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Summary
Heparanase activity is implicated in cell invasion,tumor metasta-
sis and angiogenesis.Recently,we have reported that heparanase
stimulates tissue factor (TF) expression in endothelial and
cancer cells, resulting in elevation of coagulation activity.We hy-
pothesized that heparanase regulates other coagulation modu-
lators, and examined the expression and localization of tissue
factor pathway inhibitor (TFPI) following heparanase over-ex-
pression or exogenous addition. Primary human umbilical vein
endothelial cells (HUVEC) and human tumor-derived cell lines
were incubated with heparanase, or were stably transfected
with heparanase gene-constructs, and TFPI expression and se-
cretion were examined. Heparanase over-expression or ex-
ogenous addition stimulatedTFPI expression by 2–3 folds.TFPI
accumulation in the cell culture medium exceeded in magnitude
the observed induction ofTFPI gene transcription reaching 5– to
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6-fold increase. Extracellular accumulation of TFPI was evident
already 60 min following heparanase addition,prior toTFPI pro-
tein induction, and correlated with increased coagulation activ-
ity.This effect was found to be independent of heparanase enzy-
matic activity and interaction with heparan-sulfate, and cor-
related with reducedTFPI levels on the cell surface. Data were
verified in heparanase transgenic mice tissues and plasma. Inter-
action between heparanase and TFPI was evident by co-immu-
noprecipitation. Interaction of heparanase withTFPI resulted in
its displacement from the surface of the vascular endothelium
and in increased pro-coagulant activity.Thus, heparanase facili-
tates blood coagulation on the cell surface by two independent
mechanisms:dissociation ofTFPI from the vascular surface short
after local elevation of heparanase levels, and subsequent induc-
tion of TF expression.
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Introduction
Heparanase is an endo-β-D-glucuronidase that is capable of
cleaving heparan sulfate (HS) side chains of heparan sulfate pro-
teoglycans (HSPG) on cell surfaces and the extracellular matrix,
activity that is strongly implicated in cell dissemination associ-
ated with tumor metastasis and angiogenesis (1, 2). Indeed, he-
paranase up regulation has been documented in an increasing
number of primary human tumors (2, 3), including pancreas (4,
5), bladder (6), gastric (7, 8), cervical (9) and colorectal (10) tu-
mors, collectively providing a clinical relevance for this enzyme,
and positioning heparanase as a valid target for the development
of anti cancer drugs (2). Apart from its well characterized enzy-
matic activity, heparanase was also noted to exert enzymatic-in-

dependent functions. Among these is the induction of Akt/PKB
phosphorylation noted in endothelial and tumor derived cells, fa-
cilitating cell motility (11), and Src-dependent VEGF induction
(12), providing, among other mechanisms (13), a molecular
basis for the pro-angiogenic feature of the protein. In addition,
we recently reported that heparanase induces expression of tis-
sue factor (TF) by endothelial and tumor-derived cells, leading to
enhanced coagulation (14). TF induction was evident in stably
transfected cells over expressing heparanase, as well as upon ex-
ogenous addition of the heparanase protein. It required no enzy-
matic activity and appeared to involve the p38 pathway (14), pre-
viously noted to be activated by heparanase (12). Furthermore, a
direct correlation between heparanase and TF expression levels
was noted in leukemia patients, clearly supporting a clinical rel-
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evance of this finding (14). Given the importance of blood co-
agulation in hemostasis and its tight regulation, we hypothesized
that heparanase not only induces TF expression, but is also in-
volved in the regulation of additional factors participating in the
coagulation machinery. We examined here the possible involve-
ment of heparanase in the regulation of tissue factor pathway in-
hibitor (TFPI), a potent, endogenous inhibitor of factor Xa and
factor VIIa-TF complex. TFPI is expressed by endothelial cells
and other cells of the vascular wall, contributing to the non-
thrombogenic properties of the endothelial cell surface.We pro-
vide evidence that heparanase over-expression or exogenous ad-
dition induces 2- to 3-fold increase in TFPI expression, evident
by immunoblotting, ELISA, and real-time PCR analyses. Simi-
larly, heparanase stimulated accumulation ofTFPI in the cell cul-
ture medium. Extracellular accumulation exceeded, however, in
magnitude the observed increase inTFPI at the protein level, and
appeared to be independent of HS and heparanase enzymatic ac-
tivity. Instead, we have found a physical interaction between he-
paranase and TFPI, suggesting a mechanism by which secreted
heparanase interacts withTFPI on the cell surface, leading to dis-
sociation of TFPI from the plasma membrane and increased co-
agulation activity, thus further supporting the local pro-throm-
botic function of heparanase.

Materials and methods
Cell culture and transfection
U87-MG human glioma, MDA-MB-435 human breast carcino-
ma, HT-29 human colon carcinoma, and HEK-293 cells were
purchased from the American Type Culture Collection (ATCC).
Cells were grown in Dulbecco's modified Eagle's medium (Bio-
logical Industries, Beit Haemek, Israel) supplemented with 10%
fetal calf serum and antibiotics. Human umbilical vein endothe-
lial cells (HUVEC) were kindly provided by Dr. Neomi Lanir
(Rambam Medical Center, Israel), and grown in gelatin-coated
flasks, essentially as described (11). Sub-confluent U87, MDA-
435, HT-29 and HEK-293 cells were stably transfected with the
human heparanase cDNA cloned into the pcDNA3 plasmid,
using FuGENE 6 reagent according to the manufacturer's
(RocheApplied Science, Indianapolis, IN, USA) instructions, as
described (15–17). Transfection proceeded for 48 hours, fol-
lowed by selection with G418 (Invitrogen, Carlsbad, CA, USA)
for two weeks. Stable transfectant pools were further expanded
and analyzed. Modified species of heparanase cloned into the
pcDNA3 vector were used: heparanase gene construct mutated
at Glu225 andGlu343, critical for the enzyme catalytic activity (17,
18), heparanase gene construct deleted for the N-terminal 35
amino acids (Met1-Ala35) that comprises the protein signal pep-
tide (12) and 65Δ10 variant including a deletion of an identified
heparin binding domain (Gln270–Lys280) (19).

Antibodies and reagents
Polyclonal antibody 1453 was raised in rabbits against the entire
65 kDa heparanase precursor isolated from the conditioned
medium of heparanase-transfectedHEK-293 cells.The antibody
was affinity purified on immobilized bacterially expressed 50
kDa heparanase GST fusion protein (17). Anti-heparanase
monoclonal antibody 130 was kindly provided by InSight Phar-

maceuticals (Rehovot, Israel). Monoclonal (ID 4903) and poly-
clonal anti-human TFPI (ID 4901) antibodies were purchased
fromAmericanDiagnostica (Stanford, CT,USA) andmonoclon-
al anti-actin antibodywas purchased fromSigma (St. Louis,MO,
USA). Single chain GS3 active heparanase gene construct, com-
prised of the 8 kDa and 50 kDa heparanase heterodimer (8+50),
was kindly provided by Dr. Christian Steinkuhler (IRMB/Merck
Research Laboratories, Pomezia, Italy) (20), and the protein was
purified from the conditioned medium of baculovirus infected
cells (14).GS3 active heparanasewas assayed for the presence of
bacterial endotoxin by Biological Industries (Beit Haemek, Is-
rael), using the gel-clot technique (Limulus amebocyte lysate –
LAL test) and was found to contain <10 pg/ml endotoxin. Rec-
ombinant humanTFPI (ID 4900PC) was purchased fromAmeri-
can Diagnostica (Stanford, CT, USA). Flavobacterium hepari-
num heparinase II was kindly provided by IBEX Technologies
(Montreal, Canada) and Trichloroacetic Acid (TCA) was pur-
chased from Sigma (St. Louis, MO, USA).

Culture media proteins precipitation
One hundred µl of 20%TCA was added to 1 ml serum free cul-
ture media. The sample was incubated for 15 min on ice and was
then spun for 15 min at 4ºC. The supernatant was carefully re-
moved. 200 µl of cold acetone was added and spun for five min-
utes.This step was repeated twice.The supernatant was removed
and the pellet was left about 10min to dry at 37ºC.The pellet was
resuspended in phosphate buffered saline (PBS) and samples
were normalized for total protein levels in the cells from which
the media were derived.

SDS-PAGE and immunoblot analysis
Cell extracts and tissues were prepared using a lysis buffer con-
sisting of 50 mMTris-HCl, pH 7.4, 150 mM NaCl, 0.5% Triton
X-100, supplemented with protease inhibitors (Roche, Nutley,
NJ, USA). Equal amounts of protein were subjected to 10%
SDS-polyacrylamide gel electrophoresis (PAGE) and trans-
ferred to polyvinylidene fluoridemembrane (BioRad,Maylands,
CA, USA).Themembrane was probed with the appropriate anti-
body followed by horseradish peroxidase (HRP)-conjugated sec-
ondary antibody (Jackson ImmunoResearch, West Grove, PA,
USA) and chemiluminescence substrate (Pierce, Rockford, IL,
USA), as described (14).

TFPI ELISA
TFPI levels were studied by IMUBIND Total TFPI ELISA Kit
(American Diagnostica, Stanford, CT, USA). TFPI levels in ly-
sates and serum free medium of 5 x 105 cells/ml U87 (overnight
incubation) and HUVEC (6 h incubation) cells were analyzed.
Equal amounts of cell lysate protein were used and medium
sampleswere normalized for total protein in the cells fromwhich
the media were derived. Lysates were diluted 1:50 in sample
buffer of the Kit. The ELISA employs rabbit anti-human TFPI
polyclonal antibody as a capture antibody. Medium and diluted
lysate samples were incubated in microwells precoated with the
capture antibody. TFPI was detected using a monoclonal anti-
body specific for the Kunitz domain 1 of TFPI. Next, streptavi-
din conjugated HRP was bound to the secondary antibody.
AddedTMB substrate reacted with HRP, yielding a blue colored
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solution. The reaction was terminated by the addition of 0.5 M
sulfuric acid, changing the color of the reaction mixture to yel-
low. TFPI levels were determined by measuring the absorbance
at 450 nm.

TFPI activity assay
TFPI anticoagulant activity was analyzed by ActichromeTFPI
activity assay (American Diagnostica, Stanford, CT, USA).
HUVEC (5 x 102 cells/well) were seeded into 96-well plate and
allowed to grow overnight. Cells were then washed twice with
the assay reaction buffer and further analyzed. TFPI anticoagu-
lant activity in serum free medium of 5 x 105 cells/ml U87 (over-
night incubation) and HUVEC (6 h incubation) cells, was also
analyzed. Next, cells or medium were incubated with TF/factor
VIIa and factor X. The amount of factor Xa generated was
measured by its ability to cleave Spectrozyme Xa, a chromo-
genic substrate for factor Xa. Cleavage released a chromophore
into the reaction solution which was quantified bymeasuring the
absorbance at 405 nm. Medium samples were normalized for
total protein levels of the cells from which the media were de-
rived.

RNA isolation and cDNA preparation
Total RNA was isolated by TRIzol reagent (Life Technologies,
Gaithersburg, MD, USA). RNA (1 µg) was resolved by 1% aga-
rose gel electrophoresis and was visualized by ethidium bromide
staining. The cDNA preparation was obtained using oligo(dT)
priming and reverse transcriptase enzyme, as described (14).

Real time RT-PCR
RT-PCR was performed using the ABI PRISM 7700 Sequence
Detection System, applying TaqMan Universal PCR Master
Mix,Assays-on-DemandGene Expression probes (Applied Bio-
systems, Foster City, CA, USA) and cDNA, for the PCR step.
The following conditions were applied for TFPI and L-19 (con-
trol gene) PCR amplification: 40 cycles of 50oC for twominutes,
and of 95oC for 10 minutes.

Heparanase transgenic mice
Transgenicmousemodel inwhich human heparanase expression
is driven by the β-actin promotor, thus enabling high levels of ex-
pression in essentially all tissues (21), was utilized.

FACS analysis
Flow-cytometry analysis was performed essentially as described
(14). Briefly, cells (1 x 106) were incubated for 15 min at 4ºC
with polyclonal non-conjugated rabbit anti-humanTFPI (Ameri-
can Diagnostica, Stanford, CT, USA; 1:50). Non-conjugated
normal rabbit IgG (Santa Cruz Biotechnology, Santa Cruz, CA,
USA; 1: 50) was employed as control. FITC anti-rabbit antibody
(Santa Cruz Biotechnology, Santa Cruz, CA, USA; 1:100) was

Figure 1: Heparanase inducesTFPI expression and extracellu-
lar accumulation.A-D) Stable transfection. A) Lysate samples pre-
pared from heparanase transfected (Hepa) MDA- 435 breast carcinoma
(left panels) and U87 glioma cells (right panels), and their corresponding
mock transfected control cells (Con) were subjected to immunoblot
analysis with anti-TFPI (middle panels) and anti-actin (lower panels)
antibodies. Medium conditioned by control and heparanase transfected
cells was similarly immunoblotted with anti TFPI antibody (upper panels).
B) Relative assessment of TFPI usingTFPI ELISA and activity assay (n=3,
mean ± SD). Heparanase transfected (Hepa) U87 glioma cells and their
corresponding mock transfected control cells (Con) were analyzed for
TFPI levels in the lysates (left) and medium (middle). TFPI anticoagulant
activity was measured in the medium (right).While a 2-fold increase in
TFPI levels was observed in Hepa transfected cell lysates (p<0.01),
a 5- to 6-fold increase in TFPI levels was noted in the medium of these
cells compared to control cells (p<0.005). No statistically significant
difference was found inTFPI activity determined in the medium of these
cells. C) Real time-PCR.Total RNA was extracted from heparanase
(Hepa)- and mock (Con)- transfected MDA-435 and U87 glioma cells.
TFPI expression was analyzed by real-time PCR analysis (n=3, mean ±
SD). An increase in TFPI mRNA level was observed in MDA-435 cells
(p<0.01) and U87 cells (p<0.005).

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.



Nadir et al. Heparanase inducesTFPI expression and extracellular accumulation

136

used as secondary antibody. Following three washes, cells were
subjected to FACS Calibur (Becton-Dickinson, San Diego, CA,
USA) analysis.

Co-immunoprecipitation
The interaction between TFPI and heparanase was analyzed by
co-immunoprecipitation (co-IP). The ProFound Co-Immunop-
recipitation Kit in which the antibody is coupled to gel support
was employed according to the manufacturer's (Pierce, Rock-
ford, IL, USA) instructions. Briefly, coupling gel was washed
with coupling buffer. Polyclonal anti TFPI or polyclonal anti he-
paranase (1453) antibodies (100 µg) and 5 M sodium cyanobo-
rohydride, were added to the gel support and incubated at 40C for
four hours. The gel was then washed with quenching buffer and

incubated with the quenching buffer and sodium cyanoborohy-
dride at 200C for 30minutes. Next, the gel waswashed four times
with wash solution, once with elution buffer, and twice with
coupling buffer. Recombinant humanTFPI (0.5 µg) and GS3 ac-
tive heparanase (0.5 µg), or serum free medium (about 400 µl,
samples were normalized for total protein levels of the cells from
which the media were derived) were added to the gel and incu-
bated for two hours at 40C. The gel was washed four times with
coupling buffer and bound proteins were eluted with elution
buffer (pH 2.5) neutralized by 1 M Tris-HCl, pH 9.5 and sub-
jected to immunoblot analysis. Polyclonal anti-TFPI and mono-
clonal anti-heparanase antibodies were used to detect the re-
spective coupled protein. Irrelevant, anti-GST polyclonal anti-
body (100 µg) and uncoupled beads were used as controls.

ogenously added to HUVEC in serum free medium for 6 h. TFPI in ly-
sates (left) and medium (middle) were assessed by ELISA. TFPI anti-
coagulant activity was measured in the medium (right).While a 2-fold in-
crease in TFPI was observed in Hepa transfected cell lysates (p<0.01), a
6-fold increase in TFPI levels was noted in the medium of these cells
compared to control cells (p<0.005). No statistically significant differ-
ence was found inTFPI activity determined in the medium of these cells,
similar to the results with U87 glioma cells. G) Real time PCR.Total
RNA was extracted following 6 h incubation of HUVEC with active he-
paranase, as described in E. TFPI expression was then evaluated by real
time RT-PCR (n=3, mean ± SD). Two-fold increase in TFPI mRNA level
was observed following heparanase addition (p<0.01).

Figure 1 (continued): Heparanase inducesTFPI expression and
extracellular accumulation. D) HEK-293 cells stably transfected
with wild type (Hepa), or a gene construct in which the heparanase sig-
nal peptide was deleted (ΔSP), or control mock transfected cells (Con)
were similarly analyzed forTFPI expression (middle panel) and extracel-
lular accumulation (upper panel). E,F,G. Exogenous addition. E) Immun-
oblot analysis. Primary endothelial cells (HUVEC) were left untreated
(Con) or incubated with GS3 active heparanase (Hepa; 1 µg/ml) in
serum free medium for 1 h and 6 h. TFPI expression and extracellular
accumulation were evaluated by immunoblotting, as previously de-
scribed. F) Relative assessment of TFPI usingTFPI ELISA and activity
assay (n=3, mean ± SD). GS3 active heparanase (Hepa; 1 µg/ml) was ex-
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Statistical analysis
Datawere evaluated by SPSS software forWindows version 13.0
(SPSS Inc., Chicago, IL, USA). Student's t-test for independent
sampleswas used.Values are reported asmean ± SD. P<0.05was
considered significant. All experiments were repeated at least
three times, with similar results.

Results
Heparanase inducesTFPI expression and extracellular
accumulation
Wehave recently reported that heparanase over expression or ex-
ogenous addition enhances the expression of the pro-coagulant
TF, resulting in elevated coagulation activity in endothelial and
tumor-derived cells (14). Given the importance of homeostasis
regulation, we hypothesized that coagulation factors other than
TF are affected by heparanase, and suspected that TFPI is also
regulated by heparanase. In order to examine this hypothesis,
control mock transfected (Con) and heparanase transfected
(Hepa) MDA-435 breast carcinoma (Fig. 1A) and U87 glioma
(Fig. 1A) cell lysates were subjected to immunoblotting with
anti-TFPI antibody. Control mock transfected U87 glioma and
MDA-435 breast carcinoma cells expressed detectable levels of
TFPI (Fig. 1A, middle panels) while heparanase over expression
resulted in increased TFPI levels (Fig. 1A, middle panels).
ELISA determination revealed a nearly 2-fold increase in TFPI
levels in U87 cells over-expressing heparanase (Hepa) (Fig. 1B,
left).These results were substantiated by real-time PCR analysis,
revealing 2– to 3-fold increase in TFPI mRNA levels in hepara-
nase transfected MDA-435 and U87 cells (Fig. 1C), indicating
that heparanase inducesTFPI gene transcription. Similarly, elev-
ated levels of TFPI were observed in the culture medium of he-
paranase transfected cells (Fig. 1A, upper panels). Moreover,
elevation of TFPI in the medium exceeded the observed induc-
tion in gene transcription, as best exemplified in heparanase
transfected U87 (Fig. 1A) and HEK-293 (Fig. 1D) cells. ELISA
determination revealed that while heparanase over expression re-
sulted in a 2– to 3-fold increase in TFPI expression by U87 cells
(Fig. 1B, left), TFPI levels in the culture medium were increased
5– to 6-fold (Fig. 1B, middle). Notably, the increased levels of
TFPI in the medium had no effect on TFPI activity (Fig. 1B,
right). In addition , over-expression of a non-secretable hepara-
nase gene construct, in which the protein signal peptide was de-
leted (ΔSP) (12), failed to induce TFPI expression and its extra-
cellular accumulation (Fig. 1D).This led us to suspect that extra-
cellular accumulation ofTFPI is induced by the secreted hepara-
nase protein. In order to ascertain this possibility, human umbili-
cal vein endothelial cells (HUVEC) were left untreated as con-
trol (Con) or incubated with recombinant active 50+8 kDa he-
paranase (GS3) heterodimer (Hepa, 1µg/ml) in serum freemedi-
um for 1 h and 6 h. Cell lysates and culture media were then sub-
jected to immunoblot analysis applying anti TFPI antibody. As
demonstrated in Figure 1E, elevated levels ofTFPIwere detected
in the cell culture medium already 1 h following heparanase ad-
dition (Fig. 1E, upper panel), without a noticeable change in the
intracellular levels of TFPI (Fig. 1E, middle panel). After 6 h in-
cubation, TFPI levels were increased both in the cell lysate and
culture medium (Fig. 1E, middle and upper panels), with extra-

cellular accumulation exceeding the increase in protein syn-
thesis. ELISA analysis indicated that TFPI levels were elevated
1.9-fold (Fig. 1F, left) due, in part, to a transcriptional effect evi-
dent by a 2-fold increase in TFPI mRNA revealed by real time
PCR analysis (Fig. 1G). In contrast, TFPI levels in the culture
medium were increased 6-fold following heparanase addition
(Fig. 1F, middle), with no effect on TFPI activity in the medium
(Fig. 1F, right). These results are similar in magnitude and effect
to TFPI elevation obtained in stably transfected cells (Fig.
1A-D). These results suggest a dual effect of heparanase, induc-
ing TFPI gene transcription and even more so eliciting its extra-
cellular accumulation.

TFPI expression and circulating levels are elevated in
heparanase transgenic mice
In order to further evaluate the ability of heparanase to regulate
TFPI expression and extracellular accumulation, we utilized a
transgenic mouse model in which human heparanase expression
is driven by the β-actin promoter, thus enabling high levels of ex-
pression in most tissues (21). Lysate samples prepared from kid-
ney, lung and heart tissues of human heparanase transgenic (Tg)

Figure 2: ElevatedTFPI levels in heparanase transgenic mice.
A)Tissue extracts from heparanase transgenic mice (Tg) and littermate
control (C) mice were subjected to immunoblotting with monoclonal
anti-TFPI antibody. Densitometric analysis of TFPI levels in each pair of
tissues is presented (upper panel). Equal protein loading for each tissue
was confirmed by anti-actin antibodies (lower panel). TFPI protein ex-
pression in heparanase transgenic mice was higher than in control mice.
B) Immunoblot analysis of TFPI in the plasma of control (Con, left) and
heparanase transgenic (Tg, right) mice.

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.



Nadir et al. Heparanase inducesTFPI expression and extracellular accumulation

138

and control (Con) mice were subjected to TFPI immunoblot
analysis. As shown in Figure 2A, TFPI expression was signifi-
cantly stimulated in tissues derived from the heparanase trans-
genic (Tg) vs. control (C)mice.Moreover, plasma levels ofTFPI
were markedly increased in the heparanase transgenic mice (Fig.
2B), further supporting the in vitro findings (Fig. 1).

Increased coagulation activity in response to
heparanase addition
In order to explore the biological significance of TFPI induction
by heparanase, we evaluated TF-dependent coagulation activity
in HUVEC incubated with or without heparanase. As shown in
Figure 3A, a 2-fold increase in coagulation activity was observed
already 30 min following the addition of recombinant active he-
paranase and further induction of activity was noted at 6 h,
changes that were statistically significant (p=0.01 and 0.005, re-
spectively). While elevated coagulation activity at late time
points (6 h) is likely to be due to heparanase-induced increase in
TF levels (14), elevation of coagulation activity at 30 min oc-
curred prior to TFPI (Fig. 1G) or TF (14) protein induction.
These results raise the possibility that heparanase addition re-
duces TFPI levels on the cell surface, in agreement with its ac-
cumulation extracellularly. We approached this possibility by
examining surface localization of TFPI by flow-cytometry. As

demonstrated in Figure 3B, cell surface expression of TFPI is
significantly decreased following the addition of heparanase.
Similar results were obtained by FACS analysis of mock vs. he-
paranase transfected HEK-293 (Fig. 3C) and MDA- 435 (Fig.
3D) cells.

TFPI release by heparanase is independent of
enzymatic activity and HS
TFPI is constitutively expressed by endothelial cells, as well as
other cells of the vessel wall (i.e. smooth muscle cells, cardio-
myocytes). Circumstantial evidence suggests that TFPI may be
bound to HS on the cell surface (22).We therefore suspected that
accumulation of TFPI extracellularly may be due to cleavage of
HS by heparanase and the removal ofTFPI from the cell surface.
Surprisingly, however, the infection of U87 cells with lenti virus
vector expressing mutated inactive heparanase resulted in extra-
cellular accumulation of TFPI to a magnitude comparable to the
active enzyme (Fig. 4A), suggesting an enzymatic activity-inde-
pendent effect of heparanase. Heparanase may compete with
TFPI and dissociate it from the plasma membrane, since both
TFPI and heparanase possibly interact with HS (15, 22). In order
to examine this possibility, we first used HT-29 colon carcinoma
cells reported to express perlecan, a secreted HSPG, but appar-
ently no other proteoglycans (23). Indeed, heparanase uptake by
HT-29 cells is significantly attenuated, similar to heparanase up-
take by HS-deficient CHO-745 cells (15). Exogenous addition
(Ex), or stable expression of heparanase by transfected (Tr) HT-
29 cells resulted in extracellular accumulation ofTFPI (Fig. 4B),
comparable in magnitude to cells that express normal levels of
HSPG (i.e. MDA-435 and HEK-293 cells, Fig. 1), suggesting
HS-independent release of TFPI by heparanase. Moreover,
stable transfection of HEK-293 cells with heparanase gene con-
struct deleted for its heparin-binding domain (65Δ10) (19), re-
sulted inTFPI release indistinguishable from that induced by the
wild type enzyme (Fig. 4C).We further utilized an enzymatic ap-
proach and subjectedU87 cells to bacterial heparinase II in order
to cleave cell surface HS chains. This treatment resulted in a
marked elevation ofTFPI levels in the culturemedium compared
with control untreated cells (Fig. 4D, upper panel), thus further
indicating TFPI association with membrane HSPG. Control and
heparinase II treated cells were subsequently washed, and incu-
bated with recombinant heparanase for 1 hour. Interestingly, ac-
cumulation of TFPI in the culture medium of heparinase II-
treated cells was indistinguishable from control cells that were
not subjected to heparinase II (Fig. 4D, second panel). Collec-
tively, these results suggest thatTFPI release by heparanase is not
due to competition of heparanase and TFPI for HS.

Heparanase directly interacts withTFPI
Next, we sought an alternative explanation for the observed
extracellular accumulation of TFPI in response to heparanase.
We rationalized that heparanase interacts with TFPI on the cell
surface, leading to dissociation of TFPI from the complexTFPI-
HS-FXa-FVIIa and thereby enhances TF activity on the cell sur-
face (Fig. 3). In order to examine this possibility, overnight incu-
bated serum free medium of control mock transfected (Con) and
heparanase transfected (Hepa) U87 cells (1 x 106/ml) were incu-
bated with immobilized polyclonal anti-TFPI antibody. The

Figure 3: Heparanase induces coagulation and release ofTFPI
from HUVEC surface.A) Coagulation. HUVEC were left untreated
(C) or incubated with heparanase (H, 1 µg/ml) for the indicated time.
Coagulation assay was then performed, as described in Materials and
methods. The mean value ± SD of three independent experiments is
shown. Note two-fold increase in coagulation activity already after 30
min and 1 h of incubation with heparanase (p<0.01). B-D. FACS analysis.
B) Exogenous addition. HUVEC were left untreated as control or incu-
bated with heparanase (1 µg/ml) for 6 h. Heparanase was then washed,
and cell-surfaceTFPI was examined by FACS. Note, reducedTFPI levels
on the cell surface following heparanase addition (filled curve). C-D.
Stably transfected cells. Cell surfaceTFPI was examined in heparanase
(filled curve) and mock (empty curve) transfected HEK-293 (C) and
MDA-435 (D) cells.
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eluted material was analyzed by immunoblotting using mono-
clonal anti-heparanase antibody. Similarly, serum free medium
of control mock transfected (Con) and heparanase transfected
(Hepa) U87 cells were incubated with immobilized polyclonal
anti-heparanase antibody and the eluted material was analyzed
for the presence of TFPI, applying polyclonal anti-TFPI anti-
body. As demonstrated in Figure 4E, heparanase and TFPI form
a stable complex that can be readily detected by co-IP. Similar re-
sults were obtained by co-IP of purified GS3 active heparanase
(0.5 µg) and recombinant TFPI (0.5 µg) proteins (Fig. 4F). Con-
trols resulted in little or no signal in the above described co-IP ex-
periments (Fig. 4F). Thus, it appears that heparanase exerts early

and late effects onTFPI.At an early time point (i.e. 30min) it en-
hances extracellular accumulation of TFPI by forming a stable
complex that dissociatesTFPI from the plasmamembrane, while
at a later time point (i.e. 6 h) it inducesTFPI gene transcription.

Discussion
TFPI is a plasma Kunitz-type serine protease inhibitor and is the
only known endogenous modulator of blood coagulation initi-
ated by TF (24). Here, we demonstrate that exogenous addition
or over expression of heparanase by transfected cells results in
the release of TFPI from the cell surface and its accumulation in

Heparinase II pretreated and control cells were washed twice with
serum free medium and then incubated for 1 h with active heparanase
(1 µg/ml). Culture medium (second panel) and cell lysates (third panel)
were subjected to immunoblotting with anti-TFPI and anti-actin (lower
panel) antibodies. E) Co-IP. Overnight incubated serum free media of
control mock transfected (Con) and heparanase transfected (Hepa)
U87 cells (1 x 106/ml) were incubated with beads coupled to polyclonal
anti-heparanase (upper panel), or anti-TFPI (lower panel) antibodies.
Bound proteins were analyzed by immunoblotting for the presence of
TFPI (upper, left) or heparanase (lower, left), using the respective anti-
body, as described in Materials and methods. F) Similarly, purifiedTFPI
and GS3 active heparanase proteins were incubated (T), and co-IP
experiment was carried out as described above. Note the interaction
betweenTFPI and heparanase, and the absence of interaction with
beads coupled to irrelevant anti-GST polyclonal antibody (Con-1),
or uncoupled beads (Con-2).

Figure 4: Heparanase-inducedTFPI release is independent of
enzymatic activity and HS.A) U87 cells were infected with control
empty lenti virus, or a viral vector expressing active or inactive hepara-
nase. Cell conditioned medium and lysate samples were subjected to
immunoblot analysis with anti TFPI and anti-actin antibodies. Note en-
hancedTFPI accumulation in the culture medium of cells infected with
enzymatically inactive heparanase. B) HT-29 cells were incubated with
active heparanase (GS3, 1 µg/ml, Ex) or stably transfected with full
length heparanase cDNA (Tr). Conditioned medium (Med) and cell
lysates were analyzed by immunoblotting forTFPI expression and extra-
cellular accumulation. C) HEK-293 cells were transfected with wild
type latent 65 kDa heparanase (65) or heparanase gene construct lack-
ing its heparin-binding domain (65Δ10). Conditioned medium and cell
lysates were subjected to immunoblotting, as described above. D) U87
cells were left untreated as control (Con), or pretreated with bacterial
heparinase II (0.01 unit/ml, 1h, 37oC). The culture medium was then
collected and analyzed by immunoblotting utilizing anti-TFPI antibodies. T
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the cell culture medium. TFPI released into the medium was in-
active (Fig. 1), likely due to its interaction with heparanase,
further supporting the procoagulant effect of heparanase. Impor-
tantly, in-vitro studies are supported by the elevation ofTFPI lev-
els in the plasma of transgenic mice over-expressing heparanase
(Fig. 2). Moreover, increased levels of TFPI have been noted in
the plasma of cancer patients (25, 26), possibly reflecting the in-
duction of heparanase expression and elevation of its plasma lev-
els revealed by a newly developed ELISA assay (27) (Shafat et
al., data not shown). In HUVEC and tumor derived cell lines, re-
lease ofTFPI from the cell surface correlated with enhancedTF-
mediated coagulation (Fig. 3). The fact that accumulation of
TFPI in the medium and increased procoagulant activity on the
cell surface were detected already within 1 h of incubation of
HUVEC with heparanase, prior to the induction of TF [14] or
TFPI, indicates that the release of TFPI is of the mature, pre-
formed protein rather than a newly synthesized TFPI (Figs. 1E,
3A). In parallel, after 6 h of incubation with heparanase, induc-
tion of TFPI was observed at both the mRNA and protein levels
(Fig. 1E, G). Thus, heparanase enhances local coagulation activ-
ity via two independent mechanisms with different kinetics,
namely, TFPI dissociation from the cell surface followed by in-
duction of TF expression (14). Both functions require secretion
of heparanase, but no enzymatic activity, yet the underlying
mechanism is apparently different. While TF induction appears
to be mediated by the p38 signaling pathway via a putative he-
paranase binding protein/receptor (14), the release of TFPI is
likely due to its physical interaction with the secreted hepara-
nase, as is clearly evident by co-IP experiments (Fig. 4), reflect-
ing for the first time a functional interaction between heparanase
and a membrane protein. Extracellular accumulation of TFPI
upon heparanase addition suggests that following their inter-
action, the complex TFPI/heparanase dissociates from the plas-
ma membrane and accumulates extracellularly.
Elevated levels of heparanase may be generated locally upon

degranulation of neutrophils, mast cells and platelets (28),
further facilitating blood coagulation at the site of platelet acti-
vation. Extracellular heparanase is also upregulated upon cell
transformation and cancer progression (Shafat et al., data not
shown). Heparanase upregulation is noted in essentially all pri-
mary human tumors examined, correlatingwith reduced post op-

erative survival and poor prognosis (3-10). Cancer patients often
display a pro-thrombotic state due to the ability of tumor cells to
activate the coagulation system. Over-expression of TF and ac-
quired activated protein C resistance (APC resistance) were sug-
gested to be the main factors for coagulopathy conditions in ma-
lignant disorders (29). Hemostatic function of heparanase,
executed by inducingTF expression and releasingTFPI from the
endothelial cell surface, provides amechanism bywhich hepara-
nase contributes to tumor complication, in addition to its estab-
lished pro-angiogenic and pro-metastatic activities (1, 2).
LowTFPI was found to be a risk factor for venous thrombo-

sis (30) while treatment with heparins increases the level ofTFPI
in plasma, further enhancing the systemic anticoagulant effect of
heparins (31). In addition, species of heparins which do not af-
fect clotting time, still release TFPI and exert an anti-metastatic
effect (32–34). Heparanase is strongly inhibited by heparins, re-
gardless of their effect on clotting time (35). Inhibition of he-
paranase by heparinmay reduce the release of heparanase-bound
TFPI. Moreover, heparins enable the release of activeTFPI, thus
potentially neutralizing, in part, the pro-coagulant effect of he-
paranase. This course of events may further contribute to the
anti-coagulant effect of heparins.Taken together, our results sup-
port the notion that heparanase is a modulator of blood coagu-
lation, and suggest a novel mechanism by which heparanase
regulates TFPI levels on the surface of endothelial and cancer
cells. The elevation of heparanase levels in human tumors to-
gether with the pro-thrombotic state of most neoplasms, suggest
a possible clinical relevance of the procoagulant function of he-
paranase, as was demonstrated for leukemia patients (14). Tar-
geting domains of heparanase that mediate its enzymatic activ-
ity-dependent and independent functions may prove beneficial
for patients with cancer and pro-thrombotic conditions.
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