in the aforementioned
bone marrow rescue study (18) would have provided additional information on
the role of endothelial P-selectin. Wild type and P-selectin-deficient mice
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should have been rescued not only with wild type bone marrow, but also with
P-selectin-deficient bone marrow. This would have provided information on
the relative contribution of platelet versus endothelial P-selectin. Additionally,
bone marrow is known to also contain endothelial cell precursors. Therefore,
testing of the mice should have been performed to verify that there was no
replacement of endothelial cells by the donor marrow.
It has been shown that endothelial P-selectin, in addition to being
translocated from Weibel-Palade bodies within minutes of endothelial
activation, also undergoes transcriptional upregulation 4-6 hours after
stimulation, resulting in bimodal appearance of P-selectin on the endothelium
after activation (19). Given the finding that the role of L-selectin in metastasis
is many hours after tumor cells are introduced into the vasculature (see
Chapter II), it would therefore be interesting to determine whether
transcriptional upregulation of P-selectin is required for endothelial P-selectin
involvement in metastasis. This would also help determine the timing of
endothelial P-selectin involvement in metastasis.
L-selectin: Chapter II of this dissertation provides some of the first
evidence of the role that L-selectin plays in metastasis. Experiments revealed
that L-selectin affects survival of tumor cells in the vasculature, yet does not
affect the platelet or fibrin content of tumor emboli. Leukocyte infiltration into
the tumor emboli was decreased in L-selectin-deficient mice. The timing of
these effects suggested that L-selectin plays a role in metastasis many hours
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after entry of tumor cells into the vasculature. Inhibition of L-selectin, either
via a function-blocking antibody or unfractionated heparin, from 6 to ~18
hours after tumor cell injection, demonstrated a dramatic reduction in
metastasis. There was no further reduction of metastasis with such “late”
heparin treatment in L-selectin-deficient mice, indicating that the observed
effect was likely due primarily to L-selectin inhibition.

Deficiency in

Fucosyltransferase-7, resulting in dramatic decrease of endogenous selectin
ligands, also led to attenuation of metastasis. This is the first evidence that
endogenous selectin ligands play a role in mediating metastasis. Finally, Lselectin ligands were temporally upregulated in a Fucosyltransferase-7dependent manner during the same time window that L-selectin was shown to
be involved. Despite the lack of direct costaining with an endothelial cell
marker (due to technical reasons), indirect evidence described in Chapter II
(and supported by Appendix I) indicates that these are likely endothelial
ligands.
While Chapter II provides a good foundation for understanding the
mechanism of L-selectin involvement in metastasis, additional experiments
could be performed to further knowledge in this area. It is hypothesized that
upregulation of L-selectin ligands on the endothelium allows L-selectinmediated extravasation of leukocytes into the lung tissue, thereby “paving” the
way for tumor cells to follow.

It is not known, however, whether direct

leukocyte contact with tumor cells is required for L-selectin mediation of
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metastasis. This might be tested by using matched tumor cell lines that either
do or do not express L-selectin ligands, and evaluating the effect of L-selectin
in experimental metastasis.
The

finding

of

upregulation

of

L-selectin

ligands

in

a

Fucosyltransferase-7-dependent manner leads to the question of what the
actual ligand(s) may be. One could run isolated membrane proteins (from the
lungs of mice 24 hours after tumor cell injection) over an L-selectin affinity
column, elute the column with EDTA or heparin, and analyze the ligand(s) by
mass spectrometry. After confirming that the ligands are of endothelial origin,
it would be possible to test some of the known endothelial selectin ligands to
see if they are the ligand observed in Chapter II. Many L-selectin ligands
have been demonstrated in high endothelial venules, and these might be
tested to see if they are upregulated in the lung endothelium following tumor
cell injection. These include CD34, endoglycan, endomucin and MAdCAM-1
(20). The possibility of these ligands being those observed in the work in
Chapter II can be tested by either performing western blots with mouse lung
tissue obtained 24 hours after tumor cell injection and antibodies against the
various proteins, or by utilizing mice genetically deficient in these proteins (for
example, a CD34-deficient mouse has already been created, reference 21).
In the case that it is a novel endothelial L-selectin ligand that is upregulated
following tumor cell entry into the vasculature, the ligand can be characterized
as to whether it is a mucin-type ligand (via O-sialylglycoprotease treatment),
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sialic acid dependent (via neuraminidase treatment), or a lipid structure (by
fixing slides in methanol, which removes glycolipids).

Heparin Attenuation of Metastasis: Implications for Human Therapy
Chapter III and, to some extent, Chapter II of this dissertation
investigate the role of heparin in attenuating experimental metastasis by
inhibiting P- and L-selectin. Many experiments using high dose heparin
administered just prior to tumor cell injection have demonstrated a reduction
in metastasis (1, 18). Chapter II describes experiments demonstrating that
high dose heparin administered 6 and 12 hours after tumor cell injection (the
period of time in which L-selectin is involved in metastasis) can also decrease
formation of metastatic foci. In all of these experimental studies, no further
effect was observed in the setting of P- or L-selectin deficiency, suggesting
that heparin is attenuating metastasis mainly by inhibiting P- and L-selectin.
Some human clinical data suggests that heparin treatment around the time in
which an abdominal tumor is surgically removed can increase survival (22),
and that this is not necessarily due to its anticoagulant action (23-26).
However, given the close relationship between thrombosis and cancer (27),
and the many other actions that heparin has (28), there is still some debate as
to the exact role that heparin may be playing.
Variation of selectin inhibitory activity in heparin preparations:

As

discussed in Chapter III, there are many types of heparin currently approved
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by the FDA. Unfractionated heparin was shown to have superior inhibition of
P- and L-selectin in vitro. One of the three low molecular weight heparins,
Tinzaparin, was also a good inhibitor of P- and L-selectin. The recently
approved synthetic pentasaccharide Fondaparinux, while specifically
designed for its anticoagulant activity, had no ability to inhibit P- or L-selectin,
even at higher doses. It is also likely that there is variation in selectin
inhibitory activity between various batches of the same formulation of heparin.
Work performed previously with unfractionated heparin demonstrated
complete inhibition at lower concentrations than what is observed in Chapter
III (29). This variation was confirmed by a different group, which showed that
one of the three formulations of unfractionated heparin that was tested had no
selectin inhibitory activity (30). Therefore, while Chapter III demonstrates that
Tinzaparin and unfractionated heparin are superior in inhibiting P- and Lselectin, it should not be assumed that this is independent of the specific lot,
and testing should be performed to determine selectin inhibition for each lot of
heparin.
Additional studies in Chapter III demonstrate that the ability to inhibit
selectins varies amongst different length fragments within one formulation.
Higher molecular weight fragments of Tinzaparin were shown to contain the
bulk of selectin inhibitory activity. A proposed explanation for this is discussed
in Figure III-6 and the text of Chapter III. In addition to increased saccharide
length causing increased selectin inhibition due to the multivalent nature of
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the P-selectin/ligand binding, it is also likely that this is due to a structural
requirement. As was demonstrated by determining the crystal structure of Pselectin/PSGL-1 binding, there are two distinct regions of interactions
between the two proteins, one sLex binding pocket, and one region where the
tyrosine sulfates of PSGL-1 interact with P-selectin (31). Therefore it is
possible that larger heparin chain lengths are superior inhibitors of P- and Lselectin as they are able to span the distance between the tyrosine sulfate
binding pocket and the sLex binding pocket.

This could be proven by

obtaining the crystal structure of P-selectin with heparin fragments of various
lengths, and determining the minimum length required to interact with both the
known sLex and tyrosine sulfate binding pockets.
Heparin effects on metastasis is not due to anticoagulation:
Experimental metastasis assays were performed in which unfractionated
heparin and Tinzaparin were shown to reduce metastasis, while Fondaparinux
had no effect. As all of these FDA-approved heparins were administered to
achieve the same clinically relevant anticoagulant levels, this demonstrates
that anticoagulation alone is not sufficient to attenuate metastasis. This
confirms studies by other groups, in which chemically-modified, nonanticoagulant heparin showed a decrease in metastasis (32, 33). Counter to
these findings, some experimental studies have demonstrated that
anticoagulation using the antithrombin agent hirudin will reduce metastasis.
In one of these studies, 20 mg/kg of hirudin was given to mice immediately
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before, 4 hours after, and then every other day after intravenous injection of
tumor cells, for 10 days (34). A significant decrease in formation of metastatic
foci was observed. Work performed by a different group injected mice with
hirudin at 10 mg/kg twenty minutes prior to tumor cell injection (2). While
decreased pulmonary arrest of tumor cells with hirudin treatment was
demonstrated, the anticoagulant levels of hirudin in the blood was measured
when the tumor cells were injected, and were found to be elevated beyond the
limits of their detection (greater than 300 seconds bleeding time in an
activated partial thromboplastin time test). As this dose was half that given in
the aforementioned study, both of these results are most likely not clinically
relevant given the excess anticoagulation at the doses given. In order to
address the issue of thrombin inactivation via hirudin in a relevant manner, the
pharmacokinetics of hirudin in mice needs to be evaluated, such that doses
can be delivered at levels that obtain clinically-meaningful levels of
anticoagulation, as was performed with heparin in Chapter III. Once this dose
is determined, experimental metastasis assays can be performed to evaluate
the purported effect of hirudin on metastasis. It is possible that at clinically
relevant levels, hirudin will have no effect.
Mouse metastasis models in relation to human therapy: Experiments
were performed in mice that demonstrated reduction of metastasis with
heparins that had selectin inhibitory activity.

While the in vivo affects

described in Chapter III were quite dramatic, the implications for human
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treatment go beyond what was observed. Inhibition of human P-selectin has
previously been reported to occur at concentrations lower than those required
to inhibit mouse P-selectin (1).

Therefore, assuming that inhibition of

selectins is the main mechanism for heparin attenuation of metastasis, the
potential for a heparin effect on metastasis is even greater than that in mice.
This could be tested directly by using mice deficient in P- and/or L-selectin,
and creating tissue-specific knock-ins with the human P- and/or L-selectin
genes. This would allow a thorough examination of whether the heparin effect
on metastasis by inhibiting human P- and/or L-selectin is greater than that by
inhibiting mouse P- and/or L-selectin.
The topic of whether experimental metastasis is a relevant model of the
human condition should be explored. While experimental metastasis was a
necessary model for the experiments described in this dissertation, in which a
bolus of heparin was given at a known time point compared to tumor cell
introduction into the vasculature, this is certainly not the same situation that
would be seen in the clinic. In order to more closely approximate human
cancer patients, use of the spontaneous model of metastasis should be
explored. This model, in which tumors are implanted subcutaneously, and
spontaneous metastasis to other tissues (usually the lung) is evaluated, is
more like the situation in the clinic. Once the relevant kinetics had been
established, heparin could be systemically delivered and levels could be
maintained for up to four weeks via basal delivery with an implantable pump.

112
As at least a few of the spontaneous metastasis models have been shown to
give quantifiable results within this time frame (34-36), the proposed
experiment should be quite feasible. Another benefit of this type of model is
that it would evaluate the effect of heparin inhibition of both P- and L-selectin.
As was disclosed in Chapter II, L-selectin plays a role in metastasis only 1224 hours after tumor cell injection. As the clinically-relevant doses of heparin
that were administered in Chapter III were cleared within a few hours, the
observed effect was likely only due to inhibition of P-selectin, and not Lselectin.

Therefore, as heparin inhibition of L-selectin would likely also

decrease metastasis, a greater effect would likely be observed should heparin
be given for at least the first 24 hours of tumor cell entry into the vasculature.
Heparin effect beyond inhibition of P- and L-selectin: Many of the
experiments described in the first three chapters of this dissertation suggest
that the effect of heparin on metastasis is likely due to inhibition of P- and/or
L-selectin. While injection of 100U of heparin thirty minutes prior to tumor cell
injection had no effect on metastasis in P-selectin-deficient mice (1), and the
same heparin injection given six and twelve hours following tumor cell
injection had no effect in L-selectin-deficient mice (Chapter II), these
experiments should be repeated in a different manner. In both of these
experiments, mice were euthanized at a time point in which significant
metastases were observed in wild type mice, and yet few metastases were
measured in the selectin-deficient mice. In repeating these experiments,
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selectin-deficient mice should be kept on test longer so that significant
metastatic foci have a chance to form. Preliminary experiments using mice
deficient in both P- and L-selectin have shown that these mice do in fact grow
significant metastatic foci after a longer period of time (~50 days post
MC38GFP injection). High dose (100U) heparin was given 30 minutes before,
and 6 and 12 hours after tumor cell injection, and was shown to have an effect
in the P- and L-selectin-double-deficient mice (J. Stevenson, data not shown).
Thus, it cannot be concluded that the effects of high dose heparin are limited
to inhibition of P- and L-selectin. An experiment in which clinically relevant
doses of heparin are administered at the same time points in P- and Lselectin-double-deficient mice is underway. This will determine whether
clinically tolerable levels of heparin have an effect beyond inhibition of P- and
L-selectin. In addition to testing the heparin effect in mice deficient in both Pand L-selectin, the same should be done with mice deficient in
Fucosyltransferase-7, to evaluate the effect in mice that have decreased
selectin ligands.
Should it be shown that there is no effect of heparin at the clinical
dosing beyond inhibition of P- and L-selectin, it could be concluded that
heparin at clinically relevant dosing likely reduces metastasis primarily by
inhibiting selectins. However, there is always a possibility that heparin is
inhibiting another mechanism that lies within the same pathway as selectin
contribution to metastasis, with the same end effect of reduction of
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metastasis. As discussed in Chapters I and III, heparin has many activities
beyond anticoagulation and inhibition of selectins.

However, in the

experimental model of metastasis, in which tumor cells are administered
directly into the vasculature, where they immediately interact with blood cells,
the selectins are likely one of the first steps in the metastatic cascade.
Additionally, as the heparin administered in Chapter III is cleared within a few
hours, many of the additional effects of heparin (e.g. heparanase and
angiogenesis inhibition) are likely not relevant during this time frame. It is
possible that heparin binding to chemokines would also be relevant during this
initial time period, a possibility that should be studied further. Should heparin
be administered over a longer period of time during the metastasis process, it
is highly likely heparin will also be working by many of its other actions.
However, as stated in Chapter III, all of heparin’s other activities should only
be beneficial in reducing metastasis and tumor growth.

Therefore, its

potential for use as a therapy is still great.
Implications for Therapy of Human Malignancy:

Hematogenous

metastasis is a very important field of research, as with many types of cancer
it is the metastatic foci that prove to be fatal for the patient, not the primary
tumor itself (37). Tumor cells have been shown to survive for up to several
days within the vasculature (38). It is also known that most of the tumor cells
that enter the vasculature do not go on to form metastatic foci (39). Thus, it is
clear that the period of time that the tumor cells are in the vasculature is a
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time when the tumor cells are susceptible, either to killing by the immune
system, or to potential therapies.
The question then becomes how the information described in this
dissertation can be used to limit tumor metastasis. As many types of cancers
are diagnosed well after the tumor was established, it is impossible to treat
patients for the entire duration of time in which they have cancer. It has been
suggested that heparin inhibition of P- and L-selectin be used immediately
following initial cancer diagnosis until a period of time (e.g. a few weeks) after
surgical removal of the primary tumor (40). This is a particularly crucial
window of opportunity, as it is known that when a patient is undergoing
surgery for removal of a primary tumor, the tumor cells are often introduced
into the vasculature during the surgical process (41). Therefore, the pre-,
peri-, and post-operative administration of heparin is most likely to be
beneficial to a cancer patient. As discussed in Chapter III, there are many
patient years of experience with heparin anticoagulation, therefore the
mechanism of managing heparin treatment and the potential side effects are
well known. Thus, it should be straightforward to treat patients during this
time period, allowing for short-term reversal with protamine if needed.
There have been many retrospective analyses of clinical data that
implicate heparin in improving survival of cancer patients (22, 42-45). There
have also been a few prospective clinical trials performed to evaluate this
phenomenon as well. The CLOT clinical trial, in which patients with a solid
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tumor and venous thromboembolism were treated with Dalteparin or an oral
Vitamin K antagonist demonstrated no overall effect on survival (46), although
analysis of a subset of patients who were metastasis-free at the beginning of
the trial demonstrated a significant increase in survival with Dalteparin therapy
in that population (26). The FAMOUS clinical trial evaluated the effect of the
low molecular weight heparin Dalteparin on survival of patients with advanced
carcinoma (47). No improvement in survival was seen in patients with an
originally poor prognosis, but patients who had better prognoses
demonstrated a statistically significant increase in survival. A clinical trial of
patients with small cell lung cancer demonstrated increased survival in
patients who were given Dalteparin in combination with traditional
chemotherapy (compared to patients who received traditional chemotherapy
alone), regardless of the initial diagnosis of the patients (48). Finally, the
MALT trial of patients with advanced solid tumor malignancy demonstrated an
improvement in survival in patients who received the low molecular weight
heparin Nadroparin as opposed to those who received a placebo (49). As
demonstrated in Chapter III, Dalteparin does have some selectin inhibitory
activity, however it is not as potent as Tinzaparin in selectin inhibition (note
that the selectin inhibitory activity of Nadroparin was not evaluated in Chapter
III, as it is not available in the United States). Therefore, had a Tinzaparin
arm been added to the design of these clinical trials, greater improvement in
survival would likely have been observed. It is interesting to note that, with
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one exception, Dalteparin was the only heparin evaluated in these clinical
trials.
A comprehensive clinical trial is needed to fully evaluate the potential of
heparins to increase survival. This clinical trial should contain a placebo arm,
in addition to patients who receive either low-dose unfractionated heparin,
Tinzaparin, Dalteparin, Enoxaparin, or Fondaparinux. While this study would
be very large, it would provide the necessary information to finally investigate
the role of these heparins in increasing survival.

The inclusion of a

Fondaparinux arm would provide a saccharide anticoagulant that does not
have selectin inhibitory activity as a control. The three low molecular weight
heparins could be evaluated for their relative efficacies in reducing
metastasis. Finally, while use of unfractionated heparin is waning in the clinic
due to its increased side effects, monitoring requirements, and low
bioavailability (50, 51), it is shown in this dissertation to be superior in
inhibiting selectins. Given the low unfractionated heparin concentrations
required to obtain inhibition of selectins, it might be feasible to improve cancer
survival with a dose of unfractionated heparin that is below that given for
anticoagulation.

In addition to inhibiting selectins and likely increasing

survival, low-dose unfractionated heparin may avoid many of the pitfalls
commonly associated with unfractionated heparin treatment at its
anticoagulant dose. As it has been shown that unfractionated heparin can be
delivered subcutaneously with the same reliability in antithrombin activity as
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the low molecular weight heparins (52), it should be possible to deliver the
low-dose unfractionated heparin in this proposed clinical trial subcutaneously.
Lots/batches of each of the heparins should be tested for selectin inhibitory
activity, and the same lot/batch of heparin should be used throughout the
duration of the clinical trial.

Selectin Inhibition by Heparin: Therapeutic Implications Beyond
Malignancy
The work presented in this thesis has expanded the knowledge of the
mechanism of L-selectin involvement in metastasis (Chapter II), and has
clearly shown that heparin inhibition of metastasis is not due to
anticoagulation, but instead is likely due to selectin inhibition (Chapter III).
The implication, however, is not limited to metastasis. P- and L-selectin have
been shown play a role in a wide variety of other pathologies, including
allergic dermatitis (53), arthritis (54), asthma (55), inflammatory bowel disease
(56), ischemia-reperfusion injury (57), myocardial dysfunction (58), and sickle
cell disease (59). Heparin has been shown to potentially attenuate all of
these: allergic dermatitis (60), arthritis (61), asthma (62), inflammatory bowel
disease (63), ischemia-reperfusion injury (64), myocardial dysfunction (65),
and sickle cell disease (66). In some of these cases, it has been shown that
heparin attenuation was independent of its anticoagulant activity (60, 61, 64,
65), therefore it is likely that heparin is working by inhibiting P- and L-selectin.

119
Thus, the results described in this dissertation are not limited to metastasis,
which was the model addressed directly, but also have implications in a wide
variety of additional pathologies. I propose that more research into the role of
selectins and heparin therapy by selectin inhibition be performed, as it has
significant implications for the treatment of a large number of human
diseases.
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INTRODUCTION
P-selectin glycoprotein ligand-1 (PSGL-1) was first identified as the
major leukocyte glycoprotein ligand for P-selectin using affinity
chromatography in the early 1990s. The protein was detected in the cell
surface membranes of human neutrophils and HL-60 cells (human
promyeloblast leukemia cells). The binding between PSGL-1 and P-selectin
was found to be calcium- and sialidase-sensitive (1). PSGL-1 was later
shown to carry the selectin ligand sialyl Lewis X (sLex), and to have regions
that are heavily sialylated and O-glycosylated (2).
In 1993, expression cloning using human DNA in COS cells yielded the
cDNA that encodes PSGL-1 (3). Studies of human PSGL-1 have found it to
be a transmembrane protein. The extracellular domain of the protein has
many similarities with mucins, including an abundance of serines and
threonines (residues upon which O-glycosylation can occur) and many
decameric repeats (3). In studies using CHO cells transfected with PSGL-1, it
was found that both α1-3 fucose and α2-3 sialic acid on the O-glycans of
PSGL-1 are required for high affinity interactions with P-selectin (4).
Additionally, there are three extracellular tyrosine sulfates that are involved in
binding of PSGL-1 to P-selectin (5-7).
Using a PSGL-1-specific antibody, studies have shown that PSGL-1 is
expressed in circulating monocytes, neutrophils, dendritic cells, eosinophils, T
cells, B cells, and NK cells (8), while it was not detected in platelets or red
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blood cells (9). In the bone marrow, PSGL-1 was found in myeloblasts,
promyelocytes, myelocytes, metamyelocytes, bands, segmented neutrophils,
and eosinophilic granulocytes, while erythroblasts and megakaryocytes did
not stain positive for PSGL-1 (8). In non-hematopoietic systems, PSGL-1
staining was found in epithelial cells lining the fallopian tubes. Additionally, it
has been found in polymorphonuclear leukocytes in chronically-inflamed
tissues, along with smaller blood vessels in some pathologic tissues (e.g.
enlarged prostate and breast with fibrocystic disease) (8).

Studies from

another group showed that PSGL-1 mRNA expression was detected by
Northern Blot analysis in a variety of mouse tissues, including heart, brain,
kidney, spleen, and thymus.

However, the exact cell types that were

expressing PSGL-1 in each tissue were not determined (10). It has also been
demonstrated that, while PSGL-1 itself is a polypeptide backbone, it is only in
some tissues that it is correctly sulfated and glycosylated, allowing binding to
P- and L-selectin (reviewed in 11). Thus, it is likely that many of the other
tissues that have been shown only by Northern Blot analysis to express
PSGL-1 do not express it as a functional selectin ligand.
Mice deficient in PSGL-1 were generated in the late 1990s. These
mice are viable and fertile. They have a slight increase in the number of
neutrophils in the peripheral blood, and have a trend toward an increase in the
number of circulating eosinophils as well.

PSGL-1-deficient mice have

decreased rolling of leukocytes, as measured by intra vital microscopy,
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following exteriorization of the cremaster muscle. Additionally, using the
experimental peritonitis model, in which thioglycollate is injected into the
peritoneum and subsequent neutrophil infiltration is measured, a decrease in
neutrophil migration was observed in PSGL-1-deficient mice, as compared to
wild type mice (12).
P- and L-selectin have been shown to be involved in metastasis, as
have endogenous selectin ligands (see Chapters I and II for discussion and
appropriate references). We wanted to look more specifically into which
selectin ligands might be involved. No work had been performed to evaluate
the role of PSGL-1 in metastasis models previously. Here, we describe two
experiments performed to test whether PSGL-1 is involved in selectinmediated metastasis.

MATERIALS AND METHODS
Cells. MC38GFP cells, a mouse colon carcinoma cell line stably
transfected with enhanced green fluorescent protein (13), were cultured in
DMEM with 10% FCS, 1 mmol/L sodium pyruvate, 0.1 mmol/L non-essential
amino acids, and 1.0 mg/ml G418 for selection. Mouse melanoma B16F1
cells from ATCC (Manassas, VA) were cultured in DMEM with 10% FCS. All
media and additives were from Life Technologies (Invitrogen; Carlsbad, CA),
except for FCS, which was from HyClone (Logan, UT).
incubated at 37oC with 5% CO2.

All cells were

Prior to use, cells were released by
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incubation in PBS with 2 mmol/L EDTA at 37oC for 5 to 10 minutes (it should
be noted that trypsin was not used to lift cells so as to avoid cleaving surface
proteins), and washed in PBS with Ca2+, Mg2+ and glucose before suspending
in the same buffer for intravenous injection.
Mice. C57BL/6J mice from The Jackson Laboratory (Bar Harbor, ME)
were fed standard chow and water ad libitum, and maintained on a 12-hour
light/dark cycle. Some mice were obtained from in-house breeding of these
C57BL/6J mice. Mice deficient in PSGL-1 (fully backcrossed into the C57Bl/6
background) were kindly provided by Drs. Rodger McEver and Lijun Xia of the
Oklahoma Medical Research Facility (Oklahoma City, OK). Purchased mice
were allowed to acclimate in the vivarium for a minimum of one week
following arrival prior to beginning experiments.

All experiments were

performed in AAALAC-accredited vivariums on a protocol approved by the
university’s IACUC.
Carcinoma metastasis assay. Mice were injected intravenously into
the lateral tail vein with 500,000 MC38GFP cells. Mice from each genotype
were injected in alternating order, and cells were resuspended by gently
flicking the tube prior to aspirating the sample for each injection. Thirty-three
or forty-seven days after injection, mice were euthanized and the lungs were
removed and placed into 2 mL 20 mmol/L Tris, pH 8 in bacterial culture tubes.
Lungs were stored at –20oC until further analysis. Samples were quickly
thawed at 37oC and placed immediately on ice. Lungs were homogenized
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using a Polytron PT10-35 homogenizer, and then lysed by adding 50 µL 20%
Triton X-100 and allowing to sit on ice for 30 minutes. Samples were spun
using a microcentrifuge, and fluorescence of supernatant was quantified in a
quartz plate on a fluorescent plate reader at a 1:10 dilution in 20 mmol/L Tris,
pH 8.0, using an excitation wavelength of 488 nm and an emission
wavelength of 530 nm. Samples were evaluated in triplicate. Background
fluorescence, determined by evaluating the fluorescence of lungs from mice
that were not injected with tumor cells, was subtracted from the average of the
triplicate readings.
Melanoma metastasis assay. Mice were injected with 500,000 B16F1
cells using the protocol described for the carcinoma metastasis assay.
Seventeen days after injection, mice were euthanized, tracheal perfusion with
10% buffered formalin was performed, and the lungs were removed and
placed into 10% buffered formalin. Lungs were allowed to fix for a minimum
of twenty-four hours. Lung weights were determined by removing the lungs
from formalin, briefly setting them on filter paper to remove excess liquid, and
then weighing them on a Sartorius analytical scale. Photographs of the lungs
were taken. The pictures were consistent with the lung weights, and are
therefore not included with the data presented here.
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RESULTS
PSGL-1 deficiency does not affect metastasis of colon carcinoma
cells. MC38GFP cells, which have previously been shown to carry ligands to
P- and L-selectin (13), were injected intravenously into wild type and PSGL-1deficient mice. Mice were later euthanized, and the fluorescence of lung
homogenate was quantified as a measure of metastasis to the lung. There
was no difference in the formation of metastatic foci in mice that did or did not
express PSGL-1 on their leukocytes (Figure AI-1). As can be seen in the
figure, there is considerable scatter in the data, as is common for all
metastasis studies. This is likely due to animal-to-animal variation, as well as
variation in viability of the cell line as it sits on ice during the injection period.
To minimize this variability, appropriate controls were always used for each
experiment, experiments were repeated (the data shown in Figure AI-1 is a
compilation of two different overall experiments, and in each overall
experiment mice were injected using one of two cell preparations), and
injections were given in alternating order (first one genotype and then the
other).
Experimental melanoma metastasis does not require PSGL-1. The
carcinoma cells used in the previous experiment are known to carry selectin
ligands. Therefore it was hypothesized that there was no effect observed with
PSGL-1-deficiency because the tumor selectin ligands were sufficient for
selectin-dependent promotion of metastasis. In order to test this hypothesis,
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a second tumor cell line with minimal selectin ligands was tested. B16F1
melanoma cells, which are known to carry few selectin ligands [(14), and our
unpublished data], were injected into wild type and PSGL-1-deficient mice.
The lungs were perfused with 10% buffered formalin and allowed to fix in
formalin for at least 24 hours. Lung weights were obtained and compared to
the weights of lungs from mice that were not injected with tumor cells. No
effect on melanoma metastasis was observed with PSGL-1-deficiency (Figure
AI-2).

DISCUSSION
The finding that PSGL-1 is not involved in experimental metastasis of
either colon carcinoma cells that carry selectin ligands (Figure AI-1) or
melanoma cells that carry minimal selectin ligands (Figure AI-2) was
surprising. PSGL-1 is the main selectin ligand on leukocytes. Previous work
has demonstrated that endogenous ligands are indeed involved in selectinmediated experimental metastasis. However, the ligands deemed to be
important in those studies are likely endothelial ligands (see Chapter II,
Results and Discussion). No work had been previously done to evaluate the
involvement of leukocyte selectin ligands in metastasis. The work presented
in this appendix demonstrates that selectin ligands on leukocytes are likely
not relevant in metastasis, with the caveat that minor selectin ligands on
leukocytes might be peripherally involved.

This possibility, however, is
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unlikely, as there is no detectable binding of P-selectin chimera to PSGL-1
deficient neutrophils, and there was no effect of L-selectin antibody
administration on rolling of PSGL-1-deficient neutrophils, indicating that there
likely are no other major functional leukocyte ligands to P- or L-selectin (15).
While PSGL-1 is shown here to not be involved in hematogenous
metastasis, it is thought to be involved in many other pathologies, including
arthritis (16), coronary heart disease (17), Crohn’s disease (18), graft-vs.-host
disease and type 1 diabetes (19), and chronic obstructive pulmonary disease
(20). Dr. Rodger P. McEver, Dr. Lijun Xia, and Bojing Shao, our collaborators
from the Oklahoma Medical Research University, are in the process of
evaluating the role of PSGL-1 in the setting of mucin-induced
microthrombosis, a mouse model for Trousseau Syndrome.
Broadly, Trousseau Syndrome is thrombosis, or elevated coagulation,
due to cancer (21). As discussed in Chapter III of this dissertation, there is a
well-known link between cancer and thrombosis.

A mouse model for

Trousseau Syndrome was recently developed. Using this model, it was found
that, after injecting carcinoma mucins into the blood stream, mice developed
platelet-rich microthrombi in the lungs in a P- and L-selectin-dependent
manner.

Furthermore, it was found that the development of these

microthrombi was independent of thrombin (22).
Preliminary work done by Dr. McEver’s group has shown that PSGL-1deficient mice have decreased microthrombi generated following mucin

135
injection, as compared to wild type mice. They have also seen decreased
platelet activation in PSGL-1-deficient mice in response to mucin injection.
From the work performed previously using the mucin-injection model, it was
found that L-selectin interacts with mucins first, which triggers activation of
platelets via an as-yet undetermined mechanism, which leads to expression of
platelet P-selectin and the involvement of P-selectin/mucin interactions (22).
The preliminary data on PSGL-1 indicates that it may be playing a direct role
in the activation of platelets, or that it may be involved in amplifying the signal
following mucin-leukocyte binding. More work on these interactions, and the
mechanism of PSGL-1 involvement in mucin-induced microthrombi formation,
is being performed by Dr. McEver’s group.
In summary, the work presented in this appendix describes the
disparate role of PSGL-1 in experimental metastasis and mucin-induced
microthrombosis. The experimental data presented here clearly show that
PSGL-1 is not required for experimental metastasis of two different cell lines:
colon carcinoma cells that are known to carry ligands to P- and L-selectin
(Figure AI-1) and melanoma cell lines which carry minimal selectin ligands
(Figure AI-2). Instead, selectin-mediated metastasis is likely due to the
involvement of endothelial ligands, as discussed in Chapter II of this
dissertation. Preliminary data from our collaborators, however, has shown
that PSGL-1 is involved in platelet activation and formation of platelet-rich
microthrombi following injection of carcinoma mucin. Thus while thrombosis
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and cancer are well associated (23), PSGL-1 seems to be playing a varied
role in these two related settings.
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Figure AI-1. PSGL-1 deficiency does not affect metastasis of colon
carcinoma cells. Mice were intravenously injected with 500,000 MC38GFP
cells. After 33 or 47 days, mice were euthanized, and metastasis was
evaluated by quantifying the fluorescence of lung homogenate (fluorescence
of lungs from mice that were not injected with tumor cells was subtracted as
background). Open circles represent each mouse and horizontal bars
represent mean fluorescence. The data is a compilation of two different sets
of experiments, performed using the same technique. P-values were
determined by performing a Student’s T-test, assuming two-tailed, unequal
distribution.
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Figure AI-2. Melanoma experimental metastasis does not require PSGL1. Mice were injected intravenously with 500,000 B16F1 cells. After 17 days,
mice were euthanized, and lungs were perfused, harvested, and fixed in 10%
formalin. Metastasis was quantified by measuring lung weight. (As discussed
in Materials and Methods, photographs of the lungs were also taken and were
representative of changes seen in lung weight, and are therefore not
presented here.) Open circles represent each mouse and horizontal bars
represent mean lung weights. P-values were determined by performing a
Student’s T-test, assuming two-tailed, unequal distribution.
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Fucosyltransferase-7 May Play a Role in Primary Tumor Growth
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INTRODUCTION
As discussed in Chapter I of this dissertation, an important component
of selectin ligands is sialyl Lewis x (sLex), which contains both α2-3 sialic acid
and α1-3 fucose residues (see, for example, references 1-4). This appendix
will discuss the enzyme that adds the α 1-3 fucose to sialyl 2-3 NAcetyllactosamine, forming sLex. There are five α1-3 fucosyltransferases in
the human genome, however they have varying substrate specificity for sLex
production (5). There are only two α1-3 fucosyltransferases (FucT) in mice.
FucT7 is responsible for most selectin ligand expression (6).
Mice deficient in FucT7 were created and characterized in the
laboratory of Dr. John Lowe in the mid-1990s (7). While investigating the
phenotype of these mice, it was found that deficiency in FucT7 led to loss of
P-selectin binding to monocytes and granulocytes, as well as abrogation of
leukocyte adhesion to an endothelioma cell line. Using an experimental
model of inflammation, in which thioglycollate is injected into the peritoneum
and resulting neutrophil infiltration into the peritoneum is quantified, FucT7deficient mice showed a dramatic reduction in neutrophil recruitment as
compared to wild type mice, indicating improper function. As mentioned in
Chapter II of this thesis, elevated neutrophil, eosinophil, and monocyte counts
were seen in mice deficient in FucT7, while platelet and red blood cell counts
were unaffected.

Finally, it was also found that FucT7-null mice have

impaired lymphocyte homing, which is likely due to the loss of L-selectin
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ligands in the high endothelial venules (HEV), as was seen using L-selectin
chimera staining of FucT7-deficient and wild type HEV (7).
While selectins and their ligands have been shown to be involved in
cell adhesion, it has also been demonstrated that selectin ligands play a role
in tumor progression (see Chapter I of this dissertation for a thorough
discussion of these topics). In human cancer patients, including those with
breast cancer, there is a correlation between expression of sLex and
decreased survival (8-10). While there are several fucosyltransferases in
humans, it has been demonstrated that, in some cases, this upregulation is
primarily due to FucT7 expression (11). However, the role of FucT7 in tumor
progression has not been fully characterized. One group reports that it is not
upregulation of FucT7, but other fucosyltransferases, that is responsible for
upregulation of sLex (12). Still another manuscript reports that FucT4 and
FucT7 are both upregulated (10). Therefore the role of FucT7 in tumor
progression is not clear.
While some data has suggested that it is likely that FucT7 has a role in
tumor progression in at least some human tumors, this has not been
specifically investigated in experimental models. Here, studies are reported
that were undertaken to evaluate the role of FucT7 in tumor progression, by
investigating spontaneous tumor growth, spontaneous metastasis,
experimental metastasis, and experimental tumor growth.
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MATERIALS AND METHODS
Mice. C57BL/6J mice (WT) were obtained from The Jackson
Laboratory (Bar Harbor, ME). Some mice were obtained from in-house
breeding of these C57BL/6J mice. Mice expressing the polyomavirus middle
T oncogene under the transcriptional control of the mouse mammary tumor
virus promoter/enhancer (MMTV-PyMT+/-) (13) were obtained from Dr. Carol
MacLeod (University of California, San Diego). Mice deficient in FucT7
(FucT7-/-) were kindly provided by Dr. John Lowe (formerly of the University
of Michigan, currently at Case Western Reserve University). All genetically
modified mice were backcrossed into the C57BL/6J background for at least
ten generations. The MMTV-PyMT+/- mice were bred with the FucT7-/- mice
to obtain mice that were deficient in FucT7 that were expressing the
polyomavirus middle T oncogene (FucT7-/-MMTV-PyMT+/-). Purchased mice
were allowed to acclimate in the vivarium for a minimum of one week
following arrival prior to beginning experiments. All mice were fed standard
chow and water ad libitum, and maintained on a 12-hour light/dark cycle. All
experiments were performed in AAALAC-accredited vivariums on a protocol
approved by the university’s IACUC.
Lethal irradiation/bone marrow rescue procedure. MMTV-PyMT+/and FucT7-/-MMTV-PyMT+/- mice were lethally irradiated with 1000 rads of
irradiation. Whole bone marrow was isolated from the femurs and tibias of
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naïve WT mice. After rinsing bone marrow with 4oC PBS containing Ca2+,
Mg2+, and glucose (Gibco Invitrogen; Carlsbad, CA), 10 x 106 bone marrow
cells in 150 µL of the same buffer were injected into the lateral tail vein of
irradiated mice. Water bottles were supplemented with 5 mL of a suspension
that contains 200mg sulfamethoxazole and 40mg trimethoprim per 5 mL (MWI
Veterinary Supply, Visalia, CA). Supplemented water bottles were changed
twice a week for the duration of the experiment.
Spontaneous tumor growth experiment.

MMTV-PyMT+/- and

FucT7-/-MMTV-PyMT+/- mice were monitored weekly after 3 months of age.
At each evaluation, the presence and relative size of mammary tumors was
evaluated. The experiment continued until three weeks after the mammary
tumors were first detected, or until the tumors became prohibitively large,
depending on the experiment. Upon euthanizing the mice, tumors were
harvested and total tumor burden was assessed. Some tumors were placed
in 10% buffered formalin to fix for at least 24 hours prior to processing of
tissues into paraffin blocks, step sectioning, and staining with hematoxylin and
eosin by the UCSD Cancer Center Histopathology Core facility.

Lung

metastases were assessed in those mice in which the mammary tumors grew
to be prohibitively large by processing into paraffin, sectioning and staining.
Histological analysis was performed by Dr. Nissi Varki.
Creation of MMTV-PyMT cell lines. Mammary tumors from MMTVPyMT+/- or FucT7-/-MMTV-PyMT+/- mice were excised using aseptic
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technique in a laminar flow tissue culture hood. Tumors were placed in icecold PBS, minced using sterile razor blades, and drawn up into a 20 mL
syringe before being expelled into a 50 mL conical tube. The larger pieces
were allowed to settle, and the supernatant containing single cells and small
tumor pieces were centrifuged at 800 rpm for 4 minutes. The pellet was
resuspended and plated onto a 10 cm tissue culture dish. MMTV-PyMT+/(both WT and FucT7-/-) cell lines were cultured in DMEM (high glucose) +
10% FCS. Media was obtained from Life Technologies (Invitrogen; Carlsbad,
CA), except for FCS, which was from HyClone (Logan, UT). All cells were
incubated at 37oC with 5% CO2.

Prior to use, cells were released by

incubation in PBS with 2 mmol/L EDTA at 37oC for 5 to 10 minutes (it should
be noted that trypsin was not used to lift cells so as to avoid cleaving surface
proteins), and washed in PBS with Ca2+, Mg2+, and glucose before
suspending in the same buffer for subcutaneous or intravenous injections.
Genotypes of the isolated cell lines were confirmed by isolating DNA from cell
pellets, and performing PCR using the following primers: FT7-881.up primer:
5`AAACCCGGCAATCTCTCCTACC3` (22-mer), FT7-1636.down primer:
5`ACATCAGTCTCCCACCCATCCA3` (22-mer), and NeoB primer:
5`CACGAGACTAGTGAGACGTG3` (20-mer). The PCR reaction was: 94oC
for 90 sec, 30 cycles of (94oC for 1 min, 59oC for 30 sec, and 72oC for 2 min),
and 72oC for 4 min.
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Experimental metastasis assay.

C57BL/6J mice were injected

intravenously in the lateral tail vein with 5 x 105 WT or FucT7-/- MMTVPyMT+/- cells in 150 µL PBS containing Ca2+, Mg2+, and glucose. The cells
were resuspended by gently flicking the tube prior to aspirating the sample for
each injection, and cells of various genotypes were injected in alternating
order. Four weeks after injection, mice were euthanized and the lungs were
inflation fixed with 10% buffered formalin via tracheal perfusion, excised, and
allowed to fix for at least 24 hours in 10% buffered formalin. Fixed lungs were
processed into paraffin blocks, step sectioned, and stained with hematoxylin
and eosin by the UCSD Cancer Center Histopathology Core facility.
Histological analysis was performed by Dr. Nissi Varki.
Experimental tumor growth assay. C57BL/6J mice were injected
subcutaneously in the shaved flank with 1 x 106 WT or FucT7-/- MMTVPyMT+/- cells in 150 µL PBS containing Ca2+, Mg2+, and glucose. Cell lines
were treated in the same manner as described above prior to subcutaneous
injection.

Tumor growth was evaluated weekly.

Thirty-two days after

injection, tumors were removed from the flank, weighed, measured,
cryoprotected with OCT, and frozen in a dry ice/isopentane slurry. Tumor
volume was calculated by multiplying the longest dimension by the shortest
dimension squared. Sections of frozen tumors were acetone-fixed, blocked
for endogenous peroxidase activity, and overlayed sequentially with rat-antimouse CD31, biotinylated anti-rat, and horseradish peroxidase-streptavidin.
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Specific binding was detected using a peroxidase substrate, and nuclei were
counter stained with hematoxylin. Serial tumor sections were stained with
hematoxylin and eosin. Tissue processing was performed by the UCSD
Cancer Center Histopathology Core facility, while histological analysis was
performed by Dr. Nissi Varki.

RESULTS
FucT7-deficiency does not affect mammary tumor onset,
progression, or metastasis. Preliminary results obtained by Dr. Lubor
Borsig, a former postdoctoral researcher in the lab, indicated that FucT7 is
upregulated in wild type mouse mammary glands during tumorigenesis (data
not shown). Therefore, experiments were performed in order to evaluate the
effect of FucT7 on mammary tumor progression.

Mice that obtain

spontaneous breast tumors as a result of mammary-specific expression of an
oncogene (MMTV-PyMT; ref. 13) were fully backcrossed into the C57BL/6J
(WT) background, and were also bred into FucT7-deficient mice.

As

discussed in the Introduction and mentioned in Chapter II of this dissertation,
the FucT7-deficient mice have elevated white blood cell counts (7). In order
to generate mice that were deficient in FucT7 in all tissues except for
hematopoetic tissues, WT or FucT7-deficient mice carrying the MMTV-PyMT
transgene were lethally irradiated and transfused with bone marrow from WT
mice. Mice were checked weekly for evidence of development of mammary

150
tumors, and were kept on test until the tumors were prohibitively large. As
seen in Figure AII-1A, there was no difference in the timing of appearance of
mammary tumors in control mice as compared to the FucT7-deficient mice.
Absence of FucT7 also did not appear to affect the rate of tumor growth
(measured as the time from observance of the presence of tumors until mice
were euthanized), or the total tumor burden, as there was no statistical
difference in total tumor weight (Figure AII-1B, C). The lungs of these mice
were evaluated histologically for formation of spontaneous metastases. As
demonstrated in Figure AII-1D, there was no statistical difference observed in
the number of spontaneous metastatic foci detected in microscopic sections
of lungs. As mentioned in Chapter II of this dissertation, the lungs of these
irradiated/bone marrow-rescued mice showed extensive radiation damage,
including hemorrhage and fibrosis (analysis performed by Dr. Nissi Varki, data
not shown). This likely led to inhibition of the successful establishment of
metastatic foci, and thus the low number of metastatic foci that was observed
(average ~5 foci per lung).
No significant difference in primary tumor morphology with
FucT7-deficiency. While no difference in tumor progression was observed in
the previous experiment between WT and FucT7-deficient mice that
underwent lethal irradiation and bone marrow rescue, we wanted to make
sure that this was not an artifact due to the irradiation/rescue process.
Therefore, we examined a second set of experimental animals (WT or FucT7-
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deficient carrying the MMTV-PyMT transgene) that were not irradiated and
rescued. Mice were observed weekly for evidence of mammary tumors and
no statistical difference in tumor onset was observed between WT and FucT7deficient mice (Figure AII-2).

Mice were euthanized three weeks after

mammary tumors were detected, and the morphology of the tumors was
evaluated.

While there appeared to be no difference in the degree of

differentiation between mammary tumors from WT mice and those from
FucT7 deficient mice, the tumors from many of the WT animals had large
areas of necrosis, which was not prominent in tumors from FucT7-deficient
mice.

Also, tumors from FucT7-deficient mice appeared to have large

cystosarcoma phylloides-like areas, which were not prominent in the tumors
from WT mice (analysis performed by Dr. Nissi Varki, data not shown).
Neither of these observations were absolute differences, as there were some
FucT7-deficient tumors with necrotic areas, and at least one WT tumor with
an area of cystosarcoma phylloides-like appearance. Primary tumors were
also evaluated for endothelial cell density, however no difference was
observed between the two genotypes.
Derivation of mammary tumor cell lines.

The MMTV-PyMT

spontaneous tumor model is very aggressive. One hundred percent of mice
get tumors, and tumor growth is quite rapid, thus it would be easy to miss a
difference. In an effort to study the effect of FucT7 in a more controlled
manner, tissue culture cell lines were derived from mammary tumors obtained
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from one WT (21B6/7) and two FucT7-deficient (21R6/16 and

22C6/16)

MMTV-

PyMT-positive mice as described in Materials and Methods. While these cell
lines initially grew slowly, they eventually became quite competent at growth
in vitro. The genotype of the cell lines was verified using a PCR-based
screening method (Figure AII-3). Comparison of the growth characteristics of
these cells revealed no dramatic difference in growth rate between the various
cell lines (J. Stevenson, personal observations).
Mammary tumor cell lines have varying ability to form metastatic
foci in an experimental metastasis model. In an effort to assess whether
tumor cell expression of FucT7 had an effect on metastasis, each of the
mammary tumor cell lines was injected intravenously in the lateral tail vein of
C57BL/6J mice. Four weeks after tumor cell injection, the lungs of the mice
were evaluated for the presence of metastatic foci.
received

21B6/7

In mice (n=7) that

cells (tumor cells derived from WT MMTV-PyMT mice), lungs

contained 25 or more metastatic foci (data not shown). Similarly, the lungs of
mice (n=7) that received 22C6/16 cells (one of the tumor cell lines derived from
FucT7-deficient mice) had many metastatic foci as well (minimum of 25, data
not shown). Interestingly, the mice (n=3) that received

21R6/16

cells (the

second tumor cell line derived from FucT7-deficient mice) had no evidence of
a single metastatic focus (data not shown). While this might be due solely to
the limited number of animals tested with the 21R6/16 FucT7-deficient cell line,
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it is also possible that this cell line has reduced tumorigenicity in this
experimental model of metastasis.
Experimental tumor growth reveals differences in various cell
lines. While the data obtained with experimental metastasis studies did not
indicate a clear effect of FucT7 on the occurrence of metastasis, we wanted to
evaluate whether an effect of FucT7 could be observed in experimental
primary tumor growth.

To that end, we injected C57BL/6J mice

subcutaneously with 1 x 106 tumor cells, and evaluated tumor growth over
time.

A clear difference was observed in the ability of these derived

mammary tumor cell lines to form subcutaneous tumors. While all mice that
received

21B6/7

tumor cells (from WT mice) grew tumors to an appreciable

size 32 days after tumor cell injection, no subcutaneous tumor growth was
evident in mice receiving

21R6/16

tumor cells (one FucT7-deficient cell line),

and very small tumors were observed in mice receiving

22C6/16

cells (a

second FucT7-deficient cell line) (Figure AII-4A, B). It should be noted that
one of the mice receiving 21R6/16 tumor cells was found to have a small tumor
near the site of original tumor cell injection three to four months after tumor
cell injection, and after all the other mice were removed from the experiment,
however this was not seen in any of the other mice injected with 21R6/16 cells.
All of the lungs of these mice were evaluated for formation of spontaneous
metastatic foci and only one focus was seen in the lungs of a mouse that
received 21B6/7 (from WT mice) tumor cells.
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It is well known that tumor size is limited by the ability of oxygen and
nutrients to diffuse from surrounding blood vessels unless angiogenesis
occurs to allow growth of new blood vessels through the tumor (14). Excised
WT (21B6/7) and FucT7-deficient (22C6/16) tumors were evaluated for
microvascular density by staining for endothelial cells with anti-CD31. Tumors
derived from WT mice appeared to contain a higher density of blood vessels
than tumors derived from

22C6/16

(FucT7-deficient) tumors (representative

pictures shown in Figure AII-4B). Thus, it is reasonable to suggest that WT
tumors had increased angiogenesis as compared to FucT7-deficient tumors.

DISCUSSION
The analysis of primary tumor formation in WT and FucT7-deficient
mice carrying the MMTV-PyMT transgene did not show an effect of FucT7 on
primary tumor growth. This was true in studies of both lethally-irradiated/bone
marrow rescued (Figure AII-1) and naïve mice (Figure AII-2). While it is true
that FucT7 did not appear to have a role in this tumor model, the MMTVPyMT tumor model is quite aggressive (13). Therefore, it is possible that a
small effect of FucT7 may have been missed. For example, it has been
reported that tumor onset begins as early as 35 days of age in this mouse
model (15), whereas in the analyses performed here, where mammary tumor
onset was detected as a solid mass when palpitating the mammary region of
the mice on a weekly basis, the average age of tumor onset was found to be
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approximately 130 days (Figure AII-2). Thus, the analytical method used in
these studies was not very exacting, and a difference in tumor progression
due to FucT7 deficiency could possibly have been missed. The observation
of a trend toward more necrosis in WT tumors and more areas with a
cystosarcoma phylloides-type appearance in FucT7-deficient tumors needs to
be investigated further. It is possible that FucT7-deficiency may affect primary
tumor morphology, even though it was not observed here to affect tumor
onset or growth rate.
In order to have a more controlled study of the role of FucT7 in tumor
progression, mammary tumor cell lines were derived from the mammary
tumors of both WT and FucT7-deficient mice. These cell lines allowed the
study of tumor growth in a defined time period. It was found that tumor
formation was dramatically affected by FucT7-deficiency, as the two FucT7deficient mammary tumor cell lines either formed no tumors, or formed
dramatically smaller tumors than the WT cell line. However, only one WT line
was studied.
Given the results of the anti-CD31 staining, in which decreased blood
vessel density was noted in FucT7-deficient tumors as compared to WT
tumors, it is possible that tumor size was restricted by decreased
angiogenesis. It has been reported that FucT7 synthesizes ligands to Eselectin, in addition to P- and L-selectin (7). No studies have been performed
to directly investigate the role of E-selectin and primary tumor growth,
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however many studies have assigned a role for E-selectin in angiogenesis
(16, 17), which is an essential part of primary tumor growth (14). It has been
shown that sLex plays a role in angiogenesis by mediating the initial
attachment of tumor cells to endothelial cells (18). Additionally, E-selectin has
been shown to be upregulated in human tumor studies (19, 20). Therefore,
one possible mechanism for FucT7 involvement in tumor growth is the
formation of E-selectin ligands in the tumor, allowing E-selectin-dependent
angiogenesis to create new blood vessels through the tumor, thus releasing
the restriction on tumor size due to diffusion of oxygen and nutrients from
surrounding blood vessels. The validity of this hypothesis, however, has yet
to be tested.
As these observations were made from three independent cell lines, it
is possible that the observed difference is not due to FucT7, but inherent
differences between the cell lines. This possibility can be addressed by
transfecting the FucT7-deficient cell lines with mouse FucT7 to see if
tumorigenicity is restored. It should be noted that two additional WT cell lines
have been created, however they have yet to be tested in vivo. Should these
cell lines also produce sizeable tumors subcutaneously, it would support the
idea that FucT7 does in fact affect experimental tumor growth.
The work detailed in this appendix reports a potential difference in the
tumor morphology of primary tumors, and a potential reduction in
experimental tumor growth rate with FucT7 deficiency is shown. While the
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studies do not definitively answer the question as to whether or how FucT7
may affect tumor progression, they serve to begin answering this question by
providing a hypothesis and preliminary data for FucT7-dependent synthesis of
E-selectin ligands mediating angiogenesis, and provide the tools necessary to
further this investigation.

ACKNOWLEDGEMENTS
Dr. Nissi Varki and the staff of the UCSD Cancer Center
Histopathology Core facility were extremely helpful in processing tissues and
evaluating the histology of the tissue slides. Many of the observations made
in this appendix would not have been possible without their expertise. I am
very grateful to Dr. Brett Crawford for his advice on generating the mammary
tumor cell lines.

Dr. Lubor Borsig performed the bulk of the work of

backcrossing of the mice into the C57BL/6J background, for which I am in his
debt.

Many thanks go to Dr. John Lowe, who provided the

Fucosyltransferase-7-deficient mice, as well as to Dr. Carol MacLeod, who
provided the MMTV-PyMT transgenic mice.

158

B

200

P=0.81

150

100

50

0

C

WT
MMTV-PyMT

120

Rate of tumor growth (days)

Age of Tumor Onset (days)

A

80

40

0

FucT7
MMTV-PyMT

D

9

P=0.74

25

Number spontaneous
metastases (foci)

Total Tumor Weight (g)

P=0.28

6

3

0

WT
MMTV-PyMT

FucT7
MMTV-PyMT

WT
MMTV-PyMT

FucT7
MMTV-PyMT

P=0.80

20
15
10
5
0

WT
MMTV-PyMT

FucT7
MMTV-PyMT

Figure AII-1. FucT7 does not affect primary tumor onset, rate of growth,
total tumor burden, or spontaneous metastasis in mice with WT bone
marrow. WT and FucT7-deficient mice carrying the MMTV-PyMT transgene
were lethally irradiated and rescued with WT bone marrow. (A and B) Mice
were evaluated weekly for tumor onset and rate of tumor growth. (C) Mice
were euthanized once tumors became prohibitively large, and total tumor
burden was assessed. (D) Histology of the lungs was evaluated for presence
of spontaneous metastatic foci. The data is a compilation of two different sets
of experiments, performed using the same technique. P-values were
determined by performing a Student’s T-test, assuming two-tailed, unequal
distribution.
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Figure AII-2. FucT7 does not affect primary tumor onset in non-irradiated
mice. WT and FucT7-deficient mice carrying the MMTV-PyMT transgene
were evaluated weekly for tumor onset. P-values were determined by
performing a Student’s T-test, assuming two-tailed, unequal distribution.
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Figure AII-3. PCR confirms genotype of isolated mammary tumor cell
lines. DNA was isolated from cell pellets of isolated mammary tumor cell
lines. PCR was performed on isolated DNA as described in Materials and
Methods, and the PCR product was run on a 1.5% agarose gel. The one WT
(21B6/7) and two FucT7-deficient (21R6/16 and 22C6/16) cell lines are shown in
lanes 13 above. For each of these cell line names, the first number and
letter is the internal mouse ID, while the subsequent date (e.g. 6/7 or 6/16) is
the date of birth.
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Figure AII-4. FucT7-deficiency leads to decreased angiogenesis and
experimental primary tumor growth. (A and B) Mice were subcutaneously
injected with 1 x 106 mammary tumor cell lines. Thirty-two days after tumor
cell injection, tumor volume was measured per Materials and Methods (note
expanded scale on B). Each diamond represents a single mouse. As no
tumor growth was observed after thirty-two days in mice that received the
FucT7-deficient cell line 21R6/16, tumor volume was given as 0 mm3. ( C )
Tumors were frozen in OCT and endothelial staining was performed with an
anti-CD31 antibody. Note that the red areas in the pictures on the right
indicate positive CD31 staining. Representative pictures taken at 100x are
shown.
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