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Heparanase promotes lymphangiogenesis and tumor invasion
in pancreatic neuroendocrine tumors
KE Hunter1,2, C Palermo1, JC Kester1, K Simpson1, J-P Li3, LH Tang4, DS Klimstra4, I Vlodavsky5 and JA Joyce1

Heparan sulfate proteoglycans are an important and abundant component of the extracellular matrix, which undergo substantial
remodeling throughout tumorigenesis via the enzymatic activity of heparanase. Heparanase has been shown to be upregulated in
many human cancers; however, its specific functions in human pancreatic neuroendocrine tumors (PanNETs) and spontaneous
mouse models of cancer have not been evaluated. Here, we investigated the role of heparanase in PanNETs using patient samples
and the RIP1-Tag2 (RT2) PanNET-transgenic mouse model. High heparanase expression significantly correlated with more advanced
tumor stage, higher tumor grade and the presence of distant metastasis in PanNET patients. We genetically manipulated
heparanase levels in the RT2 model using heparanase-transgenic mice, which constitutively overexpress heparanase, and
heparanase-knockout mice. Heparanase was found to have a critical role in promoting tumor invasion, through both macrophage
and cancer cell sources in the tumor microenvironment. In addition, elevated heparanase levels significantly increased peritumoral
lymphangiogenesis in vivo and promoted the trans-differentiation of macrophages into lymphatic endothelial cell-like structures in
culture. Conversely, we found that heparanase deletion led to increased angiogenesis and pericyte coverage. Together, these data
identify important roles for heparanase in regulating several critical aspects of tumorigenesis, demonstrating that heparanase
represents a potential therapeutic target for PanNET patients.
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INTRODUCTION
Tumors develop in complex microenvironments comprising
cancer cells surrounded by a diverse set of stromal cells and
extracellular matrix (ECM) components.1 The ECM is a
heterogeneous mix of proteins and polysaccharides, including
heparan sulfate proteoglycans (HSPGs), collagen, laminin and
fibronectin, that form an intricate network. It functions as a
scaffold for cell and tissue organization, providing important
biochemical cues affecting cell function and differentiation. ECM
remodeling is critical during multiple stages of tumor
development, facilitating cancer cell proliferation, angiogenesis,
invasion and metastasis.

HSPGs, which consist of a protein core with covalently attached
heparan sulfate (HS) side chains, have important roles in these
processes. The HS side chains bind to many growth factors,
angiogenic proteins and chemokines, allowing HSPGs to function
as storage depots for these factors.2 HSPG processing is performed
exclusively by heparanase, an endo-b-glucuronidase that cleaves
HS side chains at specific intrachain sites, resulting in growth
factor release.2 Heparanase activity can thus lead to both physical
remodeling of the ECM and the release of tethered growth factors,
converting them to soluble bioactive mediators. These functions
are consistent with reports of a significant correlation between
high heparanase levels and poor patient prognosis in several
tumor types.2

We have previously shown that heparanase is upregulated
during multistage tumorigenesis in the RIP1-Tag2 (RT2) pancreatic

neuroendocrine tumor (PanNET) model.3 Treatment of RT2 mice
with PI-88, a HS mimetic, resulted in impaired proliferation,
angiogenesis and tumor invasion, indirectly implicating HS-
mediated signaling and heparanase in regulating tumorigenesis.
However, as PI-88 inhibits both heparanase and blocks the
function of many HS-binding proteins, the specific contributions
of the heparanase enzyme itself in pancreatic neuroendocrine
tumorigenesis could not be directly addressed in this previous
study.

PanNETs are a rare but clinically challenging tumor type, owing
in part to marked disease heterogeneity and limited under-
standing of the underlying molecular mechanisms. PanNETs are
the second most common pancreatic neoplasms, representing
B1.3% of pancreatic cancers in incidence and 10% of cases in
prevalence.4 Surgical resection is the most effective treatment
option for PanNETs; however, B65% of patients present with
unresectable or metastatic disease. Patients with distant
metastases have a median survival of only 24 months.5 A recent
exomic sequencing study of PanNETs identified mutations in
genes encoding chromatin-remodeling subunits (DAXX/ATRX) and
the MEN1 tumor suppressor,6 which correlated with better patient
prognosis. However, factors that are positively associated with
poor PanNET prognosis critically still remain elusive. Given that
heparanase expression correlates with worse prognosis in several
other tumor types,2 we decided to examine its importance in
PanNETs and also its potential tumor-promoting roles in a
spontaneous PanNET mouse model.
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Here, we find that heparanase expression is significantly
associated with increased malignancy and metastasis in PanNET
patients. We genetically manipulated heparanase levels in the RT2
model using heparanase-transgenic mice, which constitutively
overexpress heparanase, or heparanase-knockout mice, and
identified critical roles for both macrophage- and cancer cell-
derived heparanase in promoting tumor invasion. We found that
heparanase deletion led to increased angiogenesis and enhanced
pericyte coverage, potentially through activation of pericytes by
HB-EGF. In addition, we showed that elevated heparanase activity
induces tumor lymphangiogenesis in vivo and promotes the trans-
differentiation of macrophages into lymphatic endothelial cell
(LEC)-like structures in culture. Together, our findings demonstrate
multifaceted roles for heparanase in supporting various processes
critical to PanNET progression, and thus implicate heparanase as
an attractive therapeutic target for PanNET patients.

RESULTS
Heparanase expression is associated with malignant progression
in human PanNETs
We performed immunohistochemistry staining for heparanase
protein on PanNET patient tissue samples and on normal islet
samples. While normal islets had minimal heparanase levels,
tumors exhibited positive staining that varied in intensity. We then
obtained tissue microarrays (TMAs) with samples from over 150
PanNET patients, performed immunohistochemistry for hepara-
nase and blindly scored for staining intensity on a 0 (no staining)
to 3 (high staining) scale (Figure 1a). Comparing staining intensity
with patient clinicopathological data revealed a significant
correlation between increased heparanase staining score and
higher tumor stage, as classified by the American Joint Committee

on Cancer staging manual 7th edition,7 and higher tumor grade as
defined by tumor mitotic activity8,9 (Figure 1b, Table 1). In
addition, we found that an increased heparanase staining score in
the primary tumor significantly correlated with the presence of
distant metastasis (Table 1).

We next investigated whether heparanase messenger RNA
(mRNA) was differentially expressed in primary tumors versus
metastases. We isolated RNA from a separate cohort of matched
samples of primary tumors and liver metastases, the most
common metastatic site in PanNET patients. Heparanase expres-
sion was significantly upregulated by B40-fold in primary tumors
compared with normal islets, and was similarly expressed in
matched primary and metastatic tumors (Figure 1c). Together,
these data show that heparanase can function as an indicator for
the aggressiveness of the primary tumor and distant metastasis in
PanNET patients.

Genetic manipulation of heparanase levels in the RT2 PanNET
model
To determine the specific roles that heparanase may have in
promoting PanNET progression, we used the RT2 mouse model of
islet cell carcinoma, which has proven very informative in studying
neuroendocrine tumor progression, and in predicting clinical
efficacy of new therapeutics.10 We investigated the roles of
heparanase during spontaneous tumorigenesis by genetically
manipulating its level of expression in RT2 mice by crossing them
to either heparanase-transgenic (Hpa-Tg) or heparanase-knockout
(Hpse� /� ) mice.11,12 Both of these lines have been extensively
analyzed, and no major developmental abnormalities have been
identified.11,12 Hpa-Tg mice express the human heparanase
transgene under control of the b-actin promoter, leading to
constitutive overexpression and increased heparanase activity of

Figure 1. Heparanase expression is associated with malignant progression in human pancreatic neuroendocrine cancers. (a) Representative
images for heparanase staining in TMAs constructed from PanNET patient samples. Heparanase staining intensity was scored on a 0 (absent
staining) to 3 (high staining) scale. Scale bar for tissue sample overview: 100 mm, scale bar for inset: 20 mm. (b) Correlation of heparanase score
with tumor stage by American Joint Cancer Committee staging manual 7th edition.7 See Table 1 for detailed patient information,
***Po0.0001, Fisher’s exact test. (c) Heparanase expression, normalized to HPRT1, in mRNA from normal islets (n¼ 4), primary tumors (n¼ 25)
and matched liver metastases (n¼ 15) from PanNET patients. Heparanase was significantly upregulated in primary tumors (*P¼ 0.046) and
liver metastases (*P¼ 0.026) compared with normal islet samples. P-values in (c) were calculated by unpaired t-test.
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6- to 30-fold, depending on the tissue examined.12 When we
analyzed end-stage mice at 13.5 weeks of age, we found that
heparanase overexpression or deletion had no significant effect
on tumor burden, assessed by both tumor size and tumor number
(Figure 2a). Therefore, modulating levels of the heparanase
enzyme did not impact PanNET initiation or growth.

We then determined whether the effects of heparanase
manipulation could be observed by staining tissues for HS using
the anti-HS antibody 10E4. In the tumor interior, HS staining was
primarily localized to blood vessels (Figure 2b), which was
expected, as HSPGs are abundant basement membrane compo-
nents. HS staining was reduced in Hpa-Tg RT2 mice, indicative of
increased turnover via heparanase processing. Consistent with
this, we observed increased HS accumulation along blood vessels
in Hpse� /� RT2 mice. Interestingly, when specifically examining
the invasive margin of wild-type (WT) RT2 tumors, HS levels were
reduced, similar to Hpa-Tg RT2 tumors, indicating that heparanase
was active at invasive edges in these tumors and degraded HS
during the process of matrix remodeling and invasion.

Heparanase promotes PanNET invasion
The increased HS turnover observed at invasive tumor fronts led
us to investigate whether genetic manipulation of heparanase
levels affected tumor invasion. Tumors were graded histologically
into three classes: encapsulated tumors, microinvasive tumors
(IC1) and frankly invasive carcinomas (IC2).13 While the total
number of tumors did not change in any of the genotypes
(Figure 2a), Hpa-Tg RT2 mice had significantly more invasive
carcinomas compared with WT RT2, with a pronounced 250%
increase in the IC2 class (Figure 2c). Conversely, deletion of
heparanase led to significantly less invasive tumors, consistent
with an important role for heparanase in promoting tumor
invasion (Figure 2c). While it has been proposed that heparanase
functions in ECM remodeling,2 this is the first time that the striking
effects of heparanase on regulating invasion have been reported
in a spontaneous tumor model.

Having established that heparanase has an important role in
promoting PanNET invasion, we were interested in further
characterizing which cell types within the tumor microenviron-
ment were a source of heparanase and were functionally
important for tumor invasion. We isolated cancer cells, tumor-
associated macrophages (TAMs) and endothelial cell populations
from WT mice by FACS. We found that heparanase was expressed
in cancer cells and was further enriched in TAMs (Figure 2d).
Previous analysis of macrophage density in human PanNET
samples revealed a significant, positive correlation with poor
prognosis and metastasis, implicating TAMs in PanNET tumor-
igenesis.14 In addition, studies in the RT2 model have shown that
TAM-supplied cysteine cathepsins have critical roles in
tumorigenesis,15 leading us to question whether TAM-supplied
heparanase was similarly important for promoting tumor invasion.

TAM- and cancer cell-supplied heparanase promote tumor
invasion
To functionally test the importance of heparanase in TAMs versus
cancer cells, we undertook bone marrow (BM) transplantation
studies. Previous work has shown that in the RT2 model, 88% of
BM-derived cells (BMDCs) found in tumors are TAMs.15 Therefore,
BM transplantation provides a means to genetically manipulate
TAM-supplied heparanase levels in RT2 tumors. We transplanted
BM isolated from either Hpa-Tg or Hpse� /� mice, which were
also positive for actin-green fluorescent protein, into lethally
irradiated WT RT2 mice. Mice were aged to 13.5 weeks and
analyzed for tumor burden and tumor invasion. As in the non-BMT
genotypes (Figure 2a), there was no impact of BM transplantation
of the different heparanase genotypes on tumor burden (data not
shown). However, we found that transplantation of Hpse� /� BM
into WT RT2 mice significantly decreased tumor invasion,
compared with the WT BM transplantation control (Figure 2e),
indicating that TAM-supplied heparanase indeed has a critical role
in promoting tumor invasion. Interestingly, analysis of WT RT2
mice transplanted with Hpa-Tg BMDCs did not show an increase in
tumor invasion over the WT BM control, suggesting that the
already high levels of heparanase in TAMs from WT RT2 tumors
(Figure 2d) are sufficient to promote tumor invasion. These
analyses also indicate that cancer cell-supplied heparanase (or
heparanase derived from a minor non-BM-derived stromal cell
type) has some role in enhancing invasion, as transplantation of
Hpa-Tg BMDCs into WT RT2 tumors did not recapitulate the higher
proportion of invasive tumors observed in the constitutive Hpa-Tg
RT2 mice (Figure 2c). Therefore, heparanase promotes tumor
invasion through both TAMs and cancer cells.

Heparanase deletion leads to enhanced angiogenesis
As heparanase expression has been shown to enhance tumor
angiogenesis in other contexts,2 we investigated the effects of
genetic manipulation of heparanase levels on blood vessel density
in the RT2 model. Using the endothelial cell marker CD31, we
quantitated the total blood vessel area in tumor sections from WT
RT2, Hpa-Tg RT2 and Hpse� /� RT2 mice (Figure 3a). Surprisingly,
we found that while WT RT2 and Hpa-Tg RT2 mice showed
comparable tumor angiogenesis, Hpse� /� RT2 mice had a 1.7-
fold increase in vessel area (Figure 3b). We also investigated the
pericyte coverage of the blood vessels as measured by the
percentage of the pericyte marker NG2 overlapping with CD31.
We found that Hpse� /� RT2 mice also exhibited a significant
increase in pericyte coverage. This was not simply the conse-
quence of increased angiogenesis, as there was a further 1.8-fold
increase in pericyte numbers when normalized to blood vessel
number, compared with WT RT2 and Hpa-Tg mice (Figure 3b).

The increased angiogenesis observed in the Hpse� /� RT2 mice
was unexpected, as heparanase has been described to have a
proangiogenic role, in part owing to its release of soluble

Table 1. Comparison of clinical and histopathological parameters
associated with increased levels of heparanase immunostaining in
PanNET patients shown in Figure 1

Clinicopathological
parameters

n Heparanase score P-value*

0 1 2 3

Tumor grade 0.008
Low 87 6 64 17 0
Intermediate 77 4 39 33 1
High 3 0 1 2 0

Staging (AJCC stage) o0.0001
IA 22 0 20 2 0
IB, IIA 82 10 50 22 0
IIB, III, IV 61 0 33 27 1
Metastasis 6 0 1 4 1

Mitosis (per 50 HPFs) 1.5±1.5 4.1±1.6 10.85±3.5 2.0 0.076

Distant metastasis 0.022
No metastasis 131 10 86 34 1
Distant
metastasis

37 0 19 18 0

Abbreviations: AJCC, American Joint Cancer Committee; HPF, high-power
field. Heparanase staining of tissue microarrays was correlated with
clinicopathological parameters including AJCC tumor staging manual 7th
edition,7 tumor grade (low:o2 mitoses/50 HPF; intermediate: X2 mitoses/
50 HPF; high grade: 450 mitoses/50 HPF)8 and the number of mitoses per
50 HPFs scored. Samples with incomplete patient data were excluded from
some of the individual analyses. *The P-values were calculated by one-way
analysis of variance for mitosis, and by Fisher’s exact test for the other
parameters. Significant P-values are indicated in bold.
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proangiogenic growth factors such as VEGF-A. Given the increase in
HS levels along blood vessels in the Hpse� /� RT2 mice
(Figure 2b), we hypothesized that this HS could instead act to
locally concentrate HS-binding growth factors and thus enhance
angiogenesis. Previous work in the RT2 model has shown that the
heparin binding EGF-like growth factor HB-EGF is an important
activator of epidermal growth factor receptor (EGFR) signaling in
pericytes, increasing pericyte coverage and supporting angiogen-
esis.9 As these phenotypes are very similar to those observed here in

the Hpse� /� RT2 tumors, we investigated whether activation of
EGFR, as a read-out of HB-EGF binding, was altered in Hpse� /�
RT2 mice. Indeed, we observed increased phospho- (p)EGFR staining
in tumors from Hpse� /� RT2 mice, as compared with WT RT2 or
Hpa-Tg mice (Figure 3c). This staining was localized to cells adjacent
to MECA32þ endothelial cells, which is consistent with the
localization of pericytes. Co-staining with the pericyte marker NG2
confirmed that pEGFR staining was present in pericytes (Figure 3d).
Therefore, increased local signaling and the resulting activation of

Figure 2. Genetic loss or gain of heparanase function contributes to invasion through both TAM and cancer cell-derived sources. (a) Tumor
burden was determined in WT RT2 (n¼ 40), Hpa-Tg RT2 (n¼ 25) and Hpse� /� RT2 (n¼ 26) mice at 13.5 weeks of age. There was no
significant (NS) difference in tumor volume or tumor number for either genotype compared with WT RT2. (b) Paraffin sections of WT RT2, Hpa-
Tg RT2 and Hpse� /� RT2 mice were stained for HS (brown). Scale bar: 50 mm. White dotted line indicates the margin between the tumor (T)
and surrounding normal exocrine (E) pancreas. (c) Hematoxylin and eosin (H&E) staining was used to grade tumors in WT RT2 (n¼ 30), Hpa-Tg
RT2 (n¼ 10) and Hpse� /� RT2 (n¼ 10) mice. The relative proportions of encapsulated, microinvasive (IC1) and invasive carcinomas (IC2) were
graphed. There was a significant increase in invasion in Hpa-Tg RT2 mice compared with WT RT2 (***Po0.001), and a significant decrease in
invasion in Hpse� /� RT2 mice compared with WT RT2 (**P¼ 0.004). (d) WT RT2 tumors were sorted by flow cytometry into total mixed cells,
cancer cell, endothelial cell (EC) and TAM fractions, and expression of heparanase by quantitative reverse transcriptase PCR was determined.
Heparanase expression was normalized relative to ubiquitin C (Ubc) levels. n¼ 4 independent experiments. (e) H&E staining was used to grade
tumors following BM transplantation of WT aGFP (n¼ 10), Hpa-Tg aGFP (n¼ 13) or Hpse� /� aGFP (n¼ 7) BM into WT RT2 mice. There was a
significant decrease in tumor invasion in Hpse� /� BM transplanted into WT RT2 mice (*P¼ 0.02). P-values were calculated using an unpaired
t-test in (a), and a cumulative logit model30 in (c) and (e).
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pericytes by HB-EGF is one potential explanation for the increased
angiogenesis and pericyte coverage in Hpse� /� RT2 mice.

Heparanase overexpression enhances lymphangiogenesis
Given the roles we have identified for heparanase in promoting
malignancy, we were interested in investigating whether other
aspects of tumorigenesis were affected by manipulating hepar-
anase levels. Examination of pancreatic tissue sections from Hpa-
Tg RT2 mice indicated a pronounced increase in peritumoral
lymphangiogenesis, visualized by staining with the lymphatic
endothelial marker LYVE-1 (Figure 4a). Co-staining with the
macrophage marker F4/80 confirmed that these were lymphatic
vessels and not LYVE-1þ macrophages. Quantitation of peritu-
moral lymphatics revealed a 2.5-fold increase in lymphatic vessel
area in Hpa-Tg RT2 mice compared with WT RT2 mice (Figure 4b).

In addition, we found a 3.2-fold increase in the lymphatic vessel
density in the peritumoral region of Hpa-Tg RT2 mice (Figure 4c),
indicating that there is an increase in the number of lymphatic
vessels, not simply an expansion of pre-existing vessels. Analysis
of Hpse� /� RT2 mice showed a comparable number of
lymphatic vessels and a similar vessel area to WT RT2 (Figure 4b,
c), indicating that while heparanase overexpression induces
additional lymphangiogenesis, it is not required for the basal
level of peritumoral lymphatic vessels seen in WT RT2 mice. We
also examined whether there was any association between
increased tumor invasion and lymphangiogenesis in the Hpa-Tg
mice, but found lymphatic vessels in association with both
invasive and encapsulated tumors in all genotypes.

Previous studies have shown that overexpression of VEGF-C in a
b-cell-specific manner led to increased peritumoral lymphangio-
genesis in RT2 mice.16 We found no increase in the expression of
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Figure 3. Heparanase deletion leads to increased angiogenesis and pericyte coverage. (a) Representative images from tumors stained with
CD31 (endothelial cells), NG2 (pericytes) and DAPI (nuclei). Scale bar: 100 mm. (b) Quantitation of the total CD31 area, normalized to DAPI area,
and the percentage of NG2 that is overlapping CD31 (pericyte coverage) were calculated using MetaMorph. Hpse� /� RT2 mice exhibited
significantly more blood vessels and increased pericyte coverage. Statistics were calculated using an unpaired t-test; ***Po0.001, NS, not
significant. (c) Representative images of pEGFR (Tyr1068) staining in WT RT2, Hpa-Tg RT2 and Hpse� /� RT2 tumors, with MECA32 staining
endothelial cells. Scale bar: 20 mm. (d) Representative image depicting pEGFR staining in NG2-positive pericytes in a Hpse� /� RT2 tumor.
Scale bar: 20mm.
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VEGF-C, or other pro-lymphangiogenic growth factors, in total
tumor RNA or in sorted tumor cell populations from Hpa-Tg mice
(Supplementary Figure S1). This result indicates that changes in
mRNA expression do not underlie this phenotype, but instead
implicate heparanase-mediated growth factor release in promot-
ing lymphangiogenesis. In addition, in RT2 tumors, we frequently
observed a close association of F4/80þ macrophages and
lymphatic vessels (Figure 4d). Myeloid cells have been shown to
have important roles in lymphangiogenesis, through secretion of
pro-lymphangiogenic growth factors or by direct incorporation
into lymphatic vessels.17 Given the high heparanase expression in
TAMs, we were therefore interested in determining the impact of
heparanase overexpression in macrophages in the context of
lymphangiogenesis. Previous studies have shown that
macrophages can be induced to trans-differentiate into
lymphatic endothelial-like cells,18,19 and thus we investigated
whether heparanase overexpression enhanced this process.

BM was isolated from WT or Hpa-Tg mice, and differentiated
into BM-derived macrophages (BMDMs) in culture using
colony-stimulating factor-1. These cells were plated on a mixture

of Matrigel and LEC media, and incubated for up to 8 days. As
shown previously,19 macrophages clustered together and formed
LEC-like structures. Interestingly, Hpa-Tg BMDM showed an
increased number and size of these structures at the end of the
assay (Figure 5a), and expressed the LEC-specific marker
podoplanin (Figure 5b). To further characterize these structures,
we isolated RNA from cells at either the establishment of the
cultures or after 8 days of culture when mature structures had
formed. We saw no significant difference in any marker at day 0
between WT and Hpa-Tg BMDM (Figure 5c). As expected, the Hpa-
Tg cultures at day 8 trended toward increased expression of the
LEC markers LYVE-1, podoplanin and VEGFR-3 (Figure 5c). We
observed a concordant decrease in VEGFR-1 and VEGFR-2 at day 8.

We found a significant elevation in the expression of the growth
factors VEGF-C, VEGF-D and FGF-2, which are all pro-lymphangio-
genic20 (Figure 5c). However, there was no increase in VEGF-A or
HGF mRNA expression, which have also been reported to promote
lymphangiogenesis.20 To test whether these growth factors were
able to increase lymphatic structure formation, individual
recombinant proteins were added to the assay, and the total

Figure 4. Enhanced peritumoral lymphangiogenesis in Hpa-Tg RT2 mice. (a) Representative images showing increased lymphangiogenesis in
Hpa-Tg mice, compared with WT RT2 and Hpse� /� RT2. Thirty-five-micrometer frozen sections were stained for LYVE-1 (red), F4/80 (green)
and DAPI (blue). Scale bar: 100 mm. (b) Lymphatic vessel area was quantitated in an area 500 mm in peritumoral diameter using MetaMorph
software. Total LYVE-1þ area was divided by total DAPIþ area. Hpa-Tg RT2 mice had significantly increased lymphangiogenesis compared
with WT RT2 mice; *P¼ 0.039 by unpaired t-test. WT RT2 and Hpa-Tg RT2, n¼ 12 mice; Hpse� /� RT2, n¼ 6 mice. (c) Lymphatic vessel density
was quantitated in an area 500 mm in peritumoral diameter by counting the number of LYVE-1þ vessels and dividing by the area of the
peritumoral region. The increase in lymphangiogenesis was the result of the appearance of additional vessels, not a simple expansion of large
lymphatic spaces. *P¼ 0.02 by unpaired t-test compared with WT RT2 mice. (d) Representative image showing F4/80þ macrophages (green)
in close proximity to LYVE-1þ lymphatic vessels (red) in a Hpa-Tg RT2 tumor. Scale bar: 20mm.
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number of structures counted at day 8. VEGF-C and FGF-2
increased the number of structures formed in the WT condition, to
levels seen with Hpa-Tg BMDM (Figure 5d), with somewhat less
pronounced increases for VEGF-A and HGF. However, there was no
further increase in structure formation when these factors were
added to Hpa-Tg cells, indicating they are already at sufficiently
high levels in this experimental condition. Therefore, heparanase
overexpression increases the ability of BMDM to form LEC-like
structures in culture through a process that may be owing
to their increased production/enhanced bioavailability of pro-

lymphangiogenic growth factors. It was not possible to determine
whether this enhanced trans-differentiation also occurred in vivo,
which is an interesting question to address in future studies.

DISCUSSION
PanNETs are a clinically challenging tumor type, owing to marked
disease heterogeneity and a limited understanding of the
molecular basis for their development. We found that while
heparanase mRNA is expressed at very low levels in normal islets,

Figure 5. Hpa-Tg macrophages show increased trans-differentiation into lymphatic-like structures. (a) Representative day 8 cultures of BMDM
plated on Matrigel and EGM-2. Scale bar: 100 mm. (b) Representative immunofluorescence staining for podoplanin and F4/80 on day 8 Hpa-Tg
cultures. Scale bar: 100 mm. (c) Quantitative reverse transcriptase PCR analysis of day 0 and day 8 cultures. mRNA was isolated from cells plated
in 24-well dishes and expression analysis determined for the genes listed, relative to ubiquitin C. At day 8, Hpa-Tg cultures showed a
significant upregulation of VEGF-C (*P¼ 0.029), VEGF-D (**P¼ 0.005) and FGF-2 (***Po0.0001) by unpaired t-test. n¼ 4 independent
experiments. (d) Growth factors were added to cultures and number of LEC-like structures were counted at day 8 and normalized to the WT
EGM-2 condition for each experiment (n¼ 3–4 repeat experiments per growth factor). The source of cells (WT or Hpa-Tg) is indicated below.
*Po0.05 compared with WT EGM-2 using the Mann–Whitney test.
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its expression is increased 40-fold in primary tumors and
metastatic tumors. Moreover, elevated heparanase levels in the
primary tumor were significantly correlated with increased
malignancy and the presence of metastatic disease (Table 1).
These data indicate that heparanase levels increase in primary
tumors that have the propensity to metastasize, and remain highly
expressed in tumor cells that successfully colonize distant organs,
including the liver. These results also suggest there is no
advantage of further upregulating heparanase mRNA expression
in metastases, as it is already expressed at a sufficiently high level.
Our results thus identified heparanase as an intriguing therapeutic
target for PanNETs and led us to further investigate the molecular
mechanisms by which heparanase promotes tumorigenesis.

We turned to the well-characterized RT2 model of pancreatic
islet carcinoma to investigate the specific roles of heparanase in
tumor progression. Previous work using the HS mimetic PI-88 had
indirectly implicated both heparanase and HS-mediated signaling
in RT2 tumorigenesis.3 However, PI-88 has much broader effects
than simply inhibiting heparanase activity; it also sequesters HS-
binding factors,21 of which there are many,22,23 thereby regulating
their bioavailability and activity. Because of these broad inhibitory
effects of PI-88, here we used a genetic approach to modulate
heparanase levels, as this allowed us to specifically examine the
contribution of heparanase alone to RT2 tumorigenesis. Utilization
of Hpa-Tg mice, which overexpress heparanase, and Hpse� /�
mice, in which heparanase is deleted, enabled us to genetically
modulate heparanase levels in a spontaneous mouse model of
cancer for the first time.

While heparanase has previously been described to increase
cancer invasion in cell lines,24 we have now shown that
heparanase expression dramatically enhanced tumor invasion in
a spontaneous tumor model. We found that overexpression of
heparanase led to a 2.5-fold increase in the most invasive class of
tumors and that deletion of heparanase resulted in a significant
decrease in tumor invasion. We propose that the increase in tumor
invasion modulated by heparanase is at least partially a result of
ECM degradation, demonstrated by decreased HS levels at the
invasive fronts of tumors. Consistently, the overall decrease in HS
levels in the Hpa-Tg RT2 tumors and the increased levels in the
Hpse� /� RT2 tumors demonstrates the activity of heparanase in
HS remodeling.

Using BM transplantation studies, we found that TAM-supplied
heparanase promoted invasion, as removal of heparanase from
BMDCs significantly impaired tumor invasion. Interestingly, we
observed that transplantation of Hpa-Tg BM into WT RT2 mice was
not sufficient to increase invasion to the levels seen in the
constitutive Hpa-Tg mice, also implicating a non-BMDC population
in invasion. We hypothesize that these cells are cancer cells, as
they make up the majority of the tumor bulk, though it is also
formally possible that heparanase supplied by another non-BM-
derived stromal cell type could be influencing tumor invasion.
However, we have only detected heparanase expression in TAMs
and cancer cells, arguing against the involvement of any other
stromal cell type. Therefore, we conclude that heparanase
promotes tumor invasion through both TAM-derived and cancer
cell-derived sources.

Interestingly, we found that genetic modulation of heparanase
levels had differential effects on blood vessels and lymphatic
vessels, whereas several reports have ascribed positive roles for
heparanase in both of these processes. While Hpa-Tg RT2 mice
exhibited increased peritumoral lymphangiogenesis, Hpse� /�
RT2 mice unexpectedly showed increased tumor angiogenesis.
Analysis of growth factors involved in these processes revealed no
differences in mRNA expression levels, suggesting an important
role for heparanase in regulating growth factor release from HSPG
depots. The opposing phenotypes observed in these mice
underscore the complexity of matrix remodeling and homeostasis.
This suggests that the balance of increased soluble growth factor

release mediated by heparanase overexpression can be countered
by HS accumulation and potential increases in local HS signaling.

Heparanase has been implicated in promoting angiogenesis,
through release of proangiogenic growth factors such as VEGF-A.2

Surprisingly, we found no increase in angiogenesis in Hpa-Tg RT2
mice, but rather an increase in Hpse� /� RT2 mice. In the RT2
model, cancer cells produce high levels of VEGF-A and thus VEGF-
A signaling may already be saturated, with any increase in the
bioavailability of VEGF-A by heparanase overexpression having a
negligible effect. However, the increased accumulation of HS
along the vessels in Hpse� /� RT2 mice raised the interesting
possibility that it was acting as a local, concentrated sink for
heparin-binding growth factors and thus activating the
vasculature. Previous work in the RT2 model showed that one
such factor, HB-EGF, has an important role in activating pEGFR on
pericytes, leading to increased pericyte coverage and support of
angiogenesis.9 Consistent with this, we observed increased pEGFR
staining in Hpse� /� RT2 mice and a significant increase in
pericyte coverage. These results are also in accordance with
studies showing that pericyte recruitment engages either cell-
autonomous or endothelial cell-associated HS-bound PDGF-B to
activate PDGFR-b signaling.25

The striking increase in lymphatic vessel number observed in
Hpa-Tg RT2 mice was intriguing, as a previous study in head and
neck cancer showed that heparanase expression correlated with
lymphatic vessel density in patients.26 It has also been reported
that heparanase overexpression in cell lines leads to an increase in
expression of VEGF-C, a pro-lymphangiogenic growth factor.26

However, expression analysis of VEGF-C in whole RT2 tumors
showed no significant differences between the three genotypes
indicating that the elevated lymphangiogenesis seen in Hpa-Tg
RT2 mice was not owing to increased mRNA expression of VEGF-C.
Given the importance of heparanase in releasing ECM-tethered
growth factors,2 it is possible that increased heparanase levels
leads to more bioactive VEGF-C, which then promotes
lymphangiogenesis in the Hpa-Tg mice.

We additionally investigated the role of myeloid cells in this
process, given their importance in lymphangiogenesis and the
close association of macrophages with lymphatic vessels observed
in RT2 tumors17 (Figure 4c). We found that heparanase over-
expression enhanced the ability of macrophages to trans-
differentiate into LEC-like structures in culture. This trans-
differentiation was accompanied by increased expression of
lymphangiogenic markers and pro-lymphangiogenic growth
factors. This increased expression could be owing to the higher
expression by trans-differentiated cells, of which there are more in
the Hpa-Tg cultures, or heparanase could in fact be driving this
trans-differentiation. To begin to interrogate this, we added
lymphangiogenic growth factors to the media of cultures, and
found that this was able to increase the number of LEC-like
structures in WT cultures to similar levels seen in the Hpa-Tg
group. However, growth factor addition did not further increase
the number of structures in the Hpa-Tg group, indicating that
growth factor levels or signaling were at sufficiently high levels in
this experimental condition. Our results are consistent with a
model in which heparanase overexpression leads to increased
release and bioavailability of VEGF-C, thereby activating lymphan-
giogenesis. In addition, myeloid cells that overexpress heparanase
may help to support this lymphangiogenesis, either through
direct incorporation into lymphatic vessels as has been shown
in previous studies,18 or by increased production of pro-
lymphangiogenic growth factors.

In conclusion, our studies have revealed multiple novel
functions for heparanase in enhancing pancreatic neuroendocrine
tumorigenesis. Using complementary genetic approaches, we
found that heparanase overexpression induces lymphangiogen-
esis in vivo and promotes trans-differentiation of macrophages
into LEC-like structures in culture. Surprisingly, deletion of
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heparanase increased tumor angiogenesis in RT2 mice, thus
highlighting the complexity of the roles that matrix-remodeling
enzymes have in tumorigenesis. In addition, we showed that
heparanase produced by both TAMs and cancer cells is important
in promoting tumor invasion. Our results from the RT2 model
are especially relevant, as we have also shown that heparanase
expression significantly correlates with increased malignancy in
patients with PanNETs. Therefore, heparanase represents an
attractive therapeutic target for PanNET patients.

MATERIALS AND METHODS
Transgenic mice
The generation and characterization of RT2,27 Hpa-Tg12 and Hpse� /� 11

mice have been previously reported. Hpse� /� and Hpa-Tg mice were
backcrossed to the C57BL/6 background for at least 10 generations. b-
Actin-green fluorescent protein-transgenic mice28 in the C57BL/6
background were purchased from Jackson Laboratories (Bar Harbor, ME,
USA). BM transplantation experiments were performed as previously
described.15

Tissue processing and analysis
RT2 mice were killed by heart perfusion with phosphate-buffered saline
followed by 10% zinc-buffered formalin. Tumor-containing pancreas and
control tissues were removed, placed in 30% sucrose overnight and
embedded in optimum cutting temperature (Tissue-Tek, Torrance, CA,
USA) or were formalin-fixed overnight, processed through an ethanol
series and embedded in paraffin blocks. Lesions greater than 1� 1 mm2

were counted as tumors. Tumor burden was represented as the sum of the
volumes of all tumors per mouse and calculated using the formula:
volume¼width2� length� 0.52 to approximate the volume of a spheroid.
Frozen sections (10mm or 35mm thickness) were cut on a cryostat and
paraffin sections (5mm) were cut on a microtome. For invasion grading,
hematoxylin and eosin staining was performed and the lesions were
graded as previously described,13 following a double-blind protocol and
independently assessed by two investigators (KEH and JAJ).

Immunostaining of tissue sections
For immunofluorescence staining of 10-mm-thick frozen sections, slides
were blocked with 1� PNB-blocking buffer (Perkin Elmer, Waltham, MA,
USA), incubated with the primary antibody of interest overnight at 4 1C,
incubated with the corresponding fluorescently tagged secondary anti-
body for 1 h at room temperature, incubated with 4,6-diamidino-2-phenyl
indole (DAPI) for 10 min and mounted with ProLong Gold (Invitrogen,
Grand Island, NY, USA). For immunofluorescence on 35 mm sections, slides
were permeabilized with 0.3% Triton X, blocked with 5% goat serum,
incubated with primary antibodies overnight at room temperature,
incubated with corresponding fluorescently tagged secondary antibody
for 4.5 h at room temperature, incubated with DAPI for 20 min and
mounted with ProLong Gold. Paraffin sections were stained using
diaminobenzidine detection with a Discovery XT automated staining
processor (Ventana Medical Systems Inc., Oro Valley, AZ, USA). Tissue
sections were visualized under a Carl Zeiss (Thornwood, NY, USA)
Axioimager Z1 microscope equipped with an Apotome. The following
antibodies were used for immunofluorescence: rat anti-CD31 (BD, San Jose,
CA, USA 1:100), rat anti MECA32 (BD, 1:100), rabbit anti-NG2 (Millipore,
Billerica, MA, USA, 1:200), mouse anti-pEGFR (Tyr1068, Cell Signaling,
Danvers, MA, USA, 1:100), rabbit anti-LYVE-1 (Abcam, Cambridge, MA, USA,
1:500), rat anti-F4/80 (Serotec, Raleigh, NC, USA, 1:1000) and Syrian
hamster anti-podoplanin (AngioBio, Del Mar, CA, USA, 1:500). The following
antibodies were used for diaminobenzidine staining: mouse anti-HS (10E4,
Seikagaku Corp, Tokyo, Japan, 1:200) and rabbit anti-human heparanase
(gift from I Vlodavsky, 1:500;26). Stained tissue sections were acquired using
TissueFAXS software (TissueGnostics, Tarzana, CA, USA). Analysis of tumor
vasculature was performed by calculating total MECA32 area, total DAPI
area and the area of NG2 that overlapped MECA32 with MetaMorph
(Sunnyvale, CA, USA) analysis software. Lymphangiogenesis analysis was
performed on 35mm sections using MetaMorph software (Molecular
Devices, Sunnyvale, CA, USA) using a dilated peritumoral region, 500mm in
diameter, to calculate the total LYVE-1þ area and the total DAPIþ area
within this region. Lymphatic vessel density measurements were
calculated by counting the number of discrete lymphatic vessels in a

500mm peritumoral area, and dividing by the total DAPIþ peritumoral
area.

Assay for trans-differentiation of BMDM into LEC-like structures
Femurs and tibiae from WT or Hpa-Tg mice, in the C57BL/6 background,
were harvested under sterile conditions from both legs and flushed using a
25-gauge needle. The marrow was passed through a 40mm strainer and
cultured in 30 ml Teflon bags (PermaLife, Austin, TX, USA) with 10 ng/ml
recombinant mouse colony-stimulating factor-1 (R&D Systems, Minneapo-
lis, MN, USA). BM cells were cultured in Teflon bags for 7 days, with fresh
colony-stimulating factor-1-containing medium replacing old medium
every other day to induce macrophage differentiation. Matrigel (Becton
Dickenson, Franklin Lakes, NJ, USA) and endothelial cell media EGM-2 MV
(Lonza, Allendale, NJ, USA) were mixed 1:1 and plated on 24- or 96-well
plates for 1 h at 37 1C. BMDM were collected and either 8� 104 (96-well) or
5� 105 (24-well) cells were plated per well in EGM-2 supplemented with
1 mg/ml lipopolysaccharide. After 8 days of culture, cells were isolated by
washing with ice-cold phosphate-buffered saline and lysing in TRIzol
reagent (Invitrogen) for RNA isolation. For assays with growth factor
addition, BMDM were plated with four replicates in 96-well plates with
EGM-2 supplemented with either 100 ng/ml mouse VEGF-A164 (R&D
Systems), mouse VEGF-C (Sigma, St Louis, MO, USA), mouse FGF-2 (R&D
Systems) or mouse HGF (R&D Systems) and replenished at day 3 of culture.
At day 8 of culture, wells were visualized and number of LEC-like structures
were counted and normalized within each experiment. Immunofluores-
cence analysis of LEC-like structures was performed on cultures at day 8
using DAPI, anti-podoplanin and anti-F4/80 antibodies.

Flow cytometry and sorting
Tumors were isolated and processed for fluorescence-activated cell sorting
as previously described14 using the following antibodies: CD31-FITC (1:100,
BD Pharmingen, Franklin Lakes, NJ, USA), CD45-PE (1:200, BD Pharmingen),
anti-F4/80-APC (1:100, Serotec) and DAPI for dead cell exclusion. The
cells were sorted on a fluorescence-activated cell sorting Aria flow
cytometer (BD Biosciences, San Jose, CA, USA) and several fractions
collected: a mixed population of live cells (DAPI� ); purified tumor cells
(DAPI� CD31�CD45� F4/80� ); macrophages (DAPI� CD45þ F4/80þ )
and endothelial cells (DAPI� CD31þ ).

RNA isolation and quantitative reverse transcriptase PCR
RNA was prepared from samples using TRIzol reagent and subsequently
DNase-treated (Invitrogen) according to the manufacturers instructions.
Complementary DNA was synthesized using the First Strand cDNA
Synthesis Kit for reverse transcriptase PCR (Roche, Indianapolis, IN, USA).
Real-time quantitative reverse transcriptase PCR was performed on
complementary DNA samples using the ABI (Grand Island, NY, USA)
7900HT Fast Real-Time PCR system. Primers for ubiquitin C
(Mm01201237_m1), CD68 (Mm03047343_m1), CD31 (Mm00476702_m1),
heparanase (Mm00461768_m1), SV40 T-antigen (T-Ag, custom probe),
LYVE-1 (Mm00475056_m1), podoplanin (Mm00494716_m1), VEGFR-1
(Mm00438980_m1), VEGFR-2 (Mm01222419_m1), VEGFR-3 (Mm01292604_m1),
VEGF-A (Mm00437304_m1), VEGF-C (Mm01202432_m1), VEGF-D
(Mm01131929_m1), FGF-2 (Mm00433287_m1), HGF (Mm01135193_m1),
HPRT1 (Hs99999909_m1) and human heparanase (Hs00180737_m1) were
purchased from Applied Biosystems (Grand Island, NY, USA).

Human PanNET samples
Two TMAs were constructed from archival paraffin-embedded tissue from a
series of 4150 PanNETs surgically resected from patients at Memorial
Sloan-Kettering Cancer Center (MSKCC). Patient anonymity was ensured,
and the study was performed in compliance with the Institutional Review
Board. Three 0.6-mm tissue cores were punched from representative areas
of the donor block and embedded in a recipient block using an automated
TMA machine. Five-micrometer tissue sections were cut from this TMA
and stained for heparanase and scored double-blindly by two authors (KEH
and JAJ) as negative (0) or positive (three levels: weak (1); moderate (2); and
strong (3)), based on staining intensity and percentage of cells that stained
positive. Heparanase staining was then correlated to clinicopathological
parameters including American Joint Cancer Committee tumor stage,7

tumor grade (low: o2 mitoses/50 high-power field (HPF); intermediate: X2
mitoses/50 HPF; and high grade: 450 mitoses/50 HPF)8 and the number of
mitoses per 50 HPFs scored by LHT. Samples with incomplete patient data

Heparanase promotes lymphangiogenesis and tumor invasion
KE Hunter et al

9

& 2013 Macmillan Publishers Limited Oncogene (2013), 1 – 10



were excluded from the respective analysis. RNA was obtained from
PanNETs in patient-matched primary and liver metastases as previously
described.29 Normal islet RNA was isolated from snap-frozen cultured
human islets from healthy organ donors (Cell Transplant Center, Diabetes
Research Institute, University of Miami School of Medicine).

Statistical analysis
Throughout this study, means þ /� s.e.m. are reported unless otherwise
specified. For histological analyses of experimental animals, a subset of
mice from each of the genotypes were selected at random. For all two-way
comparisons, unpaired t-tests or Mann–Whitney tests were used as
indicated and were considered statistically significant if Po0.05. A
cumulative logit model30 with generalized estimating equations to
correct for correlations within individual mice was used to compare the
distribution of tumor grades in RT2 mice. For TMA analysis of tumor stage,
tumor grade and distant metastasis, Fisher’s exact test was used. For
comparison of mitosis, one-way analysis of variance was used.
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