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Cleavage of heparan sulfate (HS) proteoglycans af-
fects the integrity and function of tissues and thereby
fundamental phenomena, involving cell migration and
response to changes in the extracellular microenviron-
ment. The role of HS-degrading enzymes, commonly re-
ferred to as heparanases, in normal development has
not been identified. The present study focuses on clon-
ing, expression, and properties of a chicken heparanase
and its distribution in the developing chicken embryo.
We have identified a chicken EST, homologous to the
recently cloned human heparanase, to clone and express
a functional chicken heparanase, 60% homologous to the
human enzyme. The full-length chicken heparanase
cDNA encodes a 60-kDa proenzyme that is processed at
the N terminus into a 45-kDa highly active enzyme. The
most prominent difference between the chicken and hu-
man enzymes resides in the predicted signal peptide
sequence, apparently accounting for the chicken
heparanase being readily secreted and localized in close
proximity to the cell surface. In contrast, the human
enzyme is mostly intracellular, localized in perinuclear
granules. Cells transfected with a chimeric construct
composed of the chicken signal peptide preceding the
human heparanase exhibited cell surface localization
and secretion of heparanase, similar to cells transfected
with the full-length chicken enzyme. We examined the
distribution pattern of the heparanase enzyme in the
developing chicken embryo. Both the chicken hepara-
nase mRNA and protein were expressed, as early as 12 h
post fertilization, in cells migrating from the epiblast
and forming the hypoblast layer. Later on (72 h), the
enzyme is preferentially expressed in cells of the devel-
oping vascular and nervous systems. Cloning and char-
acterization of heparanase, the first and single func-
tional vertebrate HS-degrading enzyme, may lead to
identification of other glycosaminoglycan degrading en-
zymes, toward elucidation of their significance in nor-
mal and pathological processes.
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Heparan sulfate proteoglycans (HSPGs)' are ubiquitous
macromolecules associated with the cell surface, extracellular
matrix (ECM), and basement membranes (BM) of a wide range
of cells of vertebrate and invertebrate tissues (1-4). The basic
HSPG structure consists of a protein core to which several
linear heparan sulfate (HS) chains are covalently O-linked (1).
HSPGs play a key role in the self-assembly and integrity of the
multimolecular architecture of BM and ECMs (1-5). Hence,
their enzymatic degradation is likely to affect diverse processes
associated with cell migration, including embryonic morpho-
genesis, angiogenesis, metastasis, inflammation, neurite out-
growth, and tissue repair (5-12). Mammalian endoglycosi-
dases, capable of partially depolymerizing HS chains and
commonly referred to as heparanases, have been identified in a
variety of cell types and tissues (9-14). Interestingly, only a
single heparanase cDNA sequence encoding an active enzyme
was identified, indicating that this enzyme is the dominant
endo-B-D-glucuronidase in mammalian tissues (15-19). The
heparanase mRNA and protein are preferentially expressed in
metastatic cell lines and specimens of human tumors (13-16,
20, 21). Moreover, treatment with heparanase inhibitors mark-
edly reduced the incidence of metastasis in experimental ani-
mals (9, 10, 12). The enzyme is also expressed by activated cells
of the immune system, and participates in inflammation and
autoimmunity (11, 22, 23). Apart from its involvement in the
egress of cells from the vasculature, heparanase is tightly in-
volved in angiogenesis, primarily by means of releasing hepa-
rin-binding angiogenic factors sequestered by HS in BM and
ECM (24, 25). The human heparanase cDNA contains an open
reading frame of 1629 bp which encodes for a latent 61.2-kDa
polypeptide of 543 amino acids (15-19). The mature 50-kDa
active enzyme has its N terminus 157 amino acids downstream
from the initiation codon (15-19). The proteolytic activity re-
sponsible for the post-translational processing of the enzyme
has not been characterized.

The involvement of heparanase in cell migration associated
with pathological processes such as tumor metastasis, angio-
genesis, and autoimmunity led us to investigate its pattern of
expression and role in normal developmental processes. The
present study focuses on the cloning, expression, and proper-
ties of a chicken heparanase and its distribution pattern in the
highly characterized developmental program of the chicken

! The abbreviations used are: HSPGs, heparan sulfate proteoglycans;
HS, heparan sulfate; ECM, extracellular matrix; BM, basement mem-
branes; MMP, matrix metalloproteinase; bp, base pair(s); EST, ex-
pressed tag sequence; PBS, phosphate-buffered saline; RT-PCR, reverse
transcriptase-polymerase chain reaction; mAb, monoclonal antibody;
PAGE, polyacrylamide gel electrophoresis; CHAPS, 3-[(3-cholamidopro-
pyDdimethylammonio]-1-propanesulfonic acid.
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embryo. We have used the human heparanase cDNA sequence
to screen EST data base for homology to a chicken unidentified
mRNA sequences. A single related chicken EST was identified,
leading to the cloning and expression of a 60-kDa chicken
heparanase, exhibiting 58 —61% identity to the human, mouse,
and rat enzymes. Interestingly, the chicken ¢cDNA encodes for
a highly hydrophobic signal sequence, exhibiting 39% similar-
ity to that of the human enzyme. Unlike the human hepara-
nase, the chicken enzyme is preferentially localized in proxim-
ity to the cell surface and is readily secreted as a 45-kDa active
protein. Immunolocalization studies preformed in chicken em-
bryos revealed that the heparanase gene and protein are pref-
erentially expressed in cells migrating from the epiblast and
forming the hypoblast layer, as early as 12 h post-fertilization.
Later on, the protein is highly expressed in the developing
nervous and vascular systems.

EXPERIMENTAL PROCEDURES

Cells—The methylcholanthrene-induced nonmetastatic Eb (1.5178Y)
T-lymphoma cells were kindly provided by Dr. V. Schirrmacher (Deut-
sches Krebforschungszentrum, Heidelberg, Germany). The cells were
grown in RPMI 1640 medium (Life Technologies, Grand Island, NY)
supplemented with B-mercaptoethanol (5 X 107® M) and 10% fetal calf
serum (15, 26). C6 rat glioma cells were obtained from Dr. E. Keshet
(Department of Molecular Biology, The Hebrew University School of
Medicine) (27). Cells were cultured in DMEM (4.5 g of glucose/liter)
containing 10% fetal calf serum. Cultures of bovine corneal endothelial
cells were established from steer eyes and maintained in Dulbecco’s
modified Eagle’s medium (1 g of glucose/liter) supplemented with 5%
newborn calf serum and 10% fetal calf serum, as described (28). Recom-
binant human basic fibroblast growth factor (kindly provided by
Dr. Peter Bohlen, Imclone Systems, New York, NY) was added (1 ng/ml)
every other day during the phase of active cell growth. Confluent cells
were maintained at 37 °C in a 10% CO, humidified incubator. Cells
were dissociated with 0.05% trypsin and 0.02% EDTA and subcultured
at a split ratio of 1:10.

Preparation of Dishes Coated with ECM—Bovine corneal endothelial
cells (second to fifth passage) were plated into 35-mm tissue culture
dishes at an initial density of 2 X 10° cells/ml and cultured as described
above, except that 4% dextran T-40 was included in the growth medium
(26, 28). Na,?**S0, (25 pCi/ml) (Amersham Pharmacia Biotech, Buck-
inghamshire, UK) was added on days 2 and 5 after seeding and the
cultures were incubated with the label without medium change. On day
12, the subendothelial ECM was exposed by dissolving the cell layer
with PBS containing 0.5% Triton X-100 and 20 mm NH,OH, followed by
four washes with PBS (10, 11, 15, 26, 28). The ECM remained intact,
free of cellular debris and firmly attached to the entire area of the tissue
culture dish. Nearly 80% of the ECM radioactivity was incorporated
into HSPGs (26, 28).

Heparanase Activity—Cell lysates, intact cells, or serum-free con-
ditioned medium were incubated (24 h, 37 °C, pH 6.2-6.6) with
35S.labeled ECM. The incubation medium was centrifuged and the
supernatant containing sulfate labeled degradation fragments was
analyzed by gel filtration on a Sepharose CL-6B column (0.9 X 30 cm).
Fractions (0.2 ml) were eluted with PBS and their radioactivity
counted in a B-scintillation counter (10, 11, 15, 26). Degradation
fragments of HS side chains were eluted from Sepharose 6B at 0.5 <
K., < 0.8 (peak II). Nearly intact HSPGs were eluted just after the V|,
(K,, <0.2,peak I) (10, 11, 15, 26). Each experiment was performed at
least 3 times and the variation of elution positions (K, values) did
not exceed *=15%.

Cloning of Chicken Heparanase cDNA—The ¢cDNA sequence of hu-
man heparanase (15, 16) was used to screen EST data bases for homol-
ogy to a chicken unidentified mRNA sequences. A single heparanase
related chicken EST (number AI980994) was identified, sharing 60.5%
sequence homology with 276 bp at the 3’ end of the human heparanase
coding sequence. The full-length chicken heparanase cDNA was derived
from chicken kidney mRNA isolated from fresh chicken kidneys using
PolyATtract™ mRNA Isolation System III (Promega, Madison, WI).
Amplification of 5’ ends was performed with the 5’ rapid amplification
of ¢cDNA ends system of Life Technologies, Inc. (15). Briefly, chicken
kidney mRNA was reverse transcribed (RT) using SuperScript II (Life
Technologies, Inc.) and oligo(dT), ; as primer. The resulting cDNAs were
extended by 3’ C-tailing, using terminal deoxynucleotidyl transferase
(Promega). Expand High Fidelity enzyme (Boehringer, Mannheim, Ger-
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many) was applied for PCR amplification. The first step applied the
AP1 primer and the gene specific primer ChkL1: 5'-GACTCCTCAAG-
CATTCCCTCAG -3'. The second step used the nested 5’ primer AP2
and a nested gene specific 3’ primer ChkL2: 5'-AGCCCTGTTACTCT-
GCGTGCTC-3'. The gene-specific primers ChkL1 and ChkL2 were
selected according to the sequence of the EST. After an initial denatur-
ation step of 3 min at 94 °C, the samples were incubated for 30 cycles at
94, 64, and 72 °C for 30 s, 1 min, and 3 min, respectively, followed by an
extension step at 72 °C for 7 min (15). The resulting 1.8-kilobase PCR
product was cloned into the pGEM-T Easy vector (Promega), sequenced,
and found to correspond to the full-length chicken heparanase cDNA
(Chk-hpa).

DNA Sequencing—Sequence determination was performed using
vector-specific and gene-specific primers, with an automated DNA se-
quencer (ABI Prism™ model 310 Genetic Analyzer, PerkinElmer Life
Sciences, Foster City, CA). Several independent clones were sequenced
to confirm the primary structure of the gene.

Generation of a Chimeric Chicken-Human Heparanase Gene—The
N-terminal end of the human hpa ¢cDNA containing the signal peptide
was replaced by the corresponding sequence of the chicken hpa cDNA.
For this purpose, the Chk-ipa signal peptide was amplified using spec-
ific primers (KPN/SPU, 5'-CGGGGTACCCGATGCTGGTGCT-3'; SPL,
5-AGGTCCACGACGTCCTGTGCCGTCCGCCTCG- 3’). The H-hpa
region extending from the first amino acid downstream the H-hpa sig-
nal peptide to the BamHI restriction site was amplified, using H-hpa
specific primers (HU, 5-CGAGGCGGACGGCACAGGACGTCGTGGA-
CCT-3'; H/BHIL, 5'-CCACATCAGGAGGGATGGATCC-3'). The PCR
products were combined by means of primer extension and PCR ampli-
fication. The resulting fragment was then cloned in-frame into a
pcCDNAS3 plasmid (Invitrogen, NV Leek, Netherlands) containing the
H-Apa cDNA downstream the BamHI site, generating a chimeric con-
struct in which the Chk-Apa signal peptide precedes the H-hpa. The
chimeric gene was validated by sequencing.

Computer Analysis of Sequence—Data base searches for sequence
similarities were performed using the NCBI Blast network service.
Sequence analysis and alignment of DNA and protein sequences were
performed using the DNA sequence analysis software package devel-
oped by the Genetic Computer Group (GCG) at the University of Wis-
consin. Multiple sequence alignment was analyzed using the Clustal-W
alignment program (www.ibcp.fr/clustalw.html).

Plasmids and Transfections—Chicken and human heparanase
c¢DNAs were subcloned into the eukaryotic expression plasmid pcDNA3
(Invitrogen) at the EcoRI site. The chimeric cDNA was subcloned into
pcDNAS3 plasmid at a Kpnl site. Eb cells were grown in suspension
(0.5 X 108 cells/ml) and incubated (48—72 h, 37 °C) with a total of 1-2
ug of DNA and 6 pl of FuGene transfection reagent (Roche Molecular
Biochemicals) in 94 ul of Opti-MEM (Life Technologies, Inc.). Trans-
fected cells were selected with 350 ug/ml G418 and stable populations
of heparanase expressing cells were obtained (15). Expression of
heparanase was evaluated by RT-PCR and measurements of enzymatic
activity. The pcDNA3 Chk-2pa, human-hpa (H-hpa), and chimeric-hpa
(Chk-sp/H-hpa) plasmids were also applied for stable transfection of C6
rat glioma cells. With these cells, 600 ug/ml G418 was used for
selection.

RNA Isolation and RT-PCR—RNA was isolated with Tri-Reagent
(MRC, Cincinnati, OH) according to the manufacturers instructions
and was quantitated by ultraviolet absorption. After reverse transcrip-
tion of 2 pg of total RNA by oligo(dT) priming, the resulting single
stranded ¢cDNA was amplified using TagDNA polymerase (Promega).
Oligonucleotide primers Chk-U (5'-GTGGCACCAGTACAGATTTCCT-
3') and Chk-L (5'-AATCCTCCCTCGTTGCACTT-3') were used. The
PCR conditions were an initial denaturation at 94 °C for 2 min, dena-
turation at 94 °C for 15 s, annealing for 45 s at 60 °C, and extension for
1 min at 72 °C (33 cycles). Aliquots (15 ul) of the amplified cDNA were
separated by 1.5% agarose gel electophoresis and visualized by
ethidium bromide staining (15).

Immaunostaining—C-6 glioma cells transfected with Chk-Apa, H-
hpa, or chimeric-hpa were seeded for 24 h on round glass coverslips in
4-well plates, washed twice with PBS and fixed with 100% chilled
(=20 °C) methanol for 3 min. Following fixation, cells were washed
(X5) with PBS and intrinsic fluorescence was blocked with 50 mm
NH,CI1 for 5 min. Cells were then washed (X3) with PBS, incubated
(30 min, 24 °C) with 5% goat serum, and washed twice with PBS.
Slides were incubated (2 h, 24 °C) with monoclonal anti-human
heparanase antibodies (mAb 130, 10 ug/ml) directed against the C
terminus of the 50-kDa active enzyme (15). This mAb cross-react with
the chicken heparanase. The preparation and specificity of mAb 130
were previously described and demonstrated (15). Following incuba-
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ATGCTGGTGCTGCTGCTGCTCGTGCTGC TECTCGCTGTGCCGCCGAGGCEEACGECAGAGCTGCAGCTGGGGCTG 75
M L v 1. L L L V L . L. A vV P P R R T A E L Q L G L 25
CGGGAACCCATCGGGGCGETAAGCCCAGCCTTCCTCTCTCTTACACTGGACGCCAGCTTGGCCOGTGACCCECGE 150
R E P I G A V S PAFL § L TUL DA S L AR D P R 50
TTTGTTGCCCTGCTCAGACACCCCARGC TGCACACTCTGGCCAGTGGGCTCTCCCCAGGCTTCCTCAGGTTTGGT 225
F VAaALTLRTETPIZ KTLIHTTILASTGTILSPGTFTLTRTEFG 75
GGCACCAGTACAGATTTCCTGATCTTCAATCCCAACARAGATTCAACTTGGGAAGAGARAGTCTTGTCGGAATTT 300
G TS TDTFTLTITFEUNTPQNTZ KT DT STTWETETE KT VTLSE F 100
CAGGCCARGGATGTGTGTGAAGCGTGECCCAGCTTTGCTGTGGTTCCARAGCTGCTGCTCACCCAGTGGCCCCTC 375
Q A K DV CEAWU©PS S FA AV VP XKLL LT WP L 125
CAGGAGAAACTGCTCCTCGCTGAACATTCCTGGARAAAGCACARARACACCACCATTACAAGGAGCACGCTGGAC 450
QEKLLLAEHSW?KKHKNTTITRSTLD 150
ATCCTCCACACGTTCGCCAGCAGCTCAGGCTTCCGCCTGETGTTTGGGCTGAACGCACTGCTGCGCAGGGCTGGC 525
I LHTFASSSGTFRTILVYTFGTLNA ATLTLTZ RTERAG 175
CTGCAGTGGGACAGCTCCAACGCCAAGCAGCTGCTGGGCTACTGTGCACAGCGCAGCTACAACATCTCCTGGGAG 600
L 9gWDSSDNAEKZ QLTLTGTYTCA A QR RSTYNTISTUWE 200

¥*
Fic. 1. Nucleotide sequence and CTGGGTAATGAGCCCAACAGCTTCAGGAAGAAGTCGGGCATCTGCATCGATGGCTTCCAGTTGGGACGTGATTTC 675
s . . L G NEJPNSTFRTEKTEKTSGTITCTIDGTFO QTLGTRTDEF 225
predicted amino acid sequence of the

chicken heparanase. Above, nucleotide GTCCACCTGCGGCAGCTCCTGAGCCAGCACCCCCTGTACCGACACGCTGAGCTGTACGGCC TCGACGTGGEGCAG 750

sequence; below, predicted amino acid se- VHLRQLLSQHZPLYRHEAETILYGLDVGQOQ 250

quence. Right, numbers indicate the nu- CCCCGCARGCACACCCAGCACCTGCTCAGAAGCTTCATGARATCTGGAGGGARGGCGATTGACTCGGTCACCTGG 825

cleotide residues and the amino acid P R KHT O QHTUILTULTZRSFMEKTSGGTE KU ATITDT SV T W 275

residues (bold, italic). *, potential N-

: : . . CACCACTACTATGTGAATGGCCGARGTGCARCGAGGGAGGATTTCCTGAGCCCTGAAGTGCTGGACTCCTTTGCC 900
g!yco'sylatmn sites. The signal pgptlde re- HHEY YV NGRSATT RTETDTFTLS?PETVTILTDSF A 300
gion is underlined and the predicted pro-
teolytic cleavage site, generating the ACTGCCATACACGATGTCCTGGGGATCGTGGARGCARCGGTGCCCGGCARGARGGTATGECTGGGTGAGACCGGE 975
mature active enzyme, is marked by an TaAIHDVLGIVEATVPEGKEKVWLGETEC 325
arrow. TCGGCCTACGGCEGGGEGEGCCCCCCAGCTCTCCARCACCTATGTGGCCGGCTTCATGTGGCTGGACAAGCTGGGE 1050

S A Y G G GA P QUL SNTYVAGFMMWT LDI KL G 350
TTGGCGGCTCGGCGTGGCATTGATGTGGTGATGAGGCAGGTCTCOTTTGETGCTGGCAGCTATCACCTGGTGGAT 1125
L AARRGTIUDVVMZROQVSFGATGTSZYHTLVD 375
GCCGGCTTCAAGCCCTTGCCGGACTACT GGCTGTCACTGCTATACAAGAGGCTGGTGGGCACCCGGGTACTACAG 1200
AGFKPTLGP?PODYTWTILSLTILJYZ KT RLTVYGTTR RVUVTILQ 400
GCCAGCGTGGAGCARGCGGATGCGCGGCGCCCGCGEGTCTACCTGCACTGCACCARCCCCCGGCACCCCAARTAC 1275
A S VEO QA ADTARTERPRVYJYTILHT CTUNTPRIEHTPZEKY 425
CGGGARGGGGATGTGACACTGTTTGCCT TGAACCTCTCCARCGTGACCCAGAGCTTGCAGCTGCCTARGCAGTTG 1350
REGDGVTTLFATLNTIELTSU NV VTOQSTILOQOL P EKQ L 450
% ES
TGGAGTAAGAGTGTGGATCAGTACCTGCTGCTGCCCCACGGCAAGGACAGCATCCTGTCCAGAGAGGTGCAGCTG 1425
W S K SV D QY LLLPHGTE KT DS STITILSRETV QL 475
ARTGGCCGCCTACTGCAGATGGTGGACGATGAGACACTCCCCGCGCTGCACGAGATGGCCCT TGCCCCTGGCAGT 1500
N 6 R L LQMVDODETTILTPATLTUHEHMSEATLATPGS 500
ACGCTCGGCCTGCCAGCCTTCTCTTACGGTTTCTACGTGATCAGGAACGCTAAGGCTATTGCTTGCATTTGA 1572
T L GLPATFSYGTFJTYVIRNA ATEKTA ATIH ACTI 523

tion with mAb 130, cells were washed (X5) with PBS and incubated
with Cy-3-conjugated goat anti-mouse IgG (1:100, Jackson, Bar-Har-
bor, ME) for 1 h at 24 °C. Slides were then washed 8 times with PBS,
mounted with 90% glycerol in PBS, and visualized with a Zeiss LSM
410 confocal microscope. Chicken embryos were dissected, fixed, and
processed, as described (29). Sections (5 wm) were deparaffinized,
rehydrated, and subjected to immunofluorescence staining (mAb 130
followed by Cy-3 conjugated goat anti-mouse IgG) and visualization,
as described above.

Western Blot Analysis—Cells transfected with either Chk-ipa or
H-hpa were maintained for 24 h in serum-free RPMI medium. The
conditioned media (~500 ml) were applied onto a 5-ml fast-flow SP
Sepharose column (Amersham Pharmacia Biotech, Stockholm, Sweden)
and eluted with 20 mm phosphate-citrate buffer, pH 6.2, containing 0.5
M NaCl, 1 mMm dithiothreitol, and 0.1% CHAPS (Sigma). After desalting
using a microcentrifuge filter (NMWL 5,000; Sigma), 0.5 ug of protein
was separated on 10% SDS-PAGE and the proteins transferred onto
Immobilon-P membrane (Millipore, Bedford, MA). The membrane was
subjected to successive incubations with block solution, polyclonal anti-
heparanase antibodies (1:2500) in 1% bovine serum albumin, 10 mm
Tris-HC1, pH 7.5, 100 mm NaCl, 0.05% Tween-20, and horseradish
peroxidase-conjugated anti-mouse antibodies (Jackson) as described
(15, 21). The anti-heparanase antibodies were raised in rabbit against
KLH-conjugated synthetic peptide (residues 322-330 of the human
heparanase) and kindly provided by Dr. Robert Heinrikson (UpJohn-
Pharmacia, Kalamazoo, MI) (19). Immunoreactive bands were detected
by the enhanced chemiluminescence reagent using luminol and p-cum-
aric acid (Sigma). The light emitted by the chemical reaction was

detected by exposure to medical x-ray film green CP-G Plus (Agfa,
Belgium) for 30-60 s.

RESULTS

Cloning of the Chicken Heparanase cDNA—The amino acid
sequence of the human heparanase cDNA was used to screen
EST data bases for homology to a chicken unidentified mRNA
sequences. A single homologous chicken EST, derived from the
cDNA of chicken activated T lymphocytes (accession number
AT980994), was identified which shared 60.5% identity with
276 bp at the 3’ end of the human heparanase coding sequence.
This sequence encodes a truncated open reading frame of 91
amino acids, 74% homologous to the human heparanase, fol-
lowed by 325 nucleotides of a 3’-untranslated region. Chicken
kidney mRNA was isolated and subjected to 5’ rapid amplifi-
cation of cDNA ends (15), using gene-specific PCR primers
(ChkL1 and ChkL2) designed according to the above described
EST. A DNA fragment of ~1600 bp was obtained, partially
overlapping the identified 3’ encoding EST clone. The entire
cDNA, cloned in pGEM-T Easy vector, was designated Chk-
hpa. The full-length ¢cDNA (Chk-Apa) is 1,609 bp long. It con-
tains an open reading frame that encodes a polypeptide of 523
amino acids (Fig. 1) with a calculated molecular mass of 58,842
daltons. Analysis of the amino acid sequence and the hydro-
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human
chicken
human
chicken
human
chicken
Fic. 2. Comparison of the chicken
and human heparanase amino acid human
. chicken
sequences. The aligned sequences reveal
61.3% identical and 68.8% chemically
similar amino acids in the chicken and 5
uman
human heparanase sequences. The con- chicken
served amino acids are shown in the third
line. Conserved differences are marked by
double or single dots, generated by the Eadn
Clustal-W alignment program. The puta- chicken
tive two catalytic Glu residues, the proton
donor, and the nucleophile, are bold and
their flanking amino acids are shadowed. Hilkiae
The predicted signal peptides are under- chicken
lined. The cleavage sites generating the
mature enzymes are marked by an arrow.
The boxed sequences shows the hydropho- human
bic potential membrane-spanning domain chicken
of 19 amino acids.
human
chicken
human
chicken

pathic profile of the protein indicated a hydrophobic amino acid
sequence at the N terminus (Fig. 1, underlined). This sequence
is predicted (signal p program) to comprise a signal peptide
spanning the N-terminal 19 amino acids (versus 35 residues in
the human enzyme) and showing only a small homology (39%)
to the signal peptide of the human heparanase. A second hy-
drophobic, possibly transmembrane region, was identified at
the C terminus (residues 495-513) (Fig. 2, boxed).

The identity between the chicken and human Apa coding
sequences is 62%, with 61.3% amino acid sequence identity and
68.8% similarity. The chicken heparanase is synthesized as a
latent, ~60-kDa precursor protein. Taking into account its
similarity to the human heparanase, the latent chicken enzyme
is then processed into active, mature ~45-kDa form through
cleavage between Trp'®® and Lys'®"(Fig. 2). It was proposed
that the human heparanase precursor protein is cleaved at
three sites to form an active heterodimer of a 50-kDa polypep-
tide (the mature form) non-covalently associated with a 8.2-
kDa peptide derived from the propeptide region (19). Based on
the similarity between the chicken and human sequences, the
putative chicken 8.2-kDa peptide spans amino acids Glu?° to
Glu®*. The mature human, mouse, rat, and chicken hepara-
nases share overall amino acid identity ranging from 58 to
92.7%, while the pro-peptides are relatively diverse. Alignment
of the chicken, human, mouse, and rat heparanase amino acid
sequences corresponding to the 50-kDa human mature enzyme
(Lys'?8-11e%4%), demonstrated 61, 80, 79.9, and 92.7% identity
between the chicken and human (Fig. 2), human and mouse,
human and rat, and mouse and rat heparanases (sequences not
shown), respectively (16). Interestingly, the chicken and hu-
man heparanase amino acid sequences (Fig. 2), as well as the
rat and mouse enzymes (not shown) have a highly conserved
putative transmembrane region at their C terminus (amino

ELLRSKPALPPPLMLILLGE'LGPLSPGALPRPAQ}\ODWDLDFFTQEPLHLVSPSFLSVT &0
——————————— MLVLLLLVLLLAVPP-~—-----RR-TAELOLGLREPIGAVSPAFLSLT 40

L:L L Tr. iy suthre VSP:FLS:T
IDANLATDPRFLILLGS PKLRTLARGLSPAYLRFGGTKTDFLIFDPKEESTFEERSYWQS 120
LDASLARDPRFVALLRHPKLHTLASGLSPGFLRFGGTSTDFLIFNPNKDSTWEEKVLSEF 100
:DA.LA DPRF: :L P:L::LA GLSP.:LRFGGT.TDFLIF:P.K:.T EE:

4
QVNQDICKYGSIPPDVEEKLRLEWFYQEQLLLREHYQKKFKNSTYSRSSVDVLYTFANCS 180
QRK-DVCEANPSFAVVPELLLTOWPLOEKLLLAEHSWKKHENTT ITRSTLDILHTFASSS 159
Q : D:C . V. L :WPQELLL E: ::.RN:T :RS::D:L;::FAR..S
GLDLIFGLNALLRTADLOWNSSNAQLLLDYCSSKG 240
GFRLVFGLNALLRRAGLOWDSSNAKQLLGYCAQRS K 219

: L:FGLNALLR ..L:W:SSNA: LL.YC:.:.YNISWELGNEFNSF KK: I I:G
QLGEDY IQLHKLLRES-TFEKNAKLYGPDVGOPRRETARMLKSFLKAGGEVIDSVIWHHYY 299
QLGRDFVHLROLLSQHPLYRHAELYGLDVGOPREKHTOHLLRSFMKSGGKAIDSVIWHHYY 278
QLG.D::. L::LL = :::A:LYG D:GQPR :T ::L:SF:K:GG:.IDS:TWHHYY
LNGRTATREDFLNPDVLDIFISSVQEVEQVVESTR 359
VNGRSATREDFLSPEVLDSFATATHDVLGIVEAT 339
:NGR AT:EDFL..:.LD F :r:r.z2: :.:
ARGFMWLDKLGLSARMGIEVVMRQVFFGAGNYHLVDENFDPLPDYWLSLLFKKLVGTKVL 419
VAGFMWLDKLGLAARRGIDVVMROVSFGAGSYHLVDAGFKPLPDYWLSLLYKRLVGTRVL 399
JAGFMWLDKLGL:A: GI:VVMRQV FGAG.YHLVD .F.PLPDYWLSLL:K:LVG.:VL
MASVQGSKRRELRVYLHCTNTDNPRYKEGDLTLYAINLHNVTKYLRLPYPFSNKQVDKYL 479
QASVEQADARRPRVYLHCTNPRHPKYREGDVTLFALNLSNVTOSLOLPKQLWSKSVDQYL 459

: V: .. : RVYLHCTN :P:Y:EGD:TL:.:NL NVT: L::FP : VD YL
LRPLGPHGLLSKSVQLNGLTLEMVDDQTLFPLMEKPLRPGSSLGLPAFSYSFEV|IIRNARY 539
LLPHGKDSILSREVQLNGRLLOMVDDETLPALHEMALAPGSTLGLPAFSYGFYV|IIRNAKA 519
L PG ..:L5:.VOLNG L:MVD::TLP.L K .L .GS:L.:PAFSY,F:VIRNAK
AACI 543
IACI 523
ACI

acids 495-513 and 515-534, respectively) (Fig. 2, boxed). Sim-
ilarly, the putative two catalytic glutamic residues (29), the
proton donor (H-Apa, Glu?2%; Chk-hpa, Glu?°*) and nucleophile
(H-hpa, Glu**3; Chk-hpa, Glu®??), as well as the amino acids
flanking these residues are highly conserved in the chicken,
human, and rodent enzymes (Fig. 2, shadow). The predicted
amino acid sequence of the chicken enzyme has 4 potential
N-glycosylation sites (Fig. 1), three of which are conserved in
the human, mouse, and rat heparanases. The human enzyme
has 6 glycosylation sites, contributing to the size difference
between the isolated human and chicken heparanases, as in-
dicated by Western blot analysis of the respective recombinant
enzymes (Fig. 4C, inset).

Functional Expression of Recombinant Chicken Heparanase
in Mammalian Cells—The ability of the Chk-Apa gene product
to catalyze degradation of heparan sulfate (HS) in vitro was
assessed by expressing the entire open reading frame of the
Chk-Apa in mammalian cells lacking heparanase activity. The
cells were then subjected to RT-PCR (Fig. 3, inset), Western
blot analysis (Fig. 4C) and measurements of heparanase activ-
ity (Figs. 3 and 4). Rat C6-glioma and mouse Eb-lymphoma
cells were transfected with pcDNA3 plasmid containing the
chicken heparanase cDNA (Chk-Apa), or mock transfected with
a control plasmid alone. Stable transfected cells were obtained
following selection with G418. RT-PCR performed on mRNA
isolated from Chk-Apa transfected and mock-transfected C-6
glioma (Fig. 3, inset) and Eb lymphoma (not shown) cells re-
vealed expression of the Chk-Apa mRNA in the transfected, but
not the mock transfected cells. There was no difference in
expression of the B-actin gene (Fig. 3, inset). RT-PCR primers
designed to detect the Chk-Apa failed to amplify the H-Apa, and
vice versa. Western blot analysis of partially purified hepara-
nase secreted by hpa-transfected Eb cells revealed protein
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Fic. 3. Chicken heparanase activity in transfected C6-glioma
cells. C6 rat glioma cells transfected with Chk-Apa (M), or with control
pcDNAS3 plasmid alone (O) were incubated (24 h, 37 °C, pH 6.6) in
serum-free medium in contact with sulfate-labeled ECM. Labeled deg-
radation fragments released into the incubation medium were analyzed
by gel filtration on Sepharose 6B. Nearly intact HSPGs elute next to V,,
(peak I, fractions 1-10) (O), whereas heparan sulfate degradation prod-
ucts elute toward the V, of the column (peak II, fractions 20-35) (H).
Inset, RT-PCR. Total RNA isolated from a pooled population of C6
glioma cells stably transfected with Chk-Apa (lanes 1 and 3), or with
control plasmid alone (lanes 2 and 4) were tested for expression of the
Chk-Apa mRNA (lanes 1 and 2, arrow), using primers specific for
Chk-hpa (amplifying a 611-bp ¢cDNA fragment), or B-actin (lanes 3 and
4). Lane 5, 100-bp DNA molecular weight markers.

bands corresponding to the 60- and 45-kDa forms of the chicken
enzyme (Fig. 4C, inset, lane 1) versus the 65- and 50-kDa latent
and active forms of the human heparanase (Fig. 4C, inset, lane
2). The heparanase protein was not detected in the mock trans-
fected cells (lane 3). Similar results were obtained with Apa-
transfected C-6 glioma cells (not shown).

Next, we assessed the ability of the chicken heparanase to
degrade HS in intact ECM. For this purpose, Chk-hpa- and
mock transfected C-6 glioma cells were seeded on intact natu-
rally produced sulfate-labeled ECM. Labeled degradation frag-
ments released into the incubation medium were then analyzed
by gel filtration on Sepharose 6B (26). Material released by the
mock transfected cells eluted just after the void volume (V)
(peak I, fractions 1-10, K, < 0.2) and consisted almost entirely
of intact, high-molecular weight HSPGs. In contrast, incuba-
tion of the ECM with Chk-Apa-transfected C-6 glioma cells
resulted in release of low-molecular weight labeled degradation
fragments, eluted toward the V, of the column (peak II, frac-
tions 20-35, 0.5 < K_, < 0.75) (Fig. 3). Release of these frag-
ments was abolished in the presence of heparin, an alternative
substrate of the heparanase enzyme (10, 15). Similar results
were obtained with Chk-hpa versus mock transfected Eb lym-
phoma cells (Fig. 4A). Labeled fragments eluted in peak II were
shown to be degradation products of HS, as they were 5—6-fold
smaller then intact HS side chains, resistant to further diges-
tion with papain or chondroitinase ABC and susceptible to
deamination by nitrous acid (26).

In view of the differences between the chicken and human
heparanase cDNAs and particularly between sequences of the
predicted signal peptides, we compared cells transfected with
these heparanase species for their ability to secrete the enzyme
and degrade intact ECM. For this purpose, Eb lymphoma cells

Cloning and Expression Pattern of Chicken Heparanase

were maintained for 24 h in serum-free RPMI medium at a
density of 2 X 106 cells/ml. The cells were then centrifuged and
both the conditioned medium (1 ml) and respective intact cells
were incubated (37 °C, 24 h) in contact with sulfate-labeled
ECM coating the surface of 35-mm culture dishes. Cells were
also subjected to three cycles of freezing and thawing and
lysates of 2 X 10° cells were similarly incubated with the
labeled ECM. Degradation fragments released into the incuba-
tion medium were then analyzed by gel filtration. As shown in
Fig. 4, Eb cells transfected with the Chk-Apa exhibited a higher
heparanase activity than H-hpa-transfected Eb cells. This dif-
ference was observed with intact cells (2-3-fold) (Fig. 4A4) and
even more so (4—5-fold) with their conditioned media (Fig. 4B).
Similar results were obtained with C-6 glioma cells transfected
with the chicken versus the human-Apa ¢cDNAs. Cells trans-
fected with control plasmid alone failed to express heparanase
activity (Fig. 4). Unlike the results with intact cells (Fig. 4A)
and their conditioned media (Fig. 4B), there was no apparent
difference in heparanase activity determined in lysates of the
chicken- and human- hpa-transfected cells (Fig. 4C). To inves-
tigate whether the two heparanase species differ in specific
activity, serum-free medium (500 ml) conditioned by Eb cells
transfected with the chicken or human Apa ¢cDNAs were sub-
jected to partial purification on SP-Sepharose. The enzymes
were eluted from the column with 0.5 m NaCl in citrate phos-
phate buffer, pH 6.2, and equal amounts of total protein were
tested for heparanase activity. Both enzymes exhibited a sim-
ilar apparent specific activity, indicated by the almost identical
amount and elution pattern of ECM-derived HS degradation
fragments (not shown). We have recently developed a quanti-
tative enzyme-linked immunosorbent assay specific for the ac-
tive 50-kDa form of the human heparanase. Using this assay, it
was found that serum-free medium conditioned for 24 h by
H-hpa-transfected Eb cells (2.5 X 10° cells/ml) contains 1 + 0.2
ng of heparanase protein per ml. Based on measurements of
heparanase activity (Fig. 4B), it is estimated that medium
conditioned by the Chk-Apa-transfected cells contains 4-5
ng/ml of the heparanase enzyme. Altogether, these results in-
dicate that the chicken enzyme is more readily secreted into the
incubation medium and/or retained on the cell surface, as com-
pared with the human enzyme, most likely due to the marked
difference between the respective signal peptide sequences. In
order to clarify this assumption, we generated a chimeric con-
struct composed of the chicken signal peptide fused to the
human ¢cDNA downstream nucleotide 105. Briefly, chicken-
specific primers were used to amplify the chicken signal se-
quence which was then fused by means of primer extension to
the human Apa sequence, replacing its signal peptide, as de-
scribed under “Experimental Procedures.” The chimeric con-
struct, subcloned into pcDNAS3 plasmid, was applied to trans-
fect Eb mouse lymphoma and C-6 rat glioma cells. Serum-free
medium conditioned for 24 h by Eb cells stably transfected with
the chimeric construct (chimeric-hpa) was tested for hepara-
nase activity. As shown in Fig. 5A, cells transfected with the
chimeric enzyme were comparable to cells transfected with
Chk-Apa in their ability to secrete the heparanase enzyme into
the culture medium. In contrast, little or no heparanase activ-
ity was detected in medium conditioned by H-Apa transfected
cells (Fig. 5A4), indicating that secretion of the enzyme is in fact
driven by the chicken signal peptide sequence. Similar results
were obtained with C-6 glioma cells (not shown).

Cellular Localization of the Chicken Versus Human Hepara-
nase Enzymes—The observed differences between the chicken
and human enzymes in the sequence and length of their signal
peptides and secretion properties, led us to investigate their
cellular localization pattern. For this purpose, C-6 glioma cells
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Fic. 4. Heparanase activity in cell lysates, intact cells, and medium conditioned by lymphoma cells transfected with chicken
versus human hpa ¢cDNA. Eb mouse lymphoma cells transfected with Chk-Apa (M) or H-hpa (¢) were maintained (24 h, 2 X 108 cells/ml) in
serum-free RPMI medium. Intact cells (A), cell lysates (C), or conditioned media (B) corresponding to 2 X 10° cells were then incubated (24 h, 37 °C)
in serum-free medium with sulfate-labeled ECM. Labeled degradation fragments released into the incubation medium were analyzed by gel
filtration on Sepharose 6B, as described under “Experimental Procedures” and in the legend to Fig. 3. Mock transfected Eb lymphoma cells (O) were
used as control. Inset, Western blot analysis. Partially purified (SP-Sepharose) heparanase secreted into serum-free medium conditioned by Eb
lymphoma cells transfected with Chk-hpa (lane 1), H-hpa (lane 2), or plasmid alone (lane 3) were subjected to 10% SDS-PAGE and Western blot
analysis applying polyclonal rabbit anti-heparanase antibodies (directed against residues 322-330) and ECL visualization, as described under
“Experimental Procedures.” The molecular weight markers used were: glutamic dehydrogenase (64 kDa), alcohol dehydrogenase (50 kDa), and

carbonic anhydrase (36 kDa).
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FiG. 5. Secretion and cellular localization of the chicken, human, and chimeric heparanases. A, heparanase activity. Eb mouse
lymphoma cells were stably transfected with Chc-hpa (W), H-Apa (<), or chimeric-Apa (e ). Serum-free medium conditioned by these cells and
prepared as described in the legend to Fig. 4, was incubated (24 h, 37 °C, pH 6.2) with sulfate-labeled ECM and tested for heparanase activity. Mock
transfected Eb lymphoma cells (O) were used as control. B, immunostaining. C6 rat glioma cells were transfected with chicken (upper left), human
(lower left), or chimeric (upper right) heparanase cDNAs. Pooled populations of stable transfected cells were subjected to indirect immunofluo-
rescence staining with monoclonal anti-heparanase antibodies (mAb 130) followed by Cy-3-conjugated goat anti-mouse Ab, as described under
“Experimental Procedures.” Mock transfected C6 glioma cells (lower right) were used as control and showed no staining. Chk-Apa (upper left) and
chimeric-hpa (upper right) transfected cells exhibited intense staining associated mostly with the cell membrane (arrow), while cells transfected

with H-Apa cDNA (lower left) displayed primarily a perinuclear granular staining (arrow). Bar, 10 puM.

anti-human heparanase mAb 130 (15). These antibodies cross-
react with the chicken enzyme. Confocal fluorescence micros-
copy revealed that C-6 glioma cells transfected with the Chk-

stable transfected with the chicken, human, or chimeric
heparanase cDNAs were grown in 4-well chamber slides and
subjected to indirect immunofluorescence staining with the
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Fic. 6. Heparanase expression in the chicken embryo. Paraffin-
embedded sections derived from 12- (stage 2-3) (A) and 72-h (stage
18-19) (B and C) chicken embryos were subjected to indirect immuno-
fluorescence staining (green) with monoclonal anti-heparanase antibod-
ies (mAb 130) and counterstaining with propidium iodide (red) for
visualization of nuclei. A, intense expression of the heparanase protein
is seen in the hypoblast (2) of a 12-h chicken embryo, while cells in the
epiblast (e) exhibit little or no heparanase staining. Bar, 50 uM. Insets:
upper right, RT-PCR. Total RNA isolated from hypoblasts (lanes 1 and
3) or epiblasts (lanes 2 and 4) of 29 (12 h) chicken embryos was tested
for expression of Chc-hpa mRNA using primers specific for Chk-hApa
(amplifying a 611-bp ¢cDNA fragment) (lanes 1 and 2), or B-actin (lanes
3 and 4). Middle lane, 100-bp DNA molecular weight markers. Lower
left, magnification (X100) of the hypoblast area. B and D, 72-h chicken
embryo expresses the heparanase protein in the developing vascular
(da, dorsal aorta; v, veins; a, arteries) and nervous (n, notochord; nt,
neural tube; m, mesencephalon; g, trigeminal nerve ganglion; drg,
dorsal root ganglia; d, dermomyotome) systems. An intense staining is
observed in the chorioallantoic membrane (ch). Bar, 250 puM.
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hpa cDNA exhibited an intense granular staining of the
heparanase protein mostly associated with the cell surface, as
opposed to a weak and scattered staining in the cell cytoplasm
(Fig. 5B). Preferential localization of the chicken heparanase
was noted in areas of cell to cell contacts (Fig. 5B, upper left,
arrow). Unlike this pattern of immunostaining, C-6 glioma
cells overexpressing the human heparanase displayed primar-
ily a perinuclear granular staining pattern with almost no
detectable surface localization of the enzyme (Fig. 5B, lower
left). Immunostaining of C-6 glioma cells transfected with the
chimeric heparanase revealed preferential surface localization
pattern (Fig. 5B, upper right), similar to that of cells expressing
the chicken heparanase. Mock transfected glioma cells showed
no staining (Fig. 5B, lower right). The results of the swaping
experiment emphasize that the pronounced difference in cellu-
lar localization of the chicken and human heparanases is due
primarily to the marked difference in sequence, length, and
hydrophobic properties of the respective signal peptides. We
have also expressed the chicken and human heparanase
cDNAs in homologous cells (i.e. QT6 quail fibrosarcoma and
Huh7 human hepatocarcinoma cells, respectively), resulting in
an immunostaining pattern (not shown) similar to that ob-
served with the transfected C-6 rat glioma cells. The preferen-
tial cell surface association of the chicken and chimeric hepara-
nases is in accordance with the higher HS degrading activity
expressed by intact cells overexpressing the chicken or chi-
meric enzymes versus the human heparanase.

Expression of Heparanase in the Developing Chicken Em-
bryo—The involvement of heparanase in cell migration asso-
ciated with tumor metastasis, angiogenesis, and inflamma-
tion, and its high expression in placenta led us to investigate
the pattern of its expression during early developmental
stages of the chicken embryo. For this purpose, paraffin-
embedded sections derived from 12 h (stage 2-3) (Fig. 6A)
and 72 h (stage 18-19) (Fig. 6, B and C) chicken embryos (30)
were subjected to indirect immunofluorescent staining with
the anti-human heparanase mAb 130. Cell nuclei were coun-
terstained with propidium iodide and sections were visual-
ized by confocal microscopy. As shown in Fig. 6A, cells mi-
grating from the epiblast and residing in the newly formed
hypoblast layer of a 12-h chicken embryo were intensely
stained by the anti-heparanase antibodies. In contrast, cells
remaining in the primary ectoderm (epiblast) showed little or
no expression of the heparanase protein. Preferential expres-
sion of the heparanase mRNA in the hypoblast versus epi-
blast was also noted by RT-PCR of mRNA extracted from
each layer (Fig. 64, inset). A complex immunostaining pat-
tern was revealed in sections derived from a 72-h chicken
embryo. Prominent expression of the enzyme was noticed in
the developing vascular (dorsal aorta, veins, and arteries)
and nervous (notochord, mesencephalon, trigeminal nerve
ganglia, dorsal root ganglia, neural tube, and dermomyo-
tome) systems (Fig. 6, B and C). Intense specific staining was
observed in the chorioallantoic membrane, particularly in
sprouting capillaries, which supply oxygen and nutrients to
the developing embryo (Fig. 6B). The lung buds, trachea,
pharynx, preoral gut, and pronephric ducts were faintly
stained. Little or no expression of the heparanase protein was
detected in the atrium, branchial arches, and in the mandib-
ular and maxillary processes (not shown). These results sug-
gest that the heparanase enzyme may play a role in cell
migration occurring both at the very early stages of embryo-
genesis and later on in morphogenesis of the cardiovascular
and nervous systems.
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DISCUSSION

Discrete species of HS play important roles in normal
growth, morphogenesis, and pattern formation during develop-
ment, primarily through regulation of growth factor-induced
pathways (31, 32). For example, the gene for N-deacetylase
N-sulfotransferase enzymes, involved in modification of HS, is
required for viability and normal patterning of multiple organs
in Drosophila (33) emphasizing the involvement of HS-modify-
ing enzymes and their proteoglycan substrates in spatially
regulated signaling events during development and growth
(831-33). Unlike enzymes involved in the biosynthesis of HS, the
role of HS-degrading enzymes (i.e. heparanase) in normal de-
velopment and tissue remodeling has not been investigated,
simply because of the lack of appropriate molecular probes and
antibodies. The recent cloning and expression, independently
by several groups, of a single dominant gene encoding func-
tional heparanase (15-19), led us to investigate its expression
pattern in the highly defined chicken developmental program.
For this purpose, we have identified a chicken EST homologous
to the human heparanase cDNA and applied the rapid ampli-
fication of cDNA ends technique to clone and express a func-
tional chicken heparanase, 60% homologous to the human en-
zyme. Recently, the active site residues of human heparanase
were identified and the enzyme was classified as a member of
the clan A glycosyl hydrolases (29). Interestingly, the predicted
active site involves two highly conserved glutamic acid residues
which are the proton donor (Glu?2® and Glu?°*) and the nucleo-
phile (Glu®*? and Glu®??), with an asparagine (Asn??* and
Asn?°3) preceding the proton donor at the active site of the
human and chicken enzymes, respectively. Sixteen out of 17
amino acids flanking the proton donor and 18 out of 19 residues
which flank the nucleophile are identical in the human and
chicken enzymes (Fig. 2), supporting a common catalytic mech-
anism. The occurrence of such highly conserved regions sur-
rounding the active site residues of the human, rodents, and
chicken enzymes, the identification of the human enzyme as an
endo-B-D-glucuronidase (34), and the similar size of HS degra-
dation fragments produced by the chicken and human hepara-
nases, suggest that the newly cloned chicken heparanase is an
endo-B-pD-glucuronidase.

The most prominent difference between the human and
chicken heparanase sequences resides in the predicted signal
peptide region, showing 39% homology and a marked difference
in hydrophobicity and length (35 versus 19 amino acids, respec-
tively). This difference may, among other effects, account for
the chicken enzyme being readily secreted into the culture
medium of Chk-hpa-transfected cells. Moreover, intact cells
overexpressing the chicken heparanase-degraded HS in a nat-
urally produced subendothelial ECM to a higher extent than
cells transfected with the human enzyme. There was no signif-
icant difference, however, in the apparent specific activity of
the two species of enzymes. The higher enzymatic activity
expressed by intact cells transfected with the chicken versus
the human heparanase cDNAs was also reflected by a marked
difference in cellular localization of the chicken and human
heparanase enzymes. Whereas the chicken enzyme was pri-
marily localized in close proximity to the cell membrane, par-
ticularly in areas of cell to cell contacts, the human enzyme
exhibited a mostly perinuclear granular distribution and al-
most no surface localization. Our preliminary results using
green fluorescent protein-conjugated human heparanase cDNA
indicate that the human enzyme is localized predominantly in
acidic granules, apparently lysosomes, and in perinuclear en-
dosomal granules associated with the endoplasmic reticulum.
In fact, heparanase activity was first isolated from rat liver
lysosomes (35) and found to be present in both chloroquine
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sensitive (lysosomal) and insensitive (endosomal) compart-
ments in rat and human tumor cells (36). ECM-degrading
ezymes may, however, translocate from within lysosomes to the
plasma membrane, in correlation with the metastatic potential
of cells. Thus, cathepsin B is localized on the surface of invasive
breast and bladder cancer cells, but is confined to lysosomes in
the respective non-invasive cell variants or normal bladder
epithelium (37). In human neutrophils, the enzyme has been
found to be readily secreted, co-localized with MMP-9 activity
in tertiary granules (38, 39). Degradation enzymes expressed
on the cell surface are likely to be more effective than intracel-
lular enzymes in solubilizing the ECM, as was in fact demon-
strated in the present study by the markedly increased hepara-
nase activity expressed by intact lymphoma and glioma cells
transfected with the chicken versus the human ¢cDNAs. Our
preliminary studies indicate that cells overexpressing the
chicken, or chimeric enzyme also exhibit a higher invasiveness
in vitro and metastatic potential in vivo, as compared with cells
overexpressing the human enzyme.2 The Chk-Apa-transfected
cells are also expected to elicit a pronounced angiogenic re-
sponse, primarily by virtue of a more efficient release of hepa-
rin-binding angiogenic factors (i.e. basic fibroblast growth fac-
tor) sequestered by HS in the ECM (10, 24, 25).

It was previously reported that complete solubilization of
heparanase from human and rat origins required the presence
of a detergent during homogenization, indicating that up to
25% of the heparanase activity was membrane bound (16, 40).
In accordance with this observation are our recent immuno-
staining studies showing that the enzyme is found primarily in
the cytoplasm, but also on the surface of human colon carci-
noma (21), pancreatic carcinoma, and myeloid leukemia cells.
Putative transmembrane, highly homologous hydrophobic re-
gions are present at the C terminus of both the human (resi-
dues 515-534) (16) and chicken (residues 495-513) enzymes.
Cells transfected with chimeric human heparanase bearing the
chicken signal sequence closely resembled Chk-ipa-trans-
fected cells, indicating that the observed differences between
the chicken and human heparanases in cellular localization
and secretion properties are due primarily to the unique prop-
erties of the chicken heparanase signal peptide sequence, shar-
ing little homology to that of the human, mouse, and rat en-
zymes. It was proposed that heparanase may, in part, remain
associated with the cell surface through interaction with cell
surface HSPGs and/or with the 300-kDa mannose 6-phosphate
receptor (16). Mannose 6-phosphate was previously reported to
displace the enzyme from the surface of T-lymphocytes (22, 23).
Our recent experiments indicate that exogenously added latent
human heparanase binds to HS on the surface of cells. At
physiological pH the HS is not degraded, but rather facilitates
uptake of the bound enzyme into intracellular granules. Endo-
cytosis of exogenously added heparanase is accompanied by
processing and activation of the enzyme.?

Most studies emphasize the involvement of heparanase in
pathophysiology. Little is known, however, about the enzymes
contribution to normal cell and tissue function during embry-
ogenesis and in the adult. Heparanase may, for example, play
a role in embryo implantation, involving invasive properties
and interaction between HS-binding proteins and HSPGs (41).
Subsequently, the enzyme may function in embryonic cell mi-
gration, proliferation, and differentiation, in a manner similar
to its involvement in tumor metastasis, angiogenesis, and in-
flammation (10—-14). We have recently generated transgenic

2 0. Goldshmidt, E. Zcharia, S. Metzger, T. Chajek-Shaul, E. Mitrani,
and I. Vlodavsky, manuscript in preparation.

3 L. Nadav, O. Yacoby-Zeevi, E. Zamir, 1. Pecker, B. Geiger, A. Eldor,
I. Vlodavsky, and B. Katz, unpublished results.



29186

mice overexpressing the heparanase cDNA and protein in all
tissues. Mammary glands of heparanase overexpressing virgin
females showed precocious alveolar development and ductal
branching, again demonstrating the involvement of hepara-
nase in morphogenesis and tissue remodeling.*

Using monoclonal anti-heparanase antibodies directed
against the C terminus of the chicken heparanase, we exam-
ined the distribution pattern of the newly cloned heparanase
enzyme in the developing chicken embryo. Both the chicken
heparanase mRNA and protein were specifically expressed,
as early as 12 h post-fertilization, in cells migrating from the
epiblast (primary ectoderm) and forming the hypoblast layer.
At this point of time, there was virtually no expression of the
heparanase mRNA and protein in the epiblast layer. Later on
(72 h), the enzyme is preferentially expressed in cells of the
developing vascular and nervous systems. Intense expression
of the enzyme was observed in dorsal root ganglia, notochord,
neural tube, dorsal aorta, and the highly vascularized cho-
rioallantoic membrane. Early expression of heparanase in
the nervous system suggests a role for the enzyme in the
regulation of neuronal cell migration, proliferation, and dif-
ferentiation. Interestingly, HSPGs stimulate the prolifera-
tion of Schwann cells and their removal prevents the cells
from proliferating around the axons (6, 7). Also, nerve growth
factor, neurotrophin-3, and astrocytes were reported to stim-
ulate melanoma cell invasion and heparanase activity, both
in vitro and in vivo (42). A novel MT-MMP, cloned from
cultured chicken embryo fibroblasts, is expressed in the head
and body of 8- and 9-day-old chicken embryos (43), suggesting
that MT-MMP plays a role during early stages of develop-
ment, when large scale cell migration occurs. A high expres-
sion of the heparanase protein was noted in the chicken extra
embryonic chorioallantoic membrane, characterized by an
extensive capillary network that supports the developing em-
bryo. Early expression of both heparanase and MMP-2 (44) in
the chicken chorioallantoic membrane when expansion of its
vasculature is maximal, suggests a role of these ECM-de-
grading enzymes in neovascularization. Heparanase, similar
to its involvement in pathological angiogenesis, may contrib-
ute to normal development of the vascular system through an
effect on endothelial cell migration and sprouting, as well as
on the bioavailability and mitogenic activity of HS-bound
angiogenic factors (24, 25). The enzyme also produces HS
degradation fragments that promote receptor binding, dimer-
ization, and signaling of heparin-binding growth factors, pri-
marily basic fibroblast growth factor (45). We have recently
observed a profound angiogenic response elicited by hepara-
nase-transfected cells embedded in Matrigel and implanted
subcutaneously, versus a small or no response to mock-trans-
fected cells (46). Similarly, MMP-9 is regarded as a specific
component of the angiogenic switch by rendering vascular
endothelial growth factor more available to its receptors (47).
Taking into account the involvement of HS (i.e. glypican) in
growth factor (i.e. BMP-2 and BMP-4) signaling during de-
velopment and pattern formation (31-33, 48), it is conceiva-
ble that HS-degrading enzymes will affect developmental
processes primarily by virtue of an effect on cell migration
and the bioavailability of HS-bound growth- and differentia-
tion-promoting factors, and through an effect on the rate of
HS turnover. The development of mice with targeted disrup-
tion of the heparanase gene will better elucidate its normal
roles in embryonic development and in the mature individ-
ual. Heparanase is the first and single functional vertebrate

4 E. Zcharia, S. Metzger, T. Chajek-Shaul, Y. Friedmann, O. Pappo,
A. Aviv, M. Elkin, I. Pecker, and I. Vlodavsky, unpublished results.
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HS-degrading enzyme that has been cloned, expressed, and
characterized. This may pave the way for identification and
cloning of other members of a putative family of mammalian
glycosaminoglycan-degrading enzymes (e.g. chondroitinase,
dermatanase, and keratanase), toward a better understand-
ing of the function and biological significance of both the
enzymes and their polysaccharide substrates in normal and
pathological processes.
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