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We have cloned a gene (HSE1) from a human placen-
tal cDNA library that encodes a novel protein exhibit-
ing heparanase activity. The cDNA was identified
through peptide sequences derived from purified
heparanase isolated from human SK-HEP-1 hepatoma
cells. HSE1 contains an open reading frame encoding a
predicted polypeptide of 543 amino acids and pos-
sesses a putative signal sequence at its amino termi-
nus. Northern blot analysis suggested strong expres-
sion of HSEl in placenta and spleen. Transient
transfection of HSE1 in COS7 cells resulted in the
expression of a protein with an apparent molecular
mass of 67-72 kDa. HSE1 protein was detectable in
conditioned media but was also associated with the
membrane fraction following cell lysis. The HSE1 gene
product was shown to exhibit heparanase activity by
specifically cleaving a labeled heparan sulfate sub-
strate in a similar manner as purified native protein.
© 1999 Academic Press

The proteoglycan form of heparan sulfate (HS) syn-
thesized by cells becomes incorporated into the cell
membrane and the extracellular matrix (ECM). The
endoglycosidases that cleave the HS proteoglycans into
smaller fragments are called heparanases; these en-
zymes may assist in the remodeling of the ECM and
aid migration of cells such as macrophages (1) and
tumor cells (2, 3). Heparanase activity has been shown
to be related to metastatic potential (4, 5) and may be
involved in inflammation (6) and angiogenesis (7).

Heparanase activity has been reported in platelets,
placenta, CHO cells, melanoma, hepatoma, and pros-
tate carcinoma (8—13). The 9 kDa connective tissue
activating peptide-111 (CTAP-I111) has been reported to
have heparanase activity when isolated from human
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platelets (14) or expressed recombinantly (15). A sep-
arate heparanase activity has been described and par-
tially purified from human platelets, placenta, and
CHO cells with an apparent MW ranging from 30-134
kDa (8, 10, 16—-20). At the present time it is not clear
whether these size discrepancies are due to multiple
proteins or alternate forms of the same protein. In this
study, we describe the peptide sequence analysis of a
protein derived from a hepatoma cell line and the clon-
ing of a novel cDNA that encodes a protein with
heparanase activity.

MATERIALS AND METHODS

Peptide isolation and amino-terminal sequence determination. A
protein extract from SK-HEP-1 cells containing heparanase activity
was a gift from Dr. Israel Vlodavsky (Hadassah University Hospital,
Jerusalem). Heparanase was purified by methods similar to those
previously described, using consecutive chromatography steps on
CM-Sepharose, heparin, Concanavalin A and Mono S columns (12,
19). Fractions containing heparanase activity were precipitated with
trichloroacetic acid and digested with trypsin as described (21). The
precipitated pellet was dissolved in 50 uL of 0.4 M NH,HCO; with 8
M urea, reduced with 4 mM dithiothreitol for 15 min at 37°C and
carboxamidomethylated by addition of iodoacetamide to 8 mM at
room temperature. The mixture was diluted 4-fold with water before
0.2 pg of trypsin was added and the sample was incubated for 16
hours at 37°C. Tween-20 (to 0.025%) was added to improve recovery
and the tryptic peptides were separated by reverse phase HPLC
using a C8 column (Vydac). Peak fractions (monitored at 210 nm)
were collected and subjected to automated Edman sequencing on a
ABI model 477A pulsed-liquid sequencer equipped with an on-line
PTH analyzer (PE Applied Biosystems Inc.).

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

Northern blot analysis. An 890-bp DNA fragment encoding a
portion of the EST 442803 ORF was amplified by PCR using the
forward primer 5'-GATATTTTCATCAATGGGTCGC-3" and reverse
primer 5'-TATATGAGAAAGCTGGCAAGCC-3'. The gel purified
fragment was labeled with [a-*P]-dCTP (Prime-It 11 Random Primer
Labeling Kit, Stratagene) and hybridized to a Human Multiple
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TABLE 1

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

Fraction Approximate
number  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.

Choice Northern Blot (Origene). Hybridization was performed in
ExpressHyb solution (Clontech) and washed according to manufac-
turer’s instructions. The same blot was stripped and rehybridized
under the same conditions with a human B-actin cDNA probe to
check quantities of RNA loaded onto each lane.

cDNA library screen. A human placental cDNA library was
screened by PCR (Origene Technologies, Inc.) to obtain the full-
length gene. The screen utilized an arrayed oligo-dT primed library
cloned into pPCMV6-XL3. Three primers (forward 5-TCCTGATGT-
TGGTCAGCCTCG-3’, reverse 5'-GTAACCGCAAGTACTTGGTG-
ACG-3', reverse 5'-TTGAACCTTGCACGCTTGCC-3’) corresponding
to regions within the open reading frame of EST 442803 were used
for PCR amplification screening. Positive clones were rescreened
using a forward vector-specific primer and reverse gene-specific
primer to estimate the clone length. DNA sequence analysis was
performed by dideoxy sequencing (University of Georgia Molecular
Genetics Facility, Athens, GA). Computer assisted analysis of the
translated HSE1 gene was performed using PSORT (23) at http://
psort.nibb.ac.jp:8800/.

Transient expression in COS cells. To generate a fusion protein
with a carboxyl-terminal V5-epitope, the full open reading frame of
the HSE1 gene, including 12 bases upstream of the start codon, was
cloned into the plasmid pcDNA3.1/VV5-His (Invitrogen) by PCR using
Vent polymerase (New England Biolabs). The fragment was cloned
using the EcoRI and Xbal sites of the plasmid so that the HSE1 gene
was fused at the carboxy-terminal to a V5 epitope and poly-histidine
encoding sequence, contributing 29 additional amino acids to the
predicted size. Control transfections used vector alone. Transient
transfection of COS7 cells was performed using Lipofectamine (Life
Technologies, Inc.) according to manufacturer’s instructions and
cells were cultured in serum-free media (OptiMEM, Life Technolo-
gies, Inc.). Three days after transfection, conditioned media and
COS7 cells were harvested. The COS7 cells were processed following
published protocols for the isolation of heparanase from platelets (8).
The cells were subjected to repeated freeze/thawing and centrifuged
to separate soluble and insoluble fractions. Subsequently, the insol-
uble fraction was treated with mild detergent exposure (1% CHAPS
for 30 minutes at 25°C, followed by centrifugation) in an attempt to
solubilize membrane-associated protein as described (17). Resulting
soluble and insoluble fractions were run on an SDS-PAGE gel and
the recombinant fusion-protein was detected by Western blotting
using anti-V5 monoclonal antibodies (Invitrogen).

Assays for heparanase activity. Heparanase activity was defined
as the ability to degrade high molecular weight (40-100 kDa) radio-
labeled HS substrate into low molecular weight (5-15 kDa) HS
fragments (2, 10, 12, 24) that can be differentiated by gel filtration
chromatography (19, 25). Radiolabeled HS substrate was prepared
by metabolically [**S]sulfate-labeling the extracellular matrix depos-
ited by bovine corneal endothelial cells as described (19, 25). Soluble
substrate was made by releasing the *S-labeled HS proteoglycans
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from the culture plate with trypsin. Samples to be tested were
incubated at 37°C for 1.5-16 h in 10 mM sodium phosphate-citrate
buffer, pH 6.0, with 20-25,000 cpm of *S-labeled HS substrate.
Specificity of heparanase activity was verified by inhibition of HS
cleavage by including heparin (10 pg/mL) in the reaction tube. Char-
acterization of *S-sulfate-labeled HS product by size was done using
Superose 6 gel filtration chromatography (24, 25). Blue dextran and
phenol red were added to the sample to mark the excluded (Vo) and
included (Vt) volumes, respectively.

RESULTS AND DISCUSSION

Heparanase-active protein isolated from human hep-
atoma cells was digested with trypsin and fragments
were separated by reverse-phase HPLC. Eluted frac-
tions containing peptides (5-50 pmol) were subjected to
N-terminal sequence analysis. Several of the peptide
sequences matched the protease-inhibitor nexin-1 se-
quence (26). To rule out nexin-1 as a heparanase, pu-
rified nexin-1 was tested in a HS degradation assay,
but no heparanase activity was detected. Other peptide
sequences (Table 1) were obtained which did not match
nexin-l1 or any characterized protein sequence in our
database search, indicating that these peptides origi-
nated from a novel protein.

Database search. Using the novel peptide se-
quences we obtained (Table 1), translated sequences
within the EST database at the National Center for
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FIG. 1. Tissue specificity of heparanase expression in human
tissues. A human multiple choice Northern blot (Origene), in which
each lane contained 2 ug of poly(A) RNA from the tissues indicated,
was hybridized with a radiolabeled EST442803 DNA fragment. Ra-
diolabeled B-actin cDNA was rehybridized to the same filter.
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GGGCACCAGCCAAGATGCTGCTGCGCTCGAAGCCTGCGCTGCCGCCGCCGCTGATGCTGE 60
M L L R & K P A L P P P L M I L
TGCTCCTGGGGCCGCTGGGTCCCCTCTCCCCTGGCGCCCTGCCCCGACCTGCGCARGCAC 120
L L 6 P L G P L S P G A L P R P A QO A Q
AGGACGTCGTGGACCTGGACTTCTTCACCCAGGAGCCGCTGCACCTGGTGAGCCCCTCGT 180
D VVDLDTFTFTOQET?PTZLEHTLVS P S F
TCCTGTCCGTCACCATTGACGCCAACCTGGCCACGGACCCGCGGTTCCTCATCCTCCTGE 240
L §$V TIDANTLATTDT®P®RTFTILTITLTLG
GTTCTCCARAGCTTCGTACCTTGGCCAGAGGCTTGTCTCCTGCGTACCTGAGGTTTGGTG 300
S P XKL RTULARTGTL S PAY L RF GG
GCACCAAGACAGACTTCCTAATTTTCGATCCCAAGAAGGAATCAACCTTTGAAGAGAGAA 360
T K T D F L I FDPZXKZEKTETSTTFTETER S
GTTACTGGCAATCTCAAGTCARCCAGGATATTTGCAAATATGGATCCATCCCTCCTGATG 420
Y ¥ 0 S Q VNQDTIOCCZKTYGEGSTIPPDUV
TGGAGGAGAAGTTACGGTTGGAATGGCCCTACCAGGAGCAATTGCTACTCCGAGAACACT 480
E E KL RLETWZPYOQEQULTLTLTREHY
ACCAGAAAAAGTTCAAGAACAGCACCTACTCAAGAAGCTCTGTAGATGTGCTATACACTT 540
Q K K F K[N 8§ T|]Y S R § S V DV L Y T F
TTGCAAACTGCTCAGGACTGGACTTGATCTTTGGCCTARATGCGTTATTAAGAACAGCAG 600
A[N C 8|6 L DL I F GLUNA ALTULTRTATD
ATTTGCAGTGGAACAGTTCTAATGCTCAGTTGCTCCTGGACTACTGCTCTTCCAAGGGGT 660
L Q W[N S S|]N A Q L L L DY C S S K G Y
ATAACATTTCTTGGGAACTAGGCAATGAACCTAACAGTTTCCTTAAGAAGGCTGATATTT 720
[N I S|Ww E L G N E P N S F L K KATD I F
TCATCAATGGGTCGCAGTTAGGAGAAGATTTTATTCAATTGCATAAACTTCTAAGARAGT 780
I{N G S]¢e L ¢ EDF I Q L H KL L R K S
CCACCTTCAAAAATGCAAAACTCTATGGTCCTGATGTTGGTCAGCCTCGAAGARAGACGG 840
T F KNAIKTUL Y G P DV G QP RRIEKTA
CTAAGATGCTGAAGAGCTTCCTGARGGCTGGTGGAGARGTGATTGATTCAGTTACATGGC 900
K M L XK 8§ FL KA GGTEVTIDSUVTWH
ATCACTACTATTTGAATGGACGGACTGCTACCAGGGAAGATTTTCTARACCCTGATGTAT 960
HY YL NG RTA ATT REDTFTILNZEPDVTL
TGGACATTTTTATTTCATCTGTGCARARAGTTTTCCAGGTGGTTGAGAGCACCAGGCCTG 1020
D I FI SV QEKVTFOQVVESTRP G
GCAAGAAGGTCTGGTTAGGAGAAACAAGCTCTGCATATGGAGGCGGAGCGCCCTTGCTAT 1080
K K VWL GETS S S A Y GGG GAUPTULTL S
CCGACACCTTTGCAGCTGGCTTTATGTGGCTGGATARATTGGGCCTGTCAGCCCGAATGG 1140
D TFAAGTFM®WILDIZ KTLGTIL S ATRMG
GAATAGAAGTGGTGATGAGGCAAGTATTCTTTGGAGCAGGAAACTACCATTTAGTGGATG 1200
I EVV MR QUV F F GA GNJYHTLV DE
AAAACTTCGATCCTTTACCTGATTATTGGCTATCTCTTCTGTTCAAGAAATTGGTGGGCA 1260
N F DPLPDJYWILSLILFZE KT KTELVGT
CCAAGGTGTTAATGGCAAGCGTGCAAGGT TCAAAGAGAAGGARGCTTCGAGTATACCTTC 1320
K VL M A S V QG S KRURZEKTILZRUV Y L H
ATTGCACAAATACTGACAATCCAAGGTATARAGAAGGAGATTTAACTCTGTATGCCATAA 1380
CTNTUDUNT PR YZKZEGDTLTTLZYATIN
ACCTCCATAACGTCACCAAGTACTTGCGGTTACCCTATCCTTTTTCTAACAAGCAAGTGG 1440
L H[N V T|]K Y L R L P Y P F § N K Q V D
ATAAATACCTTCTAAGACCTTTGGGACCTCATGGATTACTTTCCAAATCTGTCCAACTCA 1500
K Y L L RPILGZPHGTLTULS K S V QL N
ATGGTCTAACTCTAAAGATGGTGGATGATCAAACCTTGCCACCTTTAATGGARAAACCTC 1560
G L T L XMV DDG QTTULTP®P?PLMEZ KTPTL
TCCGGCCAGGAAGTTCACTGGGCTTGCCAGCTTTCTCATATAGTTTTTTTGTGATAAGAA 1620
R PGS S L GLUPATFS Y S FTFUVIRTKN
ATGCCAAAGTTGCTGCTTGCATCTGARAATAAAATATACTAGTCCTGACACTGAARRAAA 1680

A K V A A C I *
AAAAARAARAAAAR - 1694

FIG. 2. cDNA sequence of HSE1 and deduced amino acid sequence of heparanase gene. Potential sites for N-linked glycosylation are
boxed while the predicted signal peptide is double underlined (=). Peptide sequences identified by Edman analysis are underlined and the
polyadenylation signal is italicized and bold. The nucleotide sequence of heparanase has been submitted to the GenBank Database under

Accession No. AF152376.

Biotechnology Information were searched using the
tblastn sequence comparison program (22). One of
these peptides, (L)-Y-G-P-D-V-G-Q-P-R, was found to
match a sequence deposited in the GenBank Human
EST database. EST clone 442803, from a human pla-
cental cDNA library, was identified as possessing an

open reading frame that matched this and three other
putative heparanase peptide sequences from Table 1.
The complete sequence of EST 442803 insert was then
determined and additional regions of translated se-
quence were found that matched the novel peptide
sequences (Table 1 and see below). The complete EST
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442803 sequence contained an uninterrupted open
reading frame (ORF) of 975 bp, a stop codon, and a
poly(A) tail, but lacked a translation initiation codon
with a Kozak sequence.

Northern blot analysis. Expression of the putative
heparanase gene was studied by Northern blot analy-
sis of poly(A) RNA prepared from six different human
tissues using a *P-labeled cDNA probe prepared from
EST 442803. Specific mRNA was found to be highly
expressed in the placenta and spleen but low levels
were detectable in all the tissues tested (Fig. 1). Two
MRNA transcripts were seen in all tissues, a predom-
inant 1.8 kb transcript and a second 5 kb transcript. A
third mRNA transcript of 1.4 kb was seen in testis
tissue only. Results of a Southern blot analysis sug-
gested that the different sized mRNA transcripts were
due to a single gene (data not shown).

Cloning of the full length gene. To obtain the full-
length complement of the putative heparanase gene, a
pooled array placental cDNA library was screened us-
ing PCR primers specific for EST 442803. Two distinct
clones were recovered containing inserts of 1.7 kb and
4.6 kb. The 1.7 kb insert was sequenced and deter-
mined to contain an open reading frame of 1629 base
pairs including the entire previously characterized
EST 442803 sequence. The ORF was predicted to en-
code a protein of 543 amino acids with a calculated
molecular mass of 61192 daltons (Fig. 2). A consensus
polyadenylation signal, AATAAA, was located down-
stream of the first in-frame stop codon and 27 bp up-
stream of the poly(A) tail. The deduced amino acid
sequence included a predicted signal peptide leader
sequence of 35 residues, for direction to the secretory
apparatus, and lacked any recognizable membrane an-
chor sequence. The sequence contained six potential
N-linked glycosylation sites (Fig. 2). Within the protein
sequence were three peptides sequences reported to be
from the human platelet heparitinase (16). A search of
protein databases with the full length protein sequence
failed to identify significant similarity to any protein
yet reported, including the bacterial heparinases,
CTAP-I111, and other heparin binding proteins (27-29).
Sequence analysis of the larger 4.6 kb cDNA clone
identified the presence of a longer 3’ untranslated re-
gion containing approximately 3.6 kb of additional se-
quence not present in the 1.7 kb clone. The 5’ end of the
transcript was truncated by 441 bp, perhaps due to an
incomplete cDNA synthesis of the longer 5 kb mRNA
species detected with the EST probe. The two distinct
transcripts and the smaller 1.4 kb testis transcript
may represent alternative splicing of nascent RNA and
are currently being investigated.

Functional expression of heparanase from the full
length cDNA. To determine whether the cloned cDNA
encoded a protein with heparanase activity, COS7 cells
were transfected with the full-length 1.7 kb cDNA
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FIG. 3. Expression of carboxyl-terminal VV5-tagged recombinant
heparanase in COS7 cells as determined by Western blot analysis.
Lanes 1-4, from HSEl-transfected COS7 cells; lanes 5-8, from
control transfected COS7 cells; lanes 1 and 5, conditioned media;
lanes 2 and 6, soluble fraction from freeze-thaw cell treatment; lanes
3 and 7, insoluble fraction from freeze-thaw cell treatment; lanes 4
and 8, released from insoluble fraction by detergent exposure.

cloned into a VV5-epitope expression vector. Three days
after transfection the conditioned media and COS7
cells were harvested. The COS7 cells were processed
following published protocols for the isolation of
heparanase from platelets (8). Recombinant V5-
epitope-tagged protein was detected in both the soluble
and insoluble fractions (Fig. 3, lanes 1, 2 and 3), in a
manner consistent with published reports for native
heparanase (17). Mild detergent exposure released re-
combinant protein from the insoluble fraction (Fig. 3,
lane 4) in agreement with a previous finding (17). The
apparent molecular weight of the recombinant fusion
protein (Fig. 3), which includes 29 amino acid residues
from the epitope-tag (3.2 kDa) is estimated to be 70-75
kDa by SDS-PAGE analysis. We estimated the ex-
pressed ORF alone (without the epitope-tag) to be
67-72 kDa. This would suggest that one or more of the
predicted glycosylation sites is used since the calcu-
lated molecular weight of the deduced protein is only
61 kDa (including the leader sequence of 35 residues
that may get cleaved during sorting). Several smaller
molecular weight forms were detected in the insoluble
material (Fig. 3, lane 3) and may represent proteolytic
processing at the amino-terminal (since the epitope-tag
is still present). Soluble fractions that were positive for
recombinant protein were then each tested for enzy-
matic activity. Soluble material from the COS cell
transfection (Fig. 3, lane 2) degraded radiolabeled HS
substrate into distinct molecular weight fragments and
this degradation could be inhibited by heparin (Fig. 4).
COS cell conditioned media (Fig. 3, lane 1) and par-
tially purified native heparanase (following method of
(17)) displayed similar specific activity while the re-
spective controls were all inactive (not shown). More
extensive characterization of the HSE1 protein and its
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FIG. 4. Degradation of [*S]-labeled HS by HSE1l-transfected
COS7 cells. The soluble fraction from transfected, freeze-thawed
COS7 cells was incubated with *S-labeled HS in the absence (®) or
presence (A) of 10 wg/ml heparin. Control transfected cells were also
tested (O). After incubation, the samples were analyzed by gel-
filtration chromatography on a 0.7 X 25 cm Superose 6 column run
at 0.2 ml/min in PBS (24). One-minute fractions were collected and
analyzed for radioactivity.

enzymatic properties is underway. The significant
amino acid identity of the cloned gene to peptide se-
quences from human heparanase, and the demonstra-
tion that this cloned gene exhibits heparanase activity,
suggests that this gene encodes a novel human hepara-
nase. Therefore, we have designated the gene HSEL,
heparanase 1.

The cloning of the HSE1 gene may help to clarify the
actual number of unique heparanase enzymes and the
role of heparanase activity from normal and tumor
cells in the disassembly of the ECM and in cellular
migration. The availability of purified, recombinant
heparanase enzyme should aid in the development of
screening assays for heparanase inhibitors that may be
novel therapeutic agents for the treatment of specific
cancers.
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