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Abstract
Heparanase is an endoglycosidase that participates in morphogenesis, tissue repair,

heparan sulphates turnover and immune response processes. It is over-expressed in tumor

cells favoring the metastasis as it penetrates the endothelial layer that lines blood vessels

and facilitates the metastasis by degradation of heparan sulphate proteoglycans of the

extracellular matrix. Heparanase may also affect the hemostatic system in a non-enzymatic

manner, up-regulating the expression of tissue factor, which is the initiator of blood coagula-

tion, and dissociating tissue factor pathway inhibitor on the cell surface membrane of endo-

thelial and tumor cells, thus resulting in a procoagulant state. Trying to check the effect of

heparanase on heparin, a highly sulphated glycosaminoglycan, when it activates antithrom-

bin, our results demonstrated that heparanase, but not proheparanase, interacted directly

with antithrombin in a non-covalent manner. This interaction resulted in the activation of

antithrombin, which is the most important endogenous anticoagulant. This activation mainly

accelerated FXa inhibition, supporting an allosteric activation effect. Heparanase bound to

the heparin binding site of antithrombin as the activation of Pro41Leu, Arg47Cys, Lys114Ala

and Lys125Alaantithrombin mutants was impaired when it was compared to wild type anti-

thrombin. Intrinsic fluorescence analysis showed that heparanase induced an activating

conformational change in antithrombin similar to that induced by heparin and with a KD of

18.81 pM. In conclusion, under physiological pH and low levels of tissue factor, heparanase

may exert a non-enzymatic function interacting and activating the inhibitory function of

antithrombin.

Introduction
Heparanase is an endoglycosidase able to cleave heparan sulphate side chains at a limited num-
ber of sites, yielding heparan sulphate fragments of still appreciable size (~5–7 kDa) [1–3].
Heparanase is expressed as an enzymatically inactive proheparanase that is later converted into
an active enzyme following processing by proteases, such as cathepsin-L [4]. Its activity
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correlates with the metastatic potential of tumor cells, attributed to enhanced cell dissemina-
tion as a consequence of heparan sulphate cleavage and remodeling of the extracellular matrix
barrier [5,6]. Heparanase is secreted by platelets after degranulation, leukocytes or endothelial
cells and it has multiple roles. It can aid cell invasion by degrading heparan sulphate proteogly-
cans and can release growth factors bound to heparan-sulphate that initiate angiogenesis, such
as VEGF, or activate tissue repair by releasing FGF. Heparan sulphate-disaccharides liberated
by heparanase also inhibit TNF production by macrophages with direct consequences as a neg-
ative regulator of inflammation [4]. Up-regulated expression of heparanase has been noted in
essentially all human tumors examined, as well as in inflammation, wound healing, and dia-
betic nephropathy [5–7].

Besides, heparanase has been recently revealed as an important modulator of blood coagula-
tion. Heparanase is able to activate tissue factor (TF) in a non-enzymatic manner, and up-regu-
lates TF expression [8]. Heparanase also interacts with tissue factor pathway inhibitor (TFPI)
on the cell surface, leading to dissociation of TFPI from the cell membrane of endothelial and
tumor cells, resulting in decreased anticoagulant capacity at the cell surface [9]. Antithrombin
is the main inhibitor of the coagulation system and its main targets are FXa and FIIa or throm-
bin [10]. The binding of glycosaminoglycans to the heparin-binding site causes a conforma-
tional transition in antithrombin that closes the β-sheet A, which expels the reactive center
loop, activating the molecule [11]. This control allows a slight delay in the antithrombin antico-
agulant function and restrains it to the site of vascular injury. Therefore, alteration of heparin
affinity results in a defective inhibitory function of this serpin. Several studies have reported
the procoagulant state derived from mutations affecting the antithrombin heparin binding
[12–15].

Under physiological conditions, heparanase is not over-expressed and it does not exert
endoglycosidase activity. However, it has been demonstrated that there is an increased hepara-
nase procoagulant activity in healthy shift working nurses in comparison to healthy daytime
working nurses [16]. In this study we have addressed the potential effect of heparanase on anti-
thrombin inhibitory function under physiological pH in order to better know its role in
coagulation.

Materials and Methods

Materials
Low molecular weight heparin (LMWH; Bemiparin) and unfractionated heparin (UFH) were
from Rovi (Madrid, Spain). FXa was from Enzyme Research Laboratories (Swansea, United
Kingdom) and FIIa was from (Merck Millipore, Madrid, Spain). Culture media were obtained
from Gibco (Fisher Scientific, Madrid, Spain).

Recombinant human active heparanase was from R&D systems. TFPI presence on hepara-
nase preparation was evaluated by silver staining and immunostaining with anti-human TFPI
(from rabbit, Santa Cruz Biotechnologies, USA) followed by donkey anti-rabbit IgG–horserad-
ish peroxidase conjugate (GE Healthcare, Barcelona, Spain), with detection via an ECL kit (GE
Healthcare, Barcelona, Spain). Plasma pooled from healthy volunteers was used as control for
TFPI detection. Plasma samples were procured from the donation centre “Centro regional de
Hemodonación” (http://www.murciasalud.es/crh.php?iddoc=196989&idsec=202#).

According to R&D, heparanase was purchased after purification by Ni2+-affinity chroma-
tography and removal of the His-tag of recombinant heparanase by protease treatment. This
was even proved by checking the presence of histidines on heparanase preparation via immu-
nodetection with mouse anti-histidine (Fisher Scientific, UK) followed by sheep anti-mouse
IgG-horseradish peroxidase conjugate (GE Healthcare, Barcelona, Spain), with detection via an
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ECL kit (GE Healthcare, Barcelona, Spain). Antithrombin with a histidine tag at C-terminal
was used as control for histidine detection.

Proheparanase expression in 293T cells and evaluation of the activation
of antithrombin
Proheparanase expression was conducted by transfecting 293T cells with HPSE (Myc-DDK-
tagged)-Human heparanase plasmid (Origene, Madrid, Spain).We transfected 340 ng of plas-
mid for 30 minutes in OptiMEM with LTX (Invitrogen, Barcelona, Spain), as suggested by the
manufacturer. After 6 hours, cells were washed with PBS and conditioned medium was added
to the cells. Supernatant was recovered 24 hours after transfection and from cells transfected
with an empty plasmid, and both were concentrated 10-fold by tangential ultrafiltration using
Visvaspin 2, 10 kDa MWCO (GE Healthcare, Barcelona, Spain). After concentration, prohe-
paranase expression was evaluated by using a monoclonal anti-c-Myc antibody (Clontech,
Conda laboratories, Madrid, Spain) in a 10% SDS-PAGE under reducing conditions. Monoclo-
nal mouse anti-IgG (Jackson Immunoresearch, PA, USA) was added as secondary antibody.
Activation of the inhibitory effect of antithrombin was assayed by electrophoresis. Briefly,
wild-type antithrombin (0.179 μM) was incubated for 15 min at 37°C with 10-fold concen-
trated supernatant of cells transfected with HPSE (Myc-DDK-tagged)-Human heparanase
plasmid and with 10-fold concentrated supernatant of cells transfected with the empty plasmid
in medium supplemented with HPSE (0.17 nM final concentration); LMWH (6.6 μM) and FXa
(0.2 μM). The final reactions were loaded in SDS-PAGE under reducing conditions and com-
plexes were detected by Western blot with a rabbit anti-human antithrombin (Sigma Aldrich,
Madrid, Spain) followed by donkey anti-rabbit IgG-horseradish peroxidase conjugate (GE
Healthcare, Barcelona, Spain), with detection via an ECL kit (GE Healthcare, Barcelona,
Spain).

Recombinant expression of wild type and mutant antithrombins
Site directed mutagenesis was performed using the Stratagene QuikChange Site-Directed
Mutagenesis kit and the appropriate primers to obtain p.P73L, p.R79C, p.K146A and p.K157A
mutants on the pCEP4/AT-pS169A plasmid containing the wild-type cDNA sequence of the
human antithrombin molecule but that only produce β-glycoform. This plasmid was gener-
ously provided by Dr. J Huntington (CIMR, Cambridge). Human Embryonic Kidney cells
expressing the Epstein Barr Nuclear Antigen 1 (HEK-EBNA) were grown to 70% confluence at
37°C, 5% CO2, in DMEM with GlutaMAX-I medium (Invitrogen, Barcelona, Spain), supple-
mented with 5% fetal bovine serum (Sigma-Aldrich, Madrid, Spain). We transfected 200 μg/
mL of wild type and mutant plasmids for 30 minutes in OptiMEM with LTX (Invitrogen, Bar-
celona, Spain), as suggested by the manufacturer. After 24 hours, the cells were washed with
PBS and changed to a CD-CHO medium (Invitrogen, Barcelona, Spain) supplemented with
4mM L-glutamine and 0.25 mg/mL Geneticin (Invitrogen, Barcelona, Spain). Cells were grown
at 37°C for 10 days. The media was harvested and replaced by a fresh medium every 2 days.

Protein purification and electrophoretic evaluation
Human plasma α-antithrombin was purified from a pool of 100 healthy subjects by heparin
affinity chromatography on HiTrap Heparin columns (GE Healthcare, Barcelona, Spain),
using an ÄKTA Purifier (GE Healthcare, Barcelona, Spain) in 50 mM Tris-HCl, pH 7.4 in a
gradient from 0 to 3 M NaCl. Fractions with antithrombin were applied to a HiTrap Q column
(GE Healthcare, Barcelona, Spain). Finally, proteins were eluted using a gradient from 0 to 1 M
NaCl and desalted using dialysis tubing (Thermo Fisher, Spain). Recombinant antithrombin
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from media harvests was purified using the same strategy described for plasma antithrombin.
Purity of proteins was evaluated by 8% SDS-PAGE by silver staining, as indicated elsewhere
[17]. Proteins were stored at -70°C.

Evaluation of the inhibitory function of antithrombin in presence of
heparanase
Anti-FXa and anti-FIIa activities were assayed by incubating wild-type antithrombin (0.232
nM), with heparanase (0.083 nM) and LMWH (0.096 nM) or UFH (0.03 nM) with FXa (2 μM)
or FIIa (2 μM), respectively. Hydrolysis of chromogenic substrates (S-2765 for FXa or S-2238
for FIIa) (Chromogenix, Izasa, Spain) was recorded at 405 nm for 10 min in a plate reader.

Recombinant antithrombin variants (300 ng; 0.179 μM) were incubated with FXa (0.2 μM)
for 15 min at 37°C. The reaction was carried out with or without previous incubation with
heparanase (0.57 nM) for 5 minutes. Reactions with UFH or LMWH (6.6 μM) were performed
with wild type antithrombin and FIIa or FXa, respectively, in order to compare the complexes
established when antithrombin was activated by heparanase. The final reactions were loaded in
SDS-PAGE under reducing conditions and complexes were detected by silver staining.

Determination of dissociation equilibrium constant (KD) for the
antithrombin-heparanase interaction
Equilibrium dissociation constants (KD) for the antithrombin-heparanase interaction were
determined essentially as described previously [11,18]. Briefly, the change in intrinsic fluores-
cence of antithrombin (50 nM) upon titration of the heparanase was monitored at 340 nm on a
Cary Eclipse spectrofluorometer (Agilent technologies, Barcelona, Spain), with excitation at
280 nm and using bandwidths of 2.5 nm for both excitation and emission. All titrations were
carried out at room temperature under physiological ionic strength (I = 0.15) in 20 mm
Na2HPO4, 100 mm NaCl, 0.1 mm EDTA, 0.1% polyethylene glycol 8000, pH 7.4. Fluorescence
emission intensity was taken as the average of 100 measurements recorded at 1-s intervals for
each addition of heparin. Data were fitted as previously described [11,18].

Structural modelling
Structural modeling was rendered by using SWISS-MODEL and Swiss-PdbViewer programs
[19]. SWISS-MODEL used 3vny.1.A as template of heparanase, since it hadthe higgest homol-
ogy in sequence, and corresponds to beta-glucuronidase from Acidobacterium capsulatum.

Results

Antithrombin activation by heparanase
Incubation of antithrombin with heparanase in the absence of heparin provoked the activation
of antithrombin in its inhibitory function of FXa (Fig 1A), and slightly increased the inhibitory
effect on FIIa (Fig 1B), indicating that there is an allosteric activation of antithrombin. More-
over, heparanase did not impair the activation of antithrombin by LMWH or UFH (data not
shown).

Despite heparanase was purified by Ni2+-affinity chromatography instead of a heparin
affinity column, the presence of contaminant heparin in the heparanase preparation was the
first premise to be addressed. To rule out the presence of heparin, heparanase was incubated
overnight at 37°C in 80 mM CH3COONa, 250 mMNaCl, pH 4.5, a procedure that activated
the endoglycosidase function of heparanase. After this incubation, the preparation was dialysed
in 20 mMNaH2PO4 buffer pH 7.4. The inhibition of FXa by antithrombin upon heparanase-
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mediated activation was not affected by activation of the endoglycosidase activity of hepara-
nase, giving a result comparable to that shown in Fig 1A. The absence of a histidine tag in the
protein was also proved, since protease cleavage was used to remove the tag after purification
of the protein by Ni2+-affinity chromatography (S1A Fig).

Potential contamination with TFPI in the heparanase preparation that might explain the inhi-
bition of FXa was also ruled out by the absence of immunologic detection of TFPI (S1B Fig).

Evaluation of the interaction between antithrombin and heparanase and
consequences in the formation of covalent complexes between
antithrombin and its target proteases
We firstly evaluated whether the interaction between human plasma antithrombin and hepara-
nase affected the electrophoretic mobility of antithrombin in SDS-PAGE under reducing con-
ditions. As shown in Fig 2, antithrombin and heparanase did not establish covalent
interactions. However, accordingly to the functional assays previously described, heparanase
exacerbated the formation of covalent complexes between antithrombin and FXa, although
with reduced efficiency in comparison to LMWH(Fig 2)

We also addressed whether proheparanase was able to bind and activate antithrombin.
Transfected 293T cells with a plasmid containing the sequence of proheparanase secreted this

Fig 1. Antithrombin inhibitory activity upon heparanase-mediated activation. Anti-FXa (A) and anti-FIIa (B) activities of antithrombin upon
activation with low molecular weight heparin (LMWH) for anti-FXa or unfractionated heparin (UFH) for anti-FIIa, and heparanase (HPSE) evaluated
using a chromogenic method in which the hydrolysis of the susbtrates S-2765 (for FXa) or S-2238 (for FIIa) are followed at 405 nm. Measurements were
performed in duplicate.

doi:10.1371/journal.pone.0157834.g001

Fig 2. Detection of covalent complexes between antithrombin and FXa upon heparanase-mediated
activation. SDS-PAGE under reducing conditions of antithrombin in complex with FXa upon activation with
low molecular weight heparin (LMWH) and heparanase (HPSE). Detection was done by western blot.

doi:10.1371/journal.pone.0157834.g002

Heparanase Activates Antithrombin

PLOS ONE | DOI:10.1371/journal.pone.0157834 June 20, 2016 5 / 11



protein to the supernatant (S2A Fig left panel). The effect of proheparanase on the activation of
antithrombin and the consequent inhibitory effect of FXa was evaluated by the ability of anti-
thrombin to establish covalent complexes with FXa. Proheparanase activated antithrombin
(S2B Fig, right panel).

Determination of heparanase binding site in antithrombin
As the heparin binding site of antithrombin is well defined[20], we expressed and purified dif-
ferent antithrombin variants with mutations affecting key residues of this domain to determine
if they could also be involved in the heparanase binding: Pro41Leu, Arg47Cys, Lys114Ala and
Lys125Ala.Electrophoretic evaluation of covalent complexes with FXa in presence of LMWH
and heparanase showed that P41L mutant was the most affected protein in the interaction
between antihrombin and FXa when antithrombin is activated by heparanase (Fig 3).

Then, to define the affinity of heparanase to antithrombin and to determine the contribu-
tion of each one of these residues to such interaction, KD was calculated through intrinsic fluo-
rescence studies. We firstly checked that heparanase did not emitted fluorescence under the
conditions assayed (S3 Fig). As shown in Table 1, Pro41 and Lys125 must be key residues for

Fig 3. Formation of complex of different antithrombin mutants with FXa upon heparanase-mediated
activation. SDS-PAGE under reducing conditions of Pro41Leu, Arg47Cys, Lys114Ala and Lys125Ala
variants of antithrombin in complex with FXa upon activation with low molecular weight heparin (LMWH) and
heparanase (Hpase). Wild type antithrombin was used as positive control.

doi:10.1371/journal.pone.0157834.g003

Table 1. Equilibrium dissociation constants for heparanase binding to different variants of antithrombin.

Variant KD (pM) ± SD ΔFmax (Arbitrary units) Fo (ΔFmax/Fo)*100

Wild-Type 18.81 ± 0.50 18.51 17.30 106.99

Pro41Leu 85.41 ± 0.51 18.85 21.91 86.03

Arg47Cys 74.09 ± 1.11 6.48 15.44 41.97

Lys114Ala 61.78 ± 0.73 6.57 10.78 60.95

Lys125Ala 84.69 ± 0.96 21.42 23.48 91.23

Determination of residues involved in the heparanase binding to antithrombin by evaluation of the intrinsic fluorescence emission of antithrombin though

heparanase titration. KD values determine the affinity of antithrombin mutants in comparison to wild type.

doi:10.1371/journal.pone.0157834.t001
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heparanase binding because the KD increased when these residues are mutated. Intriguingly,
the KD value of the other two mutants, Arg47Cys and Lys114Ala, also increased in comparison
with wild type antithrombin, but the maximum fluorescence increase ((ΔFmax/Fo)�100) was
smaller, which means that these residues are affecting the intrinsic fluorescence emission when
antithrombin is activated by heparanase.

Discussion
Heparanase is a protein with functions that depend on its enzymatic activity. These functions
are closely associated with tumor malignancy. Related to its endoglycosidase activity, hepara-
nase may function as a potent modulator of tumor behavior due to its pro-tumorigenic, pro-
angiogenic and pro-metastatic activities. Moreover, several studies have demonstratedthat
heparanase is up-regulated in all human sarcomas and carcinomas and it is detected at elevated
levels in body fluids of breast cancer patients[21]. In addition, heparanase seems to regulate
secretion, composition, and function of tumor cell-derived exosomes [22]. On the other hand,
heparanase also exerts functions independently of its enzymatic activity. Hence, it has been
described that heparanase affects the hemostatic system in a non-enzymatic manner, by
directly enhancing TF activity and up-regulating its expression[23]. This results in an increased
factor Xa production and leads to dissociation of TFPI from the endothelial membrane surface,
thus activating the coagulation system[24]. A potential role of heparanase in coagulation has
also been suggested based on the high expression of this protein during the pro-thrombotic
state of most neoplasms [23].

In our study, we show a new function of heparanase on the hemostatic system that does not
require its enzymatic action, and that, therefore, it can be played under physiological condi-
tions, as the physiological pH is not the optimal for the endoglycosidase function [25]. We
have demonstrated that antithrombin and heparanase may interact in vitro at physiological
pH. This interaction did not involve the formation of a covalent complex that is the way in
which antithrombin inhibits its target serine proteases[26]. The incubation between both pro-
teins resulted in the activation of antithrombin. The heparanase-mediated activation of anti-
thrombin resulted in an increased inhibition of FXa. This could imply that heparanase-
mediated inhibition of FXa by antithrombin happens by an allosteric mechanism[26]. We also
analyzed whether proheparanase was able to exert this activating function, as it share many
structural domains with the active heparanase [3]. Our results showed that proheparanase was
also able to increase the inhibitory effect of antithrombin. Since the activation of antithrombin
by heparanase seemed to provoke the same effect as heparins, we presumed that heparanase
could bind to the heparin binding domain of antithrombin. Using different mutants with low
heparin affinity [15,27], we have also defined some residues in antithrombin that might be rele-
vant for the interaction with heparanase. Except for Pro41, the rest of the residues that we have
defined involved in the interaction of antithrombin with heparanase are positively charged.
This means that if electrostatic interactions are mediating the binding between both proteins,
heparanase should have a negatively charged domain. Based on a structural model, it is shown
that, although most of the protein is positively charged, heparanase presents a negatively
pocket, also present in proheparanase, consisting of the following residues: Asp135, Glu137,
Glu138, Glu143, and Glu148 (Fig 4).

Moreover, Trp144 and Tyr146, which are placed in this pocket, could interact with Pro41 in
antithrombin, as it has been described that proline residues preferentially interacts with aro-
matic residues [28] (Fig 4). Even though heparanase may interact with heparan sulphates,
which is indeed favored by the high concentration of positive charges in heparanase and the
negative groups in the heparan sulphates, it has been also reported that heparanase is able to
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bind histidine rich glycoprotein [29]. Thus, it seems that heparanase might interact with other
proteins through the negatively charged pocket.

In summary, our study shows that heparanase might have an anticoagulant function under
physiological pH; where the endoglycosydase activity is not produced due to the neutral pH.
However, the relevance of this function may be scarce, as heparanase has a low expression
under these conditions. In those conditions where TF may be highly exposed and levels of
heparanase are increased (16), the anticoagulant function mediated by the activation of anti-
thrombin could compensate somehow the activation of the TF expressed. Nevertheless, our
study has defined the potential interaction between these two proteins that should be consid-
ered when the functions of heparanase are evaluated.

Supporting Information
S1 Fig. Absence of the Histidine-tag and TFPI in the heparanase preparation. SDS-PAGE
under reducing conditions and western blot of heparanase sample for immunodetection of the
Histidine-tag (left panel) or TFPI (right panel). Antithrombin with a histidine-tag at C-termi-
nal (AT-His) was used as control for the histidine immunodetection (20 ng), to compare with
heparanase (20 ng). Control plasma (0.5 μl) from a pool of 100 healthy volunteers was used for
TFPI immunodetection. The mean plasma concentration of TFPI in a healthy adult population
is 89 ng/ml. Heparanase was loaded at a final concentration of 24 ng. Absence of signal con-
firms the purity of heparanase preparation, and the absence of histidines indicates that the pro-
tein was purified by using N2+-affinity chromatography followed by tag removal with the
suitable protease.
(TIF)

S2 Fig. Proheparanase expression in the supernatant of 293T cells and effect on the activa-
tion of antithrombin. A) Proheparanase expression on the conditioned medium of 293 cells
transfected with a plasmid expressing proheparanase Myc-DDK-tagged and an empty plasmid
(Mock) was assayed by Western Blot using an anti-c-Myc antibody after SDS-PAGE under
reducing conditions. B) Detection of covalent complexes between antithrombin and FXa upon
proheparanase and heparanase-mediated activation. SDS-PAGE under reducing conditions of
antithrombin in complex with FXa upon activation with low molecular weight heparin
(LMWH), active heparanase (HPSE), 10-fold concentrated medium of cells transfected with
proheparanase (mProHPSE); 10-fold concentrated medium of cells transfected with an empty
plasmid but supplemented with active heparanase (mHPSE). Detection was done by western
blot using an anti-antithrombin antibody.
(TIF)

S3 Fig. Intrinsic fluorescence change in antithrombin caused by heparanase titration. Black
dots represent the conformational activation of antithrombin (+AT). White dots represent the
fluorescence of the heparanase added during the titration (-AT).
(TIF)

Fig 4. Structural representation of antithrombin and heparanase. A) Molecular surface representation of
antithrombin (1t1fA) and the structural model of human heparanase (3vny.1.A). Color blue represents
positively charged surface and red displays anionic surface. White is assigned for neutral charged surface. B)
Representation of those residues in antithrombin involved in the binding of heparanase and those potentially
concerned in heparanase. Residues are displayed with spheres. Those residues potentially involved in
electrostatic binding are colored in black spheres (Arg47, Lys114 and Lys125 in antithrombin, and Asp135,
Glu137, Glu138, Glu143 and Glu148 in heparanase). Pro41 in antithrombin is highlighted in green. The
suggested residues in heparanase (Trp 144 and Tyr146) as involved in the interaction with Pro41 are also
colored in green. C) Suggested docking between antithrombin and heparanase.

doi:10.1371/journal.pone.0157834.g004

Heparanase Activates Antithrombin

PLOS ONE | DOI:10.1371/journal.pone.0157834 June 20, 2016 9 / 11

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0157834.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0157834.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0157834.s003


Author Contributions
Conceived and designed the experiments: IMM JC VV. Performed the experiments: NB SE SA.
Analyzed the data: IMM RTM JC. Contributed reagents/materials/analysis tools: IMMNB SE.
Wrote the paper: IMM JC RTM SA.

References
1. Vlodavsky I, Ilan N, Naggi A, Casu B. Heparanase: structure, biological functions, and inhibition by hep-

arin-derived mimetics of heparan sulfate. Curr Pharm Des. 2007; 13: 2057–2073. PMID: 17627539

2. Peterson SB, Liu J. Unraveling the specificity of heparanase utilizing synthetic substrates. J Biol Chem.
2010; 285: 14504–14513. doi: 10.1074/jbc.M110.104166 PMID: 20181948

3. Vlodavsky I, Ilan N, Nadir Y, Brenner B, Katz BZ, Naggi A, et al. Heparanase, heparin and the coagula-
tion system in cancer progression. Thromb Res. 2007; 120: 112–120.

4. Parish CR. The role of heparan sulphate in inflammation. Nat Rev Immunol. 2006; 6: 633–643. PMID:
16917509

5. Parish CR, Freeman C, Hulett MD. Heparanase: a key enzyme involved in cell invasion. Biochim Bio-
phys Acta. 2001; 1471: 99–108.

6. Vlodavsky I, Friedmann Y. Molecular properties and involvement of heparanase in cancer metastasis
and angiogenesis. J Clin Invest. 2001; 108: 341–347. PMID: 11489924

7. Dempsey LA, Brunn GJ, Platt JL. Heparanase, a potential regulator of cell-matrix interactions. Trends
Biochem Sci. 2000; 25: 349–351. PMID: 10916150

8. Nadir Y, Brenner B, Zetser A, Ilan N, Shafat I, Zcharia E, et al. Heparanase induces tissue factor
expression in vascular endothelial and cancer cells. J Thromb Haemost. 2006; 4: 2443–2451. PMID:
16970801

9. Nadir Y, Brenner B, Gingis-Velitski S, Levy-Adam F, Ilan N, Zcharia E, et al. Heparanase induces tissue
factor pathway inhibitor expression and extracellular accumulation in endothelial and tumor cells.
Thromb Haemost. 2008; 99: 133–141. PMID: 18217145

10. Rau JC, Beaulieu LM, Huntington JA, Church FC. Serpins in thrombosis, hemostasis and fibrinolysis. J
Thromb Haemost. 2007; 5: 102–115.

11. Langdown J, Belzar KJ, Savory WJ, Baglin TP, Huntington JA. The critical role of hinge-region expul-
sion in the induced-fit heparin binding mechanism of antithrombin. J Mol Biol. 2009; 386: 1278–1289.
PMID: 19452598

12. Aguila S, Navarro-Fernandez J, Bohdan N, Gutierrez-Gallego R, de la Morena-Barrio ME, Vicente V,
et al. Role of the C-sheet in the maturation of N-glycans on antithrombin: functional relevance of pleio-
tropic mutations. J Thromb Haemost. 2014; 12: 1131–1140. doi: 10.1111/jth.12606 PMID: 24824609

13. Luxembourg B, Pavlova A, Geisen C, Spannagl M, Bergmann F, Krause M, et al. Impact of the type of
SERPINC1mutation and subtype of antithrombin deficiency on the thrombotic phenotype in hereditary
antithrombin deficiency. Thromb Haemost. 2014; 111: 249–257. doi: 10.1160/TH13-05-0402 PMID:
24196373

14. Martinez-Martinez I, Ordonez A, Navarro-Fernandez J, Perez-Lara A, Gutierrez-Gallego R, Giraldo R,
et al. Antithrombin Murcia (K241E) causing antithrombin deficiency: a possible role for altered glycosyl-
ation. Haematologica. 2010; 95: 1358–1365. doi: 10.3324/haematol.2009.015487 PMID: 20435622

15. Martinez-Martinez I, Navarro-Fernandez J, Ostergaard A, Gutierrez-Gallego R, Padilla J, Bohdan N,
et al. Amelioration of the severity of heparin-binding antithrombin mutations by posttranslational mosai-
cism. Blood. 2012; 120: 900–904. doi: 10.1182/blood-2012-01-406207 PMID: 22498748

16. Nadir Y, Saharov G, Keren-Politansky A, Tzoran I, Brenner B, et al. Heparanase procoagulant activity,
factor Xa, and plasminnogen activator inhibitor 1 are increased in shift work female nurses. Ann Hema-
tol. 2015; 94:1213–1219 doi: 10.1007/s00277-015-2345-8 PMID: 25743687

17. Mushunje A, Evans G, Brennan SO, Carrell RW, Zhou A. Latent antithrombin and its detection, forma-
tion and turnover in the circulation. J Thromb Haemost. 2004; 2: 2170–2177. PMID: 15613023

18. Olson ST, Shore JD. Binding of high affinity heparin to antithrombin III. Characterization of the protein
fluorescence enhancement. J Biol Chem. 1981; 256: 11

19. G Biasini M, Bienert S, Waterhouse A, Arnold K, Studer G, Schmidt T, Kiefer F, Gallo Cassarino T, Ber-
toni M, Bordoli L, Schwede T. SWISS-MODEL: modelling protein tertiary and quaternary structure
using evolutionary information. Nucleic Acids Res. 2014; 42: 252–258.

20. Olson ST, Richard B, Izaguirre G, Schedin-Weiss S, Gettins PG. Molecular mechanisms of antithrom-
bin-heparin regulation of blood clotting proteinases. A paradigm for understanding proteinase

Heparanase Activates Antithrombin

PLOS ONE | DOI:10.1371/journal.pone.0157834 June 20, 2016 10 / 11

http://www.ncbi.nlm.nih.gov/pubmed/17627539
http://dx.doi.org/10.1074/jbc.M110.104166
http://www.ncbi.nlm.nih.gov/pubmed/20181948
http://www.ncbi.nlm.nih.gov/pubmed/16917509
http://www.ncbi.nlm.nih.gov/pubmed/11489924
http://www.ncbi.nlm.nih.gov/pubmed/10916150
http://www.ncbi.nlm.nih.gov/pubmed/16970801
http://www.ncbi.nlm.nih.gov/pubmed/18217145
http://www.ncbi.nlm.nih.gov/pubmed/19452598
http://dx.doi.org/10.1111/jth.12606
http://www.ncbi.nlm.nih.gov/pubmed/24824609
http://dx.doi.org/10.1160/TH13-05-0402
http://www.ncbi.nlm.nih.gov/pubmed/24196373
http://dx.doi.org/10.3324/haematol.2009.015487
http://www.ncbi.nlm.nih.gov/pubmed/20435622
http://dx.doi.org/10.1182/blood-2012-01-406207
http://www.ncbi.nlm.nih.gov/pubmed/22498748
http://dx.doi.org/10.1007/s00277-015-2345-8
http://www.ncbi.nlm.nih.gov/pubmed/25743687
http://www.ncbi.nlm.nih.gov/pubmed/15613023


regulation by serpin family protein proteinase inhibitors. Biochimie. 2010; 92: 1587–1596. doi: 10.1016/
j.biochi.2010.05.011 PMID: 20685328

21. Vlodavsky I, Elkin M, Ilan N. Impact of heparanase and the tumor microenvironment on cancer metasta-
sis and angiogenesis: basic aspects and clinical applications. RambamMaimonides Med J. 2011; 2:
e0019. doi: 10.5041/RMMJ.10019 PMID: 23908791

22. Thompson CA, Purushothaman A, Ramani VC, Vlodavsky I, Sanderson RD. Heparanase regulates
secretion, composition, and function of tumor cell-derived exosomes. J Biol Chem. 2013; 288: 10093–
10099. doi: 10.1074/jbc.C112.444562 PMID: 23430739

23. Nadir Y. Heparanase and coagulation-new insights. RambamMaimonides Med J. 2014; 5: e0031. doi:
10.5041/RMMJ.10165 PMID: 25386347

24. Nadir Y, Brenner B. Heparanase multiple effects in cancer. Thromb Res. 2014; 133: 90–94.

25. Dempsey LA, Plummer TB, Coombes SL, Platt JL. Heparanase expression in invasive trophoblasts
and acute vascular damage. Glycobiology. 2000; 10: 467–475. PMID: 10764835

26. Johnson DJ, Li W, Adams TE, Huntington JA. Antithrombin-S195A factor Xa-heparin structure reveals
the allosteric mechanism of antithrombin activation. EMBO J. 2006; 25: 2029–2037. PMID: 16619025

27. Schedin-Weiss S, Arocas V, Bock SC, Olson ST, Bjork I. Specificity of the basic side chains of Lys114,
Lys125, and Arg129 of antithrombin in heparin binding. Biochemistry. 2002; 41: 12369–12376. PMID:
12369826

28. Zondlo NJ. Aromatic-proline interactions: electronically tunable CH/pi interactions. Acc Chem Res.
2013; 46: 1039–1049. doi: 10.1021/ar300087y PMID: 23148796

29. Poon IK, Yee DY, Jones AL, Wood RJ, Davis DS, Freeman C, et al. Histidine-rich glycoprotein binds
heparanase and regulates its enzymatic activity and cell surface interactions. Int J Biochem Cell Biol.
2010; 42: 1507–1516. doi: 10.1016/j.biocel.2010.05.008 PMID: 20561914

Heparanase Activates Antithrombin

PLOS ONE | DOI:10.1371/journal.pone.0157834 June 20, 2016 11 / 11

http://dx.doi.org/10.1016/j.biochi.2010.05.011
http://dx.doi.org/10.1016/j.biochi.2010.05.011
http://www.ncbi.nlm.nih.gov/pubmed/20685328
http://dx.doi.org/10.5041/RMMJ.10019
http://www.ncbi.nlm.nih.gov/pubmed/23908791
http://dx.doi.org/10.1074/jbc.C112.444562
http://www.ncbi.nlm.nih.gov/pubmed/23430739
http://dx.doi.org/10.5041/RMMJ.10165
http://www.ncbi.nlm.nih.gov/pubmed/25386347
http://www.ncbi.nlm.nih.gov/pubmed/10764835
http://www.ncbi.nlm.nih.gov/pubmed/16619025
http://www.ncbi.nlm.nih.gov/pubmed/12369826
http://dx.doi.org/10.1021/ar300087y
http://www.ncbi.nlm.nih.gov/pubmed/23148796
http://dx.doi.org/10.1016/j.biocel.2010.05.008
http://www.ncbi.nlm.nih.gov/pubmed/20561914

