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A comparison of the effects of unfractionated heparin, dalteparin
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1 Disseminated intravascular coagulation (DIC) is the most common complication of solid tumours.
In this study, the effectiveness of three polysaccharide anticoagulants (PSAs), at therapeutic doses, at
inhibiting solid tumour growth was investigated.

2 Mice with tumour xenografts were subcutaneously injected with either unfractionated heparin
(UFH; 200 units kg~' day™"), dalteparin (75 unitskg~'day~") or danaparoid (50 units kg~'day~"). At
these concentrations, these PSAs are equieffective at inhibiting blood coagulation activated factor X.
In mice with Lewis lung carcinoma (LLC) tumours dalteparin and, to a lesser extent, UFH inhibited
both tumour growth and angiogenesis, whereas danaparoid did not. In contrast, in mice with KLN205
tumours, all the PSAs inhibited tumour growth and angiogenesis.

3 All the PSAs significantly inhibited proliferation, migration of endothelial cells and vessel
formation in matrigel plugs containing vascular endothelial growth factor (VEGF) and there were no
significant differences between these effects of the PSAs. The PSAs had no effect on endothelial cell
tubular formation in vitro.

4 Although all the PSAs inhibited VEGF production in KLN205 tumours in vivo and cells in vitro,
in LLC tumours and cells only UFH and dalteparin inhibited VEGF production, whereas danaparoid
did not.

5 In both LLC and KLN205 tumours in vivo, heparanase activity was inhibited by UFH and
dalteparin, but not by danaparoid.

6 Hence, UFH and dalteparin may be more effective than danaparoid at inhibiting cancer
progression in DIC patients with solid tumours, due at least in part to their ability to suppress VEGF

and heparanase in tumours.
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Introduction

Disseminated intravascular coagulation (DIC) is one of the
most common and often fatal complications of solid tumours
(Sallah et al., 2001). Conversely, solid tumours are the most
common cause of DIC (Okajima et al., 2000). Although the
mechanism of the derangement of the coagulation system in
patients with cancer is unclear, the inhibition of blood
coagulation activated factor X (FXa) is a standard treatment
for DIC in cancer as well as for DIC generally. There is
accumulating evidence from both animal and human studies
that polysaccharide anticoagulants (PSAs) such as unfractio-
nated heparin (UFH) or low molecular weight heparin
(LMWH) can affect cancer progression (Bijsterveld et al.,
1999; Hettiarachchi et al., 1999; Smorenburg & van Noorden,
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2001). Although many mechanisms have been postulated for
the effects of PSAs on cancer, they are mostly independent of
their anticoagulant effects. Since there is no doubt that the best
way of managing DIC is to treat the underlying disorder (Levi
& ten Cate, 1999), the possible effects of PSAs on cancer
should be investigated to elucidate their mechanism of control
of the growth of solid tumours. Blood supply is essential for
solid tumours and tumour growth is highly dependent on
angiogenesis, the formation of new capillaries from pre-
existing blood vessels (Carmeliet & Jain, 2000). Much evidence
has been obtained suggesting that UFH and LMWH can affect
angiogenesis (Smorenburg & van Noorden, 2001). In order to
treat DIC in patients with solid tumours, it is important to
know which PSAs are effective at inhibiting tumour angiogen-
esis and, hence, reducing tumour growth. Therefore, in this
study, we compared the effects of three PSAs, at therapeutic
concentrations equieffective at inhibiting FXa, on various
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aspects of tumour growth, in order to elucidate their
mechanisms of action and determine which PSA is most
suitable for use in cancer patients.

Methods

Animals

Male specific-pathogen-free C57Bl/6 or BDF1 mice (Clea
Japan Inc., Tokyo, Japan) 6-9 weeks of age were used
throughout the study. All procedures were performed accord-
ing to Animals (Scientific Procedures) Act 1986 and approved
by the local ethics panel at Tohoku University School of
Medicine. The animals were killed with an overdose of
urethane (20 gkg™).

FXa evaluation

Blood was collected into 0.13 M trisodium citrate from C57Bl/6
mice subcutaneously injected with either UFH (200 uni-
tskg~'day™!), dalteparin (75 unitskg~'day~!) or danaparoid
(50 unitskg™'day™") for 3 days. The doses of PSAs used were
similar to those given initially to patients with DIC. The FXa
coagulation factor in the plasma was evaluated using a
coagulation analyzer (Coagulation Analyzer, SYSMEX CA
1500, Dade Behring, Kobe, Japan). The plasma of a patient
with factor X (Biopool International, Venture, CA, U.S.A.)
was used as a test reagent for the FXa. Results are expressed as
a percentage of the mean value of the FXa in blood from
control mice that were injected with 100 ul PBS for 3 days.
UFH (heparin sodium), dalteparin (fragmin®) and danaparoid
(orgaran®) were purchased from Takeda Co. (Osaka, Japan),
Kissei (Nagano, Japan) and Organon (Molenstraat, Nether-
land), respectively.

Bleeding time

C57Bl/6 mice were subcutaneously injected with either UFH
(200 unitskg='day™"), dalteparin (75 unitskg~'day~") or da-
naparoid (50 units kg~' day™") for 2 weeks. The mice were then
anaesthetized with sodium thiopental and their tails transected
Smm from the tip. Bleeding was checked with filter paper
every 30 s and bleeding time was determined by measuring the
time until no blood was detected on the filter paper.

Cell culture

Lewis lung carcinoma cells (LLCs: ATCC, Manassas, VA,
U.S.A.) were cultured in high glucose Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% foetal calf serum
(FCS), 100 ugml™" kanamycin. KLN205 (ATCC, Manassas,
VA, U.S.A)) cells, a cell line of mouse squamous cell lung
cancer, were cultured in minimum essential medium (MEM)
containing 10% FCS, 1% nonessential amino acids and
100 ugml™' kanamycin. Primary human umbilical vein en-
dothelial cells (HUVECs) were purchased from Clonetics (San
Diego, CA, U.S.A.), and were cultured in endothelial cell
growth medium (EGM-2 Bullet kit, Clonetics). To determine
the effects of the PSAs on the proliferation of LLC, KLN205
and HUVEC in vitro, 4 x 10* cells were seeded into six-well

dishes, and then washed with PBS 12 h later. Subsequently, the
adherent cells were stimulated by the addition of culture
medium containing various concentrations of the PSAs. To
estimate the proliferation of HUVECs, after 72h of treatment
with PSAs, the number of HUVECs was counted. To quantify
VEGF in the supernatant of cultured LLC and KLN205 cells,
2 x 10° cells were seeded into 100-mm dishes containing each
of the PSAs and, 72 h later, the supernatant was collected and
stored at —80°C.

In vivo tumour models

LLCs were injected (3 x 10° cells per animal) subcutaneously
into the centre of the back of 6- to 9-week-old C57BL/6 male
mice on day 0. KLN 205 cells were injected (5 x 10° cells per
animal) subcutaneously into the centre of the back of 6- to
9-week-old BDF1 male mice on day 0. On day 5, when each
tumour became palpable, inoculated mice were randomly
allocated into four groups; mice in each group received a sub-
cutaneous injection of either PBS (100 ul), UFH (200 unitskg™"),
dalteparin (75 unitskg™") or danaparoid (50 unitskg™!).
Injections were started from day 5 and given daily until the
mice were killed. Tumour size was quantified daily as width? x
length x 0.52.

Immunohistochemistry and determination of microvessel
density (MVD)

When the diameter of the tumour became ~ 1cm, tumour
tissues were fixed in 10% formalin, embedded in paraffin and
sectioned. The sections were blocked with 10% normal goat
serum and incubated with polyclonal anti-human factor VIII-
related antigen antibody (DAKO, Carpinteria, CA, U.S.A.).
Subsequently, the sections were incubated with biotinylated
goat anti-rabbit IgG (Vector, Burlingame, CA, U.S.A.), and
then with ABC kit (Vector), and were detected by 3-amino-9-
ethylcarbazole (Vector), counterstained with haematoxylin.

The intratumoral MVD was determined as described
previously (Weidner et al., 1991; Kanda et al., 2003). In brief,
the vessels inside the tumour were stained with anti-human
factor VIII-related antigen antibody. The image that contained
the highest number of microvessels was chosen for each section
from an initial scan at x 100 magnification. Then, the vessels
were counted in the selected image at x 200 magnification. At
least four fields were counted for each section, and the highest
count was used. Two independent investigators evaluated the
number of vessels.

Endothelial cell migration assay

To elucidate the effect of the PSAs on VEGF-induced
endothelial cell migration, we used a modified Boyden
chamber (Chemotaxicell, Kurabo, Osaka, Japan). Human
recombinant VEGF (20 ngml™), in the presence of each PSA
or PBS, was added to the bottom well of the chamber at a
volume of 750 ul of EBM-2 (San Diego, CA, U.S.A.) contain-
ing 0.4% FCS. Polycarbonate membranes with 3 um pores
were coated with the attachment factor containing 0.1%
gelatin (Cascade Biologics, Portland, OR, U.S.A.) and placed
between the test substances and the upper chambers. HUVECs
were harvested at appropriate cell densities. Endothelial cells
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(1 x10°) were seeded to the inside of the upper chamber
suspended in 250 ul of EBM containing 0.4% FCS. The cells
were incubated at 37°C in 5% CO, for 12h. After incubation,
all the nonmigrated cells were removed from the upper side of
the filters with a cotton ball. The filters were fixed with
methanol, stained with Dif-Quick solution and mounted onto
microscope slides. The migrated cells were counted at x 40
magnification using a microscope.

Endothelial cell tubular formation assay

Confluent HUVECs were detached with trypsin-EDTA and
suspended in EBM containing 0.5% FCS, 10ngml™' human
recombinant VEGF (R&D Systems) and 1 or 10 unitsml~! of
each PSA, to investigate the effect of the PSAs on VEGF-
induced morphogenesis in vitro (Kanda et al., 2003). The cells
were seeded into matrigel-coated 12-well tissue culture plates
at a density of 3 x 10*well! and incubated at 37°C. After 8h,
the cells were observed using an inverted phase-contrast
microscope (Nikon Eclipse TE300). Images were captured
with a laser scanning confocal imaging system (Bio-Rad,
Hercules, CA, U.S.A.). Tubular formation was quantified by
measuring the length of tubes in randomly selected fields using
the NIH image program.

In vivo matrigel plug assay

The angiogenic effect of each PSA within 0.5ml of matrigel
was studied in 6- to 9-week-old C57Bl/6 mice. A mixture of
matrigel (Becton Dickinson Labware) with either PBS or one
of the PSAs (10 unitsml™") was injected into the abdominal
subcutaneous tissue of mice along the peritoneal midline. The
matrigel rapidly forms a solid plug at body temperature. After
10 days, excised plugs were photographed and their haemo-
globin content was determined using Hemoglobin Test Wako
(Wako Pure Chemical Industries, Osaka, Japan).

In a parallel experiment, VEGF-induced angiogenesis in vivo
was assessed as the growth of blood vessels from subcutaneous
tissue into a solid matrigel plug that contained 500 ngml~'
VEGF. Growth factor-reduced matrigel (Becton Dickinson
Labware), in liquid form at 4°C, was mixed with 500 ngml™"
mouse recombinant VEGF (R&D Systems) and injected
(0.5ml). To investigate the effect of PSA treatment on
VEGF-induced angiogenesis in vivo, mice were subcutaneously
injected with either PBS or each PSA, at the same doses used in
the in vivo tumour experiments, into their backs every day for
10 days. The plugs were cut out by retaining the peritoneal
tissues, fixed in 10% formalin and embedded in paraffin.
Sections stained with haematoxylin and eosin were studied
by light microscopy. The vessel area and the total matrigel
area were planimetrically calculated from the stained sections
using the NIH image program. Only those structures posses-
sing a patent lumen and containing erythrocytes were
considered to be vessels. Results are expressed as a percentage,
calculated as the ratio of the vessel area to the total matrigel
area.

Quantification of VEGF protein by ELISA

To quantify serum VEGF proteins, the inferior vena cava of
the mouse was punctured and peripheral blood was collected.

To quantify tumour VEGF proteins, 0.3g of the frozen
tumour tissues were homogenized in 3 ml PBS, centrifuged for
20 min at 10,000 x g at 4°C and the supernatant collected. The
concentration of VEGF in each sample was determined using
a murine VEGF ELISA kit (R&D). Simultaneously, the total
amount of protein in each sample was measured by using
a Bio-Rad protein assay (Bio-Rad, Hercules, Ca, U.S.A.). The
VEGF concentration in tumour samples is expressed as
pgmg™' protein.

Heparanase activity assay

Frozen tumours were homogenized in extraction buffer (0.1 M
PBS, 0.15M NaCl, 1mM PMSF, 10gml~! leupeptin, 1%
NP-40) and centrifuged at 10,000 x g for 15min at 4°C. The
protein concentration of the supernatant was measured by
use of a Bradford assay (Bio-Rad, Richmond, CA, U.S.A.).
The heparanase activity in the supernatant was determined
by measuring heparan sulphate-degrading enzyme activity in
the sample using a Heparan Degrading Enzyme Assay Kit
(Takara Bio Inc., Otsu, Japan) (Takahashi ez al., 2004).

Quantification of VEGF and heparanase RNA in LLCs

LLCs were cultured in growth media with or without PSAs
for 72h and RNA was isolated using RNAzol B reagent
(Tel-test, Inc., Friendswood, TX, U.S.A.). RNA expression of
VEGF and heparanase in LLCs was determined by quantita-
tive RT-PCR using specific oligonucleotide primers and
TagMan probes purchased from Applied Biosystems
(Foster City, CA, U.S.A.) (Assay-on-Demand Products:
Mm00437304 for mouse VEGF and Mm00461768 for
mouse heparanase). Mouse f-actin RNA was simultaneously
assessed as a housekeeping gene using the following primers
and probes:

forward, 5-ACGGCCAGGTCATCACTATTG-3/;

reverse, 5-CCAAGAAGGAAGGCTGGAAAA-3;

TagMan probe, 5-FAM-CAACGAGCGGTTCCGATGCCC-
TAMRA-3'.

Real-time RT-PCR application was carried out in duplicate in
50 ul reaction volumes containing 4ng total RNA for each
specific reaction using TagMan One-Step RT-PCR Master
Mix Reagents Kit (Applied Biosystems, CA, U.S.A.).

Data analysis and statistics

Data are presented as mean+s.e. Unless otherwise indicated,
statistical comparisons between groups were performed using
Student’s r-test or one-way ANOVA with Fisher’s least-
significant-difference test as a post hoc test, as appropriate.

Results

FXa inhibition and bleeding time in mice

As shown in Figure la, the levels of FXa in mice injected with
UFH, dalteparin and danaparoid were significantly lower

than those in PBS-treated mice (P<0.01, 0.05 and 0.01,
respectively). There was no significant difference in FXa
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(a) Effects of PSAs on factor Xa activities (left) and bleeding time (right). Mice were injected with PBS (100 ul), UFH

(200 unitskg™"), dalteparin (Dal; 75 unitskg™") or danaparoid (Dan; 50 units kg~') for 3 days. Factor Xa activities are expressed as
the percentage of the mean of PBS-injected mice (control). ¥ P<0.05, **P<0.01 vs control by Student’s unpaired ¢-test. N.s. (not
significant) between PSAs by one-way ANOVA with Fisher’s least-significant-difference test. The values represent the mean +s.e.
(n=5-7 per group). (b) The tumour volumes in LLC inoculated mice (left) and KLN205 inoculated mice (right). The values
represent the mean +s.e. (n="7-10 per group). (c) Proliferation curves for LLCs (left) and KLN205s (right) in vitro in the mediums
supplemented with PSAs (10 unitsml™"). The values represent mean+s.e. of triplicate wells.

activity between mice injected with UFH, dalteparin and
danaparoid. However, the mice injected with UFH had
significantly longer bleeding times than those in the other
three groups. There was no significant difference in bleeding
times between the mice injected with PBS, dalteparin and
danaparoid.

Effect of PSAs on tumour growth and cancer cell
proliferation

In mice inoculated with LLCs or KLN205s, all the PSAs, at
the doses used, had similar inhibitory effects on FXa. Whereas
in LLC-inoculated mice, the tumour growth was markedly
inhibited by dalteparin and, to a lesser extent, by UFH, but
danaparoid did not inhibit tumour growth (Figure 1b). In
KLN205-inoculated mice, all the PSAs inhibited tumour
growth, the potency order being dalteparin > UFH > danapar-
oid. The proliferation curves of LLCs and KLN205s were
investigated in vitro. None of the PSAs affected either LLC or

KLN205 proliferation, suggesting that PSAs do not inhibit
tumour growth by directly affecting the proliferation of cancer
cells.

Effects of PSAs on tumour angiogenesis

The immunostaining of factor VIII-related antigen in tumours
of similar size (~1cm diameter) showed that there were
decreased densities of vessels in UFH- and dalteparin-treated
tumours compared with those treated with PBS and danapar-
oid (Figure 2a, left). The MVDs in UFH- and dalteparin-
treated tumours were also significantly lower than those in
PBS- and danaparoid-treated tumours (Figure 2a, right).
There was no difference in MVD between PBS- and
danaparoid-treated LLC tumours, and between UFH- and
dalteparin-treated LLC tumours.

In KLN205 tumours, the immunostaining showed decreased
densities of vessels in all PSA-treated tumours compared with
PBS-treated tumours (Figure 2b, left). The microvascular
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Figure 2 (a) Immunohistochemical staining for factor VIII-related antigen of the LLC tumours. Left: representative photographs
from each group are shown (magnification, x 100). Right: the effects of the PSAs on the tumour microvessel densities. Each value is
the mean +s.e. (n=5-7 per group) of vessel counts observed with a high-power field (magnification, x 200). *P <0.05 among PSAs
by one-way ANOVA with Fisher’s least-significant-difference test. ¥*P<0.01 compared with PBS group by Student’s unpaired
t-test. (b) Immunohistochemical staining for factor VIII-related antigen of KLN205 tumours. Left: representative photographs from
each group are shown (magnification, x 200). Right: the effects of the PSAs on the tumour microvessel densities. Each value is the
mean+s.e. (n=>5-7 per group) of vessel counts observed with a high-power field (magnification, x 200). *P<0.05, **P<0.01
compared with the PBS group by the Student’s unpaired #-test. There was no significant difference between the PSAs by one-way

ANOVA with Fisher’s least-significant-difference test.

densities in PSA-treated KLN205 tumours were significantly
lower than those in PBS-treated KLN205 tumours (Figure 2b,
right).

Effect of PSAs on in vivo angiogenesis in matrigel plugs

To investigate the interaction between PSAs and angiogenesis,
we performed a matrigel plug assay using matrigels containing
10 unitsml~! of each of the PSAs. PSA-containing matrigels
showed a bloody appearance, suggesting vascularization inside
the plug, whereas PBS-containing matrigels did not (Figure 3a,
upper). Estimation of haemoglobin content in the matrigel
plug showed that PSAs themselves are able to induce
angiogenesis (Figure 3a, lower).

We investigated the effect of subcutaneous injections of the
PSAs on VEGF-induced angiogenesis using matrigel plugs
containing VEGF. Vessel formation in matrigels in PSA-
injected mice did not look like that in matrigels in PBS-injected
mice (Figure 3b, upper). Since the matrigel itself did not
contain the PSAs, it had little haemoglobin, so angiogenesis
was estimated by calculating the area of vessels. All PSAs
significantly inhibited VEGF-induced vessel formation in

matrigel plugs compared with PBS. There were no significant
differences between the inhibitory effects of the PSAs on
VEGPF-induced vessel formation.

Direct effects of PSAs on endothelial cells in vitro

In contrast to in vivo angiogenesis, 1 Uml™' of each of the
PSAs significantly suppresssd HUVEC  proliferation
(Figure 4a). Moreover, all the PSAs significantly inhibited
VEGF-induced migration of HUVEC in vitro (Figure 4b) and
there were no significant differences between the inhibitory
effects of the PSAs on migration.

In addition, the effect of the PSAs on the morphogenesis of
endothelial cells was investigated by estimating the tubular
formation of HUVEC. VEGF-induced tubular formation in
the matrigel was not significantly affected by the addition of
the PSAs (Figure 4c).

Effect of PSAs on VEGF expression and production

Since VEGF is known to have a pivotal role in tumour
angiogenesis (Ferrara et al., 2003) and the angiogenesis
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Figure 3 (a) Matrigel containing either PBS or each PSA (10 uni-
tsml™'). Upper: representative plugs from each group are shown
(bar, lcm). Lower: the haemoglobin content of the matrigels
containing the PSAs. The values represent the mean+s.e. (n=8-10
per group). *P<0.05 vs PBS by Student’s unpaired #-test. ** P <0.05
between the PSAs by one-way ANOVA with Fisher’s least-
significant-difference test. (b) Vessel formation in matrigels contain-
ing VEGF. Upper: representative microphotographs of matrigel
plugs containing VEGF treated with PBS or PSAs as indicated
(magnification, x 200). Lower: the vessel area compared to the total
matrigel area (n=5-7 per group). *P<0.05, **P<0.01 vs
PBS + VEGF by Student’s unpaired ¢-test. There was no significant
difference between the PSAs by one-way ANOVA with Fisher’s
least-significant-difference test.

induced by VEGF (Figures 3b and 4b) was inhibited by PSAs,
we investigated the possible modulation of VEGF by PSAs. In
mice with LLC tumours, the average serum VEGF protein
levels in the four groups were in the order of PBS > danapar-
oid > UFH >dalteparin. The serum VEGF protein level in
dalteparin-treated mice was significantly lower than the other
three groups (Figure 5a), but there were no significant
differences between the PBS, UFH and danaparoid groups.
The concentrations of VEGF protein in LLC tumours were in

the same order as those in serum (Figure 5b). The concentra-
tion of VEGF protein in tumours in dalteparin-treated mice
was significantly decreased compared with that in the other
three groups (Figure 5b). In vitro, VEGF protein levels in
culture medium containing LLCs were reduced by UFH and
dalteparin in a dose-dependent manner, but not by danaparoid
(Figure 5a). The inhibitory effect of dalteparin was always
greater than that of UFH. We assessed VEGF mRNA in LLCs
quantitatively by real-time PCR. Both UFH and dalteparin
dose-dependently inhibited VEGF mRNA (Figure 5d).

In contrast, in mice with KLN205 tumours, all the PSAs
inhibited serum VEGF to a similar extent (Figure 6a) and they
significantly reduced tumour VEGF production (Figure 6b).
In vitro, all the PSAs inhibited VEGF production in
KLN205 cells in a concentration-dependent manner, with a
potency order of UFH = dalteparin >danaparoid (Figure 6c).
In addition, all the PSAs significantly inhibited the expression
of VEGF mRNA in vitro (Figure 6d).

Effects of PSAs on heparanase activity and mRNA
expression

PSAs are well-known inhibitors of heparanase activity (Parish
et al., 1987; Voldavsky & Friedmann, 2001) and heparanase is
a potent angiogenic factor (Elkin et al., 2001; Goldshmidt
et al., 2002). Hence, we investigated the effects of the PSAs on
heparanase activity in LLC and KLN205 tumours in vivo. In
LLC tumours, UFH and dalteparin significantly inhibited
tumour heparanase activity, whereas danaparoid did not at the
dose used (Figure 7a). In KLN205 tumours, dalteparin was
the only PSA that inhibited heparanase activity (Figure 7b).
We also assessed heparanase mRNA quantitatively in
LLCs treated with UFH and dalteparin in vitro; both UFH
and dalteparin inhibited heparanase mRNA in a dose-
dependent manner (Figure 7c).

Discussion

In this study, we showed that an LMWH, dalteparin, is more
effective at inhibiting experimental tumour growth than UFH
and danaparoid at concentrations that produce the same level
of FXa inhibition and that this effect is mediated, at least in
part, by inhibition of tumour VEGF and heparanase produc-
tion. Despite the increasing availability of LMWHs, UFH is
still widely used as an antithrombotic drug for the initial
management of DIC because it is inexpensive (Hirsh et al.,
2001) and danaparoid is sometimes chosen because of its
potent anti-FXa activity (Meuleman, 1992). Since DIC is one
of the most common complications of cancer, the effect of
these drugs on tumour growth during DIC treatment might be
an important factor in the choice of antithrombotic drug.
Although the dose of the drug used to treat DIC will vary
depending on the situation, the initial doses of UFH,
dalteparin, and danaparoid are about 50-100 units kg~ day~"',
100 unitskg~'day~!, and 750 anti-FXaunitskg~'day~', re-
spectively. Since the half-life of UFH is about four times less
than those of dalteparin and danaparoid, from the pharma-
cokinetics of subcutaneous injections, doses of 200
unitskg 'day~!, 75unitskg 'day~' and 50 anti-FXa units
kg~'day~!, respectively, were chosen for the daily injections.
The anti-FXa level is the only method available for estimating
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Figure 4 (a) Number of HUVECsS after 72 h treatment with PSAs (10 units ml™"). The values represent the mean +s.e. of triplicate
wells. *P<0.05, **P<0.01 vs PBS by Student’s unpaired ¢-test. N.s. (not significant), ***P<0.05 between PSAs by one-way
ANOVA with Fisher’s least-significant-difference test. (b) VEGF-induced migration of HUVEC. *P<0.05, **P<0.01 vs
VEGF + PBS, and "P<0.05 vs VEGF + UFH by ANOVA with Fisher’s least-significant-difference test. (c) The effect of PSAs on
HUVEC tubular formation in vitro. Representative microphotographs of HUVEC morphogenesis to form capillary-like structures
in culture medium containing PBS or PSAs ( x 100). (d) Quantitative analysis of the extent of tubular formation. Each bar indicates
the mean +s.e. of data from four experiments performed in duplicate wells. There were no significant differences between control

(PBS) and PSA-treated HUVEC by Student’s unpaired #-test.

clotting activities for all these drugs. At the concentrations
used, UFH, dalteparin and danaparoid were equieffective at
inhibiting FXa, suggesting that their potency at treating DIC
should be comparable. However, bleeding time was signifi-
cantly prolonged in UFH-treated mice (Figure 1).

Several studies have described both stimulatory and
inhibitory effects of heparins on tumour growth and metastasis
(Hejma et al., 1999). These diverse effects may be due to the
ability of these drugs to affect other processes, such as
angiogenesis, in addition to their anticoagulant properties

(Folkman & Shing, 1992). In this study, although none of the
PSAs affected the proliferation of cancer cells, both LLC
tumour growth and microvessel densities were significantly
suppressed by UFH and dalteparin but not by danaparoid. In
KLN205 tumours, all the PSAs inhibited both tumour growth
and angiogenesis in vivo. These results suggest that the
suppression of tumour growth can be attributed to the
inhibition of tumour angiogenesis. LMWH and UFH have
been found to have different effects on angiogenesis in
previous studies (Norrby, 1993; Pieper et al., 2002).
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Figure 5 VEGF protein levels in serum (a) and tumours (b) in mice with LLC tumours were quantified by ELISA. The values
represent the mean +s.e. (n=5-7 per group, *P<0.05, **P<0.01 compared to other groups using one-way ANOVA with Fisher’s
least-significant-difference test). (c) The VEGF protein levels in LLCs in culture medium. The values represent the mean +s.e. of
triplicate wells (*P<0.05, **P<0.01 vs control using Student’s unpaired #-test). (d) VEGF mRNA of LLCs treated with the PSAs.
Results of quantitative RT-PCR are expressed as the ratio to f-actin mRNA. The values represent the mean + s.e. of triplicate wells.
The data are representative results of three independent experiments.

It was interesting that, in the absence of cancer cells, all
three PSAs induced angiogenesis in vivo when they were
included in the matrigel plug (Figure 3a). In particular, the
matrigel plug containing danaparoid had a higher haemo-
globin content than the others. Angiogenesis in matrigel plugs
has also been found to be markedly enhanced by the addition
of heparin (Passaniti et al., 1992). However, when PSAs
were not included in the matrigel, VEGF-induced vessel
formation in the matrigel was similarly inhibited by sub-
cutaneous injections of each of the PSAs (Figure 3b). This
suggests that the PSAs are able to modulate angiogenic growth
factors.

Although various studies have evaluated the effects of UFH
and LMWH on the proliferation of vascular endothelial cells
in vitro (Smorenburg & van Noorden, 2001), few have
investigated the effect of exogenously added heparan sulphate.
In vitro, all three PSAs significantly inhibited the proliferation
and migration of vascular endothelial cells (Figure 3a and b).
However, the PSAs had no significant effect on endothelial cell
morphogenesis in vitro (Figure 3c). The results depicted in
Figures 3 and 4 suggest that, in the absence of cancer cells, the
effects of the PSAs on angiogenesis are similar both in vitro

and in vivo. In contrast, the effect of danaparoid on tumour
angiogenesis was different in LLC and KLN205 tumours.
Since the induction and maintenance of tumour angiogenesis
requires angiogenic growth factors produced by cancer cells
(Carmeliet, 2000), the diverse effects of danaparoid on
angiogenesis in LLC and KLN205 tumours could be due to
differences in the effects of danaparoid on the production of
these angiogenic growth factors.

Of all the angiogenic factors produced by tumours, VEGF
is one of the most potent (Ferrara et al., 2003). The interaction
of VEGF with its receptor is believed to play a major role in
angiogenesis in human tumours (Ferrara, 2002). We found
that, in LLC tumours, UFH and dalteparin suppressed VEGF
production in vivo, whereas danaparoid did not. This result is
consistent with those from the in vitro experiments in which
VEGF release from LLCs was determined. In KLN205
tumours, all the PSAs significantly inhibited VEGF produc-
tion in tumours, in vivo, and from KLN205 cells in vitro.
Thus, the effect of danaparoid on VEGF production in
cancer cells depends on their type. Although VEGF is
bound to heparins (EI-Sheikh et al., 2002; Lever & Page,
2002), our study showed that both UFH and dalteparin had
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Figure 6 VEGF protein levels in serum (a) and tumours (b) in mice with KLN205 tumours were quantified by ELISA. The values
represent the meants.e. (n=>5-7 per group, *P<0.05 compared to other groups using one-way ANOVA with Fisher’s least-
significant-difference test). (c) The VEGF protein levels in KLN205 cell culture medium. The values represent the mean +s.e. of
triplicate wells (¥*P<0.05, **P<0.01 vs control using Student’s unpaired ¢-test). (d) VEGF mRNA in KLN205 cells treated by
PSAs. Results of quantitative RT-PCR are expressed as the ratio to f-actin mRNA. The values represent the mean+s.e. of
triplicate wells. The data are representative results from three independent experiments.

the ability to suppress VEGF production in cancer cells at the
mRNA level.

Owing to structural similarities with heparan sulphate, UFH
and LMWH inhibited the enzyme heparanase, which hydro-
lyses the internal glycosidic linkage of heparan sulphate in
basement membranes and ECM (Parish et al., 1987; Voldavs-
ky & Friedmann, 2001). In cancer progression, heparanase
has a role not only in invasion and metastasis but also in
the induction of tumour angiogenesis (Elkin et al., 2001;
Goldshmidt er al., 2002). UFH and LMWH both inhibited
heparanase activity in LLC tumours, whereas danaparoid did
not (Figure 7a), which is consistent with the inhibitory effects
of UFH and dalteparin on heparanase mRNA expression in
LLCs in vivo. On the other hand, heparanase activity
in KLN205 tumours was significantly inhibited only by
dalteparin, suggesting the lack of a relationship between
heparanase activity and tumour angiogenesis in KLN205
cells (Figure 7b).

Taken together, our data from LLC and KLN205 tumours
suggest that PSAs inhibit tumour angiogenesis, at least in part,
by suppressing VEGF production rather than heparanase
production in cancer cells. The effect of danaparoid on VEGF
production in cancer cells might be cell type specific, resulting

in different effects on tumour angiogenesis. Since there are
several other angiogenic growth factors such as basic
fibroblast growth factor, placenta-like growth factor, plate-
let-derived growth factors and interleukin-8, further studies are
needed to clarify the antiangiogenic mechanism of PSAs.

Subcutaneous injections of danaparoid did not inhibit
heparanase in either LLC or KLN205 tumours. Heparanase
is known to have an important role in cancer metastasis as it
degrades the extracellular matrix (Parish et al., 1987) and is
involved in the progression of cancer (Takahashi et al., 2004).
Our results suggest that, in contrast to heparins, danaparoid
does not inhibit cancer metastasis.

In our experiments, although both UFH and dalteparin
inhibited angiogenesis in vivo and in vitro, the effect of
dalteparin was generally seen before that of UFH. Moreover,
at doses that are similarly potent at inhibiting FXa, dalteparin
is less likely to cause bleeding than UFH (Figure la).
Therefore, our results suggest that LMWH may have
advantages compared to other PSAs as a treatment for DIC
in patients with solid tumours. Recently, danaparoid has
become widely used as an anticoagulant in patients with active
or past heparin-induced thrombocytopaenia (Tardy-Poncet
et al., 1999). However, the precise mechanism of its selective
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Figure 7 Heparanase activity in LLC tumours (a) and KLN205 tumours (b). Each value for heparanase activity was normalized to
protein concentration (unitsmg~' protein) and represents the mean+s.e. (n = 5-7 per group). Differences between the two groups
were determined by Student’s unpaired #-test (*P<0.05, **P<0.01 compared with the PBS group). (c) The heparanase mRNA
expression. The values represent the mean+s.e. of triplicate wells. The data are representative results from three independent

experiments.

action on FXa is unclear. Since we found that the effect of
danaparoid on tumour growth and angiogenesis differs
between cancer cells, it might be of clinical importance to
evaluate the survival of various cancer patients treated with
danaparoid.
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