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Human heparanase nuclear localization and
enzymatic activity
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In previous studies, we have demonstrated that human heparanase (endo-b-D-glucuronidase) is localized
primarily in a perinuclear pattern within lysosomes and late endosomes, and occasionally may be surface
associated and secreted. The presence of two potential nuclear localization sequences in human heparanase,
led us to investigate heparanase translocation into the nucleus and subsequent degradation of nuclear heparan
sulfate. Applying cell fractionation, Western blot analysis, determination of heparanase activity and confocal
microscopy, we identified heparanase within the nuclei of human glioma and breast carcinoma cells and
estimated its amount to be about 7% of the cytosolic enzyme. Our results indicate that nuclear heparanase
colocalizes with nuclear heparan sulfate and is enzymaticaly active. Moreover, following uptake of latent 65 kDa
heparanase by cells that do not express the enzyme, an active 50 kDa heparanase was detected in the cell
nucleus, capable of degrading both nuclear and extracellular matrix-derived heparan sulfate. Immunohisto-
chemical examination of human squamous cell carcinoma specimens revealed a prominent granular staining of
heparanase within the nuclei of the epithelial tumor cells vs no nuclear staining in the adjacent stromal cells.
Taken together, it appears that heparanase is translocated into the cell nucleus where it may degrade the
nuclear heparan sulfate and thereby affect nuclear functions that are thought to be regulated by heparan
sulfate. Nuclear localization of heparanase suggests that the enzyme may fulfill nontraditional functions (ie,
regulation of gene expression and signal transduction) apart of its well-documented involvement in cancer
metastasis, angiogenesis and inflammation.
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Heparan sulfate proteoglycans (HSPGs) in the base-
ment membrane (BM), extracellular matrix (ECM)
and cell surfaces affect biological processes by
interacting with various ECM constituents and a
large number of biologically active molecules.1,2

HSPGs thus influence a variety of normal and
pathological processes involving cell adhesion,
migration and invasion.1–4 Although presence of
HSPGs in the cell nucleus has long been reported,5–7

their biological significance was not clearly eluci-
dated. Several studies have demonstrated the in-
volvement of HS in internalization and nuclear
uptake of FGF-1 and FGF-2.7–9 In view of their
abundance and importance in cell and tissue

physiology, enzymatic degradation of HS is likely
to be involved in fundamental biological processes
ranging from pregnancy, morphogenesis and normal
development to inflammation, angiogenesis and
cancer metastasis.10–14

Mammalian endoglycosidase (heparanase), cap-
able of partially depolymerizing HS chains, has been
identified in highly invasive normal and malignant
cells, including cytotrophoblasts, activated cells of
the immune system, lymphoma, melanoma and
carcinoma cells.12–16 The full-length 65 kDa hepar-
anase proenzyme undergoes proteolytic processing,
yielding an active heterodimer enzyme composed of
50 and 8kDa polypeptides.17,18 Expression of hepar-
anase has been correlated with the metastatic
potential of tumor cells, and treatment with hepar-
anase inhibitors markedly reduced the incidence of
experimental metastasis and autoimmunity.12–14,16,19,20

Moreover, enhanced heparanase expression corre-
lates with shorter postoperative survival of cancer
patients.21–23 Apart from its involvement in the
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egress of cells from the vasculature, heparanase is
tightly involved in normal and pathological angio-
genesis, primarily by means of releasing heparin-
binding angiogenic factors sequestered by HS in the
BM and ECM.13,24–27

In previous studies, we have demonstrated that
human heparanase is localized primarily in a peri-
nuclear pattern within lysosomes and late endo-
somes.28,29 and occasionally may be surface
associated and secreted.27,30–32 In view of the
accumulating data on the occurrence of nuclear
HSPGs and the presence of two potential nuclear
localization signals (residues 271–277; PRRKTAK,
and 427–430; KRRK) in human heparanase (H-hpa),
we investigated whether endogenous or exogenously
added heparanase is translocated into the nucleus
and whether nuclear HS is accessible to degradation
by the enzyme. Applying cell fractionation, Western
blot analysis and confocal microscopy, we have
identified heparanase within the cell nucleus and
demonstrated that the enzyme is capable of degrad-
ing nuclear HS. Moreover, following uptake of latent
65 kDa heparanase by heparanase negative rat or
human glioma cells, both the latent and active
50 kDa enzymes were detected in the cell cytoplasm
and nucleus. Heparanase activity was readily ob-
served in the nuclear fraction of cells that inter-
nalized the enzyme, but not of control cells. Nuclear
heparanase was also detected in specimens of
human squamous cell carcinoma. Taken together,
we propose that following uptake and translocation,
heparanase resides in the cell nucleus where it may
degrade nuclear HS and affect nuclear functions (ie,
gene transcription), independent of its well-estab-
lished involvement in ECM degradation and related
effects on cell invasion and response to changes in
the extracellular microenvironment.

Materials and methods

Cells

MDA-435 human breast carcinoma, U87 human
glioma, and C6 rat glioma cells were cultured in
DMEM (4.5 g glucose/l) supplemented with 10%
FCS and antibiotics. Cultures of bovine corneal
endothelial cells were established from steer eyes
and maintained in DMEM (1 g glucose/l) supple-
mented with 5% newborn calf serum, 10% FCS and
1ng/ml bFGF, as described.33 Confluent cells were
dissociated with 0.05% trypsin and 0.02% EDTA
and subcultured at a split ratio of 1:10.33

Antibodies

Monoclonal mouse anti-human heparanase anti-
bodies (mAb 130), kindly provided by InSight Ltd.
(Rehovot, Israel), were prepared as previously
described.10 These antibodies recognize both the
latent 65 kDa and processed 50 kDa heparanase

enzymes. Polyclonal rabbit anti-human heparanase
antibodies (pAb 733) were raised against a peptide
(KKFKNSTYSRSSVDC) located in the 50 kDa active
human heparanase enzyme. These antibodies recog-
nize primarily the 50 kDa heparanase subunit.
Secondary Cy2-conjugated goat anti-mouse anti-
bodies, Cy3-conjugated goat anti-rabbit antibodies,
and HRP-conjugated goat anti-mouse, or goat anti-
rabbit antibodies were from Jackson Immunore-
search Laboratories (Bar Harbor, MA, USA). 3G10
anti-HS antibodies34 were kindly provided by the
late Dr M Bernfield (Division of Newborn Medicine,
Children’s Hospital, Boston, MA, USA).

Preparation of Cellular Extracts and Western Blot
Analysis

U87 human glioma and C6 rat glioma cells (1�107)
were washed (�3) with PBS containing 1mM
Na3VO4, harvested (scraping) and lysed in lysis
buffer (20mM Tris, pH 7.5, 150mM NaCl, 1mM
Na3VO4, 5mM EDTA, 0.4% NP40, 10% glycerol,
1mM DTT, 1mM PMSF, 1mg/ml leupeptin). Cyto-
solic and nuclear fractions of cells were prepared as
previously described.35 For heparanase detection,
cell extracts (100mg total protein) were first incu-
bated (1h, 41C) with ConA-Sepharose beads (Amer-
sham Pharmacia, Uppsala, Sweden), washed (�3)
with PBS and eluted with Laemmli’s sample buffer.
Equal amounts of protein from cytosolic, nuclear, or
whole cell extracts were subjected to 10% SDS-PAGE
and Western blot analysis. Immunoblotting was
performed with the designated primary antibodies,
followed by secondary HRP-conjugated goat anti-
mouse or goat anti-rabbit antibodies (Jackson Im-
munoresearch Laboratories, Bar Harbor, MA, USA).
Immunoreactive bands were detected by enhanced
chemiluminescence (ECL) using SuperSignal West
Pico chemiluminescent substrate (Pierce, Rockford,
IL, USA). The light emitted by the chemical reaction
was detected by exposure to Hyperfilm ECL (Amer-
sham Pharmacia) for 3–10 s. For verification of
fraction purity, same protein amounts from the
respective nuclear and cytosolic fractions were
separated on 10% SDS-PAGE and immunoblotted
with monoclonal anti-integrin b1 antibodies (Sigma
Chemical Co., St Louis, MO, USA), detecting cell
membranes, or polyclonal rabbit anti-SC35 antibodies
(Santa Cruz Biotechnology, Santa Cruz, CA, USA),
detecting cell nuclei, followed by secondary HRP-
conjugated goat anti-mouse, or goat anti-rabbit
antibodies (Jackson Immunoresearch Laboratories)
and visualized by ECL. Fraction purity control was
applied in each experiment.

Preparation of Sulfate Labeled Nuclear Fraction

Bovine corneal endothelial cells, or C6-glioma cells
were plated on tissue culture dishes at an initial
density of 2�105 cells/ml and cultured in Fischer’s
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medium (sulfate low) supplemented with 10% FCS
and 5% newborn calf serum. Na2

35SO4 (25 mCi/ml)
(Amersham, Buckinghamshire, UK) was added on
days 2 and 4 after seeding and the cultures were
incubated with the label without medium change.33

On day 12, the cells were washed (�3) free of
unincorporated sulfate, scraped off the plate,
washed (�5) with PBS, lysed in lysis buffer, and
the intact nuclear fraction was separated from the
cytosol, as described.35 Nuclei were washed (�3)
with PBS and lysed by 3 cycles of freezing and
thawing in heparanase reaction mixture (20�mM
phosphate citrate, pH 5.8, 150mM NaCl, 1mM
CaCl2, 1mM DTT), containing a cocktail of protease
inhibitors (Roche Diagnostics, Mannheim, Germany).

Preparation of Sulfate Labeled ECM

Bovine corneal endothelial cells were plated into
35-mm tissue culture dishes and cultured as
described above, except that 4% dextran T-40 was
included in the growth medium.33,36 Na2

35SO4

(25 mCi/ml) (Amersham) was added as described
above and the subendothelial ECM was exposed by
dissolving the cell layer with PBS containing 0.5%
Triton X-100 and 20mM NH4OH, followed by four
washes with PBS.33,36 The ECM remained intact, free
of cellular debris and firmly attached to the entire
area of the tissue culture dish. Nearly 80% of the
radioactivity was incorporated into HSPGs.33,36

Heparanase Activity

Cytosolic or nuclear or nuclear fractions prepared
from 2�106 cells were incubated (16h, 371C, pH 5.8)
with sulfate-labeled ECM, as described.33,36 The
incubation medium was centrifuged and the super-
natant containing sulfate-labeled degradation pro-
ducts were analyzed by gel filtration on Sepharose
CL-6B columns (0.9�30 cm). Fractions (0.2ml) were
eluted with PBS and their radioactivity counted in a
b-scintillation counter. Heparanase-produced degra-
dation fragments of HS were eluted from Sepharose
6B at 0.5oKavo0.8 (peak II). Nearly intact HSPGs
were eluted just after the V0 (Kavo0.2, peak I).10,33 To
evaluate whether nuclear HS is degraded by hepar-
anase, soluble sulfate (Na2

35SO4) labeled material
extracted from the nuclear fraction of metabolically
labeled corneal endothelial cells were incubated (pH
5.8, 37oC, 15h) with recombinant heparanase (0.5mg/
ml), centrifuged and subjected to gel filtration
analysis, as described above. Each determination
was performed at least 3 times and the variation in
elution positions (Kav values) did not exceed 715%.

Indirect Immunofluorescence

Cells (U87 human glioma, C6 rat glioma, MDA-435
human breast carcinoma) were seeded on glass

coverslides and subjected to indirect immunofluor-
escence, as previously described.29,37 Cells were
fixed with ice-cold methanol (5min) and intrinsic
fluorescence was blocked with 50 mM NH4Cl
(30min, 24oC). The cells were then incubated with
blocking solution (10% goat serum in PBS, 30min,
24oC) followed by incubation (2 h, 24oC) with the
indicated antibodies (anti-HS G310, anti heparanase
mAb 130, or pAb 733). Following washes (�5) with
PBS, cells were incubated (1 h, 241C) with secondary
Cy2 (green)- or Cy3 (red)- conjugated goat anti-
mouse or goat anti-rabbit antibodies.

Immunohistochemistry

Immunostaining was performed as previously de-
scribed with minor modifications.27 Briefly, paraf-
fin-embedded 5-mm sections were deparaffinized,
rehydrated and denatured for 3min in a microwave
oven in citrate buffer (10mM, pH 6.0). Blocking
steps included successive incubations in 3% H2O2

in methanol (30min, 241C) and blocking solution
(10% goat serum, 0.2% Triton X-100 in PBS, 1 h,
24oC). Slides were then incubated (overnight, 41C)
with polyclonal (pAb 733) anti-human heparanase
antibodies, diluted 1:150 in blocking solution.
Following several washes with PBS, slides were
incubated with secondary HRP-conjugated goat anti-
rabbit antibodies (EnVision, DAKO Corporation,
Carpinteria, CA, USA). Color reaction was obtained
using Zymed aminoethyl carbozole (AEC, red stain-
ing) single solution (Zymed, South San-Francisco,
CA, USA). Cell nuclei were counterstained with
Mayer’s hematoxylin (Sigma). Staining of the same
tissue for P53 and Tunnel was performed, as
described.38

Results

Localization of Human Heparanase in the Cell
Nucleus of Transfected Cells

To study heparanase nuclear localization in trans-
fected cells, nonmetastatic C6 rat glioma and U87
human glioma cells were stable transfected with the
full-length human heparanase (H-hpa) cDNA, as
described.30 Cultures were harvested and cytosolic
and nuclear fractions were prepared and analyzed
for the presence of heparanase. Briefly, following
concentration of each fraction on ConA-Sepharose
beads, bound proteins were subjected to 10% SDS-
PAGE and Western immunoblot analysis, utilizing
anti-heparanase mAb 130 recognizing both the
latent 65 kDa and active 50 kDa heparanase forms
(Figure 1). Purity of the nuclear and cytosolic
fractions was verified by Western blot analysis,
applying antibodies directed against the nuclear
protein SC35 and the b1 cell membrane integrin,
respectively (Figure 1). As demonstrated in Figure 1,
both heparanase forms were present in the cytosolic
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fraction of H-hpa transfected U87 cells, whereas, the
nuclear fraction of the same cells exhibited, pre-
dominantly, the 50 kDa active heparanase. A similar
distribution pattern was obtained with H-hpa
transfected C6 rat glioma cells (not shown). U87
cells transfected with insert free pcDNA3 plasmid
were used as control. Immunoblot analysis of
nuclear and cytosolic fractions prepared from
mock-transfected cells, failed to detect the hepar-
anase protein in both fractions (Figure 1, lanes #2).

Nuclear Localization of Exogenously Added
Recombinant Heparanase Following Uptake

Previously, we described the processing and traf-
ficking events associated with cellular activation
and uptake of exogenously added heparanase.28 We
have demonstrated that primary human fibroblasts
are capable of binding and converting the 65 kDa
heparanase precursor into its highly active 50 kDa
form, concomitantly with its cytoplasmic accumula-
tion, mainly within endosomal structures.28 These
results and the observed localization of heparanase
within the nucleus of transfected glioma cells
(Figure 1) led us to investigate whether uptake of
exogenous heparanase is associated with transloca-
tion of the enzyme into the cell nucleus. For this
purpose, nontransfected U87 glioma cells were
incubated (DMEM, 1% FCS, 37oC, 0–60min) with
recombinant 65 kDa latent heparanase (4 mg/ml).
Cells were then washed (PBS) and their nuclear
(Figure 2a) and cytosolic (Figure 2b) fractions were
subjected to Western blot analysis using monoclonal
anti-heparanase antibodies. As demonstrated in
Figure 2, the 65 kDa latent enzyme appeared both
in the cytosol and nucleus already 30min after
incubation. Apparently, processing of the 65 kDa
latent enzyme occurred both in the cytosol and

nucleus, resulting in accumulation of the 50 kDa
active heparanase, in both the nuclear and cytosolic
fractions already at 1 h of incubation. Following 2h
incubation, only the 50 kDa form of heparanase was
detected, most likely due to a complete conversion
of the internalized 65 kDa latent enzyme into its
active form (Figure 2a, b). It should be noted that the
anti-heparanase mAb 130 used for the Western
immunoblots recognizes both the latent 65 kDa and
active 50 kDa heparanase forms. b-Actin levels were
used as control to assure equal protein loading
(Figure 2b, lower panel).

Heparanase Nuclear Translocation is Inhibited by
Heparin

In a previous study it was demonstrated that excess
heparin inhibited the uptake of exogenous hepar-
anase into the cytoplasm.28 To study the effect of
heparin on heparanase uptake and trafficking into
the nucleus, cells (C6 glioma) that do not express
heparanase30 were incubated (RPMI, 0.5% FCS, 2h,
37oC) with recombinant 65 kDa heparanase in
the absence (Figure 2c, lanes #1), or presence
(Figure 2c, lanes #2) of 10 mg/ml heparin. Following
washes (�3) in cold PBS, the cells were

Figure 1 Heparanase nuclear localization in transfected U87
glioma cells. Nuclear and cytosolic fractions from pooled
populations of U87 human glioma cells, stable transfected with
H-hpa cDNA (lanes #1), or mock transfected (lanes #2), were
subjected to western immunoblotting applying antiheparanase
mAb 130, recognizing both the latent (65 kDa) and active (50 kDa)
heparanase forms. Purity of fractions was verified utilizing
nuclear specific (anti-SC35), or cell membrane specific (anti-
integrin b1) antibodies.

Figure 2 Nuclear translocation of exogenously added heparanase.
Human glioma (U87) cells were incubated (DMEM, 1% FCS,
371C) with recombinant 65 kDa heparanase (4 mg/ml) for 0–60min.
Following washes (PBS) to remove unbound heparanase, cells
were lysed, fractionated to nuclear and cytosolic fractions and
analyzed (10% SDS-PAGE followed by Western immunoblotting)
for heparanase uptake and localization. Cells that were not
exposed to heparanase were used as zero time control. (a) nuclear,
or (b) cytosolic fractions of cells that were incubated with
exogenous heparanase were subjected to immunoblotting with
antiheparanase mAb-130. Lower panel: b-actin levels were used
as a control for equal protein loading. (c) Rat C6 glioma cells that
do not produce heparanase were incubated (RPMI, 0.5% FCS, 2h,
371C) with latent heparanase (4mg/ml) in the absence (lanes #1),
or presence (lanes #2) of heparin (10mg/ml), as described above.
Immunoblotting was performed with anti-heparanase pAb 733.
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lysed, fractionated to nuclear and cytosolic
fractions, and subjected to 10% SDS-PAGE and
Western immunoblotting, utilizing anti-heparanase
pAb 733 antibodies. As demonstrated in Figure 2c,
heparin markedly reduced heparanase uptake into
the cytoplasm and completely abolished the en-
zyme’ translocation into the nucleus. The absence of
the 65 kDa band (Figure 2c) is due to the relatively
long incubation time (2 h) of the cells with the
65 kDa recombinant heparanase, as also demon-
strated in Figure 2a and b. This result suggests that
heparanase uptake into the nucleus is mediated
through binding to cellular HSPGs, and that excess
heparin competes with this binding and thereby
inhibits heparanase cellular uptake and nuclear
translocation.

Nuclear Heparanase is Enzymaticaly Active

Heparanase nuclear localization and in particular
the presence of the active 50 kDa enzyme in the
nuclear fraction, led us to investigate whether
nuclear heparanase is capable of HS degradation.
For this purpose, nuclear and cytoplasmic extracts
of hpa-, or mock-transfected U87 human glioma
cells, were assayed for their ability to degrade bio-
synthetically 35S-labeled ECM. Briefly, cell lysates
(1�107 cells/ml) were fractioned to cytosolic and
nuclear fractions, and incubated (pH 5.8, 371C, 15h)
on sulfate-labeled ECM. Labeled material released
into the incubation medium was analyzed by gel
filtration on Sepharose CL-6B, as described.36 As
demonstrated in Figure 3a, both nuclear and
cytosolic fractions of hpa-transfected U87 cells
degraded the ECM’ HSPGs into low molecular
weight labeled fragments that eluted toward the Vt
of the column (fractions 20–35, 0.5oKavo0.75).
Labeled fragments eluted in peak II were previously
shown to be degradation products of HS, as they
were five–six fold smaller than intact HS side
chains, resistant to further digestion with papain
and chondroitinase ABC and susceptible to deami-
nation by nitrous acid.36 No heparanase activity was
detected in nuclear or cytosolic fractions prepared
from control mock-transfected U87 cells (Figure 3b).
Nuclear heparanase activity was also evaluated in
nontransfected MDA-435 human breast carcinoma
cells that endogenously express the heparanase
protein. As demonstrated in Figure 3c, both cyto-
solic and nuclear extracts of MDA-435 cells exhib-
ited a high heparanase enzymatic activity. Moreover,
exogenous recombinant latent heparanase that was
added to U87 cells (Figure 2a), was found to be
enzymatically active in both the nuclear and
cytosolic fractions derived from these cells (Figure
3d). This result suggests that cellular binding and
uptake of extracellular latent heparanase is asso-
ciated with its activation and translocation into the
cytoplasm and cell nucleus.

Nuclear Heparan Sulfate is a Substrate for Nuclear
Heparanase

Nuclear localization of both HS5–7,39–41 and hepar-
anase led us to investigate whether nuclear HS may
serve as a substrate for heparanase activity. To
examine this possibility, primary bovine corneal
endothelial cells, were cultured in medium supple-
mented with Na2

35SO4 to label the cellular HS
moieties. Cells were then washed (�4) to remove
unincorporated labeled material, lysed and fractio-
nated to nuclear and cytosolic fractions. Following
extensive washes, the nuclear fraction was incu-
bated (pH 5.8, 371C, 15h) with active recombinant
heparanase and assayed for HS degradation. The

Figure 3 Enzymatic activity of nuclear-heparanase. (a) U87
glioma cells transfected with human heparanase (H-hpa), or (b)
mock transfected, were lysed and fractionated to nuclear (K) and
cytosolic (&) fractions and incubated (16h, pH 5.8, 2�106 cells)
on 35S-labeled ECM. Labeled degradation fragments released into
the incubation medium were analyzed by gel filtration on
Sepharose 6B, as described in ‘Materials and Methods’. (c)
Nuclear-heparanase activity in cells expressing endogenous
heparanase. Nuclear (K), or cytosolic (&) fractions of human
breast carcinoma cells (MDA-435) expressing endogenous human
heparanase were fractionated and tested for nuclear and cytosolic
heparanase enzymatic activity, as described in a. (d), Nuclear-
heparanase activity following cellular uptake of recombinant
heparanase. U87 glioma cells (1�107) were incubated (DMEM, 1%
FCS, 371C, 1h) with recombinant (65 kDa) heparanase (4 mg/ml),
lysed and fractionated to nuclear (m) and cytosolic (&) fractions,
as described in ‘Materials and methods’. Following extensive
washes to remove any free enzyme, fractions were incubated (pH
5.8, 371C, 15h) with 35S-labeled ECM. The incubation medium
was subjected to gel filtration on Sepharose CL-6B, as described
in ‘Materials and methods’.
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incubation medium was analyzed by gel filtration
on Sepharose CL-6B, as described.36 Labeled nuclear
fraction alone was used as control. As demonstrated
in Figure 4, nuclear HSPGs were effectively de-
graded by recombinant heparanase, as indicated by
generation of characteristic low molecular weight
sulfate-labeled degradation fragments eluted toward
the Vt of the column (peak II). Labeled material
derived from a nuclear fraction that was not
incubated with recombinant heparanase was eluted
just after the void volume (V0) (peak I, Figure 4) of
the column and consisted almost entirely of nearly
intact, high molecular weight HSPGs. Similar
results were obtained with sulfate-labeled nuclear
preparation of C6 rat glioma cells (not shown).
Laminaran sulfate (5 mg/ml), a potent inhibitor of
heparanase activity and experimental metastasis,42

inhibited the degradation of nuclear HS by hepara-
nase (Figure 4), as previously demonstrated for HS
in the ECM.42

Nuclear Colocalization of Heparanase and Heparan
Sulfate

In order to study whether heparanase and HS
colocalize within the cell nucleus, U87 hpa- and
mock-transfected cells were double stained for
heparanase and HS. Briefly, cells were seeded on
glass cover slides, fixed, permeabllized and stained
with anti-HS mAb 3G10 and anti-heparanase pAb
733. Following co-incubation with these antibodies,
cells were washed and incubated with secondary

Cy2 anti-mouse (Figure 5a, green) and Cy3 anti-
rabbit (Figure 5b, red)-conjugated antibodies, re-
spectively, and subjected to confocal microscopy.
Granular staining of heparan sulfate (Figure 5a) and
heparanase (Figure 5b) was noted in the cell
nucleus. As shown in Figure 5c, heparanase and
HS co-localized, in part, in the nucleus of hpa-
transfected glioma cells, as indicated by the yellow
nuclear staining observed in the double-stained
cells (Figure 5c and d). In contrast, no such staining
was detected when the same antibodies were
applied to mock-transfected U87 cells (not shown).
In a subsequent experiment, human-hpa-transfected
C6 glioma cells (Figure 6b) and nontransfected
MDA-435 breast carcinoma cells (Figure 6a), expres-
sing endogenous heparanase, were subjected to
immunostaining with anti-heparanase mAb 130.
Specific heparanase labeling was readily detected
within the cell nuclei, adjacent to the nucleoli
(Figure 6b). Mock-transfected C6 glioma cells were
used as control and exhibited no heparanase stain-
ing (Figure 6b, inset). These results indicate that
nuclear localization of heparanase is not cell
specific, occurring in both native and transfected
heparanase expressing cells. In addition, staining
with both monoclonal (mAb 130, Figure 6) and
polyclonal (pAb 733, Figure 5) anti-heparanase
antibodies yielded a similar staining pattern.

Heparanase Nuclear Localization in Human Tumor
Cells In Vivo

We investigated whether heparanase nuclear locali-
zation is limited to cultured cells, or is a general
property of cancer cells in vivo. For this purpose,
tissue sections of moderately differentiated squa-
mous cell carcinoma (SCC) specimens from human
oral cavity were subjected to immunostaining,
utilizing anti-heparanase polyclonal antibodies
(pAb 733). As demonstrated in Figure 7, a promi-
nent granular heparanase staining (red-brown) is
seen in the nuclei of a large proportion of the
epithelial tumor cells (Figure 7a), vs no nuclear
staining in the adjacent stromal cells (Figure 7b,
arrows). It should be noted that less than 20% of the
cells in the same specimens exhibited p53 staining,
and that the apoptotic rate calculated from positive
Tunnel staining of cells was less than 1% in the
same specimens (not shown).

Discussion

In the present study we investigated heparanase
nuclear localization and activity in hpa-transfected
glioma (U87-human, C6-rat) and nontransfected
human breast carcinoma (MDA-435) cells. Our
results clearly indicate that in addition to hepara-
nase granular localization in the cell cytoplasm,29

both the latent (65 kDa) and active (50 kDa)
heparanase forms are found in the cell nucleus.

Figure 4 Nuclear HS is a substrate for heparanase activity. Bovine
corneal endothelial cells were cultured in the presence of Na2

35SO4

(25mCi/ml) added on days 2 and 5 after seeding, as described in
‘Materials and methods’. Following extensive washes to remove
unincorporated labeled material, cells were lysed and fractio-
nated to nuclear and cytosolic fractions, as described in ‘Materials
and methods’. The sulfate-labeled nuclear fraction was then
incubated (pH 5.8, 371C, 15h) with recombinant 50 kDa hepar-
anase (0.5mg/ml) in the absence (’) or presence (�) of 5 mg/ml
laminaran sulfate. Control nuclear fraction alone was incubated
under the same conditions (&). The incubation medium was then
centrifuged and the supernatant analyzed by gel filtration on
Sepharose CL-6B.
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Interestingly, the nuclei of the examined cells
contained predominantly the 50 kDa active hepara-
nase, as demonstrated by subcellular fractionation
and Western blot analysis, applying anti-heparanase
monoclonal antibodies recognizing both the latent
and active enzymes. Moreover, incubation of cells
with recombinant latent heparanase resulted in
internalization of the enzyme and subsequent
translocation into the cell nucleus. While mostly
the 65 kDa enzyme was found in the nucleus at
30min following uptake, the 50 kDa enzyme was the
predominant form at 60min and was no longer
detected at 2 h. Although the exact location and
mode of heparanase processing has not been fully
characterized, it may well be that conversion of
latent heparanase into its active form occurs, in
several compartments,28 including the cell nucleus.
Since the protease responsible for processing of the
latent enzyme has not been identified, it is not
certain whether heparanase is processed in the
nucleus in the same manner as in the cytosol.

To evaluate whether nuclear heparanase is enzy-
maticaly active, nuclear fractions from hpa-trans-
fected human and rat glioma cells, and nontransfected
human breast carcinoma cells (MDA-435), were
assayed for heparanase activity. All nuclear pre-
parations exhibited a high HS degrading activity,

similar to the cytoplasmic enzyme. It should be
noted, however, that the cytosolic and nuclear
fractions were incubated with the ECM for 15h,
allowing the enzymatic reaction to proceed beyond
the linear phase. Under these conditions, more than
80% of the total labeled substrate was degraded,
precluding quantitative estimation of the actual
amount of cytosolic vs nuclear heparanase. The
relative amount of cytosolic vs nuclear heparanase
can be estimated, however, based on the Western
blot presented in Figure 1. It appears that the
cytosolic fraction contains approximately four-fold
more heparanase than the nuclear fraction. Taking
into account that in the hpa-transfected glioma cells
the total amount of protein extracted from the
cytosol vs the nucleus was 3.6-fold higher, it is
estimated that the total amount of nuclear hepara-
nase is about 7% of that found in the cytosol. This
estimation was confirmed by performing the hepar-
anase activity assay applying equal amounts of
glioma cytosolic and nuclear protein, incubated
with the ECM for 4 rather than 15h. A similar result
was obtained with MDA-435 cells, expressing high
levels of endogenous heparanase (not shown).

Recombinant exogenously added latent hepara-
nase that was translocated into the nucleus was
found to be enzymatically active, similar to the

Figure 5 Nuclear colocalization of heparanase and heparan sulfate. Stable H-hpa-transfected U87 glioma cells (pooled population) were
subjected to indirect immunofluorescence staining with (a) monoclonal anti-HS antibodies (mAb 3G10) followed by Cy2-conjugated goat
anti-mouse antibody (green), and (b) polyclonal antiheparanase antibodies (733) followed by Cy3-conjugated goat anti-rabbit antibodies
(red), as described in ‘Materials and methods’, (c and d) Colocalization of nuclear HS and heparanase (yellow, arrows).
Immunofluorescent staining was analyzed by confocal microscopy. Images were obtained at an original objective magnification of
�60. There was no staining of cells exposed to Cy2- or Cy3-conjugated antibodies alone.
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endogenous nuclear heparanase. These results sug-
gest that cellular binding and uptake of extracellular
heparanase secreted, for example, by activated
platelets and neutrophils,16,43 or by astrocytes32

may result in the uptake and storage of the enzyme
in lysosomal28,29 and nuclear cellular compartments.

Several groups have reported the presence of HS
chains in the nucleus of various cell types5–7,39–41

and demonstrated that HSPGs may regulate the
internalization and nuclear uptake of FGF-1 and
FGF-2.7–9 It was also suggested that a correlation
exists between nuclear localization of HS and the
growth rate of hepatoma cells, and that both
glypican and biglycan participate in the regulation
of C6 glioma cell proliferation and survival through

a direct involvement of HSPGs in nuclear pro-
cesses.44 These reports emphasize the catabolism
of HSPGs to free HS chains and their regulated
nuclear uptake and potential participation in nuclear
processes. In view of these results, we investigated
whether nuclear heparanase is capable of degrading
nuclear HS and thus play a role in HS turnover and
nuclear functions. Our results clearly indicate that
nuclear HSPGs are readily degraded by recombinant
and nuclear heparanases. Immunofluorescent
staining, utilizing anti-heparanase and anti-HS
antibodies (3G10), clearly demonstrated that hepar-
anase colocalizes with HSPGs within the cell
nucleus, suggesting a possible formation of a
complex between the two. The exact nuclear
localization of heparanase was not characterized.
Confocal microscopy indicated that in cultured
glioma cells the enzyme is localized in close
proximity to the nucleoli.

Although the exact mode of heparanase transloca-
tion into the nucleus requires further investigation,
at least two putative mechanisms for heparanase

Figure 6 Nuclear localization of heparanase in nontransfected
and hpa-transfected cells. (a) Nuclear heparanase in nontrans-
fected human breast carcinoma cells. MDA-435 cells endogen-
ously expressing heparanase were subjected to indirect
immunoflorescent staining applying anti-heparanase mAb 130
and secondary anti-mouse Cy3-conjugated antibodies. (b) Nuclear
heparanase in H-hpa transfected glioma cells. Stable H-hpa-
transfected C6-rat glioma cells (pooled population) were sub-
jected to indirect immunoflorescent staining as described in (a)
Inset: mock-transfected C6 glioma cells. Cells were analyzed by
confocal microscopy. Images were taken at an original objective
magnification of X60.

Figure 7 Nuclear localization of heparanase in human oral
squamous cell carcinoma. Paraffin-embedded tissue sections
from human oral SCC were subjected to immunostaining with
anti-heparanase antibodies (pAb 733), as described in ‘ Materials
and methods’. (a) Intense, nuclear granular staining of heparanase
is seen in most salivary gland tumor cells, with only scant
cytoplasmic staining. (b) Nuclear staining of heparanase in the
mucosal epithelial tumor cells. Nuclear staining is not detected in
the adjacent stromal cells (arrows). Mayer’s hematoxylin was used
for counterstaining of the cell nuclei (Blue). Images were taken at
an original objective magnification of X60.
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nuclear localization are feasible. First, the human
heparanase sequence contains two potential nuclear
localization signals (residues 271–277; PRRKTAK
and residues 427–430; KRRK) that can mediate the
enzyme’ nuclear localization. Second, nuclear trans-
location of heparanase may be facilitated by its
heparin binding domain, utilizing HS as its vehicle.
In fact, as was previously suggested28 and as
demonstrated in the present study, heparin inhib-
ited the uptake of extracellular recombinant hepara-
nase and thereby its nuclear translocation,
supporting a role for HS in heparanase cellular
translocation and nuclear localization. In fact,
nuclear translocation of HSPGs is well documented
and has been shown to involve a nuclear localiza-
tion sequence in the core protein of glypicans.44 Our
preliminary results indicate that cell surface HS
plays a role in heparanase cellular binding and
uptake. The internalized HS-bound enzyme may
then be translocated into the nucleus utilizing its
own and/or the HSPG nuclear localization signal.
b- and g-catenins may also function as vehicles for
heparanase nuclear internalization, or vise versa. In
fact, our preliminary results indicate that hepara-
nase specifically interacts with b- and g-catenins in
the cell cytoplasm, followed by translocation into
the nucleus (Schubert et al, unpublished results).

Although the exact function played by heparanase
in the nucleus requires further investigation, several
potential activities of nuclear heparanase can be
hypothesized. For example, heparin binding pro-
teins such as FGF-1 and FGF-2 depend on HS for
translocation into the nucleus.45,46 Also, HSPGs
were demonstrated to play a fundamental role in
the regulation of topoisomerase-I mediated DNA
relaxation.47 Degradation of HS by nuclear hepara-
nase may thus contribute to the malignant pheno-
type of cells by liberating the inhibitory effect of HS
on topoisomerase-I DNA relaxation. Likewise, he-
paranase cleavage of nuclear HS may affect the
transcriptional activity associated with nuclear
FGF-2.48,49 Our preliminary experiments suggest a
potential role for heparanase in nuclear transloca-
tion of b- and g-catenins and their subsequent
involvement in Lef/Tcf-mediated transcriptional
activity and control of cell proliferation (Schubert
et al, unpublished results). Similarly, it has been
demonstrated that FGF-2 may augment nuclear
levels of b-catenin and promote Lef/Tcf-dependent
transcription of a cyclin D1-luciferase construct.49

It should be emphasized that heparanase nuclear
localization is not restricted to cancer cell lines
maintained in culture and, as demonstrated in the
present study, was also found in human primary
tumors of the oral cavity and salivary glands. In
these specimens, a granular distribution of hepara-
nase was noted in the nucleus and was not restricted
to areas adjacent to the nucleoli. Nuclear immunos-
taining of heparanase was recently demonstrated in
human gastric and esophagus cancers,21 supporting
our observations in vitro and in vivo.
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