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We have cloned a gene (HSE1) from a human placen-
al cDNA library that encodes a novel protein exhibit-
ng heparanase activity. The cDNA was identified
hrough peptide sequences derived from purified
eparanase isolated from human SK-HEP-1 hepatoma
ells. HSE1 contains an open reading frame encoding a
redicted polypeptide of 543 amino acids and pos-
esses a putative signal sequence at its amino termi-
us. Northern blot analysis suggested strong expres-
ion of HSE1 in placenta and spleen. Transient
ransfection of HSE1 in COS7 cells resulted in the
xpression of a protein with an apparent molecular
ass of 67-72 kDa. HSE1 protein was detectable in

onditioned media but was also associated with the
embrane fraction following cell lysis. The HSE1 gene

roduct was shown to exhibit heparanase activity by
pecifically cleaving a labeled heparan sulfate sub-
trate in a similar manner as purified native protein.
1999 Academic Press

The proteoglycan form of heparan sulfate (HS) syn-
hesized by cells becomes incorporated into the cell
embrane and the extracellular matrix (ECM). The

ndoglycosidases that cleave the HS proteoglycans into
maller fragments are called heparanases; these en-
ymes may assist in the remodeling of the ECM and
id migration of cells such as macrophages (1) and
umor cells (2, 3). Heparanase activity has been shown
o be related to metastatic potential (4, 5) and may be
nvolved in inflammation (6) and angiogenesis (7).

Heparanase activity has been reported in platelets,
lacenta, CHO cells, melanoma, hepatoma, and pros-
ate carcinoma (8–13). The 9 kDa connective tissue
ctivating peptide-III (CTAP-III) has been reported to
ave heparanase activity when isolated from human

1 To whom correspondence should be addressed. Fax: 212-645-
054.

2 Present address: Pfizer Inc., Central Research Division, Eastern
oint Road, Groton, Connecticut 06340.
183
latelets (14) or expressed recombinantly (15). A sep-
rate heparanase activity has been described and par-
ially purified from human platelets, placenta, and
HO cells with an apparent MW ranging from 30–134
Da (8, 10, 16–20). At the present time it is not clear
hether these size discrepancies are due to multiple
roteins or alternate forms of the same protein. In this
tudy, we describe the peptide sequence analysis of a
rotein derived from a hepatoma cell line and the clon-
ng of a novel cDNA that encodes a protein with
eparanase activity.

ATERIALS AND METHODS

Peptide isolation and amino-terminal sequence determination. A
rotein extract from SK-HEP-1 cells containing heparanase activity
as a gift from Dr. Israel Vlodavsky (Hadassah University Hospital,
erusalem). Heparanase was purified by methods similar to those
reviously described, using consecutive chromatography steps on
M-Sepharose, heparin, Concanavalin A and Mono S columns (12,
9). Fractions containing heparanase activity were precipitated with
richloroacetic acid and digested with trypsin as described (21). The
recipitated pellet was dissolved in 50 mL of 0.4 M NH4HCO3 with 8

urea, reduced with 4 mM dithiothreitol for 15 min at 37°C and
arboxamidomethylated by addition of iodoacetamide to 8 mM at
oom temperature. The mixture was diluted 4-fold with water before
.2 mg of trypsin was added and the sample was incubated for 16
ours at 37°C. Tween-20 (to 0.025%) was added to improve recovery
nd the tryptic peptides were separated by reverse phase HPLC
sing a C8 column (Vydac). Peak fractions (monitored at 210 nm)
ere collected and subjected to automated Edman sequencing on a
BI model 477A pulsed-liquid sequencer equipped with an on-line
TH analyzer (PE Applied Biosystems Inc.).

Database search. Peptide sequences were used as queries to
earch the EST database with the tblastn sequence comparison
rogram (22) installed at the National Center for Biotechnology
nformation server (http://www.ncbi.nlm.nih.gov). I.M.A.G.E. Con-
ortium expressed-sequence tag (EST) cDNA #442803 (GenBank
ccession number N41349) was obtained from Genome Systems Inc.
St. Louis, MO).

Northern blot analysis. An 890-bp DNA fragment encoding a
ortion of the EST 442803 ORF was amplified by PCR using the
orward primer 59-GATATTTTCATCAATGGGTCGC-39 and reverse
rimer 59-TATATGAGAAAGCTGGCAAGCC-39. The gel purified
ragment was labeled with [a-32P]-dCTP (Prime-It II Random Primer
abeling Kit, Stratagene) and hybridized to a Human Multiple
0006-291X/99 $30.00
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hoice Northern Blot (Origene). Hybridization was performed in
xpressHyb solution (Clontech) and washed according to manufac-

urer’s instructions. The same blot was stripped and rehybridized
nder the same conditions with a human b-actin cDNA probe to
heck quantities of RNA loaded onto each lane.

cDNA library screen. A human placental cDNA library was
creened by PCR (Origene Technologies, Inc.) to obtain the full-
ength gene. The screen utilized an arrayed oligo-dT primed library
loned into pCMV6-XL3. Three primers (forward 59-TCCTGATGT-
GGTCAGCCTCG-39, reverse 59-GTAACCGCAAGTACTTGGTG-
CG-39, reverse 59-TTGAACCTTGCACGCTTGCC-39) corresponding

o regions within the open reading frame of EST 442803 were used
or PCR amplification screening. Positive clones were rescreened
sing a forward vector-specific primer and reverse gene-specific
rimer to estimate the clone length. DNA sequence analysis was
erformed by dideoxy sequencing (University of Georgia Molecular
enetics Facility, Athens, GA). Computer assisted analysis of the

ranslated HSE1 gene was performed using PSORT (23) at http://
sort.nibb.ac.jp:8800/.

Transient expression in COS cells. To generate a fusion protein
ith a carboxyl-terminal V5-epitope, the full open reading frame of

he HSE1 gene, including 12 bases upstream of the start codon, was
loned into the plasmid pcDNA3.1/V5-His (Invitrogen) by PCR using
ent polymerase (New England Biolabs). The fragment was cloned
sing the EcoRI and XbaI sites of the plasmid so that the HSE1 gene
as fused at the carboxy-terminal to a V5 epitope and poly-histidine
ncoding sequence, contributing 29 additional amino acids to the
redicted size. Control transfections used vector alone. Transient
ransfection of COS7 cells was performed using Lipofectamine (Life
echnologies, Inc.) according to manufacturer’s instructions and
ells were cultured in serum-free media (OptiMEM, Life Technolo-
ies, Inc.). Three days after transfection, conditioned media and
OS7 cells were harvested. The COS7 cells were processed following
ublished protocols for the isolation of heparanase from platelets (8).
he cells were subjected to repeated freeze/thawing and centrifuged
o separate soluble and insoluble fractions. Subsequently, the insol-
ble fraction was treated with mild detergent exposure (1% CHAPS
or 30 minutes at 25°C, followed by centrifugation) in an attempt to
olubilize membrane-associated protein as described (17). Resulting
oluble and insoluble fractions were run on an SDS-PAGE gel and
he recombinant fusion-protein was detected by Western blotting
sing anti-V5 monoclonal antibodies (Invitrogen).

Assays for heparanase activity. Heparanase activity was defined
s the ability to degrade high molecular weight (40–100 kDa) radio-
abeled HS substrate into low molecular weight (5–15 kDa) HS
ragments (2, 10, 12, 24) that can be differentiated by gel filtration
hromatography (19, 25). Radiolabeled HS substrate was prepared
y metabolically [35S]sulfate-labeling the extracellular matrix depos-
ted by bovine corneal endothelial cells as described (19, 25). Soluble
ubstrate was made by releasing the 35S-labeled HS proteoglycans

Sequence Summary of Tryptic Heparanase
Peptides from SK-HEP-1

Fraction
number

Approximate
yield (pmol) Peptide sequence

10 30 L-L-R
20 20 S-F-L-K
24 30 (L)-Y-G-P-D-V-G-Q-P-R
27 50 G-L-S-P-A-Y-L-R
35 25 (S)-V-Q-L-(N)-(G)-(L)-(T)-L-
67 5 (Q)-V-F-F-E-A-(G)-N-Y-(H)-L-V-D-E-N-F-

Note. Residues in parentheses are ambiguous calls.
184
ncubated at 37°C for 1.5–16 h in 10 mM sodium phosphate-citrate
uffer, pH 6.0, with 20–25,000 cpm of 35S-labeled HS substrate.
pecificity of heparanase activity was verified by inhibition of HS
leavage by including heparin (10 mg/mL) in the reaction tube. Char-
cterization of 35S-sulfate-labeled HS product by size was done using
uperose 6 gel filtration chromatography (24, 25). Blue dextran and
henol red were added to the sample to mark the excluded (Vo) and
ncluded (Vt) volumes, respectively.

ESULTS AND DISCUSSION

Heparanase-active protein isolated from human hep-
toma cells was digested with trypsin and fragments
ere separated by reverse-phase HPLC. Eluted frac-

ions containing peptides (5–50 pmol) were subjected to
-terminal sequence analysis. Several of the peptide

equences matched the protease-inhibitor nexin-I se-
uence (26). To rule out nexin-I as a heparanase, pu-
ified nexin-I was tested in a HS degradation assay,
ut no heparanase activity was detected. Other peptide
equences (Table 1) were obtained which did not match
exin-I or any characterized protein sequence in our
atabase search, indicating that these peptides origi-
ated from a novel protein.

Database search. Using the novel peptide se-
uences we obtained (Table 1), translated sequences
ithin the EST database at the National Center for

FIG. 1. Tissue specificity of heparanase expression in human
issues. A human multiple choice Northern blot (Origene), in which
ach lane contained 2 mg of poly(A) RNA from the tissues indicated,
as hybridized with a radiolabeled EST442803 DNA fragment. Ra-
iolabeled b-actin cDNA was rehybridized to the same filter.
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iotechnology Information were searched using the
blastn sequence comparison program (22). One of
hese peptides, (L)-Y-G-P-D-V-G-Q-P-R, was found to
atch a sequence deposited in the GenBank Human
ST database. EST clone 442803, from a human pla-

ental cDNA library, was identified as possessing an

FIG. 2. cDNA sequence of HSE1 and deduced amino acid seque
oxed while the predicted signal peptide is double underlined (A). P
olyadenylation signal is italicized and bold. The nucleotide sequen
ccession No. AF152376.
185
pen reading frame that matched this and three other
utative heparanase peptide sequences from Table 1.
he complete sequence of EST 442803 insert was then
etermined and additional regions of translated se-
uence were found that matched the novel peptide
equences (Table 1 and see below). The complete EST

of heparanase gene. Potential sites for N-linked glycosylation are
ide sequences identified by Edman analysis are underlined and the
f heparanase has been submitted to the GenBank Database under
nce
ept
ce o
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42803 sequence contained an uninterrupted open
eading frame (ORF) of 975 bp, a stop codon, and a
oly(A) tail, but lacked a translation initiation codon
ith a Kozak sequence.

Northern blot analysis. Expression of the putative
eparanase gene was studied by Northern blot analy-
is of poly(A) RNA prepared from six different human
issues using a 32P-labeled cDNA probe prepared from
ST 442803. Specific mRNA was found to be highly
xpressed in the placenta and spleen but low levels
ere detectable in all the tissues tested (Fig. 1). Two
RNA transcripts were seen in all tissues, a predom-

nant 1.8 kb transcript and a second 5 kb transcript. A
hird mRNA transcript of 1.4 kb was seen in testis
issue only. Results of a Southern blot analysis sug-
ested that the different sized mRNA transcripts were
ue to a single gene (data not shown).

Cloning of the full length gene. To obtain the full-
ength complement of the putative heparanase gene, a
ooled array placental cDNA library was screened us-
ng PCR primers specific for EST 442803. Two distinct
lones were recovered containing inserts of 1.7 kb and
.6 kb. The 1.7 kb insert was sequenced and deter-
ined to contain an open reading frame of 1629 base

airs including the entire previously characterized
ST 442803 sequence. The ORF was predicted to en-

ode a protein of 543 amino acids with a calculated
olecular mass of 61192 daltons (Fig. 2). A consensus

olyadenylation signal, AATAAA, was located down-
tream of the first in-frame stop codon and 27 bp up-
tream of the poly(A) tail. The deduced amino acid
equence included a predicted signal peptide leader
equence of 35 residues, for direction to the secretory
pparatus, and lacked any recognizable membrane an-
hor sequence. The sequence contained six potential
-linked glycosylation sites (Fig. 2). Within the protein

equence were three peptides sequences reported to be
rom the human platelet heparitinase (16). A search of
rotein databases with the full length protein sequence
ailed to identify significant similarity to any protein
et reported, including the bacterial heparinases,
TAP-III, and other heparin binding proteins (27–29).
equence analysis of the larger 4.6 kb cDNA clone

dentified the presence of a longer 39 untranslated re-
ion containing approximately 3.6 kb of additional se-
uence not present in the 1.7 kb clone. The 59 end of the
ranscript was truncated by 441 bp, perhaps due to an
ncomplete cDNA synthesis of the longer 5 kb mRNA
pecies detected with the EST probe. The two distinct
ranscripts and the smaller 1.4 kb testis transcript
ay represent alternative splicing of nascent RNA and

re currently being investigated.

Functional expression of heparanase from the full
ength cDNA. To determine whether the cloned cDNA
ncoded a protein with heparanase activity, COS7 cells
ere transfected with the full-length 1.7 kb cDNA
186
loned into a V5-epitope expression vector. Three days
fter transfection the conditioned media and COS7
ells were harvested. The COS7 cells were processed
ollowing published protocols for the isolation of
eparanase from platelets (8). Recombinant V5-
pitope-tagged protein was detected in both the soluble
nd insoluble fractions (Fig. 3, lanes 1, 2 and 3), in a
anner consistent with published reports for native

eparanase (17). Mild detergent exposure released re-
ombinant protein from the insoluble fraction (Fig. 3,
ane 4) in agreement with a previous finding (17). The
pparent molecular weight of the recombinant fusion
rotein (Fig. 3), which includes 29 amino acid residues
rom the epitope-tag (3.2 kDa) is estimated to be 70–75
Da by SDS-PAGE analysis. We estimated the ex-
ressed ORF alone (without the epitope-tag) to be
7–72 kDa. This would suggest that one or more of the
redicted glycosylation sites is used since the calcu-
ated molecular weight of the deduced protein is only
1 kDa (including the leader sequence of 35 residues
hat may get cleaved during sorting). Several smaller
olecular weight forms were detected in the insoluble
aterial (Fig. 3, lane 3) and may represent proteolytic

rocessing at the amino-terminal (since the epitope-tag
s still present). Soluble fractions that were positive for
ecombinant protein were then each tested for enzy-
atic activity. Soluble material from the COS cell

ransfection (Fig. 3, lane 2) degraded radiolabeled HS
ubstrate into distinct molecular weight fragments and
his degradation could be inhibited by heparin (Fig. 4).
OS cell conditioned media (Fig. 3, lane 1) and par-

ially purified native heparanase (following method of
17)) displayed similar specific activity while the re-
pective controls were all inactive (not shown). More
xtensive characterization of the HSE1 protein and its

FIG. 3. Expression of carboxyl-terminal V5-tagged recombinant
eparanase in COS7 cells as determined by Western blot analysis.
anes 1–4, from HSE1-transfected COS7 cells; lanes 5–8, from
ontrol transfected COS7 cells; lanes 1 and 5, conditioned media;
anes 2 and 6, soluble fraction from freeze-thaw cell treatment; lanes

and 7, insoluble fraction from freeze-thaw cell treatment; lanes 4
nd 8, released from insoluble fraction by detergent exposure.
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nzymatic properties is underway. The significant
mino acid identity of the cloned gene to peptide se-
uences from human heparanase, and the demonstra-
ion that this cloned gene exhibits heparanase activity,
uggests that this gene encodes a novel human hepara-
ase. Therefore, we have designated the gene HSE1,
eparanase 1.
The cloning of the HSE1 gene may help to clarify the

ctual number of unique heparanase enzymes and the
ole of heparanase activity from normal and tumor
ells in the disassembly of the ECM and in cellular
igration. The availability of purified, recombinant
eparanase enzyme should aid in the development of
creening assays for heparanase inhibitors that may be
ovel therapeutic agents for the treatment of specific
ancers.
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