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Heparanase activity is highly implicated in cell dissemination
associated with tumor metastasis, angiogenesis, and inflamma-
tion. Heparanase expression is induced in many hematological
and solid tumors, associated with poor prognosis. Heparanase
homolog, termed heparanase 2 (Hpa2), was cloned based on
sequence homology. Detailed characterization of Hpa2 at the
biochemical, cellular, and clinical levels has not been so far
reported, and its role in normal physiology and pathological dis-
orders is obscure. We provide evidence that unlike heparanase,
Hpaz2 is not subjected to proteolytic processing and exhibits no
enzymatic activity typical of heparanase. Notably, the full-
length Hpa2c protein inhibits heparanase enzymatic activity,
likely due to its high affinity to heparin and heparan sulfate and
its ability to associate physically with heparanase. Hpa2 expres-
sion was markedly elevated in head and neck carcinoma
patients, correlating with prolonged time to disease recurrence
(follow-up to failure; p = 0.006) and inversely correlating with
tumor cell dissemination to regional lymph nodes (N-stage; p =
0.03). Hpa2 appears to restrain tumor metastasis, likely by
attenuating heparanase enzymatic activity, conferring a favor-
able outcome of head and neck cancer patients.

Enzymatic activity of the endo-B-p-glucuronidase hepara-
nase has been recognized for nearly three decades (1, 2).
Heparanase activity is considered a prerequisite for cellular
invasion associated with tumor metastasis, inflammation, and
angiogenesis, a consequence of heparan sulfate (HS)? cleavage
and remodeling of the subendothelial and subepithelial base-
ment membrane and extracellular matrix (ECM) (3, 4). The
clinical significance of heparanase activity critically emerges
from numerous recent publications describing induced hepara-
nase expression in human hematological and solid tumors, and
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its inverse correlation with post-operative patient survival,
encouraging the development of heparanase inhibitors (5-9).
Cloning of a single human heparanase cDNA sequence was
independently reported by several groups (10-13) implying
that one active heparanase enzyme exists in mammals. Further
analysis of human genomic DNA led researchers to conclude
that the heparanase gene is unique and that the existence
of related proteins is unlikely (14). Based on amino acid
sequences, McKenzie et al. (14) nonetheless reported the clon-
ing of heparanase homolog termed heparanase 2 (Hpa2). Hpa2
is predicted to encode three proteins generated by alternative
splicing (Hpa2a, Hpa2b, Hpa2c) and shares an overall identity
of ~40% with heparanase. Detailed characterization of Hpa2 at
the biochemical, cellular, and clinical levels has not been so far
reported, and its role in normal physiology and pathological
disorders is obscure. Utilizing purified Hpa2c protein (wild type
Hpa2) and newly generated Hpa2-specific polyclonal and
monoclonal antibodies, we show that Hpa2c is secreted and
exhibits high affinity toward heparin and HS but not hyaluronic
acid (HA). Hpa2c binds cell membrane syndecan-1 and -4 but,
unlike heparanase, failed to get internalized and remains on the
cell surface for relatively long period of time. Notably, Hpa2c
inhibits heparanase enzymatic activity, likely due to its high
affinity to heparin and HS and its ability to associate physically
with heparanase. Hpa2c expression correlates with reduced
tumor metastasis in head and neck cancer patients.

MATERIALS AND METHODS

Antibodies and Reagents—Anti-syndecan-1 (sc-5632), anti-
syndecan-4 (sc-12766), anti-bFGF (sc-79), anti-calnexin (sc-
11397), and anti-Myc tag (sc-40) antibodies were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA). Monoclonal
antibody to heparanase was kindly provided by ImClone Sys-
tems Inc. (New York). Anti-actin monoclonal antibody, hepa-
rin, heparin-Sepharose, HA, wheat germ agglutinin-FITC con-
jugate, and tunicamycin were purchased from Sigma. Basic FGF
was purchased from PeproTech (Rocky Hill, NJ). Anti-hepara-
nase polyclonal antibodies 733 and 1453 were described previ-
ously (15). Antibody 58 was raised against a peptide (**DRR-
PLPVDRAAGLKEKT®?) mapped at the N terminus of Hpa2. A
cysteine residue was added after threonine 59 to enable ef-
ficient coupling of the peptide to maleimide-activated key-
hole limpet hemocyanin, according to the manufacturer’s
(Pierce) instructions. This peptide was preferred because it
exhibits minimal sequence homology with heparanase (14),
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and the respective antibody is expected to recognize the wild
type and alternatively spliced Hpa2. The keyhole limpet hemo-
cyanin-conjugated peptide was injected into rabbits, and anti-
body specificity was evaluated by ELISA, immunoblotting, and
immunostaining. Monoclonal antibodies 1C7 and 20C5 were
raised against Hpa2c protein purified from the conditioned
medium of Hpa2c-transfected HEK293 cells, essentially as
described (16). Hpa2a, Hpa2b, and Hpa2c cDNAs were kindly
provided by Dr. Edward McKenzie (University of Manchester,
Manchester, UK) (14) and subcloned into Myc-tagged mam-
malian expression vector pcDNA3.1. Heparanase and Hpa2c
proteins were purified from the conditioned medium of stably
transfected HEK293 cells essentially as described (17, 18).

Cell Culture, Transfection, Immunoprecipitation, and Im-
munoblotting—Human U87-MG glioma, Cal27 tongue carci-
noma, and HEK293 cells were purchased from the American
Type Culture Collection (ATCC). JSQ-3 nasal vestibule carci-
noma cells were kindly provided by Dr. Ralph Weichselbaum
(University of Chicago, Chicago, IL) (19). Cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with glutamine, pyruvate, antibiotics, and 10% fetal
calf serum in a humidified atmosphere containing 5% CO, at
37 °C. For stable transfection, cells were transfected with
pcDNA3 vectors containing Myc-tagged full-length (Hpa2c)
and splice variants (Hpa2a, 2b) using the FuGENE reagent
according to the manufacturer’s (Roche Applied Science)
instructions, selected with G418 (400 — 800 ug/ml) for 2 weeks,
expanded, and pooled. Protein expression and secretion were
evaluated by immunoblotting, essentially as described (20, 21).
Briefly, cells were incubated with the indicated concentrations
of heparin, HS, or HA for 24 h under serum-free conditions.
The medium was collected, and after three washes with ice-cold
PBS, cell extracts were prepared using a lysis buffer containing
50 mm Tris-HCI, pH 7.4, 150 mm NaCl, 0.5% Triton X-100,
supplemented with a mixture of protease inhibitors (Roche
Applied Science). Protein concentration was determined (Brad-
ford reagent, Bio-Rad), and 50 ug of protein and the equivalent
volume of medium were resolved by SDS-PAGE under reducing
conditions. After electrophoresis, proteins were transferred to
PVDF membrane (Bio-Rad) and probed with the appropriate
antibody followed by HRP-conjugated secondary antibody
(Jackson ImmunoResearch, West Grove, PA) and an enhanced
chemiluminescent substrate (Pierce) (20 —22). Immunoprecipi-
tation of heparanase and Hpa2c was carried out essentially as
described (22) except that magnetic beads (30 ul; Dynabeads
Protein G, Invitrogen) were applied to capture the antibody.
Briefly, heparanase and Myc-tagged Hpa2c proteins (0.5 ug
each in 0.5 ml of serum-free medium) were allowed to interact
for 2 h at room temperature. Anti-heparanase monoclonal anti-
body coupled to protein G-magnetic beads was then added for
10 min; beads were collected by centrifugation and washed 3
times with PBS supplemented with 300 mm NaCl and 5%
sucrose. Sample buffer was then added, and after boiling for 5
min, samples were subjected to electrophoresis and immuno-
blotting as described above.

Uptake Studies—Proteins (latent 65-kDa heparanase; consti-
tutively active (GS3), Hpa2c, bFGF) were added to confluent
cell cultures at a concentration of 1-5 ug/ml under serum-free
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conditions. At the indicated time points, the medium was aspi-
rated, cells were washed twice with ice-cold PBS, and total cell
lysates were prepared as described above. Protein uptake was
analyzed by immunoblotting, applying the relevant antibody as
described (15, 23). In acid wash studies, protein uptake was
performed at 37 or 4 °C for 2 h. Cells were then washed with
cold PBS and left untreated or subjected to three washes (1 min
each) with serum-free medium adjusted to pH 2.5 (acid wash)
to remove proteins tethered to the cell surface. Cell lysates were
then prepared and subjected to immunoblotting as described
above.

Purified proteins (3 ng) were incubated with heparin-Sepha-
rose beads (30 ul) suspended in 1 ml of PBS for 30 min. Beads
were then centrifuged (14,000 X g) and washed twice with
cold PBS containing 0.3 M NaCl. Bound proteins were eluted
stepwise by increased NaCl concentrations. Elution samples
were then subjected to SDS-PAGE followed by Coomassie Blue
staining.

Flow Cytometry—HEK293 cells were left untreated as a con-
trol or incubated with Myc-tagged Hpa2c (1 ug/ml, 30 min,
37 °C). Cells were detached with EDTA, centrifuged at 1000
rpm for 4 min, washed with PBS, and counted. Cells (2 X 10°)
were resuspended in PBS containing 1% FCS and incubated
with anti-Myc or anti-Hpa2 monoclonal antibody for 30 min
on ice. Cells were then washed twice with PBS, incubated
with Cy2-conjugated secondary antibody, washed, and ana-
lyzed using a FACSCalibur fluorescent activated cell sorter and
CellQuest software (BD Biosciences) as described (18).

Heparanase Enzymatic Activity—Preparation of ECM-coated
35-mm dishes and determination of heparanase activity were
performed as described in detail elsewhere (20, 22). To evaluate
inhibition by Hpa2c, active heparanase (50 ng) was applied onto
35S-labeled ECM without or with purified Hpa2c protein. The
incubation medium (1 ml) containing sulfate-labeled degrada-
tion fragments was subjected to gel filtration on Sepharose
CL-6B column. Fractions (0.2 ml) were eluted with PBS, and
their radioactivity was counted in a B-scintillation counter.
Degradation fragments of HS side chains are eluted at 0.5 < K,
< 0.8 (peak I, fractions 10 —25). Nearly intact HS proteoglycans
(HSPGs), liberated by proteolytic enzymes residing in the ECM
and degrading the proteoglycan core protein, are eluted just
after the V,, (K, < 0.2, peak I). Each experiment was performed
at least three times, and the variation in elution positions (K,
values) did not exceed *+15%.

Immunocytochemistry—Cells were left untreated or incu-
bated with exogenously added heparanase or Hpa2c and sub-
jected to indirect immunofluorescence staining, essentially as
described (15, 23). Briefly, cells were fixed with cold methanol
for 10 min. Cells were then washed with PBS and incubated in
PBS containing 10% normal goat serum for 1 h at room tem-
perature followed by a 2-h incubation with the indicated pri-
mary antibodies. Cells were then extensively washed with PBS
and incubated with the relevant (Cy2/Cy3-conjugated) second-
ary antibody (Jackson ImmunoResearch) for 1 h, washed, and
mounted (Vectashield; Vector, Burlingame, CA). Immunocyto-
chemistry was similarly performed on live cells at 37 °C; cells
were incubated with exogenously added Hpa2c protein for 30
min, medium was aspirated, and after washes with PBS cells
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FIGURE 1. Hpa2 expression and secretion. A, an immunoblot analysis is shown. HEK293 cells were stably
transfected with the indicated Myc-tagged heparanase, Hpa2 variant, or control empty plasmid (Con), and total
cell lysates were subjected to immunoblotting applying anti-Myc (upper panel), anti-Hpa2 (Ab58, second panel;
20C5, third panel; 1C7, fourth panel), or anti-actin (lower panel) antibodies. B, heparanase enzymatic activity is
shown. Corresponding cell lysates were incubated with sulfate-labeled ECM. Labeled material released into the
incubation medium was applied for gel filtration on Sepharose 6B and analyzed as described under “Materials
and Methods.” Note the release of labeled degradation fragments eluted in fractions 15-30 after transfection
with heparanase (X) but not Hpa2 cDNAs. C, secretion is shown. HEK293 cells stably expressing Hpa2 variants
were cultured in serum-free medium without (—) or with heparin (+; 10 ug/ml) for 20 h. Cell lysates (50 ng) and
corresponding volumes of conditioned medium samples were subjected to immunoblotting applying anti-
Myc tag antibody. D, the effect of glycosaminoglycans is shown. HEK293 cells stably expressing Hpa2c (2¢;
upper panel) or heparanase (Hepa; lower panel) were incubated without (0) or with the indicated concentrations
of heparin, HS, or HA, and the conditioned medium was subjected to immunoblotting as above. ns, nonspecific
band.

strong) and the percentage (extent
staining) of tumor cells that were
stained. The extent of staining was
further categorized as low (0, <10%),
moderate (+1, 10-50%), and high
(+2, >50%). Specimens that were
similarly stained with pre-immune
serum or in which the above proce-
dure was applied but lacked the pri-
mary antibody yielded no detectable
staining.

Statistical Analysis—Univariate as-
sociation between Hpa2 immuno-
staining (intensity and extent) and
clinical and pathological parame-
ters as well as patient outcome were
analyzed using x> tests (Pearson,
Fisher exact test) as described (24).

RESULTS

Hpa?2 Is Not Subjected to Proteo-
lytic Processing and Lacks Enzyma-
tic Activity Typical of Heparanase—
Sequence alignment analysis revealed
44% identity and 59% resemblance
between wild type Hpa2 (Hpa2c) and
heparanase (supplemental Fig. 1A).
Heparin binding domains (Lys'*®-
Asp'”! and Pro*”'—Met?*”®) critical
for the interaction of heparanase
with its HS substrate (20) are not
well conserved (supplemental Fig.
1A). This and the questionable
existence of a signal peptide re-
quired for Hpa2 protein secretion
(14) suggest that heparanase and
Hpa2 are functionally distinct. We
subcloned each of the Hpa2 splice
variants (2a, 2b and 2¢; supple-
mental Fig. 1B) (14) in Myc-tag-
ged mammalian expression vector
pcDNA3.1 and examined protein
expression after transfection of 293
cells. All three Hpa2 splice variants
were readily detected and appeared
as a single band at the expected
molecular weight (Fig. 14, upper
panel). We have reported previously
that heparanase is cleaved at its C

were incubated with the appropriate antibody for 1 h. Cells
were then washed with ice-cold PBS, fixed with 4% paraform-
aldehyde, and subjected Cy2/Cy3-conjugated secondary anti-
body, washed, and mounted as above. Staining was visualized
by confocal microscopy, as described (21).
Immunohistochemistry—Staining of formalin-fixed, paraf-
fin-embedded 5-um sections for Hpa2 was performed essen-
tially as described (24). Hpa2 staining was scored according to
the intensity of staining (0, none; +1, weak-moderate; +2,
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terminus, resulting in loss of the introduced Myc-tag before its
proteolytic processing and the formation of an active 8- and
50-kDa heterodimer (23, 25). Thus, Hpa2 processing may not
be detected by anti-Myc antibodies. To verify this aspect, we
generated a polyclonal antibody (Ab58) directed against a pep-
tide (Asp**~Thr*®) mapped at the protein N terminus and,
hence, expected to recognize all three Hpa2 variants (supple-
mental Fig. 1B). In addition, the peptide exhibits minimal
sequence homology with heparanase (27). Subjecting cell

sV
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FIGURE 2. Hpa2c possesses higher affinity than heparanase toward heparin/HS. A, heparin affinity binding is
shown. Purified latent (65 kDa) heparanase, constitutively active (GS3) heparanase, or Hpa2c proteins (3 ng/ml) were
incubated with heparin-Sepharose beads for 30 min on ice. After washes with cold PBS containing 0.3 m NaCl, bound
proteins were eluted with the indicated concentrations of NaCl. Eluted samples were resolved by SDS-PAGE and
stained with Coomassie Blue. B, protein uptake is shown. U87 glioma cells were left untreated (0) or incubated with
Myc-tagged heparanase (Hepa) or Hpa2c (2¢) proteins (1 pg/ml) for the times indicated. Cell lysate samples were
subjected to immunoblotting, applying anti-Myc (upper panel) or anti-actin (lower panel) antibodies. Cand D, Hpa2c
competes with heparanase uptake. C, Cal27 tongue carcinoma cells were incubated without (Con) or with latent
65-kDa heparanase (1 pg/ml) in the absence (0) or presence of the indicated concentrations of Myc-tag Hpa2c
protein. Lysate samples were prepared after 30 min (left panels), 4 h (middle panels), or 24 h (right panels) and
subjected to immunoblotting applying anti-heparanase (Hepa; upper panels) or anti-myc antibodies (2¢; lower pan-
els). Densitometry analysis of heparanase uptake is presented at the lower panels. D, U87 glioma cells were similarly
left untreated (Con) or incubated (30 min, 37 °C) with constitutively active heparanase (1 wg/ml) without (GS3) or
with Hpa2c (1 wg/ml; GS3 + 2¢) or with the indicated concentration of bFGF (GS3 + 1, GS3 + 5). Lysate samples were
subjected to immunoblotting with anti-heparanase (Hepa; upper panel), anti-Myc (2¢; second panel), and anti-bFGF
(third panel) antibodies. E, top panel, Hpa2c (1 uwg/ml) was incubated with Cal27 tongue carcinoma (left panels) or U87
glioma cells (right panels) for the times indicated. Lysate samples were then prepared and subjected to immuno-
blotting applying anti-Hpa2 20C5 antibody. Cells were similarly incubated with heparanase (1 ng/ml), and lysate
samples were immunoblotted with anti-heparanase (Hepa, middle panels) or anti-actin (lower panels) antibodies. ns,
nonspecific band.

lysates to immunoblotting applying Ab58 confirmed its speci-

anti-Myc antibody (Fig. 14, second
panel). Furthermore, two mono-
clonal antibodies (20C5, 1C7) raised
against Hpa2c yielded comparable
results (Fig. 1A, third and fourth
panels), indicating that Hpa2 pro-
teins are not subjected to pro-
teolytic processing. Correspond-
ing lysate samples were evaluated
for heparanase enzymatic activity.
Although the release of **S-labeled
HS was markedly enhanced after
transfection with heparanase (Hpal;
Fig. 1B), no such activity was evident
in cells transfected with Hpa2 splice
variants (Fig. 1B), indicating that
Hpa2 is devoid of enzymatic activity
typical of heparanase.

Hpa2c Is Secreted, Exhibits High
Affinity to Heparin and HS, and
Inhibits Heparanase Activity—Treat-
ment with tunicamycin resulted in
decreased molecular weight of Hpa2
splice variants (not shown) and
immunofluorescent staining local-
ized Hpa2 in the endoplasmic retic-
ulum (ER) (supplemental Fig. 2),
suggesting that Hpa2 proteins are
glycosylated and directed to the
secretory pathway. To better appre-
ciate Hpa2 secretion, conditioned
medium and lysate samples were
collected from stably transfected
293 cells and subjected to immuno-
blotting applying anti-Myc anti-
body. Although all three Hpa2 splice
variants were abundantly expressed
and readily detected in the cell
lysates (Fig. 1C, Lysate), only Hpa2c
protein was detected in the cell-
conditioned medium (Fig. 1C,
Medium, 2c, —). Notably, accumu-
lation of Hpa2c extracellularly was
markedly enhanced after the addi-
tion of heparin to the culture
medium (Fig. 1C, Medium, 2c,+).
This suggests that Hpa2c retains the
capacity to interact with heparin
and likely HS. To compare hepara-
nase and Hpa2c for their affinity to
heparin/HS, stably transfected cells
were incubated with increasing con-
centrations of heparin, HS, or HA.
Medium samples were collected
and subjected to immunoblotting

with anti-Myc antibody (Fig. 1D). As noted previously (20, 23),

ficity for Hpa2 (i.e. no cross-reactivity with heparanase) and heparanase accumulated in the culture medium to high levels

resulted in a band pattern similar to that obtained with the
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after the addition of 10 ug/ml heparin or HS but not HA (Fig.
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FIGURE 3. Hpa2c associates with heparanase and inhibits its enzymatic activity. A, heparanase activity is
shown. Active heparanase (GS3, 50 ng) was applied onto culture dishes coated with 3*S-labeled ECM for 4 h
without (GS3) or with BSA or Hpa2c (1 ng/ml). Release of sulfate-labeled material eluted in fractions 10-25 was
evaluated as a measure of heparanase activity, as described under “Materials and Methods” (left panel). Cal27
tongue carcinoma cells were grown for 2 days without (Con) or with Hpa2c protein (0.5 pg/ml); cells were
subjected to three cycles of freeze/thaw, and heparanase activity in cell lysates was determined as above (right
panel). B, co-immunoprecipitation is shown. Purified active heparanase (GS3) and Myc-tagged Hpa2c proteins
(0.5 ng/0.5 ml) were incubated for 2 h at RT and were then immunoprecipitated with control mouse IgG (mlgG)
or anti-heparanase monoclonal antibody coupled to magnetic beads. After three washes with PBS supple-
mented with 0.02% Tween 20, sample buffer was added, and after boiling the supernatant was subjected to
immunoblotting applying anti-Myc (upper panel) or anti-heparanase (middle panel) monoclonal antibodies.
Purified GS3 and Hpa2c (100 ng) were run in parallel as a reference to immune precipitation (IP) efficiency. 293
cells stably expressing heparanase were transiently transfected with Myc-tagged Hpa2c or with an empty
vector (Mock). Lysate samples (200 wg) were immunoprecipitated with anti-heparanase antibody applying the
ProFound co-immunoprecipitation kit according to the manufacturer’s (Pierce) instructions followed by
immunoblotting (/B) with anti-Myc antibody. Mouse IgG (mIgG) or uncoated beads (Neg. con) were included as
controls for antibody specificity (lower panel). C, syndecan clustering. Cal27 tongue carcinoma cells were left
untreated (Con, upper panels) or incubated with Hpa2c (second panels) or heparanase (lower panels) proteins
for 2 h. Cells were then fixed and subjected to immunofluorescent staining applying anti-syndecan-1 (left
panels, green) and anti-Hpa2 (Ab58; middle panel, red) or anti-heparanase (733; middle lower panel, red) anti-
bodies. Merge images are shown in the right panels. Yellow designates co-localization. Note that Hpa2 clusters
syndecan-1 but fails to get internalized, whereas heparanase appears in endocytic vesicles, co-localizing with
syndecan-1.

eluted with 0.5-1 M NaCl (Fig. 24,
upper and second panels), whereas
higher NaCl concentrations (1.5 M)
were required to elute Hpa2c from
the heparin beads (Fig. 24, lower
panel). After exogenous addition to
U87 glioma cells, heparanase was
detected in the cell lysate after 30
min (Fig. 2B, upper panel, Hepa)
(15, 20, 23, 29, 30). Intriguingly, cel-
lular binding of Hpa2c was signifi-
cantly faster than that of heparanase
(Fig. 2B, 2c). Maximal Hpa2c bind-
ing was evident already 5 min after
its addition, and cellular levels
remained stable for 60 min (Fig. 25,
2c). Similar binding kinetics was
seen also in 293 cells (not shown).
These results indicate that Hpa2c
exhibits a higher affinity toward
heparin/HS than heparanase and,
thus, may interfere with the interac-
tion of heparanase with its HS
substrate.

To examine this possibility, we
evaluated cellular uptake of hepara-
nase in the absence or presence of
Hpa2c. Cal27 tongue carcinoma
(Fig. 2C), JSQ-3 nasal carcinoma,
U87 glioma, and 293 (supplemen-
tal Fig. 3B) cells were left untreated
(Con) or were incubated with hepara-
nase (1 ug/ml) in the absence (0) or
presence on increasing concentra-
tions of Hpa2c. At the times
indicted, cells were extensively
washed, and total cell lysates were
subjected to immunoblotting. As
demonstrated in Fig. 2C, Hpa2c
inhibited uptake of heparanase in a
dose-dependent manner. Reduced
level of latent (65 kDa) (Fig. 2C, left
panel; 30 min) and processed (50
kDa) heparanase (Fig. 2C, middle

1D, lower panel). Notably, Hpa2c accumulated in the culture
medium to a similar extent already in the presence of a 10-fold
lower concentration (1 pg/ml) of heparin or HS (Fig. 1D, upper
panel). This finding suggests that Hpa2c exhibits a higher affin-
ity toward heparin/HS than heparanase, as further demon-
strated by the following experiments. Because only Hpa2c is
found secreted, accumulates in the culture medium after the
addition of low concentrations of heparin (1 pg/ml), and could
be purified from the culture medium of stably transfected cell
(see below), further studies mostly focused on this protein.
Purified heparanase or Hpa2c proteins were allowed to inter-
act with heparin-Sepharose beads and were then eluted step-
wise by increased salt concentrations. The latent (65 kDa) and
constitutively active (GS3) (28) heparanase proteins were
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panel; 4 h) was evident already in the presence of equal concen-
tration (1 pg/ml) of Hpa2c and even more so when Hpa2c con-
centration was elevated to 5 ug/ml (Fig. 2C, left and middle
panels). Similarly, Hpa2c inhibited the uptake of constitutively
active heparanase (GS3, Fig. 2D), whereas basic FGF, a typical
heparin binding growth factor, did not compete with hepara-
nase even at an ~10-fold higher molar concentration (Fig. 2D,
bFGF, 5 pug/ml). Importantly, the activity of purified recombi-
nant heparanase (GS3) was markedly attenuated by Hpa2c (Fig.
3A, GS3 + 2c), whereas irrelevant protein such as BSA had no
effect (Fig. 34, GS3+BSA). Similarly, decreased activity of
heparanase was evident after the addition of Hpa2c protein to
Cal27 cells (Fig. 3A, right), likely due to its preferential interac-
tion with HS and interference with uptake and processing of the
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FIGURE 4. Hpa2c is localized to the plasma membrane. A, immunofluorescent staining of live cells is shown. 293 cells were left untreated as control (Con;
upper panels) or incubated with Myc-tagged Hpa2c protein (1 pg/ml) for 30 min (second panels). After three washes with PBS, cells were incubated with
anti-Hpa2 monoclonal antibody (1C7; 1 wg/ml, middle panel, red) for 60 min at 37 °C, washed, and incubated with wheat germ agglutinin (WGA)-FITC for 1 min
to label the plasma membrane (left panels, green), fixed with 4% paraformaldehyde (15 min, RT), and incubated with Cy3-conjugated goat anti-mouse IgG
secondary antibody. After three washes with PBS, slides were mounted and analyzed by confocal microscopy. Similar staining procedure was applied for 293
cells stably expressing Hpa2c and incubated without (third panels, 2c) or with heparin (fourth panels). Note that membrane localization of Hpa2c is diminished
after incubation with heparin. B, FACS analysis is shown. 293 cells were left untreated as control (Con) or were incubated with Hpa2c protein (1 ug/ml, 30 min,
37 °C). Cells were then washed and left untreated (2c) or incubated with heparin (10 wg/ml) for 1 h. Cells were then dissociated by EDTA and subjected to FACS
analysis applying anti-Hpa2 (7C7, left) or anti-Myc (right) antibodies. C, an acid wash is shown. 293 cells were left untreated as control (Con) or incubated with
Hpa2c (2¢, left) or heparanase (Hepa, right) for 2 h at 37 or at 4 °C. Cells were then left untreated (N) or washed three times (1 min each) with DMEM adjusted to
pH 2.5 (AW). Cell lysates were prepared and subjected to immunoblotting applying anti-Hpa2 (2¢; upper left), anti-heparanase (Hepa; upper right), or anti-actin

(lower panel) antibodies.

endogenous enzyme (23). Notably, cell-associated Hpa2c levels
were markedly decreased 24 h after its addition (Fig. 2C, right
lower panel; 24 h). Concomitantly, its inhibitory capacity
toward uptake of heparanase was markedly attenuated (Fig. 2C,
right upper panel) evident by high levels of active (50 kDa)
heparanase protein accumulating at this time point (Fig. 2C,
right upper panel). Diminished levels of Hpa2c in Cal27 (Fig. 2,
C, right lower panel, E, upper left panel) and U87 cells (Fig. 2E,
upper right panel) 24 h after its addition was in contrast to
accumulation of the processed 50-kDa heparanase at this time
point (Fig. 2E, middle panels), suggesting a specific regulatory
mechanism that dictates the levels of cell-associated Hpa2c.
We further suspected that Hpa2 may interfere with hepara-
nase activity by means other than competition for substrate
(HS) binding and examined a possible physical association
between heparanase and Hpa2c. We first examined the associ-
ation between purified heparanase and Hpa2c proteins apply-
ing immune precipitation. Indeed, after incubation of purified
heparanase and Hpa2c proteins, immunoprecipitation with a
monoclonal antibody to heparanase precipitated Myc-tagged
Hpa2c, whereas control mouse IgG did not (Fig. 3B, upper
panel). To examine the interaction between heparanase and
Hpa2c in the context of live cells, 293 cells stably expressing
heparanase were transiently transfected with an empty vector
(mock) or Myc-tagged Hpa2c, and lysate samples were immu-
noprecipitated with anti-heparanase antibody followed by
immunoblotting with anti-Myc antibody (Fig. 3B). Hpa2c was
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found to be associated with heparanase (Fig. 3B, lower panel).
No reactivity was observed in control mock-transfected cells
(Fig. 3B, lower panel; Mock) or when a control antibody was
applied (Fig. 3B, lower panel; mIgG), ensuring the specificity of
the assay. Thus, secreted Hpa2c can inhibit heparanase activity
by competing for HS and can associate physically with hepara-
nase and thereby modulate its enzymatic and possibly non-
enzymatic functions.

Hpa2c Is Retained on the Cell Surface and Fails to Get
Internalized—Immunofluorescent staining illustrates Hpa2c
localization on the cell surface after its exogenous addition (Fig.
3C, Ab58), co-localizing with and clustering of syndecan-1, a
class of cell membrane HSPGs (Fig. 3C, 2¢, merge). Hpa2c sim-
ilarly co-localized with and clustered syndecan-4 (supplemen-
tal Fig. 3A). Unlike heparanase (Fig. 3C, lower panel, Ab733),
Hpa2c does not appear to get internalized into endocytic vesi-
cles but, rather, remains on the cell surface (Fig. 3C, 2¢). To
ascertain membrane localization of Hpa2c, we applied the fol-
lowing experiments. We exogenously added Hpa2c protein to
293 cells and subjected live cells (i.e. without fixation and/or
permeabilization) to immunofluorescent staining, applying
newly generated anti-Hpa2 monoclonal antibody 1C7. The
staining clearly shows peripheral Hpa2c (Fig. 44, second panel,
middle, red), partially co-localizing with wheat germ aggluti-
nin-FITC (a cell membrane marker; Fig. 4A, second panel,
merge). Membrane localization of Hpa2c was similarly demon-
strated in stably transfected 293 cells (Fig. 4A, third panels),
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whereas no reactivity was observed in control mock-trans-
fected cells (Fig. 4A, Con, upper panels). Furthermore, reactiv-
ity with antibody 1C7 is diminished in stably transfected cells
incubated with heparin (Fig. 4A, lower panels). Membrane
localization was further demonstrated by FACS analysis of cells
incubated with purified Hpa2c applying anti-myc (Fig. 4B, right
panel) or 1C7 (Fig. 4B, left panel) antibodies. Notably, cell-as-
sociated Hpa2c levels were markedly reduced after the addition
of heparin (Fig. 4B, +heparin), further indicating that heparin
competes with cell surface HS for Hpa2c binding. We next
employed an acid wash to dissociate proteins tethered on the
cell surface. 293 cells were incubated with purified heparanase
or Hpa2c for 2 h at 37 or 4 °C and were then left untreated as
control or washed 3 times (1 min each) with medium adjusted
to pH 2.5 (acid wash). Total cell lysates were then subjected to
immunoblotting applying anti-Hpa2 (Fig. 4C, upper left) or
anti-heparanase (Fig. 4C, upper right) antibody. Hpa2c levels
were markedly reduced after acid wash (Fig. 4C, upper panel,
2c¢). In contrast, heparanase levels were only modestly affected
by acid wash once cells were incubated at 37 °C (Fig. 4C, upper
right, Hepa) due to efficient internalization, evident by forma-
tion and accumulation of the processed 50-kDa active form
(Fig. 4C, upper panel, Hepa, 37 °C). Heparanase levels were
nonetheless significantly decreased by acid wash once uptake
was carried out at 4 °C, when protein internalization is pre-
vented, indicated by the lack of heparanase processing and
absence of the 50-kDa subunit (Fig. 4C, Hepa, 4 °C). These
results suggest that Hpa2c interacts with membrane HSPG and
remains on the cell surface for relatively long periods of time.
Hpa2c is not internalized but rather is being degraded on the
cell surface or shed together with the associated HSPG (i.e.
syndecan); the addition of heparin sequesters Hpa2c and pre-
vents its degradation/shedding, resulting in accumulation of
the protein in the cell media (Fig. 1, C and D).

Hpa?2 Is Overexpressed in Head and Neck Carcinoma and
Inversely Correlates with Tumor Metastasis—Having demon-
strated the specificity (i.e. no cross-reactivity with heparanase;
supplemental Fig. 3C) and suitability of Ab58 for immunobhis-
tochemical analysis, we next investigated the clinical signifi-
cance of Hpa2. We have previously utilized head and neck
tumor biopsies to study the clinical relevance of heparanase for
this type of cancer. We reported (24) that heparanase expres-
sion is induced in the majority of cases (86%), inversely corre-
lating with patient survival due, in part, to enhanced tumor
metastasis to regional and distant lymph nodes (N-stage). We
subjected this cohort of specimens to immunostaining with
anti-Hpa2 antibody (Ab58) and correlated the intensity and
extent (i.e. percent of positively stained cells) of staining with
clinical parameters (24). Clinical description of the patients is
presented in supplemental Table 1. Normal tissue adjacent to
the tumor lesion stained negative for Hpa2 (Fig. 54) in all of the
specimens. Among the 58 biopsies available for staining, 25
tumor lesions (43%) stained negative for Hpa2 (Fig. 5B), and 33
(57%) were positive. The Hpa2-positive group was further cat-
egorized according to the intensity and extent of staining. Thus,
weak staining (+1; Fig. 5C) was found in 60% (20/33) of positive
specimens, whereas 40% (13/33) stained strongly (+2; Fig. 5D)
for Hpa2. According to the extent criteria, 42% (14/33) of spec-
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FIGURE 5. Immunohistochemical staining of Hpa2 in human head and
neck tumor specimens. Formalin-fixed, paraffin-embedded 5-um sections
of 58 head and neck tumors were subjected to immunostaining, applying
anti-Hpa2 polyclonal antibody (Ab58), as described under “Materials and
Methods.” Shown are representative photomicrographs of normal-looking
tissue adjacent the carcinoma lesion (A) and carcinoma specimens stained
negative (B) or positive for Hpa2 and scored as weak (C; +1) and strong
(D; +2) intensity. Original magnifications, X50. A linear, statistically signifi-
cant association (p = 0.003) between Hpa2 staining extent and patient sur-
vival is shown in E.

imens that positively stained for Hpa2 were scored as low extent
(+1), and 58% (19/33) were scored as a high extent (+2). No
correlation was found between Hpa2 staining and tumor grade
or tumor size (T-stage). Notably, an inverse correlation was
found between Hpa2 staining extent and cell dissemination to
lymph nodes (patient N-stage) (Table 1). Thus, 57% of patients
that stained negative (0) for Hpa2 were diagnosed to have
advanced metastases to lymph nodes (two or more infected
lymph nodes; N2-3) compared with 13% of patients that were
scored as high Hpa2 extent (+2), a decrease that is statistically
significant (p = 0.03; Table 1). Likewise, an association was
found between Hpa2 staining and the time to disease recur-
rence (follow-up to failure). Hence, while in patients stained
negative for Hpa2, disease reappeared after 33.4 months on
average, the time before disease reappearance was prolonged to
77.7 months for patients exhibiting a high Hpa2 staining extent,
differences that are statistically highly significant (p = 0.006;
Table 1). Furthermore, we found a linear association between
Hpa2-staining extent and patient follow-up (=27.4 + 0.6 X
Hpa2 extent (%); Fig. 5E), clearly pointing to Hpa2 expression
levels as a favorable determinant in head and neck carcinoma.
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DISCUSSION

Enzymatic activity of heparanase is highly implicated in
tumor metastasis, a notion that is now supported experi-
mentally (31) and clinically (3, 4). Attempts to inhibit
heparanase were initiated in parallel with the emergence
clinical relevance of this activity, focusing on heparin and
heparin mimetics, which bind heparanase with high affinity
but serve as poor substrates (9, 32). Two types of endogenous
inhibitors of heparanase have so far been reported, namely
disaccharide end products of HS cleavage (33) and highly
basic proteins such as eosinophil major basic protein (34). The

TABLE 1

Hepa2 staining extent correlates with reduced lymph node
metastasis and prolonged follow-up

HPA-2 staining extent

Parameter
0 1 2 Total p
Stage 0.11
Stage II 3(33%) 1(11%) 5 (56%) 9
Stage III 4(24%) 6(35%) 7 (41%) 17
Stage IV 18 (56%) 7(22%)  7(22%) 32
N stage 0.03
NO-1 12 (34%) 7 (20%) 16 (46%) 35
N2-3 13 (57%) 7(30%) 3 (13%) 23
Follow-up time (months) 33.4 26.9 77.7 0.006

sy el

relevance of this protein to human cancer progression is none-
theless questionable. Our results identify Hpa2 as a candidate
endogenous inhibitor of heparanase activity. This conclusion
emerges from our in vitro studies in which purified Hpa2c pro-
tein was capable of inhibiting the enzymatic activity of both
recombinant and endogenous heparanase (Fig. 3A). The clini-
cal relevance of Hpa2 decisively emerges from the inverse cor-
relation found between Hpa2 staining extent and tumor metas-
tasis (patient N-stage; Table 1). Although Hpa2 expression was
undetected in normal epithelium adjacent to the tumor lesion
(Fig. 5A), it appeared to be up-regulated in 57% of head and
neck lesions. This is in agreement with a recent publication
reporting increased Hpa2 expression in colorectal and ovarian
carcinomas (35, 36). Clearly, Hpa2 expression was associated
with reduced lymph nodes metastasis and prolonged follow-up
time of head and neck cancer patients (Table 1; Fig. 5E), likely a
consequence of heparanase inhibition. This notion is based on
previous studies correlating high levels of heparanase with poor
outcome of head and neck (24), nasopharynx (37), salivary
gland (38), and tongue (39) cancer patients, among many other
carcinomas (3). An anti-metastatic feature of Hpa2 is also sup-
ported by studies of the Polycomb protein EZH2. EZH2 is an
important component of a multiprotein complex that methyl-
ates histone protein 3, leading to the

repression of target genes (40).

3 10 EZH2 is overexpressed in meta-
static breast and prostate cancers

and is a marker for aggressive dis-
ease (41). Thus, genes repressed by
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EZH?2 are expected to function as
tumor suppressors and to be associ-
ated with favorable prognosis.
Interestingly, the Polycomb repres-
sion signature genes identified
Hpa2 among the genes repressed by
Polycomb proteins (42). Moreover,
the Polycomb repression signature
is thought to predict the clinical
outcome of multiple solid tumors
(42), suggesting that anti-metastatic
features of Hpa2 are not limited to
head and neck carcinoma. Studies
examining Hpa2 levels in other
human hematological and solid
tumors are currently in progress.
Although the overall sequence
resemblance between heparanase

5

FIGURE 6. Schematic representation of a proposed model for heparanase and Hpa2 biosynthesis and
trafficking. Heparanase (O) and Hpa2 (A) arefirst targeted to the endoplasmic reticulum lumen via their signal
peptide (7). Heparanase and Hpa2 are then shuttled to the Golgi apparatus and are subsequently secreted via
vesicles that bud from the Golgi. Once secreted, heparanase and Hpa2 rapidly interacts with cell membrane
HSPGs such as syndecan family members (3). Binding of heparanase is followed by rapid endocytosis of the
heparanase-HSPG complex (4) that appears to accumulate in endocytic vesicles such as endosomes (5). Con-
version of endosomes to lysosomes results in heparanase processing and activation (5, 6) and accumulation in
perinuclear lysosomal vesicles (6; right inset, green, heparanase; red, syndecan-1; yellow, both colors). In con-
trast, Hpa2 is retained on the cell surface bound to syndecans and fail to get internalized (7; left inset, green,
heparanase; red, syndecan-1; yellow, both colors). Instead, Hpa2 levels are regulated by local proteolysis, pos-
sibly by membrane-residing protease such as membrane-type metalloproteinase or shedding of the synde-
can-Hpa2c complex 8). The addition of heparin sequesters Hpa2 from the cell surface and protects its degra-
dation, resulting in its accumulation extracellularly (9). Heparin addition similarly results in accumulation of
heparanase, and both heparin and Hpa2 inhibit uptake and proteolytic processing of heparanase 10).
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and Hpa2c is 59% (supplemental
Fig. 1), elements critical for hep-
aranase enzymatic activity are not
well conserved. Particularly, com-
plete removal of a linker segment
(Ser’°—GIn'*?) by cathepsin L is
absolutely required to render the
heparanase active site accessible for
HS substrate binding (43, 44). Nota-
bly, this region shares the lowest
sequence homology between hepa-
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ranase and Hpa2c (supplemental Fig. 1) (14, 27). Moreover,
amino acid residue (Tyr'>®) critical for heparanase processing,
and removal of the linker segment by cathepsin L (43, 44) is not
conserved in Hpa2c. Indeed, Hpa2 does not seem to undergo
proteolytic processing. This was confirmed by applying anti-
bodies directed against epitopes localized at the protein C (Myc
tag) and N- (Ab58) terminus as well as novel monoclonal anti-
bodies directed against Hpa2 (20C5, 1C7; Fig. 1A). As expected
given the above consideration, Hpa2 lacks HS-degrading activ-
ity evaluated at acidic (pH 5.8; Fig. 1B) and physiological pH
conditions (pH 7.4; data not shown) typical of heparanase and
bacterial heparitinase, respectively. Heparanase and Hpa2
nonetheless share several biochemical properties. Like hepara-
nase, Hpa2 is directed to the endoplasmic reticulum apparatus
(supplemental Fig. 2) and gets glycosylated (evident by reduced
molecular weight under SDS-PAGE analysis after tunicamycin
treatment; not shown) (Fig. 6, I). Only Hpa2c, however, is
secreted, possibly due to extra glycosylation sites lost in the
Hpa2a and Hpa2b splice variants (supplemental Fig. 1B) (14,
27). This possibility is supported by studies showing that alter-
ing glycosylation critically affects the secretion of heparanase
(45). Despite the lack of intrinsic HS-degrading activity, the
hallmark of heparanase, Hpa2c binds heparin/HS. In fact,
Hpa2c exhibits even higher affinity toward heparin/HS than
heparanase (Figs. 1 and 2), providing a rationale for heparanase
inhibition by Hpa2. Unlike Hpa2c, bFGF, a characteristic hep-
arin binding growth factor that orchestrates the assembly of a
ternary complex (ligand/receptor/HS) to exert profound bio-
logical effects (46), did not interfere with heparanase uptake or
activity (Fig. 2D and data not shown). This may imply that inhi-
bition of heparanase activity by Hpa2c is not due solely to com-
petition for HS and may involve other aspects. The observed
physical association between Hpa2c and heparanase (Fig. 3B)
suggests another mode by which Hpa2c can modulate hepara-
nase functions. Such an interaction is thought to interfere with
heparanase enzymatic and possibly non-enzymatic functions
47).

Interestingly, despite its association with cell membrane
HSPG and ability to cluster syndecans (Fig. 3C; supplemen-
tal Fig. 3A), Hpa2c does not appear to be internalized and was
not detected in endocytic vesicles such as endosomes and lyso-
somes characteristic of heparanase uptake (Fig. 3) (15, 23, 48,
49) (Fig. 6, insets). Instead, Hpa2c is retained on the cell surface
for a relatively long period of time. Membrane localization is
confirmed by FACS analysis and immunofluorescent staining
of live cells stably expressing Hpa2c or after its exogenous addi-
tion (Fig. 4, A and B) and by the release of Hpa2c but not
heparanase from the cell surface by acid wash (Fig. 4C). These
results clearly indicate that the rapid and efficient internaliza-
tion of heparanase together with syndecans (Figs. 3C and 6) (21,
23) is unique and not purely a consequence of HS-ligand bind-
ing. Being not subjected to internalization, Hpa2c levels appear
to be regulated by proteolysis (Fig. 2, C and E) by as yet uniden-
tified membrane-residing protease(s), possibly membrane-type
metalloproteinase. Alternatively, Hpa2c may be released from
the cell surface by shedding together with the associated HSPG
(i.e. syndecan; Fig. 6 and Ref. 8). Studies examining these pos-
sibilities are currently under way.
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Because syndecans mediate the uptake of a large number of
molecules including atherogenic lipoproteins (50, 51) and
microorganisms such as bacteria and viruses (26), mechanisms
that mediate internalization of syndecan ligands are of interest
and clinical significance. Heparanase and Hpa2, thus, may serve
as a good model system to study the association and fate of two
closely related proteins with a dissimilar outcome. Although
the biochemical and cellular consequences of syndecan cluster-
ing by Hpa2c is yet to be revealed, it may imply that the reper-
toire of Hpa2 functions resides beyond modulation of hepara-
nase activity.

Taken together, our results expose for the first time the clin-
ical significance of Hpa2 as a pro-survival protein in head and
neck carcinomas. Whether mediated by inhibition of hepara-
nase activity or by other mechanism(s), Hpa2 expression asso-
ciates with favorable prognosis and prolonged follow-up. Hpa2
staining may, thus, aid in the diagnosis of patients with head
and neck and possibly other carcinomas. In addition, elucidat-
ing the consequences of syndecan clustering by Hpa2c and the
molecular mechanism underlying internalization of hepara-
nase but not Hpa2c may shade light on cell entry by pathogens.
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