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Objective. Matrix metalloproteinases and an endo-B-D-glucuronidase (heparanase) are en-
zymes that degrade the protein and carbohydrate constituents of basement membranes,
ther eby facilitating transendothelial migration of blood-borne cells. Heparanase activity was
found to correlate with the metastatic potential of solid tumors. We evaluated hepar anase ex-
pression, at thelevels of geneand protein expression and activity in avariety of leukemias, and
compared it with normal hematopoietic cells.

Materials and Methods. Hepar anase expression was evaluated in leukocytes isolated from pe-
ripheral blood of 71 patients with myeloid and lymphoid leukemias, or non-Hodgkin’s lym-
phoma. Analysis was performed at two levels: heparanase RNA was determined by reverse
transcriptase polymerase chain reaction, and heparanase protein was evaluated by immuno-
cytochemistry and flow cytometry.

Results. In eight peripheral blood samplesfrom normal donors, heparanase RNA was detected,
and protein wasfound within the cytoplasm of granulocytes. In mononuclear cellsderived from
various leukemias, heparanase RNA was expressed in 14 of 15 acute myeloid leukemia (AML)
samples. In contrast, cells derived from all 33 chronic lymphoblastic leukemia, all 7 non-
Hodgkin’s lymphoma, 7 of 8 chronic myeloid leukemia, and 6 of 8 acute lymphoblastic leuke-
mia patients showed no detectable expression of the heparanase RNA. Heparanase protein was
detected primarily within the cytoplasm of AML cells, indicating that the enzyme is produced
and stored within the cytoplasm of myeloid cells, with limited expression on the cell surface.
Conclusion. We propose that heparanase expression is associated with the myeloid lineage
and may serve as an independent marker to support the identification of AMLs. © 2002 In-
ternational Society for Experimental Hematology. Published by Elsevier Sciencelnc.

Heparan sulfate proteoglycans (HSPGs) are macromole-
cules composed of a core protein covalently O-linked to re-
peating hexuronic and D-glucosamine disaccharide units
[1-3]. HSPGs are located at the subendothelial basement
membrane, where they cross-link a variety of extracellular
matrix (ECM) molecules (e.g., collagen, laminin, fibronec-
tin), thereby contributing to the formation and preservation
of blood vessel walls [4]. The extravasation of circulating
metastatic tumor cells is accompanied by degradation of
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various components of the subendothelial basement mem-
brane [5]. Thus, highly metastatic cells produce and secrete
a variety of ECM-degrading enzymes, including members
of the matrix metalloproteinase (MMP) family (e.g., MMP-2
and MMP-9) [6]. MMP-2 and MMP-9 are produced by lym-
phoid and myeloid neoplasias, aswell as by normal hemato-
poietic cells, including granulocytes, monocytes, and lym-
phocytes[7].

HSPG degradation disintegrates the subendothelial base-
ment membrane, consequently facilitating transendothelial
migration of blood-borne cells[8,9]. Heparanase is an endo-
B-D-glucuronidase that degrades the heparan sulfate (HS)
side chains of HSPG. Heparanase activity has been detected
in severa types of normal hematopoietic cells, including
neutrophils, megakaryocytes, and activated lymphocytes
and may mediate their extravasation during inflammatory
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and immune responses [9]. Heparanase expression corre-
lates with the metastatic potential of lymphoma, fibrosar-
coma, breast carcinoma, and melanoma cells [8,10-14].
However, heparanase expression pattern in hematologic
proliferative disorders has not been investigated.

Recently, the gene encoding the human heparanase was
cloned. Its deduced amino acid sequence includes a poten-
tial signal peptide, indicating that heparanase can be se-
creted outside the plasma membrane [13-16]. Heparanase
genomic locus spans ~40 kb and is localized on human
chromosome 4g21.3 [13,14]. Transfection of heparanase
cDNA into a nonmetastatic lymphoma cell line resulted in
an increase in the metastatic potential, demonstrating a di-
rect link between heparanase expression and malignancy of
hematopoietic cells[13].

In the present study, we investigated whether heparanase
expression is associated with specific types of hematologic
malignancies. We found that heparanase expression in leu-
kemias was restricted predominantly to cells of the myeloid
lineage. Heparanase RNA, protein, and activity were not de-
tected in chronic lymphoblastic leukemia (CLL) and most
other leukemias, or in hemato-oncologic disorders. There-
fore, heparanase may be potentially utilized as an additional
marker for acute myeloid leukemias (AMLS), independent
of more common membrane markers.

Materials and methods

Antibodies

Mouse anti-heparanase monoclona antibody (mAb) 130 (IgG1l)
was previously described [13]. Fluorescein isothiocyanate (FITC)-
labeled mAb 130 was provided by InSight Ltd. (Rabin Science
Park, Rehovot, Isragl). FITC-conjugated anti-CD3, CD14, CD15,
CD19, and CD34 mAbs and isotype control 1gG1 were purchased
from Dako (Denmark) and utilized according to the manufac-
turer’ sinstructions. FITC and phycoerythrin (PE)-conjugated goat
anti mouse antibodies were obtained from Dako and Jackson Im-
munoResearch Laboratories (West Grove, PA, USA), respec-
tively.

Blood samples

Peripheral blood and bone marrow samples were obtained from
discarded material utilized for routine laboratory tests at the He-
matology Laboratory, Tel-Aviv Sourasky Medical Center, Tel-
Aviv, Isradl, and the Hematology Department, Hadassah-Hebrew
University Hospital, Jerusalem, Israel. Use of discarded material is
approved by our Institutional Review Board.

RNA isolation and reverse

transcriptase polymerase chain reaction

Total RNA was isolated utilizing TRIzol (Life Technologies,
Gaithersburg, MD, USA) and subjected to reverse transcriptase
polymerase chain reaction (RT-PCR) as previously described [13].
Briefly, reverse transcription of 500 ng total RNA from normal and
leukemia mononuclear cells samples was performed by oligo(dT)
priming, followed by PCR utilizing the following oligonucleotide
primers; HPU-355 (5'-TTCGATCCCAAGAAGGAATCAAC-3)

and HPL-229 (5'-GTAGTGATGCCATGTAACTGAATC-3'). Ali-
quots (10 L) of the amplification products were resolved by 1.5%
agarose gel electrophoresis and visualized by ethidium bromide
staining. Only RNA samples that gave completely negative results
in PCR without RT were further analyzed. The following condi-
tions were applied to heparanase PCR amplifications: 94°C for 4
minutes, 29 cycles of 94°C for 45 seconds, 60°C for 1 minute, and
72°C for 45 seconds. PCR products then were incubated at 4°C for
1 hour. The total humbers of samples evaluated for heparanase
RNA expression were CLL 33, acute lymphoblastic leukemia
(ALL) 8, AML 15, chronic myeloid leukemia (CML) 8, non-
Hodgkin's lymphoma (NHL) 7, and normal donors 8.

Isolation of peripheral blood monocytes

Mononuclear cells were isolated from normal donor peripheral
blood by Ficoll-Pague (Pharmacia, Uppsala, Sweden) density gra-
dient and washed two times in phosphate-buffered saline (PBS).
Adherent cells were collected from the mononuclear cell fraction
by incubation at 37°C for 2 hoursin RPMI on plastic tissue culture
flasks. FACS analysis of the monocyte cell preparation was per-
formed using CD14/CD45 antibodies. Fewer than 5% of cellswere
CD14-CD45".

Flow cytometry of

peripheral blood and bone marrow samples

For staining with the FITC-conjugated anti-heparanase mAb 130,
50-pL samples were incubated with 10 wl of mAb 130 (or 10 pL
of isotype control) for 30 minutes at 4°C. The samples then were
incubated with 450 wL of erythrocyte lysis solution (Becton-Dick-
inson, San Jose, CA, USA) for 12 minutes at 4°C, followed by
wash with 2 mL of PBS. The samples were subjected by flow cyto-
metric analysis utilizing FACS Calibur (Becton-Dickinson). For
analysis of normal and leukemia peripheral blood and bone mar-
row, samples were purified by Ficoll-Pague density gradient cen-
trifugation and washed twice with PBS. Indirect immunofluores-
cence staining was performed by incubating 0.5 to 1 X 10° cells
with 10 pg/mL mAb 130 for 30 minutes at 4°C. The samples were
washed twice with PBS, followed by incubation with 50 pL of
1:100 diluted PE- or FITC-conjugated goat anti-mouse antibody
for 30 minutes at 4°C. The cells were washed with PBS and ana-
lyzed by flow cytometry utilizing FACS Calibur (Becton Dickin-
son). Thetotal numbers of samples evaluated for heparanase surface
expressionwere CLL 10, ALL 2, AML 10, CML 2, myelodysplas-
tic syndrome (MDS) 4, multiple myeloma 2, and lymphoma 2.

Immunofl uor escence staining of

heparanase in normal circulating human granulocytes
Granulocyte-enriched fraction was purified from normal blood
samples by Ficoll-Pague density gradient centrifugation and
washed twice with PBS. Immunofluorescence staining with anti-
heparanase mAb 130 was performed as previously described [17].

I mmunocytochemistry

Cytospins prepared from peripheral blood cells were fixed in ace-
toneimethanol (1:1) for 10 minutes at 24°C. Slides were washed in
PBS and endogenous peroxidases were blocked with 0.3% H,0, in
methanol for 15 minutes. The slides were incubated for 15 minutes
at 24°C with PBS containing 10 mM glycine and 10 p.g/mL bovine
serum albumin, followed by blocking for 30 minutes with normal
goat serum in PBS containing 1% bovine serum albumin.
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Affinity-purified monoclonal anti-heparanase antibodies were
added (1:50-1:200 dilution) for 4 hours at 4°C, followed by incu-
bation for 1 hour at room temperature with biotinylated secondary
goat anti-mouse 1gG antibodies and 1 hour with streptavidin-per-
oxidase conjugate (1:200 dilution) (Histostain-SP; Zymed Labora
toriesLtd.) [13,18].

Heparanase activity

Dishes coated with metabolically labeled ECM were prepared as
previously described [8-10,13]. Platelet-depleted preparations of
leukocytes were suspended (2.5 X 10%/mL) in serum-free RPMI
medium and incubated (24 hours, 37°C, pH 6.6) with *S-labeled
ECM. The incubation medium was centrifuged and the supernatant
analyzed by gdl filtration on a Sepharose CL-6B column (0.9 X 30
cm) [8-10,13]. Fractions (0.2 mL) were eluted with PBS and
counted for radioactivity [8-10]. Degradation fragments of HS
side chains were eluted from Sepharose 6B at 0.5 < Kav < 0.8
(pesk I1). A nearly intact HSPG was eluted just after the V,, (Kav <
0.2, peak 1) [8-10,13]. Each experiment was performed at least
three times, and the variation of elution positions (Kav values) did
not exceed +15%.

Results

Heparanase expression in normal circulating leukocytes
We analyzed heparanase RNA expression in normal periph-
eral blood leukocytes. RNA was extracted from eight sam-
ples of peripheral blood leukocytes and semiquantitative
RT-PCR was performed using previously described oligo-
nucleotide primers [13]. As expected, asingle band of 585-bp
PCR product was detected (Fig. 1). Relatively high levels of
heparanase RNA were found in all samples derived from
normal donors of peripheral blood leukocytes (Fig. 1, lanes
1-6; two additional positive samples are not shown).

RNA analysis, however, is not informative with respect
to the specific cell type expressing heparanase due to the
heterogeneity of peripheral leukocytes. Therefore, we inde-
pendently determined heparanase cellular localization in he-
matopoietic cells by immunofluorescence staining. For this
purpose, polymorphonuclear enriched Ficoll fraction was
applied to glass slides and permeabilized with 0.5% Triton
X-100 followed by immunofluorescence staining with mAb

Hepa-

carpn- PR

1 2 3 4 5 6 7 8 9

Figure 1. Heparanase RNA expression in peripheral white blood cells of
normal donors. Peripheral white blood cells were isolated by Ficoll-Pagque
from six heathy donors. Total RNA was assessed by RT-PCR, as
described in the Materials and methods section, using primers specific for
heparanase (585 bp) (lanes 1-6, top) and GAPDH (598 bp) (lanes 1-6, bot-
tom). Lane 7, top: control pcDNA3 plasmid containing the full-length
heparanase cDNA; lane 7, bottom: control human melanoma cDNA as
template; lane 8: reaction-containing reagents only without cDNA; Lane 9,
DNA molecular weight markers.

130. As shown in Figure 2A, mAb 130 specifically stained
the cytoplasm of peripheral blood polymorphonuclear cells
(granulocytes). In contrast, heparanase was not detected in
mononuclear cells or erythrocytes (Fig. 2A). To examine
whether monocytes express heparanase, we isolated circu-
lating adherent monocytes. As shown in Figure 2B, pro-
found heparanase activity was detected in the monocytes,
which was inhibited by heparin. In addition, heparanase
RNA expression was detected in isolated monocytes (not
shown). These results indicate that most of the heparanase
in circulating mature leukocytes apparently is stored within
the cytoplasm of granulocytes and monocytes.

Heparanase RNA and protein expression in leukemic cells
Aberrant expression of ECM-degrading metall oprotei nases
may characterize specific types of malignant hematopoietic
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Figure 2. Heparanase expression in peripheral blood leukocytes. (A) Nor-
mal blood samples enriched for polymorphonuclear cells by Ficoll-Paque
density gradient centrifugation were spread on glass slides, permesabilized,
and stained for heparanase as described in the Materials and methods sec-
tion. Note the strong cytoplasmic staining of the polymorphonuclear
(PMN) cells and the lack of heparanase expression in mononuclear (MN)
cells and erythrocytes. (B) Peripheral blood monocytes were isolated as
described in the Materials and methods section. Monocytes (2.5 X 10°
cellsmL) were incubated (24 hours, 37°C, pH 6.6) with sulfate-labeled
ECM in the absence (filled square) or presence (open square) of 2.5 pg/mL
heparin. Labeled degradation fragments released into the incubation
medium were analyzed by gel filtration over Sepharose 6B, as described in
the Materials and methods section.
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cells [7]. We evaluated heparanase expression at both the
RNA and protein levels in samples obtained from patients
with a variety of hematologic disorders, predominantly leu-
kemias. Heparanase RNA expression was evauated in
mononuclear cells by RT-PCR. As shown in Figure 3A, we
found heparanase RNA expression primarily in AML sam-
ples. We detected heparanase RNA in 14 AML samples
classified as M1, M2, M3, M4, M5, and M7. Heparanase
expression was not detected in asingle case of AML classi-
fied as M6 (erythroleukemia). Similarly, we did not detect
heparanase expression and activity in the K562 erythroleu-
kemia cell line (not shown). Heparanase RNA was not de-
tected in any of the CLL samples, regardless of their clinical
stage. As summarized in Table 1, no heparanase RNA was
detected in all CLL (0/33) and NHL (0/7) samples exam-
ined. Only 2 (25%) of 8 ALL samples were positive for
heparanase expression. The six heparanase-negative sam-
ples were newly diagnosed patients, and the two hepara-
nase-positive ALL samples were from patients in relapse.
Eight CML samples were examined for heparanase expres-
sion, which were from patients in the chronic phase of the
disease; all were positive for BCR/Abl. Under the PCR con-
ditions applied in this study, only 1 of 8 CML samples (pa-
tient in the blast crisis of the disease) was positive for
heparanase RNA expression. These data were confirmed by
immunostaining of leukocytes applied on dides (Fig. 3B).
Heparanase staining also indicated that the enzyme was lo-
cated mostly within the cytoplasm of AML blasts (Fig. 3B,

AML (M5)
AML (M2)
AML (M2)

A —
:

NHL
ALL
CLL

CML

Table 1. Expression of heparanase RNA (RT-PCR) in human leukemias
and lymphomas

Type No. of patients No. of hpa positive No. of hpanegative
CLL 33 0 33
AML 15 14 1
ALL 8 2 6
CML 8 1 7
NHL 7 0 7

Heparanase RNA (hpa) expression was evaluated in peripheral blood
mononuclear cells of patients with leukemias and lymphomas as described
inthe Materials and methods section. ALL = acute lymphoblastic leukemia;
AML = acute myeloid leukemia; CLL = chronic lymphoblastic leukemia;
CML = chronic myeloid leukemia; NHL = non-Hodgkin's lymphoma.

no. 5), similar to normal granulocytes and monocytes (Figs.
2 and 3B, no. 1). In contrast, no heparanase staining was de-
tected in normal circulating lymphocytes (Fig. 3B, no. 2), or
in CLL (Fig. 3B, no. 3) or CML (Fig. 3B, no. 4) cdlls.

To evaluate whether expression of heparanase RNA and
protein in AML results in production of a functional en-
zyme, we examined representative AML and CLL samples
for heparanase enzymatic activity. Peripheral blood leuko-
cytes were isolated by Ficoll-Pague from patients with
AML M4 and CLL, and heparanase activity was examined
as previously described [8-10,13]. As shown in Figure 4
(inset), heparanase RNA was detected in the AML (lane 1),
but not CLL sample (lane 2). As expected, extensive degra-

CLL

AML (M7)
CLL

AML (M1)
AML (M3)
hpa pcDNA

CLL
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Figure 3. Expression of heparanase by normal and leukemic leukocytes. White blood cells isolated from patients with various leukemias as well as healthy
donors were analyzed by (A) RT-PCR for the presence of heparanase transcripts and (B) immunohistochemistry (monoclonal anti-heparanase antibodies) for
expression of the heparanase protein. A selection of representative cases is shown. The heparanase RNA is expressed in mononuclear cells from patients with
AML, but not CLL, ALL, NHL, or CML. Specific staining of the heparanase protein is seen in neutrophils (no. 1) and platelets (no. 2), but not lymphocytes
(no. 2) in samples from normal donors. Staining is seen in the cytoplasm of AML blasts (no. 5) but not of CML (no. 4) and CLL (no. 3) leukemic cells.
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dation in intact ECM of HS into low molecular weight S
labeled fragments was exerted by AML but not by CLL
cells (Fig. 4). Degradation of HS by AML cells was inhib-
ited in the presence of heparin, indicating specific hepara-
nase activity (Fig. 4) [8-10,13].

These results suggest that heparanase transcription,
tranglation, and activity are characteristic features of AML.
Interestingly, some of the CML samples, which also are as-
sociated with the myeloid lineage, were negative both for
heparanase RNA and protein.

Cell surface heparanase

expression is restricted to rare cases of AML

The coding sequence of heparanase indicates that the enzyme
contains severa stretches of hydrophobic amino acids (i.e.,
Pro>5-11e’34) that potentially could serve as membrane an-
choring domains[13,14]. However, our immunocytochemical
stainings revealed that heparanase is predominantly a cyto-
plasmic protein (Figs. 2 and 3). Cell surface heparanase lo-
calization was evaluated directly by flow cytometric analysis
performed on normal peripheral blood samples, utilizing
FITC-conjugated mAb 130 [13]. We utilized FITC-conju-
gated 1gG1 as an isotype control. Figure 5 shows a represen-
tative flow cytometric analysis of cell surface heparanase on
the entire population of circulating leukocytes. Figure 5A
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Figure 4. Heparanase activity and RNA expression in cells from AML vs
CLL patients. Leukemic cells were isolated by Ficoll-Pague from patients
with AML-M4 (open squares) and CLL (open circles). Cells (2.5 X 10°
cellgmL) were incubated (24 hours, 37°C, pH 6.6) with-sulfate labeled
ECM in the absence (open squares) or presence (filled diamond, AML
cells) of 2.5 pg/mL heparin. Labeled degradation fragments released into
the incubation medium were analyzed by gel filtration over Sepharose 6B,
as described in the Materials and methods section. Inset: Total RNA
assessed by RT-PCR using primers specific for heparanase (top) and
GAPDH (bottom). AML M4 (lane 1), CLL (lane 2), control pcDNA3 con-
taining the heparanase cDNA (lane 3, top), reaction containing reagents
only without cDNA (lane 4), and DNA molecular weight markers (lane 5)
are shown

indicates low surface heparanase expression on periphera
blood leukocytes. Next, we evaluated cell surface hepara-
nase expression on the three major types of circulating leu-
kocytes, defined by their size (forward scatter) and granu-
larity (side scatter): granulocytes (region Gr, Fig. 5A),
monocytes (region Mo, Fig. 5A), and lymphocytes (region
Ly, Fig. 5A). Asshown in Figure 5B, very low levels of sur-
face heparanase were detected on granulocytes (Fig. 5B,
left) and to an even lesser extent on monocytes (Fig. 5B,
middle). No significant amount of heparanase was detected
on the cell surface of lymphocytes (Fig. 5B, right).

In a similar manner, we evaluated cell surface hepara-
nase expression on samples obtained from patients with a
variety of hematologic disorders. Cell surface heparanase
was detected in 2 of 10 AML samples but not in any of the
other 22 samples from patients with hematologic disorders,
which included 2 ALL, 2 CML, 10 CLL, 4 MDS, 2 NHL,
and 2 multiple myeloma samples (not shown).

As shown in Figure 6, peripheral blood blasts of an AML
M4 patient were double stained with CD14 and heparanase
(Fig. 6, bottom left panel), indicating cell surface hepara-
nase expression on the leukemic cells. Cell surface hepara-

A o)
2
T Q
- o«
o]
&7 8
=
] 03
£2] 2
g -
0 =}
Sg] 5%
A 3
E
3 2
o - o
0 200 400 600 800 1000 0 1 2 3
10 10 10 10
Forward scatter FITC/heparanase
2 =] Gr Mo o Ly
c o e o
§ ¢ ®
o 2
5 = .
E = 2
2 =3
o- o o

(1 1 2 2
00 100 10% 10 T LT LT S

FITC/heparanase

Figure 5. Flow cytometric analysis of cell surface heparanase expression
on normal circulating leukocytes. Normal blood sample was stained with
FITC-conjugated anti-heparanase mAb 130 or isotype control. The cells
were analyzed by flow cytometry. (A) Left: Forward scatter and side scat-
ter of normal circulating leukocytes. Regions Gr, Mo, and Ly define granu-
locytes, monocytes, and lymphocytes, respectively; right: heparanase cell
surface expression on normal circulating leukocytes. (B) Heparanase
expression on specific populations of granulocytes (Gr), monocytes (Mo),
and lymphocytes (Ly). Filled areas = isotype controls; solid lines =
heparanase staining.
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nase-expressing cells also were positive for CD15 (not
shown). In contrast, normal CD3* lymphocytes of the same
patient were negative for cell surface heparanase expression
(not shown). Cell surface heparanase was detected by flow
cytometric analysis of abone marrow sample from the same
patient (Fig. 6, bottom middle panel). The same sample also
contained bone marrow resident CD14" cells that express a
very low level of cell surface heparanase (Fig. 6, bottom
middle panel). Interestingly, the double-positive
heparanase™/CD14" cell population disappeared while the
same patient was analyzed during clinical remission, indi-
cating that the cells expressing a high level of surface
heparanase within the bone marrow were indeed leukemia
cells (Fig. 6, bottom right panel). Therefore, it appears that
the factors that control aberrant cell surface heparanase ex-
pression in leukemic cells are not confined to a specific mi-
croenvironment within the circulation or the bone marrow.
These data indicate that heparanase transcription, tranda
tion, and activity are associated with normal myeloid cellsand
are retained following malignant transformation of AML. Cell
surface heparanase expression islimited to rare cases of AML.

Discussion

Metastatic spread of blood-borne tumor cells involves deg-
radation of blood vessel wall constituents, including base-
ment membrane molecules such as collagen type 1V, lami-
nin, and HSPG [8-11,19,20]. Hence, malignant cells
congtitutively express a variety of ECM-degrading en-
zymes, including MMPs and heparanase [ 7-12,19,21-23].

Peripheral blood

Previous studies evaluated the expression of MMPs in
malignant hematopoietic cells [7]. MMP-9 expression was
detected in bone marrow samples obtained from normal in-
dividuals and patients with several hematologic disorders,
including AML, CML, and MDS [7]. In contrast, MMP-2
expression was detected predominantly in AML and MDS,
but not in normal or CML bone marrow samples[7]. Dueto
the lack of anti-heparanase mAbs and molecular probes,
heparanase expression in aberrant hematopoietic cells has
not been investigated. Aswe now have these tools, we eval-
uated heparanase expression at the RNA, protein, (intracel-
lular and cell surface) and activity levelsin leukemias and
normal circulating leukocytes.

We detected heparanase RNA expression in all samples
of AML, except for erythroleukemia (M6). We did not de-
tect any heparanase in the erythrablastic cell line (K562) or
in mature erythrocytes, indicating a lack of heparanase ex-
pression in cells of the erythroid lineage (Fig. 7). Similarly,
heparanase expression was not detected in leukemias from
the lymphoid lineage, as well asin normal circulating lym-
phocytes. However, mature lymphocytes may acquire
heparanase expression upon activation [9]. Heparanase ex-
pression was detected in AML cells at both early and late
stages of myeloid differentiation (M1, M2, M3, M4, M5,
and M7), as well as in mature circulating granulocytes.
These data indicate an early heparanase gene expression
checkpoint within the myeloid differentiation pathway (Fig.
7). Heparanase expression is sustained throughout the dif-
ferentiation of the myeloid lineage (Fig. 7). Surprisingly, we
did not detect heparanase expression in most of the CML

Bone marrow

Control IgG (PE)

1% 10! 102 103

heparanase
100 10! 102 10?

CD14

Figure 6. Cell surface heparanase expression in circulating and bone marrow AML M4 cells. Samples obtained from AML M4 peripheral blood (l€ft col-
umn), bone marrow (middle column), and bone marrow following clinical remission (right column) were purified by Ficoll-Pague density gradient centrifuge-
tion. The purified cells were double Iabeled with anti-heparanase mAb 130, followed by PE-conjugated goat-anti mouse antibody and then FITC-conjugated
anti CD14 mAb (bottom row). The matching isotype control stainings are shown in the top row. Note that although the periphera blood sample contained one
population of double-positive heparanase™/CD14* cells, the bone marrow contained a population of heparanase /CD14* cells and double-positive
heparanase™/CD14" cells. The latter cell population disappeared while the patient underwent clinical remission.
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samples, except from a patient in the blast crisis of the dis-
ease. Itiswell known that CML cellslack certain enzymatic
activities such as the leukocyte akaline phosphatase, which
are associated with late stages of myeloid differentiation
[24,25]. Because heparanase RNA and protein were de-
tected in relatively less differentiated AML cells, we sug-
gest that some characteristics associated with early differen-
tiation of myeloid cells (in our study, heparanase
expression) also may be affected in CML. This may indicate
that CML originates from a very early myeloid stem cell,
prior to the differentiation-related activation of heparanase
gene expression (Fig. 7).

No heparanase expression was detected in normal and
aberrant circulating lymphoid cells, or in CD34* progeni-
tor cells (our unpublished data). Our data indicate that early
hematopoietic progenitors, lymphoid cells, and most leuke-
mic cell types do not depend on heparanase for transmigra-
tion from the bone marrow into the circulation. Therefore,
trafficking of cells from the bone marrow into the circu-
lation during normal and aberrant hematopoiesis probably
is controlled by other cellular functions, such as integrins
and the cytoskeleton, rather then being regulated by ECM-
degrading enzymes. For example, transmigration of CML
cells from the bone marrow into the circulation has been at-
tributed to aloss of their normal cytoskeletal/integrin func-
tions due to the activity of the BCR/Abl oncogene [26,27].
In line with this putative mechanism, we did not detect
heparanase expression in most of the CML samples.

Cell surface heparanase was detected in only afew of the
AML samples, although the same cells express both hepara-

erythrocytes

nase RNA and activity. These results are in agreement with
the immunofluorescent staining pattern of heparanase, which
shows a predominantly cytoplasmic granular localization
pattern in both normal and aberrant myeloid cells. Thus,
heparanase is produced and stored within the cytoplasm of
myeloid cells, with only very low amounts of the enzyme
present on the cell surface. Apparently, the presence of a
signal peptide at the N-terminus of the heparanase protein
does not necessarily direct the molecule to the cell surface,
but rather to its storage within the cytoplasm in a mecha
nism not yet defined.

Previous studies indicated that neutrophils are the major
cell type expressing heparanase in the circulation [28]. Neu-
trophil heparanase was colocalized with gelatinase in ter-
tiary granules [29,30]. The amino acid sequence of human
heparanase contains a stretch of hydrophobic amino acids at
the C-terminus, and complete solubilization of the enzyme
required detergent extraction, which points to its possible
association with the plasma membrane [13,14]. It was sug-
gested that in highly malignant breast and bladder carci-
noma cells, cytoplasmic enzymes such as cathepsin B are
translocated to the cell surface [31,32]. However, only a
small amount of heparanase was detected on the cell surface
of normal and most aberrant hematopoietic cells. We rarely
observed high levels of cell surface heparanasein AML leu-
kemias. Therefore, it appears that in some malignancies, in-
cluding breast and bladder carcinomas [31,32] and certain
types of leukemias (as demonstrated in the present study),
enzymes that normally are stored within cytoplasmic gran-
ules can be translocated to the cell surface.
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Figure 7. Heparanase expression in hematopoietic cells. Heparanase gene and protein are not expressed in early hematopoietic CD34* progenitors. Appar-
ently, there is a checkpoint for heparanase expression early in the monocyte/myeloid/megakaryocyte linage. CML onset may take place in cells prior to this
checkpoint, resulting in heparanase-negative CML progenies. Cellular activation may turn-on heparanase expression in nonexpressing cells (e.g., lympho-
cytes [9]) or induce its release from heparanase-expressing cells (e.g., neutrophils [28]).
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We did not detect heparanase expression and activity in
all CLL and most other types of leukemias. We propose that
heparanase expression, both at the RNA and protein levels,
may serve as an independent marker applied to support the
identification of AML and to distinguish this class of leuke-
mias from CML or leukemias of the lymphoid lineage. In
addition, the lack of heparanase expression may help to
identify circulating CML cells (chronic phase) independently
of other common but rather problematic techniques (e.g., al-
kaline phosphatase staining [33]). Other enzymes (e.g., met-
aloproteinases) comprise multigene families with variable
degrees of sequence homologies and structural similarities,
making their usage in diagnosis difficult. In contrast, only
one heparanase gene has been detected to date, enabling the
development of efficient and reliable molecular diagnostic
methodology.

Acknowledgments

This work was supported by grants from the Israel Science Foun-
dation administered by the Israel Academy of Sciences and Hu-
manities; The Middle East Cancer Consortium; The Israel Cancer
Research Fund (ICRF); The German-Israeli Foundation for Scien-
tific Research and Development (GIF); and InSight Ltd.

References
1. Kjellen L, Lindahl U (1991) Proteoglycans: structures and interac-
tions. Annu Rev Biochem 60:443
2. Bernfield M, Gotte M, Park PW, et al. (1999) Functions of cell surface
heparan sulfate proteoglycans. Annu Rev Biochem 68:729
3. David G (1993) Integra membrane heparan sulfate proteoglycans.
FASEB J7:1023
4. Wight TN (1989) Cell biology of arterial proteoglycans. Arteriosclero-
sis9:1
5. LiottaLA, Rao CN, Barsky SH (1983) Tumor invasion and the extra-
cellular matrix. Lab Invest 49:636
6. Kleiner DE Jr, Stetler-Stevenson WG (1993) Structural biochemistry
and activation of matrix metalloproteases. Curr Opin Cell Biol 5:891
7. RiesC, Loher F, Zang, C, Ismair MG, Petrides PE (1999) Matrix met-
aloproteinase production by bone marrow mononuclear cells from
normal individuals and patients with acute and chronic myeloid leuke-
miaor myelodysplastic syndromes. Clin Cancer Res 5:1115
8. Vlodavsky I, Mohsen M, Lider O, et a. (1994) Inhibition of tumor me-
tastasis by heparanase inhibiting species of heparin. Invasion Metasta-
Sis14:290
9. Vlodavsky I, Eldor A, Haimovitz-Friedman A, et a. (1992) Expres-
sion of heparanase by platelets and circulating cells of theimmune sys-
tem: possible involvement in diapedesis and extravasation. Invasion
Metastasis 12:112
10. Vlodavsky |, Fuks Z, Bar-Ner M, Ariav Y, Schirrmacher V (1983)
Lymphoma cell-mediated degradation of sulfated proteoglycansin the
subendothelial extracellular matrix: relationship to tumor cell metasta-
sis. Cancer Res 43:2704
11. Nakajima M, Irimura T, Nicolson GL (1988) Heparanases and tumor
metastasis. J Cell Biochem 36:157
12. Parish CR, Coombe DR, Jakobsen KB, Bennet FA, Underwood PA
(1987) Evidence that polysaccharides inhibit tumour metastasis by
blocking tumour cell-derived heparanases. Int J Cancer 40:511
13. Vlodavsky I, Friedmann Y, Elkin M, et a. (1999) Mammalian hepara-

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

nase: gene cloning, expression and function in tumor progression and
metastasis. Nat Med 5:793

Hulett MD, Freeman C, Hamdorf BJ, Baker RT, HarrisM.J, Parish CR
(1999) Cloning of mammalian heparanase, an important enzyme in tu-
mor invasion and metastasis. Nat Med 5:803

Dempsey LA, Plummer TB, Coombs SL, Platt JL (2000) Heparanase
expression in invasive trophoblasts and acute vascular damage. Glyco-
biology 10:467

Fairbanks MB, Mildner AM, Leone JW, et al. (1999) Processing of the
human heparanase precursor and evidence that the active enzyme is a
heterodimer. J Biol Chem 274:587

Katz BZ, Levenberg S, Yamada KM, Geiger B (1998) Modulation of
cell-cell adherens junctions by surface clustering of the N-cadherin cy-
toplasmic tail. Exp Cell Res 243:415

Friedmann Y, Vlodavsky |, Aingorn H, et al. (2000) Expression of
heparanase in normal, dysplastic and neoplastic human colon mucosa
and stroma. Am J Pathol 157:1167

Liotta LA (1986) Tumor invasion and metastases—role of the extra-
cellular matrix: Rhoads Memorial Award lecture. Cancer Res 46:1
Stetler-Stevenson WG, Aznavoorian S, Liotta LA (1993) Tumor cell
interactions with the extracellular matrix during invasion and metasta-
sis. Annu Rev Cell Biol 9:541

Welgus HG, Campbell EJ, Cury JD, et a. (1990) Neutral metallopro-
teinases produced by human mononuclear phagocytes. Enzyme pro-
file, regulation, and expression during cellular development. JClin In-
vest 86:1496

Goetzl EJ, Banda MJ, Leppert D (1996) Matrix metalloproteinases in
immunity. J Immunol 156:1

Barlett MR, Cowden WB, Parish CR (1995) Differentia effects of the
anti inflammatory compounds heparin, mannose-6-phosphate, and
castanospermine on degradation of the vascular basement membrane
by leukocytes, endothelial cells, and platelets. J Leukoc Biol 57:207
Dotti G, Garattini E, Borleri G, et a. (1999) Leukocyte akaline phos-
phatase identifies terminally differentiated normal neutrophils and its
lack in chronic myelogenous leukaemia is not dependent on p210 ty-
rosine kinase activity. Br JHaematol 105:163

Kohno T, Katamine S, Moriuchi R, Miyamoto T, Tomonaga M (1996)
Activity of Fgr protein-tyrosine kinase is reduced in neutrophils of pa-
tients with myelodysplastic syndromes and chronic myelogenous leu-
kemia Leuk Res 20:221

Verfaillie CM, Hurley R, Lundell Bl, Zhao C, Bhatia R (1997) Inte-
grin-mediated regulation of hematopoiesis: do BCR/ABL-induced de-
fects in integrin function underlie the abnormal circulation and prolif-
eration of CML progenitors? Acta Haematol 97:40

Enright H, McGlave PB (1995) Chronic myelogenous leukemia. Curr
Opin Hematol 2:293

Matzner Y, Bar-Ner M, Yahaom J, Ishai-Michaeli R, Fuks Z, Vlodavsky
| (1985) Degradation of heparan sulfate in the subendothelia extracellular
matrix by areadily released heparanase from human neutrophils. Possible
rolein invasion through basement membranes. J Clin Invest 76:1306
Matzner Y, Vlodavsky |, Bar-Ner M, Ishai-Michaeli R, Tauber Al
(1992) Subcellular localization of heparanase in human neutrophils. J
Leukoc Biol 51:519

Mollinedo F, Nakajima M, Llorens A, et al. (1997) Major co-locdiza
tion of the extracellular-matrix degradative enzymes heparanase and ge-
latinase in tertiary granules of human neutrophils. Biochem J 327:917
Weiss RE, Liu BC, Ahlering T, Dubeau L, Droller MJ (1990) Mecha-
nisms of human bladder tumor invasion: role of protease cathepsin. Br
JUrol 144:798

Sloane BF, Moin K, Sameni M, Tait LR, Rozhin J, Ziegler G (1994)
Membrane association of cathepsin B can be induced by transfection of
human breast epithelia cellswith c-Ha-ras oncogene. J Cell Sci 107:373

. DePalma L, Delgado P, Werner M (1996) Diagnostic discrimination

and cost effective assay strategy for leukocyte alkaine phosphatase.
Clin Chim Acta 15:83



