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ABSTRACT
Heparanase, the sole heparan sulfate (HS) degrading endoglycosidase, regulates
multiple biological activities that enhance tumor growth, metastasis, angiogenesis,
and inflammation. Heparanase accomplishes this by degrading HS and thereby
facilitating cell invasion and regulating the bioavailability of heparin-binding proteins.
HS mimicking compounds that inhibit heparanase enzymatic activity were examined
in numerous preclinical cancer models. While these studies utilized established tumor
cell lines, the current study utilized, for the first time, patient-derived xenografts
(PDX) which better resemble the behavior and drug responsiveness of a given cancer
patient. We have previously shown that heparanase levels are substantially elevated
in lung cancer, correlating with reduced patients survival. Applying patient-derived
lung cancer xenografts and a potent inhibitor of heparanase enzymatic activity
(PG545) we investigated the significance of heparanase in the pathogenesis of lung
cancer. PG545 was highly effective in lung cancer PDX, inhibiting tumor growth in
>85% of the cases. Importantly, we show that PG545 was highly effective in PDX that
did not respond to conventional chemotherapy (cisplatin) and vice versa. Moreover,
we show that spontaneous metastasis to lymph nodes is markedly inhibited by PG545
but not by cisplatin. These results reflect the variability among patients and strongly
imply that PG545 can be applied for lung cancer therapy in a personalized manner
where conventional chemotherapy fails, thus highlighting the potential benefits of
developing anti-heparanase treatment modalities for oncology.

INTRODUCTION

cytokines, and enzymes that are sequestered in the ECM
as a reservoir, thereby ensuring rapid response of cells
and tissues to local cues [2]. Heparanase expression is
augmented in numerous cancers, including carcinomas,
sarcomas, and hematologic malignancies [3–5]. Clinically,
elevated heparanase levels are most often associated
with increased angiogenesis and metastasis, and reduced
postoperative survival of cancer patients [5–10]. Likewise,
heparanase silencing reduces cellular invasion and
tumor growth [11, 12]. Because heparanase promotes
tumorigenesis and is typically not expressed in most normal

Heparanase is the only known mammalian
endoglycosidase enzyme capable of cleaving heparan
sulfate (HS) side chains of HS proteoglycans (HSPG)
[1]. HS cleavage results in remodeling of the extracellular
matrix (ECM) and basement membrane that underlies
epithelial and endothelial cells, thus promoting
cellular invasion associated with tumor metastasis and
angiogenesis [1]. In addition, heparanase activity releases
a variety of HS-bound molecules including growth factors,
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tissues it is regarded as a promising therapeutic target
for cancer patients and other diseases [7, 9, 10, 13–15].
The significant progress in understanding heparanase
function and structure over the recent years resulted in the
development of heparanase inhibitors, some of which (i.e.,
Roneparstat, Necuparanib, Muparfostat, PG545) are being
evaluated in clinical trials [16].
Lung cancer is the leading cause of cancer-related
deaths. Non-small cell lung cancer (NSCLCs) accounts
for about 85% of lung cancers. Despite recent advances
in molecular and immunotherapy-based treatments,
lung cancer still has one of the lowest survival rates of
all cancers, with a 5-year survival rate of 18% [17, 18].
Previous studies have shown that heparanase upregulation
is observed in the majority (90%) of lung carcinoma
biopsy specimens, but not in normal lung tissue collected
distant from the tumor lesions [19, 20]. Notably,
heparanase induction correlated with increased tumor
metastasis, and with reduced patient survival [19, 21].
The overarching hypothesis guiding this research
is that heparanase is a key regulator of the aggressive
phenotype of NSCLC, and the objective of the study
was to further elucidate the role of heparanase in lung
cancer. To this end, we applied overexpression and
heparanase inhibition (PG545, a synthetic fully sulfated
tetra saccharide functionalized with a cholestanyl aglycon)
[16, 22] strategies and examined pro-tumorigenic
properties of lung cancer cells in vitro and tumor growth
in vivo. Given that patient-derived xenografts (PDX)
implanted in immunodeficient mice better resemble the
original parent tumor, and that drug responses obtained
in PDX models appear highly consistent with responses
in patients [23], we established a PDX model system for
lung cancer in order to bring anti-heparanase treatment
closer to the clinic. We report that PG545 treatment was
highly effective in PDX models, exerting inhibition of
tumor growth in more than 85% of the PDX. PG545 also
abolished macroscopic tumor metastasis. Moreover, we
show that PG545 was highly effective in PDX that did not
respond to conventional chemotherapy (cisplatin), while
other PDX tumors responded well to cisplatin and to a
lower extent to PG545, further emphasizing the concept
and need for personalized medicine.

ECM (Matrigel; Figure 1B). Quantification of the
invasion assay revealed over four-fold increase in invasion
capacity of the heparanase overexpressing cells (Hepa) vs.
control cells (Vo), differences that are statistically highly
significant (p < 0.0005; Figure 1C). We next examined the
capacity of the cells to grow in soft agar, a characteristic
feature that closely reflects the tumorigenic potential
of the cells. Heparanase overexpression resulted in a
significant increase in the number of cell colonies (37 ± 8
vs. 22 ± 2 for heparanase overexpressing vs. control Vo
cells, respectively; Figure 1D, p < 0.05). Importantly,
heparanase overexpression in HCC-827 lung carcinoma
cells enhanced tumor growth by more than 2-fold
compared to control (Vo) cells (Figure 1E, p < 0.004).

PG545, a potent heparanase inhibitor, restrains
the tumorigenic capacity of lung cancer cells
We next examined the capacity of heparanase
inhibitor, PG545, to restrain the tumorigenic capacity of
lung carcinoma cells (LLC). We found that tumor cell
invasion was profoundly attenuated by PG545, in a dosedependent manner (Supplementary Figure 1A, 1B; p <
0.005). Moreover, the number of colonies developed by
A549 cells in soft agar was markedly reduced by PG545
(33 ± 4 vs. 4 ± 2 in control and PG545 treated cells,
respectively; p < 0.004). Consequently, lung metastasis
by LLC cells was noticeably decreased by PG545
(Supplementary Figure 1C). Mechanistically, we found
reduced Akt phosphorylation levels in HCC-827 and
A549 cells treated with PG545 whereas the expression of
p27, an inhibitor of the cell cycle, was increased (Figure
1G). A dose dependent decrease in pAkt was also noted in
A549 and HTB-182 lung cancer cells treated with PG545
(Supplementary Figure 1D, 1E). Thus, PG545 apparently
decreases cell survival (pAkt) and cell proliferation (p27)
pathways, leading to tumor restrain. Strikingly, the growth
of tumor xenografts produced by HCC-827 (Figure 1F,
p < 0.0002), HTB-182 and A549 (Supplementary Figure
2A, B; p < 0.0001 and p < 0.003, respectively) cells
was halted (Figure 1F) or reduced 3–4 fold by PG545,
altogether implying that heparanase promotes lung cancer
progression and that heparanase inhibitors can be applied
to attenuate tumor growth.

RESULTS

PG545 attenuates the growth of patient derived
lung cancer xenografts

Heparanase overexpression enhances lung
cancer progression

In order to investigate the utility of anti-heparanase
treatments in a lung cancer setting, we established a
patient derived xenograft (PDX) model of lung cancer.
Fifteen patients with lung cancer (8 adenocarcinoma, 7
squamous cell carcinomas) (Table 1) were enrolled and
signed an informed consent for using a biopsy of their
tumor for research. Sixty percent of the biopsies (9/15)
developed tumor xenografts that were sufficiently large

In order to reveal the significance of heparanase
in lung cancer, we first employed lung carcinoma cell
lines. Overexpression of heparanase in HCC-827 lung
adenocarcinoma cells resulted in a markedly increased
heparanase enzymatic activity (release of heparan sulfate
degradation fragments from a naturally produced ECM)
(Figure 1A) and cellular invasion through a reconstituted
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to be advanced into subsequent experiment(s) (Table 1).
Importantly, the primary tumor biopsies exhibited a typical
high heparanase enzymatic activity that was maintained
in the corresponding PDX (Figure 2A, patient 1709), or
increased in the metastatic lesion originating from the
PDX (Figure 2B). Heparanase immuno-reactivity was
noted in the lung tumor (Figure 2C, lower panel) and
lymph-node metastasis (Figure 2D, middle panel) but not
in the normal lung tissue adjacent to the primary tumor
(Figure 2C, upper panel). The occurrence of lymph node
metastases was further confirmed by staining for human
HLA that stain human cells within the mouse lymph nodes
(Figure 2D, lower panel).

Pathological examination of hematoxylin and eosin
(H&E) staining revealed that the PDX tumors maintained
the main morphological features of the original primary
tumor (Supplementary Figure 3). Immunostaining showed
comparable patterns of heparanase expression, recruitment
of stromal smooth-muscle actin (SMA)-positive cells,
and staining for cytokeratin 8 (CK8) in the PDX and the
respective tumor of origin (Figure 2E, patient # 0906 &
Supplementary Figure 4).
Interestingly, success rates were significantly
higher for squamous cell carcinomas (85%; 6/7) vs.
adenocarcinomas (37%; 3/8) (Table 1). We next examined
the capacity of PG545 to reduce the growth of the lung

Figure 1: Overexpression of the heparanase gene stimulates lung carcinoma tumorigenesis. HCC-827 lung carcinoma cells

were stably infected with the heparanase gene (Hepa) and examined for heparanase activity vs mock (Vo) transfected cells (A). Cell lysates
were incubated with sulfate labeled ECM. Labeled HS degradation fragments released into the incubation medium were subjected to gel
filtration on Sepharose 6B column. Inset: immunoblotting for heparanase in Hepa- vs. Vo cells. (B, C) Cell invasion. Heparanase (Hepa)
and mock (Vo) transfected HCC-827 cells (1 × 105) were plated onto Matrigel-coated 8-μm transwell filters. Invading cells adhering to the
lower side of the membrane were visualized (B) and counted (C) after 16 h. (D) Colony formation. HCC-827 cells were seeded (2 × 103/35
mm dish) in soft agar and grown for 2 weeks. The number of colonies produced by Hepa vs. control Vo cells was quantified and is shown
graphically. (E, F) Tumor growth. Heparanase (Hepa) and mock (Vo) transfected HCC-827 cells (2 × 106) were injected subcutaneously
to NOD/SCID mice. Tumor volume was calculated from external caliper measurements (E, upper panel). At the end of the experiment on
day 50, tumors were resected and weighed (E, lower panel). (F) Effect of PG545. HCC-827 cells (2 × 106) were injected subcutaneously
to NOD/SCID mice. A group of mice (n = 7) was treated with PG545 (20 mg/kg; once a week) and the control group (Con) with vehicle
alone. Tumor volume (upper panel) and weight (lower panel) were measured as described above. G. Immunoblotting. HCC-827 (left) and
A-549 (right) cells (2 × 106) were untreated (Con) or treated with PG545 (PG; 50 mg/ml, 24 h) and subjected to immunoblotting applying
anti-phospho Akt (pAkt, upper panels), anti-Akt (second panels), anti-p27 (third panels) and anti-actin (lower panels) antibodies. Note
reduced Akt phosphorylation (bar graphs representing densitometric analysis of pAkt relative to total Akt) and up-regulation of p27 in
response to PG545.
www.oncotarget.com

19296

Oncotarget

Table 1: Clinical description and response of lung cancer patients PDXs to heparanase inhibitor, PG545
Pathology

Patient

Gender,
Age

TNM

Grade

PDX

PDX
Metastasis

Response*

Adeno
Carcinoma

2210

F, 68

T1N0M0

Well

Yes

Yes

Intermediate

0805
1907

F, 62
F, 65

T2N1M0
T1N1M0

Well
Mod

Yes
Yes

No
No

Good
Intermediate

1510
0809
0709A
0709B
2008

M, 62
M, 66
M, 69
M, 71
M, 69

T1N0M0
T2N0M0
T2N0
T1N0M0
T1N0

No
No
No
No
No

1709

M, 76

T2N0M0

Yes

Yes

Good

1810
0906
1710
1310

M, 54
M, 75
F, 74
M, 70

T3N2M1
T2N0MO
T2N1M0
T2N0MO

Yes
Yes
Yes
Yes

No
No
No
No

Poor
Intermediate
Intermediate
Intermediate

0507

F, 55

T1N0M0

Yes

No

Good

1308

M, 67

T1N0M0

Poor
Well
Well
Well
Well
Modpoor
Mod
Mod
Poor
Mod
Modpoor
Well

SqCC

No

Response rates: Good >80%

*

Intermediate 50–79%
Poor <50%

PDX measuring both the tumor size as a function of
time (Figure 3, upper panels), and tumor weight after its
removal at the end of the experiment (Figure 3, lower
panels). Mice were administrated with PG545 (20 mg/
kg, once a week) once tumors became palpable and tumor
growth was inspected. Remarkably, PG545 treatment
resulted in reduced tumor growth in 89% of the PDXs
(8/9; Table 1, Figures 3, 4); Tumor growth inhibition was
categorized as ‘good’ response (Figure 3A) that appeared
clinically relevant in 33% (3/9) of the PDXs; intermediate
response (Figure 3B) was noted in 45% (5/9) of the
PDXs; and only one PDX (11%; # 1810) showed a modest
response to PG545 (Figure 3C, poor response; Table 1).
Spontaneous metastasis to lymph nodes was
observed in two cases (#2210 & 1709, Table 1; Figure
3A, 3B and Figure 4A). In these PDXs, PG545 not only
inhibited tumor growth but also practically prevented
tumor metastasis (Figure 3A, 3B; Figure 4A), thus clearly
supporting the pro-metastatic function of the heparanase
enzyme. Subsequently, we compared the potency of
PG545 (20 mg/kg, once a week) to that of cisplatin
(3 mg/kg, every two weeks), a common chemotherapeutic
being applied clinically. We found that PDX derived from
different patients responded differently to PG545 and
cisplatin. Thus, PDX 1709 responded very well to PG545
www.oncotarget.com

in term of inhibiting tumor growth and tumor metastasis
(‘Good response’; Table 1), but did not respond to cisplatin
at all (Figure 4A), whereas PDX 0906 responded very well
to cisplatin (p = 0.001) but only partially (‘Intermediate
response’; Table 1) to PG545 (Figure 4B). Importantly,
spontaneous metastasis to lymph nodes by PDX 1709
was evidently prevented by PG545 whereas cisplatin had
no effect on tumor growth or tumor metastasis in this
patient (Figure 4A). These results reflect the variability
among patients and suggest that PG545 can potentially be
applied in lung cancer patients in a personalized manner
in cases where conventional chemotherapy (i.e., cisplatin)
fails. We subsequently examined a lesion taken from a
lymph node metastasis of PDX 1709 (1709-Met) for its
sensitivity to PG545. Surprisingly, whereas the primary
1709 PDX responded very well to PG545 (Figure 3A;
Table 1), the metastasis PDX responded poorly (1709Met; Figure 5B). We next examined PG545 in a setting
of neoadjuvant/adjuvant treatment. In this setting, 1709Met PDXs were removed once reaching a tumor diameter
of ~10–15 mm, and PG545 was administrated throughout
the entire experiment duration (i.e., before and after tumor
removal) or only after tumor removal (Figure 5A). Control
mice did not receive PG545 al all. Control mice and mice
receiving PG545 only after surgery (PG post Op; adjuvant
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treatment) exhibited local disease recurrence and tumor
metastasis (Figure 5C, lower panel). In striking contrast,
mice receiving PG545 throughout the entire experiment
(neoadjuvant) had no local disease recurrence or tumor
metastasis (Figure 5C, lower panel), thus supporting the
use of PG545 as a neoadjuvant treatment.
Mechanistically, we found that tumor growth
inhibition by PG545 was associated with a decrease in
blood vessels density (Figure 6, upper panels). Moreover,
blood vessels in PG545-treated tumors appeared collapsed
and to a large extent lacked a patent lumen (Figure 6,
upper panels), further decreasing their functionality.
This is in agreement with the pro-angiogenic feature of
heparanase [24, 25] and the anti-angiogenic properties
of PG545 [22]. In addition, PG545 resulted in decreased
levels of Erk phosphorylation (Figure 6, second panels)
and accumulation of macrophages in the tumor periphery
(Figure 6, lower panels), resembling localization of

macrophages in tumors developed in heparanase-knockout
mice [26]. Inhibition of macrophage infiltration by PG545
was observed in other models as well [27, 28]. These
results support the use of heparanase inhibitors in lung
cancer in a personalized manner, uniquely attenuating
tumor growth and metastasis.

DISCUSSION
Numerous clinical studies have consistently
demonstrated that upregulation of heparanase expression
correlates with increased tumor size, tumor angiogenesis,
enhanced metastasis and poor prognosis [1, 4, 5, 8–10,
15]. In contrast, knockdown of heparanase or treatment
of tumor-bearing mice with heparanase-inhibiting
compounds, markedly attenuated tumor progression
[4, 7, 9, 10, 15], further underscoring the potential of
anti-heparanase therapy for multiple types of cancer.

Figure 2: Patient derived xenografts (PDX) maintain characteristics of the respective primary tumors. (A, B ) Heparanase

activity. Portions of the parent (primary) lung tumor biopsy specimen (# 1709) and the respective PDX (A), and of the primary PDX and
resulting metastasis (B) were extracted, homogenized, and examined for heparanase enzymatic activity as described in ‘Methods’. The
other portion was fixed subjected to immunostaining for heparanase (Hepa; C). Note heparanase immuno-reactivity in the lung tumor
(C, lower panel) but not in adjacent normal lung tissue (C, upper panel). Original magnifications: ×100. (D) Lymph-node metastasis of
PDX 1709 was stained with hematoxylin & eosin (upper panel), anti-heparanase antibody (Hepa, middle panel), and anti-HLA (lower
panel) to clearly label human cells within the mouse lymph node. Original magnifications: ×100. (E) Sections of the primary 0906 tumor
and the resulting PDX were subjected to immunostaining applying anti-heparanase (left), anti-smooth muscle actin (SMA; middle) and
anti-cytokeratin 8 (CK8; right) antibodies. A similar expression pattern of heparanase, SMA and CK8 was noted in the parent primary
tumors and the respective PDX. Magnification: left and right panels ×100; middle panels ×25.
www.oncotarget.com

19298

Oncotarget

Heparan sulfate-mimetics [(i.e., Muparfostat, Roneparstat,
Necuparanib, PG545 (= Pixatimod)] that inhibit
heparanase enzymatic activity are being evaluated in
clinical trials for various types of cancer and appear to be
well tolerated [16]. Heparanase neutralizing monoclonal
antibodies are being examined in pre-clinical studies
[25], and heparanase-inhibiting small molecules are being
developed, based on the recently resolved crystal structure
of the heparanase protein [29–31]. Of note, PG545 was
designed to simultaneously act as both a heparanase
inhibitor and an inhibitor of a range of heparan sulfatebinding growth factors that promote angiogenesis [22].
Thus, heparanase inhibition may not be the only reason for
the potent anti-tumor activity of PG545, whereas reduced
tumor metastasis (Figures 3–5) is likely to result solely
from heparanase inhibition.
The present study reveals the significance of
heparanase in the pathogenesis of lung cancer. Applying
established lung cancer cell lines, we first demonstrated
that heparanase overexpression resulted in more
aggressive tumor capacities both in vitro (cell invasion,
anchorage-independent growth) and in vivo (xenograft
formation, tumor growth and metastasis) (Figure 1). The

significance of heparanase in lung cancer progression was
further demonstrated by a profound tumor attenuation
obtained in response to the heparanase inhibitor PG545
(Figure 1F; Supplementary Figures 1C, 2). To bring
anti-heparanase treatment modalities closer to the clinic,
we established a lung cancer PDX model which better
resembles the behavior and drug responsiveness of a given
cancer patient, and more accurately reflects the clinical
heterogeneity of the disease than cell lines [23, 32, 33].
Moreover, the large stromal component of tumors is often
retained in the PDX models (Figure 2E and Supplementary
Figure 4), enabling functional studies targeting the original
tumor stroma, thus overcoming another limitation of cell
line models [23].
We first demonstrated that the PDX tumors
resembled the parent primary lung tumors in their
morphology (Supplementary Figure 3), high heparanase
enzymatic activity and expression pattern of aSMA,
cytokeratin-8 and heparanase (Figure 2; Supplementary
Figure 4). Notably, we found that PG545 was highly
effective, inhibiting tumor growth in more than 85% of
the lung cancer PDX (Table 1), and reaching clinicallyrelevant inhibition in 33% (3/9) of them as a single agent

Figure 3: PG545 attenuates the growth of patient derived lung cancer xenografts to various degrees. Fresh tumor biopsies

were collected from surgery, cut into small pieces and implanted (s.c) into the flank of NOD/SCID mice. Once tumors reached 1–1.5 cm
in diameter, tumors were excised, cut into small fragments and re-implanted into NOD/SCID mice. When the tumors became palpable,
mice were divided into control (Con) untreated group and study group (PG) that was treated with PG545 (20 mg/kg, once a week).
Tumor volume was calculated from external caliper measurements (upper panels). At the end of the experiment, tumors were resected,
photographed (insets) along with macroscopic lymph node metastases (Con Mets, PG Mets), and weighed (lower panels). Tumor growth
inhibition was categorized as ‘good’ response (A, 1709), intermediate response (B; 2210), or poor response (C, 1810), representing more
than 80%, 50–79%, or less than 50% inhibition, respectively. Notably, when spontaneous metastasis to lymph nodes was observed, PG545
not only inhibited tumor growth but also practically prevented tumor metastasis (A, B, insets). X represents no detectable metastases in the
indicated treatment regimen.
www.oncotarget.com

19299

Oncotarget

(good response; Table 1, Figure 3A). Tumor growth
inhibition by PG545 was accompanied with impaired
angiogenesis evident by collapsed blood vessels and
a marked decrease in vascular density (Figure 6, upper
panels). This is in agreement with the strong proangiogenic properties of heparanase [24, 25, 34], and antiangiogenic function of PG545 [22]. In addition, treatment
with PG545 was associated with reduced phosphorylation
levels of Erk (Figure 6, second panel), a most important
determinant in non-small cell lung cancer [35], and in
agreement with a connection between heparanase and
Erk phosphorylation reported in other settings [26, 36–
41]. Moreover, macrophages appeared to accumulate at
the tumor periphery following PG545 treatment rather
than populating the entire tumor mass (Figure 6, lower
panels). A similar phenotype was observed in a model

of Lewis lung carcinoma cells implanted in heparanaseknockout vs wild type mice [26]. Failure to populate the
tumor may contribute to reduced tumor growth given the
pro-angiogenic and pro-tumorigenic properties of tumorresident macrophages [42, 43].
Importantly, we found that PG545 is more effective
than cisplatin in certain cases, and vice versa. For
example, PDX derived from patient 1709 responded very
well to PG545 in term of inhibiting tumor growth and
tumor metastasis, but did not respond to cisplatin at all
(Figure 4A), whereas PDX from patient 0906 responded
very well to cisplatin but only partially to PG545 (Figure
4B), critically stressing the power of personalized
medicine. Importantly, PG545 not only attenuated
tumor growth but practically prevented spontaneous
metastasis of the PDX tumors whereas cisplatin had no

Figure 4: PG545 and cisplatin differentially attenuate the growth of patient derived lung cancer xenografts. Fresh

patient derived tumor biopsies were cut and implanted (s.c) into the flank of NOD/SCID mice. Once tumors reached 1–1.5 cm in diameter,
tumors were excised, cut and re-implanted into NOD/SCID mice. When the tumors became palpable mice were divided into control (Con)
untreated group and study groups that were treated with PG545 (PG, 20 mg/kg, once a week), cisplatin (Cis, 3 mg/kg, every two weeks)
or both. Tumor volume was calculated from external caliper measurements (upper panels). At the end of the experiment, tumors were
resected, photographed along with macroscopic metastases (Con-Mets, Cis-Mets, PG-Mets), and weighed (lower panels). PDX #1709
responded well to PG545 in term of inhibiting tumor growth and tumor metastasis (X represents no detectable metastases in the indicated
treatment regimen), but did not respond to cisplatin (A), whereas PDX 0906 responded well to cisplatin but only partially to PG545 (B).
*
= p values vs Control; **= p value vs PG545, for both Cis and PG+Cis.
www.oncotarget.com
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such effect (Figure 3A, 3B and Figure 4). This result not
only confirms compelling evidence that ties heparanase
activity with tumor metastasis [5, 8–10, 15, 44], but also
highlights the advantage of PG545 over conventional
therapy in combining inhibition of tumor growth and
metastasis in a setting most relevant to human patients.
Even more dramatic was the inhibition by PG545 of
tumor metastasis following removal of the PDX. In this

scenario, administration of PG545 prior to, but not after,
the removal of the primary tumors practically prevented
metastasis (Figure 5C), thus supporting the use of this
compound as a neoadjuvant treatment. Administration
of PG545 after removal of the tumor appears too late to
suppress the proliferation of metastatic cells that have
already disseminated and settled in the lymph-nodes.
Moreover, removal of the primary tumor has been

Figure 5: PG545 as neoadjuvant. (A) Schematic diagram of the experiment. PDX was established from a spontaneous metastasis of

PDX 1709 to lymph node (1709-Met). The 1709-Met PDX was implanted in 18 NOD/SCID (D1). Once palpable (day 7), mice were left
untreated as control (n = 12) or were treated with PG545 (n = 6; 20 mg/kg once a week). Three weeks later, when tumors reached a diameter
of 10–15mm, tumors were resected and weighed (B). Six (out of 12) of the former control mice received PG545 (PG post-Op) while the
other 6 mice were kept untreated (Con). One month later, mice were sacrificed and examined for local recurrence and lymph node (LN)
metastases (C). X represents no detectable tumors or tumor metastases in the indicated treatment regimen. An example of lymph node
metastasis in this model is shown in (C, inset). Note that unlike the original 1709 PDX, the 1709-Met PDX does not respond well to PG545
(B). However, PG545 is highly effective in prevention of tumor recurrence and metastasis if present before tumor resection (neoadjuvant).
www.oncotarget.com
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previously shown to stimulate the development and
growth of dormant metastases [45] thereby limiting the
effectiveness of PG545 administered post-operation. In
contrast, it is conceivable that in mice receiving PG545
throughout the entire experiment metastatic dissemination
is inhibited by the drug to start with, providing a possible
explanation for the high efficacy observed when the drug
is administrated prior to resecting the primary tumor.
Presently, all the patients enrolled in our study are still
alive and hence it is too early to conclude the outcome
of the patients after 12-18 months of follow-up. Also,
PG545 just ended phase I clinical trial and cannot be given
to lung cancer patients which still relay on conventional

chemotherapy (i.e. cisplatin). It is hoped, nonetheless, that
our results will pave the way for testing the efficacy of
PG545, alone and in combination with other treatments
(i.e., chemotherapy), in more advanced clinical trials.
Importantly, PG545 was found to enhance the anticancer
activity of chemotherapies in animal models of ovarian
and pancreatic cancer [46, 47], providing the basis for an
ongoing phase Ib clinical trial of PG545 in combination
with nivolumab in patients with advanced solid tumors
and in patients with metastatic pancreatic cancer (Zucero
Therapeutics, Austyralia). Likewise, the heparanase
inhibitor Roneparstat (formerly SST0001) in combination
with a proteasome inhibitor (bortezomid) or melphalan

Figure 6: PG545 affects tumor and stromal cells. PDX 1709 tumors were treated with vehicle (Con) or PG545 (PG, 20 mg/kg, once

a week). At the end of the experiment, tumors were resected and subjected to histological examination and immunostaining with antibodies
directed to CD31 (a marker for vascular endothelial cells, upper panels), phospho Erk (pErk; second panels) and against F4/80 (a marker
of macrophages; lower panels). Magnification: ×100, except the third panels (F4/80): ×25.
www.oncotarget.com
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was found to be an effective therapeutic strategy to inhibit
disseminated tumor growth and overcome drug resistance
in myeloma bearing mice [38].
Taken together, our results suggest that PG545
can be applied for lung cancer therapy in a personalized
manner where conventional chemotherapy fails, thus
bringing anti-heparanase treatment modalities closer to
the clinic.

The study was approved by the Helsinki Committee of the
Rambam Health Care Campus.

Antibodies and reagents
Anti-heparanase rabbit polyclonal antibody (#733)
was prepared against a synthetic peptide corresponding to
the enzyme substrate binding domain [49] and was used
for immunostaining. Anti-Akt, anti-Erk, anti-phospho
Erk, and anti-p27 antibodies were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA); anti-phospho-Akt
antibody was purchased from Cell Signaling Technologies
(Beverly, MA). Anti-actin and anti-smooth muscle actin
(SMA) monoclonal antibodies were purchased from
Sigma (St. Louis, MO). Rat anti-mouse CD31 antibody
was from Dianova (Hamburg, Germany); anti-HLA and
anti-cytokeratin 8 (CK8) antibodies were purchased from
Abcam (Cambridge, MA). Rat anti-mouse F4/80 antibody
was purchased from Serotec (Oxford, UK). PG545 (=
pixatimod), was kindly provided by Zucero Therapeutics,
Brisbane, Queensland, Australia.

MATERIALS AND METHODS
Patients
The study included 15 patients with lung cancer
(8 adenocarcinoma, 7 squamous cell carcinomas) (Table
1) who were diagnosed in the Department of Thoracic
Surgery (Rambam Health Care Campus, Haifa, Israel)
and enrolled from August 2015 to October 2016. Surgical
specimens were taken before any treatment. Patients
signed an informed consent for using a biopsy of their
tumor for research. The study protocol was approved by
the Institutional Review Board. The clinical data from
all patients were reviewed, and patients were restaged
according to the 2006 American Joint Committee on
Cancer staging system.

Cells, cell culture, cell invasion and colony
formation
Human [A549, HCC-827 (adenocarcinomas), and
HTB-182 (squamous cell carcinoma)] and a mouse (Lewis
lung carcinoma) lung cancer cell lines were purchased
from the American Type Culture Collection (ATCC). Cells
were cultured in DMEM medium (Biological Industries,
Beit Haemek, Israel) supplemented with 10% fetal calf
serum (FCS) and antibiotics. Cells were infected with a
lentivirus carrying the human heparanase cDNA, selected
with blasticidin and pooled, as described [50]. Colony
formation in soft agar and Matrigel invasion assay were
performed essentially as described [50, 51]. To quantify
cellular invasion, the area covered by invading cells/filed
was computed and presented graphically. Immunoblotting
and ECM degradation heparanase assay were carried out
as described [25–27, 50, 52, 53].

PDX model system
Tumor samples were obtained directly from the
operating room, dissected carefully, trimmed into small
pieces (approximately 2–3 mm) under sterile conditions
and implanted subcutaneously (s.c; one tumor fragment
per mouse) into the flank of 5-7 NOD/SCID mice within
3 h after collecting the tumor sample from the patient.
PDX development was assessed by palpation of the site
of implantation [23, 48]. Once tumors reached 1–1.5
cm in diameter, mice were euthanized and tumors were
excised and cut into small fragments (2–3 mm) that were
re-implanted (one tumor fragment per mouse) into 16-20
SCID mice. When the tumors became palpable (typically
10–20 days post cell inoculation), mice were divided into
study groups that included a control untreated group and
1–3 study groups that were treated with PG545 (20 mg/kg,
intraperitoneal injection of 0.1 ml/mouse, once a week)
[22], cisplatin (intraperitoneal injection of 0.1 ml/mouse,
3 mg/kg, every two weeks) or both. Drugs were solubilized
in saline. Tumor size was inspected over time by externally
measuring the tumor in 2 dimensions using a caliper. At
termination, tumor xenografts and lymph-node metastases
were removed, weighed, and subjected to histological
examination, and determination of heparanase level and
enzymatic activity. All animal experiments were approved
by the Animal Care Committee of the Technion (Haifa,
Israel). The response to treatment was defined as good,
intermediate or poor upon tumor growth inhibition by
more than 80%, 50–79%, or less than 50%, respectively.
www.oncotarget.com

Histology and immunohistochemistry
Immunostaining of formalin-fixed, paraffinembedded tumor xenograft sections was carried out
essentially as described [26, 27, 53]. Images were acquired
by a Nikon ECLIPSE microscope and Digital Sight
Camera (Nikon, NY, USA).

Tumor xenografts
Control (Vo) and heparanase overexpressing HCC827 and HTB-182 cells (5 × 106/100 μl) were injected
subcutaneously (s.c) into the right flank of NOD/SCID
mice and tumor growth was inspected over time by
externally measuring the tumor in 2 dimensions using a
caliper. Cells were similarly implanted subcutaneously and
19303
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mice were treated with PG545 (intraperitoneal, 20 mg/kg,
once a week) starting when the tumor became palpable.
Control mice received PBS. At termination, tumor
xenografts were removed, weighed, and subjected to
histological examination and determination of heparanase
level and activity.

4. Vlodavsky I, Singh P, Boyango I, Gutter-Kapon L, Elkin M,
Sanderson RD, Ilan N. Heparanase: from basic research to
therapeutic applications in cancer and inflammation. Drug
Resist Updat. 2016; 29:54–75. https://doi.org/10.1016/j.
drup.2016.10.001.
5. Vreys V, David G. Mammalian heparanase: what is the
message? J Cell Mol Med. 2007; 11:427–52. https://doi.
org/10.1111/j.1582-4934.2007.00039.x.

Statistics

6. Barash U, Cohen-Kaplan V, Dowek I, Sanderson RD, Ilan
N, Vlodavsky I. Proteoglycans in health and disease: new
concepts for heparanase function in tumor progression
and metastasis. FEBS J. 2010; 277:3890–903. https://doi.
org/10.1111/j.1742-4658.2010.07799.x.

Data are presented as mean values ± SD. Statistical
significance was analyzed by 2-tailed Student’s t test.
Values of P < 0.05 were considered significant. Data sets
passed D’Agostino-Pearson normality (GraphPad Prism 5
utility software).

7. Hammond E, Khurana A, Shridhar V, Dredge K. The role
of heparanase and sulfatases in the modification of heparan
sulfate proteoglycans within the tumor microenvironment
and opportunities for novel cancer therapeutics. Front Oncol.
2014; 4:195. https://doi.org/10.3389/fonc.2014.00195.

Author contributions
IV, NI, RK and AK designed the research; AK,
UB, SF and IB performed the research; NI, AK, UB, IB
and YZ. analyzed the data; NI, AK, EH and IV wrote the
paper.

8. Ilan N, Elkin M, Vlodavsky I. Regulation, function and
clinical significance of heparanase in cancer metastasis and
angiogenesis. Int J Biochem Cell Biol. 2006; 38:2018–39.
https://doi.org/10.1016/j.biocel.2006.06.004.

CONFLICTS OF INTEREST

9. Rivara S, Milazzo FM, Giannini G. Heparanase: a rainbow
pharmacological target associated to multiple pathologies
including rare diseases. Future Med Chem. 2016; 8:647–80.
https://doi.org/10.4155/fmc-2016-0012.

Edward Hammond is employed by Zucero
Therapeutics, Darra, Queensland, Australia. All other
authors have no potential conflicts of interest to declare.

10. Vlodavsky I, Beckhove P, Lerner I, Pisano C, Meirovitz A,
Ilan N, Elkin M. Significance of heparanase in cancer and
inflammation. Cancer Microenviron. 2012; 5:115–32.
https://doi.org/10.1007/s12307-011-0082-7.

FUNDING
This research work was generously supported
by a grant from Slava Smolokowski Fund (Atidim
program, Rambam Health Care Campus). It was also
supported by grants from the United States - Israel
Binational Science Foundation, the Israel Science
Foundation (601/14 and 2277/15) and the Israel Cancer
Research Fund (ICRF). Israel Vlodavsky is a Research
Professor of the ICRF.

11. Lerner I, Baraz L, Pikarsky E, Meirovitz A, Edovitsky E,
Peretz T, Vlodavsky I, Elkin M. Function of heparanase in
prostate tumorigenesis: potential for therapy. Clin Cancer
Res. 2008; 14:668–76. https://doi.org/10.1158/1078-0432.
CCR-07-1866.
12. Xiong Z, Lü MH, Fan YH, Cao YL, Hu CJ, Wu
YY, Wang SM, Luo G, Fang DC, Li C, Yang SM.
Downregulation of heparanase by RNA interference inhibits
invasion and tumorigenesis of hepatocellular cancer cells
in vitro and in vivo. Int J Oncol. 2012; 40:1601–09.

REFERENCES
1.

Vlodavsky I, Gross-Cohen M, Weissmann M, Ilan N,
Sanderson RD. Opposing Functions of Heparanase-1 and
Heparanase-2 in Cancer Progression. Trends Biochem Sci.
2018; 43:18–31. https://doi.org/10.1016/j.tibs.2017.10.007.

2.

Vlodavsky I, Folkman J, Sullivan R, Fridman R, IshaiMichaeli R, Sasse J, Klagsbrun M. Endothelial cell-derived
basic fibroblast growth factor: synthesis and deposition
into subendothelial extracellular matrix. Proc Natl Acad
Sci U S A. 1987; 84:2292–96. https://doi.org/10.1073/
pnas.84.8.2292.

3.

13. Cassinelli G, Lanzi C, Tortoreto M, Cominetti D,
Petrangolini G, Favini E, Zaffaroni N, Pisano C, Penco S,
Vlodavsky I, Zunino F. Antitumor efficacy of the
heparanase inhibitor SST0001 alone and in combination
with antiangiogenic agents in the treatment of human
pediatric sarcoma models. Biochem Pharmacol. 2013;
85:1424–32. https://doi.org/10.1016/j.bcp.2013.02.023.
14. McKenzie EA. Heparanase: a target for drug discovery in
cancer and inflammation. Br J Pharmacol. 2007; 151:1–14.
https://doi.org/10.1038/sj.bjp.0707182.
15. Vlodavsky I, Ilan N, Naggi A, Casu B. Heparanase:
structure, biological functions, and inhibition by heparinderived mimetics of heparan sulfate. Curr Pharm Des. 2007;
13:2057–73. https://doi.org/10.2174/138161207781039742.

Dempsey LA, Brunn GJ, Platt JL. Heparanase, a
potential regulator of cell-matrix interactions. Trends
Biochem Sci. 2000; 25:349–51. https://doi.org/10.1016/
S0968-0004(00)01619-4.

www.oncotarget.com

19304

Oncotarget

16. Dredge K, Brennan T, Paul Brown M, Lickliter JD,
Bampton D, Hammond H, Lin L, Yang Y, Millward M.
An open-label, multi-center phase I study of the safety
and tolerability of the novel immunomodulatory agent
PG545 in subjects with advanced solid tumors. J Clin
Oncol. 2017 (Suppl 15); 35:3083. https://doi.org/10.1200/
JCO.2017.35.15_suppl.3083.

Sci U S A. 2016; 113:E7808–17. https://doi.org/10.1073/
pnas.1611380113.
27. Boyango I, Barash U, Naroditsky I, Li JP, Hammond E, Ilan
N, Vlodavsky I. Heparanase cooperates with Ras to drive
breast and skin tumorigenesis. Cancer Res. 2014; 74:4504–
14. https://doi.org/10.1158/0008-5472.CAN-13-2962.
28. Ostapoff KT, Awasthi N, Cenik BK, Hinz S, Dredge K,
Schwarz RE, Brekken RA. PG545, an angiogenesis and
heparanase inhibitor, reduces primary tumor growth and
metastasis in experimental pancreatic cancer. Mol Cancer
Ther. 2013; 12:1190–201. https://doi.org/10.1158/15357163.MCT-12-1123.

17. Siegel RL, Miller KD, Jemal A. Cancer Statistics, 2017.
CA Cancer J Clin. 2017; 67:7–30. https://doi.org/10.3322/
caac.21387.
18. Torre LA, Siegel RL, Jemal A. Lung Cancer Statistics.
Adv Exp Med Biol. 2016; 893:1–19. https://doi.
org/10.1007/978-3-319-24223-1_1.

29. Bohlmann L, Tredwell GD, Yu X, Chang CW, Haselhorst T,
Winger M, Dyason JC, Thomson RJ, Tiralongo J, Beacham
IR, Blanchard H, von Itzstein M. Functional and structural
characterization of a heparanase. Nat Chem Biol. 2015;
11:955–57. https://doi.org/10.1038/nchembio.1956.

19. Cohen E, Doweck I, Naroditsky I, Ben-Izhak O, Kremer R,
Best LA, Vlodavsky I, Ilan N. Heparanase is overexpressed
in lung cancer and correlates inversely with patient survival.
Cancer. 2008; 113:1004–11. https://doi.org/10.1002/
cncr.23680.

30. Wu L, Viola CM, Brzozowski AM, Davies GJ. Structural
characterization of human heparanase reveals insights into
substrate recognition. Nat Struct Mol Biol. 2015; 22:1016–
22. https://doi.org/10.1038/nsmb.3136. Erratum in: Nat
Struct Mol Biol. 2016; 23:91.

20. Fernandes dos Santos TC, Gomes AM, Paschoal ME,
Stelling MP, Rumjanek VM, Junior AR, Valiante PM,
Madi K, Pereira de Souza HS, Pavão MS, CasteloBranco MT. Heparanase expression and localization in
different types of human lung cancer. Biochim Biophys
Acta. 2014; 1840:2599–608. https://doi.org/10.1016/j.
bbagen.2014.04.010.

31. Wu L, Jiang J, Jin Y, Kallemeijn WW, Kuo CL, Artola
M, Dai W, van Elk C, van Eijk M, van der Marel GA,
Codée JD, Florea BI, Aerts JM, et al. Activity-based probes
for functional interrogation of retaining β-glucuronidases.
Nat Chem Biol. 2017; 13:867–73. https://doi.org/10.1038/
nchembio.2395.

21. Nadir Y, Sarig G, Axelman E, Meir A, Wollner M,
Shafat I, Hoffman R, Brenner B, Vlodavsky I, Haim
N. Heparanase procoagulant activity is elevated and
predicts survival in non-small cell lung cancer patients.
Thromb Res. 2014; 134:639–42. https://doi.org/10.1016/j.
thromres.2014.07.006.

32. Hidalgo M, Amant F, Biankin AV, Budinská E, Byrne AT,
Caldas C, Clarke RB, de Jong S, Jonkers J, Mælandsmo
GM, Roman-Roman S, Seoane J, Trusolino L, Villanueva A.
Patient-derived xenograft models: an emerging platform for
translational cancer research. Cancer Discov. 2014; 4:998–
1013. https://doi.org/10.1158/2159-8290.CD-14-0001.

22. Dredge K, Hammond E, Handley P, Gonda TJ, Smith MT,
Vincent C, Brandt R, Ferro V, Bytheway I. PG545, a dual
heparanase and angiogenesis inhibitor, induces potent antitumour and anti-metastatic efficacy in preclinical models.
Br J Cancer. 2011; 104:635–42. https://doi.org/10.1038/
bjc.2011.11.

33. Izumchenko E, Meir J, Bedi A, Wysocki PT, Hoque
MO, Sidransky D. Patient-derived xenografts as tools in
pharmaceutical development. Clin Pharmacol Ther. 2016;
99:612–21. https://doi.org/10.1002/cpt.354.

23. Byrne AT, Alférez DG, Amant F, Annibali D, Arribas J,
Biankin AV, Bruna A, Budinská E, Caldas C, Chang DK,
Clarke RB, Clevers H, Coukos G, et al. Interrogating open
issues in cancer precision medicine with patient-derived
xenografts. Nat Rev Cancer. 2017; 17:254–68. https://doi.
org/10.1038/nrc.2016.140.

34. Zetser A, Bashenko Y, Edovitsky E, Levy-Adam F,
Vlodavsky I, Ilan N. Heparanase induces vascular
endothelial growth factor expression: correlation with p38
phosphorylation levels and Src activation. Cancer Res.
2006; 66:1455–63. https://doi.org/10.1158/0008-5472.
CAN-05-1811.

24. Elkin M, Ilan N, Ishai-Michaeli R, Friedmann Y, Papo
O, Pecker I, Vlodavsky I. Heparanase as mediator of
angiogenesis: mode of action. FASEB J. 2001; 15:1661–63.
https://doi.org/10.1096/fj.00-0895fje.

35. Heigener DF, Gandara DR, Reck M. Targeting of MEK in
lung cancer therapeutics. Lancet Respir Med. 2015; 3:319–
27. https://doi.org/10.1016/S2213-2600(15)00026-0.

25. Weissmann M, Arvatz G, Horowitz N, Feld S, Naroditsky
I, Zhang Y, Ng M, Hammond E, Nevo E, Vlodavsky I, Ilan
N. Heparanase-neutralizing antibodies attenuate lymphoma
tumor growth and metastasis. Proc Natl Acad Sci U S A.
2016; 113:704–09. https://doi.org/10.1073/pnas.1519453113.

36. Kundu S, Xiong A, Spyrou A, Wicher G, Marinescu VD,
Edqvist PD, Zhang L, Essand M, Dimberg A, Smits A,
Ilan N, Vlodavsky I, Li JP, Forsberg-Nilsson K. Heparanase
promotes glioma progression and is inversely correlated
with patient survival. Mol Cancer Res. 2016; 14:1243–53.
MCR https://doi.org/10.1158/1541-7786.MCR-16-0223.

26. Gutter-Kapon L, Alishekevitz D, Shaked Y, Li JP, Aronheim
A, Ilan N, Vlodavsky I. Heparanase is required for
activation and function of macrophages. Proc Natl Acad
www.oncotarget.com

19305

Oncotarget

37. Ramani VC, Vlodavsky I, Ng M, Zhang Y, Barbieri P,
Noseda A, Sanderson RD. Chemotherapy induces expression
and release of heparanase leading to changes associated with
an aggressive tumor phenotype. Matrix Biol. 2016; 55:22–
34. https://doi.org/10.1016/j.matbio.2016.03.006.

and tumor growth. Cell. 1997; 88:277–85. https://doi.
org/10.1016/S0092-8674(00)81848-6.
46. Jung DB, Yun M, Kim EO, Kim J, Kim B, Jung JH, Wang E,
Mukhopadhyay D, Hammond E, Dredge K, Shridhar V,
Kim SH. The heparan sulfate mimetic PG545 interferes
with Wnt/β-catenin signaling and significantly suppresses
pancreatic tumorigenesis alone and in combination with
gemcitabine. Oncotarget. 2015; 6:4992–5004. https://doi.
org/10.18632/oncotarget.3214.
47. Winterhoff B, Freyer L, Hammond E, Giri S, Mondal S,
Roy D, Teoman A, Mullany SA, Hoffmann R, von Bismarck
A, Chien J, Block MS, Millward M, et al. PG545 enhances
anti-cancer activity of chemotherapy in ovarian models and
increases surrogate biomarkers such as VEGF in preclinical
and clinical plasma samples. Eur J Cancer. 2015; 51:879–
92. https://doi.org/10.1016/j.ejca.2015.02.007.
48. Jung J, Seol HS, Chang S. The Generation and Application
of Patient-Derived Xenograft Model for Cancer Research.
Cancer Res Treat. 2018; 50:1–10. https://doi.org/10.4143/
crt.2017.307.
49. Zetser A, Levy-Adam F, Kaplan V, Gingis-Velitski S,
Bashenko Y, Schubert S, Flugelman MY, Vlodavsky I,
Ilan N. Processing and activation of latent heparanase
occurs in lysosomes. J Cell Sci. 2004; 117:2249–58. https://
doi.org/10.1242/jcs.01068.
50. Barash U, Zohar Y, Wildbaum G, Beider K, Nagler A, Karin
N, Ilan N, Vlodavsky I. Heparanase enhances myeloma
progression via CXCL10 downregulation. Leukemia. 2014;
28:2178–87. https://doi.org/10.1038/leu.2014.121.
51. Gingis-Velitski S, Zetser A, Flugelman MY, Vlodavsky I,
Ilan N. Heparanase induces endothelial cell migration
via protein kinase B/Akt activation. J Biol Chem. 2004;
279:23536–41. https://doi.org/10.1074/jbc.M400554200.
52. Arvatz G, Barash U, Nativ O, Ilan N, Vlodavsky I. Posttranscriptional regulation of heparanase gene expression by
a 3′ AU-rich element. FASEB J. 2010; 24:4969–76. https://
doi.org/10.1096/fj.10-156372.
53. Singh P, Blatt A, Feld S, Zohar Y, Saadi E, Barki-Harrington
L, Hammond E, Ilan N, Vlodavsky I, Chowers Y, Half E.
The heparanase inhibitor PG545 attenuates colon cancer
initiation and growth, associating with increased p21
expression. Neoplasia. 2017; 19:175–84. https://doi.
org/10.1016/j.neo.2016.12.001.

38. Ramani VC, Zhan F, He J, Barbieri P, Noseda A, Tricot
G, Sanderson RD. Targeting heparanase overcomes
chemoresistance and diminishes relapse in myeloma.
Oncotarget. 2016; 7:1598–607. https://doi.org/10.18632/
oncotarget.6408.
39. Rubinfeld H, Cohen-Kaplan V, Nass D, Ilan N, Meisel S,
Cohen ZR, Hadani M, Vlodavsky I, Shimon I. Heparanase
is highly expressed and regulates proliferation in
GH-secreting pituitary tumor cells. Endocrinology. 2011;
152:4562–70. https://doi.org/10.1210/en.2011-0273.
40. Xiong A, Kundu S, Forsberg M, Xiong Y, Bergström T,
Paavilainen T, Kjellén L, Li JP, Forsberg-Nilsson K.
Heparanase confers a growth advantage to differentiating
murine embryonic stem cells, and enhances oligodendrocyte
formation. Matrix Biol. 2017; 62:92–104. https://doi.
org/10.1016/j.matbio.2016.11.007.
41. Spyrou A, Kundu S, Haseeb L, Yu D, Olofsson T, Dredge K,
Hammond E, Barash U, Vlodavsky I, Forsberg-Nilsson K.
Inhibition of Heparanase in Pediatric Brain Tumor Cells
Attenuates their Proliferation, Invasive Capacity, and In
Vivo Tumor Growth. Mol Cancer Ther. 2017; 16:1705–16.
https://doi.org/10.1158/1535-7163.MCT-16-0900.
42. Condeelis J, Pollard JW. Macrophages: obligate partners for
tumor cell migration, invasion, and metastasis. Cell. 2006;
124:263–66. https://doi.org/10.1016/j.cell.2006.01.007.
43. Pollard JW. Tumour-educated macrophages promote tumour
progression and metastasis. Nat Rev Cancer. 2004; 4:71–78.
https://doi.org/10.1038/nrc1256.
44. Vlodavsky I, Friedmann Y, Elkin M, Aingorn H, Atzmon R,
Ishai-Michaeli R, Bitan M, Pappo O, Peretz T, Michal I,
Spector L, Pecker I. Mammalian heparanase: gene
cloning, expression and function in tumor progression
and metastasis. Nat Med. 1999; 5:793–802. https://doi.
org/10.1038/10518.
45. O’Reilly MS, Boehm T, Shing Y, Fukai N, Vasios G,
Lane WS, Flynn E, Birkhead JR, Olsen BR, Folkman J.
Endostatin: an endogenous inhibitor of angiogenesis

www.oncotarget.com

19306

Oncotarget

