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Abstract
The endoglycosidase heparanase is the predominant enzyme that degrades heparan sulfate side chains
of heparan sulfate proteoglycans, activity that is strongly implicated in tumor metastasis. Apart of
its well characterized enzymatic activity, heparanase was noted to exert also enzymatic-independent
functions. Among these is the induction of Akt/PKB phosphorylation noted in endothelial and tumor
derived cells. Protein domains of heparanase required for signaling were not identified to date, nor
were heparanase binding proteins/receptors capable of transmitting heparanase signals. Here, we
examined the possible function of mannose 6-phosphate receptor (MPR) and low density lipoprotein-
receptor related protein (LRP), recently implicated in cellular uptake of heparanase, as heparanase
receptors mediating Akt phosphorylation. We found that heparanase addition to MPR-, and LRP-
deficient fibroblasts elicited Akt activation indistinguishable from control fibroblasts. In contrast,
disruption of lipid rafts abrogated Akt/PKB phosphorylation following heparanase addition. These
results suggest that lipid raft-resident receptor mediates heparanase signaling.
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Introduction
Heparanase is an endo-β-D-glucuronidase capable of cleaving heparan sulfate (HS) side chains
at a limited number of sites [1;2]. Traditionally, heparanase activity correlated with the
metastatic potential of tumor-derived cells, attributed to enhanced cell dissemination as a
consequence of HS cleavage and remodeling of the extracellular matrix (ECM) barrier [2;3].
Similarly, heparanase activity was implicated in neovascularization, inflammation and
autoimmunity, facilitating migration of vascular endothelial cells and activated cells of the
immune system [1;2;3]. More recently, heparanase up regulation was noted in an increasing
number of primary human cancers, correlating with reduced postoperative survival of cancer
patients [4;5]. In addition to the well studied catalytic feature of the enzyme, heparanase was
noted to exert biological functions apparently independent of its enzymatic activity. Non
enzymatic functions of heparanase include enhanced adhesion of glioma [6], lymphoma [7]
and T cells [8], mediated by β1-integrin and correlated with Akt, Pyk2 and ERK activation
[6;8]. Moreover, we have demonstrated that exogenous addition of latent heparanase or its over
expression in tumor-derived cells stimulate Akt phosphorylation and PI 3-kinase-dependent
endothelial cell invasion and migration [9], likely supporting endothelial and tumor cell
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survival [10]. Protein domains of heparanase required for signaling were not identified to date,
nor were identify heparanase binding proteins/receptors capable of transmitting heparanase
signals. Here, we examined the possible function of mannose 6- phosphate receptor (MPR)
and low-density lipoprotein-receptor related protein (LRP), recently implicated in cellular
uptake of heparanase [11], as heparanase receptors mediating Akt phosphorylation. We found
that heparanase addition of to MPR-, and LRP-deficient fibroblasts elicited Akt activation
indistinguishable from control fibroblasts. In contrast, disruption of lipid rafts almost abrogated
Akt phosphorylation following heparanase addition.

Materials and Methods
Antibodies and reagents

Antibody 1453 was raised in rabbits against the entire 65 kDa latent heparanase protein isolated
from the conditioned medium of heparanase-transfected 293 cells [9;12;13]. Anti-Akt antibody
was purchased from Santa Cruz Biotechnology (Santa Cruz, CA), and Anti-phospho-Akt
antibody was purchased from Cell Signaling Technology (Beverly, MA). Lovastatin, methyl-
B-cyclodextrin (MβCD), Nycodenz, and heparin were purchased from Sigma (St. Louis, MO).
Cholera toxin-β subunit-HRP conjugate was purchased from Calbiochem (San Diego, CA).

Cells and cell culture
Chinese hamster ovary (CHO) K1 cells and human cervical adenocarcinoma HeLa cells were
purchased from the American Type Culture Collection (ATCC). Mouse embryonic fibroblasts
(MEF) and mouse fibroblasts deficient of cell surface mannose-6-phosphate receptors
(MPR300−/−) were kindly provided by Dr. Kurt von Figura (University of Göttingen, D-37075
Göttingen, Germany) [14]. Mouse fibroblasts deficient of low-density lipoprotein receptor-
related protein (LRP) (PEA-13) were kindly provided by Dr. Joachim Herz (University of
Texas Southwestern, Dallas, Texas 75390, USA) [14;15]. CHO cells deficient of GPI-anchored
proteins and thus lacking cell surface glypicans, were kindly provided by Dr. F. Gisou van der
Goot (Department of Biochemistry, University of Geneva, Switzerland) [16]. Cells were grown
in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% FCS and
antibiotics. Mutant CHO cells (pgs A-745) deficient of xylosyltransferase and unable to initiate
glycosaminoglycan synthesis, were kindly provided by Dr. J. Esko (University of California,
San Diego) and grown in RPMI 1640 medium supplemented with 10% FCS and antibiotics.
Transfection and evaluation of B16/BL6 mouse melanoma cells with anti-heparanase siRNA
and control siRNA vectors was carried out essentially as described [17].

Cell lysates and protein blotting
Cell cultures were incubated for 20 h under serum-free conditions and were left untreated as
control or incubated with recombinant heparanase (1µg/ml), produced and purified as
described [6], for 30 min, and cell lysates were subjected to SDS polyacrylamid gel
electrophoresis (SDS-PAGE) and immunoblotting, as described [6;9].

Flotation analysis
Detergent-insoluble complexes were analyzed on flotation gradients, as described [18]. To
detect the rafts-resident ganglioside GM1 on dot blots, 5 µl of each flotation fraction were
blotted onto nitrocellulose paper. The paper was air dried, blocked with 5% BSA in PBS, and
incubated with cholera toxin β-subunit (CTβB)-HRP (12.5 ng/ml, 2 h). Dot blots were
developed with ECL.
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Results
Heparanase induces Akt activation independent of MPR and LRP

Apart of its well characterized enzymatic activity, heparanase was noted to exert also
enzymatic-independent functions. Among these is the induction of Akt/PKB phosphorylation
noted in endothelial and tumor derived cells, facilitating cell motility [6;9]. In order to further
reveal the involvement of endogenous cellular levels of heparanase in Akt/PKB regulation,
B16/BL6 mouse melanoma cells were transfected with anti-heparanase siRNA, or control
siRNA vectors and heparanase expression was examined (Fig. 1A). Heparanase expression
(Fig. 1A, upper panel) and activity (not shown) were significantly reduced in cells treated with
anti-heparanase siRNA sequence, compared with control siRNA vector, in agreement with our
previous findings utilizing this cell system [17]. Interestingly, Akt/PKB phosphorylation levels
were markedly decreased in cells transfected with anti-heparanase siRNA vector (Fig. 1A, third
panel), to an extent comparable with heparanase gene silencing (Fig. 1A, upper panel). This
finding indicates that endogenous heparanase modulates Akt/PKB activation. Akt/PKB
activation by heparanase appeared to be independent of heparan sulfate proteoglycan (HSPG)
[9], suggesting its interaction with other cell surface molecules. Since MPR and LRP have
recently been implicated in heparanase uptake [11], we suspected that these molecules may
also be involved in heparanase signaling. In order to examine this possibility, heparanase (1
µg/ml) was added to control fibroblasts (MEF), and to fibroblasts deficient of MPR
(MRP300−/−) or LRP (PEA13), and Akt/PKB phosphorylation was then evaluated by
immunoblotting. Addition of heparanase to control fibroblasts induced Akt/PKB
phosphorylation (Fig. 1B, MEF), in agreement with our previous findings [9]. Notably,
addition of heparanase to MPR-, and LRP-deficient cells resulted in Akt/PKB phosphorylation
to a similar extent (Fig. 1B, 300−/−, PEA13). To exclude the possibility of heparanase signaling
mediated by other species of LRP, Akt/PKB phosphorylation was examined in the absence
(Control) or presence of recombinant receptor-associated protein (RAP), an antagonist of this
receptor family [19]. As demonstrated in figure 1C (upper panel), heparanase uptake by MEF
was significantly lower in the presence of RAP, as judged by reduced amounts of the 65 kDa
latent enzyme associated with the cell and the lack of heparanase processing, supporting the
notion that LRP and related receptors mediate heparanase binding and uptake. Akt/PKB
phosphorylation, however, was not affected by RAP (Fig.1C, middle panel). Similarly,
treatment of PEA13 cells with RAP had no effect on Akt/PKB activation by heparanase (Fig.
1D, upper panel), excluding the possible involvement of LRP-family members and suggesting
the involvement of other heparanase binding proteins that mediate Akt/PKB activation.

Akt/PKB activation by heparanase is mediated by raft component(s)
Lipid rafts are membrane microdomains that are predominantly enriched in sphingolipids and
cholesterol, serving as a platform for several signaling pathways, including Akt/PKB [20;21].
To examine whether Akt/PKB activation by heparanase involves lipid rafts, we utilized
cholesterol depletion with methyl-β-cyclodextrin (MβCD) or inhibition of cholesterol
biosynthesis by lovastatin treatment, to impair rafts integrity (Fig. 2A). Raft disruption by
lovastatin significantly reduced Akt/PKB phosphorylation by heparanase, and MβCD
treatment abrogated phospho Akt/PKB induction almost completely (Fig. 2A, upper panel),
suggesting that Akt/PKB activation by heparanase is mediated by lipid rafts resident
component(s).

In order to ascertain binding of heparanase to lipid raft molecules, HeLa cells were left
untreated as control, or treated with MβCD to disrupt rafts integrity. Cells were then incubated
with heparanase for 2 h, solubilized with Triton X-100 at 4°C, and cell lysates were loaded on
a Nycodenz gradient [18]. Fractions were collected and analyzed for the presence of heparanase
by immunoblotting (Fig. 2B). Most of the heparanase reactivity appeared in non-raft fractions
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(Fig. 2B, upper panel, fractions 8–11), as expected. In addition, small, yet detectable amount
of heparanase was found in lipid raft fractions of control, untreated cells (Con, Fig. 2B, fractions
2–4). Moreover, pretreatment with MβCD significantly reduced heparanase levels in the raft
fractions (MβCD, Fig. 2B, second panel), and this effect appears specific since heparanase
levels at the non-raft fractions were not affected (Fig. 2B, fractions 8–11). The major
heparanase binding protein responsible for its presence in non-raft fractions is most likely
HSPG. Syndecans are transmembrane HSPG which are not localized in rafts, but were shown
to associate with these membrane microdomains following ligand binding [22;23]. This
possibility is excluded, however, by the following experiments. Heparanase appeared in the
raft fractions of CHO K1 cells (Fig. 2B, third panel), and a similar reactivity was observed
when binding was carried out in the presence of heparin (Fig. 2B, fourth panel). Moreover,
heparanase appeared in rafts fractions upon its binding to HS-deficient CHO-745 cells (Fig.
2B, fifth panel), and to CHOΔGPI cells deficient of rafts glypicans (Fig. 2B, lower panel),
collectively suggesting that the rafts component responsible for heparanase binding is not
HSPG.

Heparanase induces Akt/PKB activation in lipid rafts
In order to further combine Akt/PKB activation and the presence of heparanase in lipid rafts,
CHO K1 cells were left untreated as control, or incubated with heparanase at 0.03 or 1 µg/ml
for 30 min on ice. Cell lysates were loaded on Nycodenz gradient and aliquot (5 µl) from each
gradient fraction was applied onto nitrocellulose membrane as dots, and exposed to cholera
toxin β-subunit. This protein binds with high affinity to ganglioside GM1 that localizes
exclusively in rafts, thus enabling specific identification of raft fractions. As shown in figure
3A, fractions 3 and 4 exhibited the strongest reactivity with the toxin and are thus considered
as the principal raft fractions, while fractions 9–11 are considered as non-rafts. Subsequently,
rafts (#2–4) and non-rafts (#9–11) fractions were subjected to immunoblotting with anti-
phospho-Akt antibody (Fig. 3B). Only low levels of phospho-Akt were detected in raft fractions
prior to heparanase stimulation (Fig. 3B, rafts, 0). In contrast, Akt phosphorylation was
markedly induced in raft fractions collected from cells that were incubated with a low
concentration of heparanase (Fig. 3B, rafts, 0.03), and Akt phosphorylation was further
stimulated upon incubation with higher concentrations (1µg/ml) of heparanase (Fig. 3B, rafts,
1). No significant Akt phosphorylation was observed in non-raft fractions (Fig. 3B, non-rafts),
suggesting that heparanase binding to its raft-resident component facilitates Akt/PKB
phosphorylation at the lipid rafts microdomain.

Discussion
Lipid rafts are membrane microdomains enriched in sphingolipids, cholesterol and protein
complexes that initiate signal transduction. In the case of tyrosine kinase signaling, adaptors,
scaffolds and enzymes are recruited to the cytoplasmic side of the plasma membrane following
ligand activation, thus protecting the signaling complex from non-rafts enzymes (i.e.,
phosphatases) [24;25]. Our findings suggest that the heparanase binding protein/receptor is
similarly localized at lipid rafts, mediating Akt activation. The heparanase-binding rafts
component seems not to be HSPG, since Akt activation was noted in HS-deficient cells [9].
Moreover, heparanase binding to the lipid rafts component was not affected by the presence
of heparin, and a comparable binding was noted in wild type, HS-deficient (CHO-745), and
GPI-deficient (CHO-ΔGPI) cells (Fig. 2B). In contrast, heparanase binding to the rafts
component was significantly reduced following MβCD treatment, while binding to non-rafts
proteins (i.e., syndecans, MPR, LRP) was not impaired (Fig. 2B). Significantly, Akt was
activated by heparanase to a comparable extent in wild type, MPR-deficient, and LRP-deficient
cells (Fig. 1), suggesting interaction of heparanase with a novel, raft-resident partner.
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The involvement of lipid rafts in Akt/PKB activation following heparanase addition is evident
by reduced Akt/PKB phosphorylation levels following Lovastatin, and even more so MβCD
treatments (Fig. 2), both well established means to disrupt lipid rafts [25]. Lipid rafts disruption
in HeLa cells also reduced basal Akt/PKB phosphorylation levels (Fig. 2A), in agreement with
decreased Akt/PKB phosphorylation reported for prostate LNCaP [20;21], epidermoid A431
[26] and small-cell lung carcinoma [27] cells following rafts disruption, correlating with
increased apoptotic index [20;21;26]. The anti apoptotic effect of Akt/PKB is well established
and is executed through phosphorylation and inhibition of pro-apoptotic mediators such as
Bad, FOXO family members, and IκB kinase-β [28;29]. Full activation of Akt/PKB requires
phosphorylation of threonine308 and serine473 [30]. The kinase 3-phosphoinositide-dependent
kinase-1 (PDK1), responsible for Akt phosphorylation of threonine308 is activated through
interaction with phosphatydilinositol (3,4,5) triphosphate at the plasma membrane in a PI 3-
K-dependent manner [31]. The kinase responsible for Akt/PKB phosphorylation of serine473,
however, was only partially characterized. This activity is composed of a constitutively active
complex of about 550 kDa, which resides in lipid rafts [31], thus rationalizing the observed
decrease in Akt/PKB phosphorylation upon rafts disruption. Importantly, reduced Akt/PKB
phosphorylation levels were noted upon heparanase down regulation by means of siRNA (Fig.
1A). This result clearly indicates that Akt/PKB phosphorylation levels are regulated by the
relatively low levels of endogenous cellular heparanase, thus providing a strong clinical
relevance for heparanase up regulation by primary human carcinomas [4;5], and urge the
development of heparanase inhibitors.

Attempts to inhibit heparanase enzymatic activity were initiated in parallel with the emerging
clinical relevance of this activity. With the availability of recombinant heparanase and the
establishment of high-throughput screen methods, a variety of inhibitory molecules were
developed, including neutralizing antibodies, peptides, small molecules, chemically modified
non-anticoagulant species of heparin, as well as several other polyanionic molecules, such as
laminaran sulfate, suramin and PI-88 [5;32;33]. PI-88 is undergoing Phase III clinical trail in
patients with advanced solid tumors [34]. Protein domains of heparanase responsible for non-
enzymatic functions of the protein are yet to be characterized. The localization of heparanase
binding component(s) to lipid rafts is a first step towards elucidation of the molecular
machinery utilized by heparanase to elicit signal transduction, and will be employed for the
development of inhibitors directed against non enzymatic functions of the heparanase
molecule. These, combined with inhibitors of heparanase enzymatic activity, are expected to
neutralize heparanase functions and reveal its significance in promoting tumor growth,
angiogenesis and metastasis.
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Figure 1.
A. Enhanced Akt phosphorylation following heparanase addition is not mediated by MPR or
LRP. A. Heparanase down regulation. B16/BL6 mouse melanoma cells were transfected with
anti-heparanase (si-Hepa) or control (si-Con) si-RNA vectors, and heparanase expression was
examined by RT-PCR analysis (upper panel). The expression of L19 (second panel) was used
as an internal control. Corresponding cell lysates were subjected to immunoblotting applying
anti-phospho-Akt (p-Akt, third panel) and total Akt (lower panel) antibodies. B. Control mouse
embryonic fibroblasts (MEF), and fibroblasts deficient for MPR (MPR300−/−) or LRP (PEA13)
were left untreated (0) or incubated (37°C) with heparanase (1 µg/ml) for the time indicated
(min). Cell lysates were then prepared and subjected to immunoblotting with anti phospho-
Akt (p-Akt, upper panels) and anti-Akt (Akt, lower panels) antibodies. C. RAP treatment. MEF
or were left untreated (Control) or incubated with RAP (10 µg/ml, +RAP) for 15 min.
Heparanase (1 µg/ml) was then added for the time indicated and cell lysates were subjected to
immunoblotting with anti-heparanase (Hepa, upper panel), anti-phospho Akt (middle panel)
and total Akt (lower panel) antibodies. D. MEF, MPR300−/−, and PEA13 cells were treated
with RAP as above and heparanase (1 µg/ml) was then added for the time indicated (min).
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Total cell lysates were subjected to immunoblotting with anti-phospho Akt (upper panel) and
anti-Akt (lower panel) antibodies.
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Figure 2.
Akt activation following heparanase addition is mediated by lipid rafts component(s). A. Rafts
disruption. HeLa cells were left untreated or incubated with Lovastatin (2 µM) for 18 h, or
MβCD (2.5 mM) for 30 min. Heparanase (1 µg/ml) was then added for 30 min, and cell lysates
were subjected for immunoblotting with anti-phospho Akt (upper panel) and anti-Akt (lower
panel) antibodies. B. Heparanase binding. HeLa cells were left untreated as control (Con) or
preincubated with MβCD (2.5 mM) for 30 min. Heparanase (1 µg/ml) was then added and cells
were incubated at 4°C for 2h. Cells were then washed and lysate samples were loaded on
Nycodenz flotation gradient, as described under "Materials and Methods". Fractions were
collected from the top (rafts) to the bottom (non-rafts) of the gradient, pre-absorbed on Con
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A-Sepharose beads, and subjected to immunoblotting with anti-heparanase antibody. Note low
but detectable levels of heparanase at rafts fractions (fractions 2–4) in control (upper panel)
but not in MβCD treated cells (second panel). CHO K1 cells were incubated with heparanase
(1µg/ml) without (Con, third panel) or with heparin (50 µg/ml, fourth panel) for 2 h at 4°C.
Cell lysates were then loaded onto flotation gradient and analyzed as above. Note that heparin
does not interfere with heparanase binding to lipid rafts. Interaction of heparanase with lipid
rafts of CHO-745 cells deficient of HS (fifth panel), and CHO cells deficient of GPI-anchoring
proteins and thus lacking cell surface glypicans (ΔGPI, lower panel), was similarly evaluated.
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Figure 3.
Heparanase stimulates Akt phosphorylation in lipid rafts. A. Identification of rafts fractions.
HeLa cells were left untreated as control (0) or incubated with 0.03 and 1 µg/ml of heparanase
for 1 h on ice. Cell lysates were loaded on flotation gradient and fractions were collected from
the top (rafts) to the bottom (non-rafts) of the gradient. Aliquot (5 µl) from each fraction was
applied to nitrocellulose membrane as dots, and the membrane was reacted with cholera toxin
β-subunit-HRP conjugate to label rafts fractions. B. Akt activation. Fractions 2–4 and 9–11,
representing rafts and non-rafts fractions, respectively, from control (0) and heparanase treated
cells (0.03, 1) were subjected to immunoblotting with anti-phospho-Akt (upper panels) and
anti-Akt (lower panels) antibodies. Note enhanced Akt phosphorylation in rafts following
heparanase addition.
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