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ABSTRACT 

Pancreatic neuroendocrine tumors (PanNETs) are a relatively rare, but clinically 

challenging tumor type, due to their marked disease heterogeneity and limited 

understanding of the molecular basis for their development. The objective of my 

thesis research is to identify tumor cell intrinsic and extrinsic regulators of PNET 

pathogenesis using patient samples in combination with the RT2 mouse model of 

insulinoma.  

 

Heparanase is a matrix-remodeling enzyme, which cleaves heparan sulfate side 

chains within heparan sulfate proteoglycans, an abundant component of the 

extracellular matrix. Using tumor tissue microarrays obtained from patients with 

well-differentiated PanNETs we have found that heparanase expression is 

significantly correlated with increased malignancy and metastasis in patients with 

PanNETs. To elucidate the mechanisms by which heparanase promotes 

pancreatic neuroendocrine tumors we utilized the RIP1-Tag2 (RT2) transgenic 

mouse model crossed to transgenic mice that constitutively overexpress human 

heparanase (Hpa-Tg) or heparanase knockout RT2 mice to examine the effects 

of genetically modulating heparanase levels in vivo. 

 

Our analysis revealed that heparanase promotes tumor invasion, and that this 

invasion is both tumor cell- and macrophage-derived. Further characterization of 

Hpa-Tg RT2 mice revealed a significant increase in peritumoral 

lymphangiogenesis in vivo and that Hpa-Tg macrophages have an increased 
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ability to form lymphatic endothelial-like structures in cell culture. Conversely, we 

found that heparanase knock-out led to increased angiogenesis and pericyte 

coverage. Together, these data describe multiple novel roles for heparanase in 

promoting PanNET tumorigenesis. 

 

In addition, we have identified a previously undescribed subset of RT2 tumors 

that were negative for multiple β-cell islet markers, highly invasive and anaplastic 

that we termed poorly differentiated invasive carcinomas (PDIC). These tumors 

exhibited a high proliferation index, similar to high-grade poorly differentiated 

PanNETs (PD-PanNET). Interestingly, we have identified Id1 as being 

specifically expressed in PDICs. We have established the tools to investigate the 

development and molecular mechanisms driving this tumor type in vivo. In 

parallel, we have initiated the development of a mouse model for PD-PanNETs 

for use in preclinical testing, as none currently exists.    
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CHAPTER ONE 

Introduction 

 

Cancer remains a major public health problem in the United States and around 

the world, with one in four deaths in the U.S. due to cancer (Siegel et al., 2012). 

In 2012 it is expected that there will be over 1.6 million new cases of cancer 

diagnosed in the U.S. alone. Rare cancers, such as pancreatic neuroendocrine 

tumors (PanNETs), are described as those with a prevalence of less than 

200,000 patients in the U.S., and research into these tumor types has been 

lagging. However, half of all cancer diagnoses are considered rare, underlining 

the urgent need to characterize and understand these rare tumor types.  

 

The objective of my thesis research is to further our understanding of PanNETs 

by identifying tumor cell intrinsic and extrinsic regulators of PanNET 

pathogenesis using patient samples in combination with the RIP1-Tag2 mouse 

model of insulinoma. My focus on tumor cell extrinsic regulators has primarily 

investigated the role of the matrix remodeling enzyme heparanase, and its roles 

in promoting processes including tumor invasion and lymphangiogenesis.  In 

addition, my thesis research has identified a novel class of poorly differentiated 

tumors that I have characterized and which are being used to develop a mouse 

model of poorly differentiated PanNETs.  
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PanNETs 

Pancreatic neuroendocrine tumors (PanNETs) are a rare but clinically 

challenging tumor type; a consequence of marked disease heterogeneity and 

limited understanding of the molecular basis for these cancers, among other 

factors. PanNETs arise from cells of the neuroendocrine system within the 

pancreas and include insulinomas, gastrinomas, glucagonomas, VIPomas and 

somatostatinomas (Davies and Conlon, 2009). Well-differentiated, low to medium 

grade PanNETs can be classified into two groups: functional tumors that secrete 

hormone, which represent 30% of patients, and nonfunctional tumors which do 

not secrete hormone (Reidy-Lagunes, 2012). Well-differentiated PanNETs are 

clinically distinct from poorly differentiated, high-grade PanNETs (PD-PanNETs) 

which are characterized by a high mitotic index (Reidy et al., 2009). 

 

PanNETs are the second most common pancreatic neoplasms, representing 

approximately 1.3% of pancreatic cancers in incidence and 10% of cases in 

prevalence (Yao et al., 2007). PanNETs have diverse clinical outcomes, in which 

some patients can exhibit long-term survival, although the overall 10-year 

survival rate is only 40%. PanNET patients often present with local lymph node 

metastasis and in addition, PanNETs show a remarkable tropism for the liver 

(Reidy et al., 2009). Those patients with distant metastatic dissemination have a 

median survival of only 24 months (Figure 1.1A) (Yao et al., 2007). PanNETs 

patients with nonfunctioning tumors make up a disproportionate number of  
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Figure 1.1. Survival statistics for PanNET patients.  (A) Stage and survival of 
1157 patients from the time of diagnosis. Median duration of survival of patients 
with localized (n = 167), regional (n = 289), and distant disease (n = 558) was 
124, 70, and 23 months, respectively (P<0.001). (From Yao, et al., 2007) (B) 
Survival duration by histology. Median survival durations are presented in months 
(with 95% confidence intervals (CIs)). (From Yao, et al., 2008). 
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patients with poor prognosis, as they grow silently and present with extensive 

metastatic disease at diagnosis. Patients with PD-PanNETs represent the worst 

prognosis of the entire PanNET spectrum (Figure 1.1B) (Yao et al., 2008).   

 

It is currently unknown whether nonfunctioning tumors arise from a different cell 

of origin to hormone-producing neoplasms or reflect a more stem-like 

differentiation status. It has been hypothesized that they originate from 

pluripotent cells in the ductal epithelium, which maintain their ability to 

differentiate toward the various hormone-producing neoplasms (Davies and 

Conlon, 2009). Also, while it is thought that well-differentiated PanNETs arise 

from the various neuroendocrine cells of the pancreas, the cell of origin for PD-

PanNETs is controversial. It has been proposed that PD-PanNETs may arise 

from a separate, potentially non-neuroendocrine lineage (Reidy et al., 2009).  

However, as patients often present with advanced disease, the disease course of 

PanNETs is obscure.   

 

A recent study by the Vogelstein group investigated the genomic landscape of 

PanNETs, in which whole exome sequencing was performed on 10 well-

differentiated PanNET samples, with further sequencing for selected genes on an 

expanded cohort of 58 patients. Mutations in chromatin remodeling gene 

subunits (DAXX/ATRX) were identified in 43% of patients examined, and MEN1 

tumor suppressor mutations in 44% of patients (Jiao et al., 2011). These 

mutations (DAXX/ATRX and MEN1) were found to correlate with better patient 
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prognosis, potentially identifying a new subclass of PNETs; however genes that 

are positively associated with poor prognosis critically still remain elusive.  

 

Patients with PanNETs are treated with surgical resection, liver-directed 

therapies and systemic therapies. Surgical resection is the most effective 

treatment option for PanNETs; however, approximately 65% of patients present 

with unresectable or metastatic disease. Conventional chemotherapy does not 

have a clearly defined role in this tumor type, with highly variable response rates 

and no standard regimens (Reidy-Lagunes, 2012). Somatostatin analogs (e.g. 

octreotide) are highly useful for the treatment of hormone-producing PanNETs, 

due to their anti-proliferative effects, however many patients do not express 

somatostatin receptors and thus are not receptive to this therapy (Reidy-

Lagunes, 2012). Two targeted therapies, everolimus and sunitinib malate, were 

approved by the U.S. Food and Drug Administration (FDA) in 2011, the first new 

drug approvals for this tumor type in 30 years (Vogelzang et al., 2012). 

Everolimus, an mTOR inhibitor, significantly increased progression-free survival 

(11.0 vs. 4.6 months) (Yao et al., 2011) as did sunitinib malate, a VEGFR and 

PDGFR inhibitor (11.4 vs. 5.5 months) (Raymond et al., 2011). However, even 

though these newly approved drugs improve progression-free survival, the 

objective RECIST-defined tumor response rates are still relatively low, no 

significant benefits in overall survival have been shown, and these drugs are 

associated with nontrivial toxicities (Kulke et al., 2011), indicating the continued 

need for novel therapies in PanNETs. 
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PD-PanNETs respond very differently to therapeutic agents than well-

differentiated PanNETs and thus are treated with a different regimen. These 

tumors are generally managed with surgery and platinum-based chemotherapy 

(Moertel et al., 1991). Unfortunately, little is currently known about how to stratify 

patients based on their prognosis, nor the use of targeted therapies for PD-

PNETs with unresectable metastases. 

 

RIP1-Tag2 model of PanNETs 

As effective, non-surgical therapies for PanNETs have been limited, the RIP1-

Tag2 (RT2) mouse model of islet-cell carcinoma has proven very informative in 

studying neuroendocrine tumor progression, and in particular, in predicting 

clinical efficacy of new therapeutics (Tuveson and Hanahan, 2011). In this model, 

β-cell specific expression of the SV40 T-antigen leads to islet-cell carcinomas 

through a reproducible and well-characterized tumor progression pathway 

(Figure 1.2) (Hanahan, 1985). At 4-6 weeks of age, approximately 50% of the 

approximately 400 islets in the pancreas begin to proliferate rapidly and are 

called hyperplastic islets (Ribatti et al., 2007). A quarter of these proliferative 

islets acquire the ability to induce their normally quiescent vasculature to undergo 

angiogenic switching and are termed angiogenic islets (Folkman et al., 1989). 

Approximately 15-20% of these angiogenic islets progress to form tumors, 

resulting in 10-15 tumors per mouse. The tumors that develop resemble human 

PanNETs histologically and express high levels of insulin, which causes the mice 

to succumb to hypoglycemia by 13-17 weeks of age. The tumors that develop 
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Figure 1.2.  The RIP1-Tag2 transgenic mouse model of pancreatic neuroendocrine 
tumorigenesis.  Adapted from Reinheckel T, Gocheva V, Peters C and Joyce JA (2008). 
Roles of cysteine proteases in tumor progression: analysis of cysteine cathepsin knockout 
mice in cancer models. In “The Cancer Degradome”, D Edwards, G Hoyer-Hansen, F Blasi 
and BF Sloane, eds, Springer. 
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exhibit a spectrum of tumor invasion that can be scored histologically into three 

categories: (1) encapsulated tumor (Tum) in which the tumor is well-defined by a 

collagen capsule and with no invasion; microinvasive carcinoma (IC1) in which 

focal invasion has occurred; and invasive carcinoma (IC2) in which widespread 

invasion has occurred on multiple fronts (Lopez and Hanahan, 2002). The RT2 

model also mimics human PanNETs as pancreatic islet cell tumors metastasize 

with low frequency to both the intra-pancreatic lymph nodes and the liver (Paez-

Ribes et al., 2009). 

 

While this mouse model utilizes a viral oncogene, SV40 T-antigen, to inactivate 

the p53 pathway and induce tumorigenesis in pancreatic islet cells, which is not 

the mechanism of tumor initiation in humans, a recent study has shown that 

negative regulators of the p53 pathway are aberrantly activated in approximately 

70% of PanNETs (Hu et al., 2010). Increased levels of these negative regulator 

proteins, MDM2, MDM4 and WIP1, thus leads indirectly to a decrease in p53 

activity (Hu et al., 2010). Therefore, the RT2 model targets the same pathways 

as genetic alterations observed in a majority of PanNETs. 

 

Many studies have investigated the molecular mechanisms of tumor progression 

in the RT2 model, which have provided important insights into multistage 

tumorigenesis and, in particular, islet cell carcinogenesis. Extensive macrophage 

infiltration is observed during RT2 tumorigenesis, particularly in invasive tumors 

(Gocheva et al., 2010), and analysis of macrophage density in patient PanNET 
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samples revealed a highly significant, positive correlation with poor patient 

prognosis and metastasis (Pyonteck et al., 2012). Importantly, the RT2 model 

has been shown to have critical predictive value for clinical studies, predicting 

response to the recently FDA-approved drugs sunitinib malate and everolimus 

(Chiu et al., 2010; Paez-Ribes et al., 2009; Raymond et al., 2011; Yao et al., 

2011). 

 

Importance of the tumor microenvironment 

Tumors develop in a complex microenvironment comprising cancer cells 

surrounded by a diverse set of stromal cells including fibroblasts, blood and 

lymphatic endothelial cells, and a variety of bone-marrow derived cells (Figure 

1.3) (Joyce and Pollard, 2009). The importance of the tumor microenvironment 

was first described in Paget’s “seed and soil” hypothesis, in which he proposed 

that metastatic spread was not simply random, but was profoundly influenced by 

the “soil” in which metastatic tumor “seeds” landed (Paget, 1989). In another 

seminal body of work, Dr. Judah Folkman proposed that tumors were dependent 

on angiogenesis, suggesting that targeting the endothelial cells and the 

vasculature within tumors would inhibit tumor growth (Folkman, 1971). Indeed, 

his hypothesis initiated an entire field of angiogenesis research and led to the 

development of anti-angiogenic therapies, such as sunitinib malate used in the 

clinic today. The tumor microenvironment has since been established as playing 

a critical role in tumorigenesis and response to therapy though the secretion of  
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Figure 1.3. The complex tumor microenvironment. Solid tumor microenvironments 
are composed not only of tumor cells, but also of many types of stromal cells, 
including cells that compromise the vasculature and lymphatics, cells of the immune 
system, as well as other connective tissue cell types. Non-cellular components such as 
the extracellular matrix (grey lines) can also have a profound impact on tumor 
biology. Adapted from Joyce & Pollard (2009). 
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growth factors, chemokines, cytokines and proteases and remodeling of 

extracellular matrix (Joyce and Pollard, 2009).  

 

Cancer inflammation 

In 1863, the pathologist Rudolf Virchow, referred to as the “father of modern 

pathology” made one of his many seminal observations, that tumors frequently 

contain a substantial immune cell infiltrate. While it was initially thought that these 

cells were a failed attempt to attack the tumor, it is now accepted that immune 

cells and the inflammatory environment associated with them can play critical 

roles in promoting tumorigenesis (Joyce and Pollard, 2009). Indeed, chronic 

inflammation establishes a pro-tumorigenic microenvironment and has been 

linked to 15-20% of all deaths from cancer worldwide (Mantovani et al., 2008). 

Cancer-related inflammation has been shown to promote cell proliferation, 

survival and the epithelial-mesenchymal transition, and to induce angiogenesis 

and lymphangiogenesis. In addition, inflammatory cells can promote tumor cell 

invasion and metastasis, inhibit adaptive immunity, and alter response to therapy 

(Mantovani et al., 2008). 

 

One of the key and most abundant infiltrating immune cell types found in tumors 

are macrophages. Macrophage infiltration is correlated with poor patient 

prognosis in over 80% of cancers analyzed (Bingle et al., 2002), and 

macrophages in tumors are generally polarized towards a tumor-promoting 

phenotype. Tumor-associated macrophages (TAMs) can promote cancer cell 
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invasion by producing growth factors such as epidermal growth factor (EGF) that 

increase the invasiveness of cancer cells, or by producing matrix-remodeling 

enzymes such as cysteine cathepsin proteases, matrix metalloproteinases and 

serine proteases (Joyce and Pollard, 2009). Depletion of macrophages leads to 

reduced tumor angiogenesis, at least partially through decreased production of 

angiogenic growth factors including vascular endothelial growth factor-A (VEGF-

A) (Lewis and Pollard, 2006) and proteases such as cysteine cathepsins 

(Gocheva et al., 2010). In addition, TAMs can blunt response to chemotherapies 

and promote tumor rebound (DeNardo et al., 2011; Shree et al., 2011).  

 

Tumor lymphangiogenesis 

Regional lymph node metastasis is a common event in solid tumors and is 

considered a marker for dissemination, increased stage and worse prognosis 

across many tumor types (Sundar and Ganesan, 2007). It is still under debate 

whether tumor cells metastasize to other organs from the lymph nodes, or 

whether the presence of tumor cells in the lymph nodes is a reflection their 

intrinsic invasiveness. Therefore, the process of lymphatic invasion and 

metastasis to regional lymph nodes and whether tumors promote 

lymphangiogenesis in a manner similar to angiogenesis are still an open area of 

investigation.  

 

Lymphatic vessels regulate tissue homeostasis by draining protein-rich fluid from 

the interstitial space and play an important role in immune surveillance. 
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Lymphatic capillaries are blind-ended and thin-walled vessels of approximately 

30–80 µm in diameter and are composed of a single layer of lymphatic 

endothelial cells (LECs). In contrast to blood vessels, they have no pericytes or 

smooth muscle cells, have little or no basement membrane, exhibit endothelial 

gaps and display distinct gene expression patterns (Tammela and Alitalo, 2010). 

Vascular endothelial growth factor-C (VEGF-C) is an essential chemotactic and 

survival factor during lymphangiogenesis that, along with VEGF-D, signals 

through the VEGF receptor-3 (VEGFR-3). Additionally, it has been shown that in 

certain contexts, VEGF-A, fibroblast growth factor-2 (FGF-2), insulin-like growth 

factor 1 (IGF-1), IGF-2, hepatocyte growth factor (HGF), endothelin-1 (ET-1), and 

platelet-derived growth factor-B (PDGF-B) can induce lymphangiogenesis in a 

VEGFR-3 independent manner; however most of their effects are secondary to 

VEGF-C signaling (Tammela and Alitalo, 2010). 

 

It is known that tumor cells enter the lymphatic vasculature by invading pre-

existing lymphatic vessels in the tumor periphery or by eliciting 

lymphangiogenesis via growth factor production (Tammela and Alitalo, 2010). 

Consistently, it has been shown that overexpression of VEGF-C in breast, 

colorectal, gastric, thyroid, and prostate cancers is associated with poor 

prognosis and that the expression levels of VEGF-C (and less frequently VEGF-

D) also strongly correlate with lymph node metastasis in more than 30 studies 

(Sundar and Ganesan, 2007). Studies in mice have since validated the 

importance of the VEGF-C/VEGFR-3 signaling axis. Overexpression of VEGF-C 
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in a breast cancer cell line increased intratumoral lymphangiogenesis, resulting in 

significantly enhanced metastasis to regional lymph nodes and to lungs (Skobe 

et al., 2001). Additionally, β-cell specific overexpression of VEGF-C in the RT2 

model led to increased peritumoral lymphangiogenesis and increased lymph 

node metastasis, demonstrating that VEGF-C-induced lymphangiogenesis can 

mediate tumor cell dissemination and the formation of lymph node metastases 

(Mandriota et al., 2001). 

 

Myeloid cells have also been shown to play an important role in 

lymphangiogenesis through their production of lymphangiogenic growth factors 

such as VEGF-C and VEGF-D, and through direct incorporation into lymphatic 

vessels in the context of inflammation. In a corneal transplantation model, newly 

formed lymphatic vessels originated from CD11b+ macrophages and expressed 

lymphatic-specific transcription factors (Maruyama et al., 2005). In humans, a 

retrospective study of sex-mismatched, rejected kidney transplants showed 

integration of recipient-derived cells into lymphatic vessels, constituting about 

4.5% of all LECs in the rejected organ (Kerjaschki et al., 2006). In addition, in 

vitro differentiated macrophages are able to aggregate into lymphatic-like 

structures, gaining expression of LEC markers (Maruyama et al., 2005; Zumsteg 

et al., 2009). The contribution of bone marrow-derived cells (BMDCs) directly to 

tumor lymphangiogenesis remains very controversial. Studies using B16F1 

melanoma and Lewis lung carcinoma cells injected into mice with genetically 

labeled bone marrow showed no integration of BMDCs into tumor-associated 
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lymphatic vessels (He et al., 2004). However, incorporation of BMDCs into 

lymphatic vessels has been observed in T241 fibrosarcoma tumors, the ApcMin/+ 

model of intestinal adenoma, the TRAMP-C1 prostate adenocarcinoma model 

and in the RIP1-VEGF-C; RT2 model (Jiang et al., 2008; Religa et al., 2005; 

Zumsteg et al., 2009). 

  

Remodeling of the ECM during tumorigenesis 

A large proportion of space occupied by and surrounding tumors is comprised of 

the extracellular matrix (ECM), a heterogeneous mix of proteins and 

polysaccharides, including heparan sulfate proteoglycans (HSPGs), collagen, 

laminin, and fibronectin, that form an intricate three-dimensional network (Kim et 

al., 2011). The ECM functions as a scaffold for cell and tissue organization and 

provides important biochemical cues affecting cell function. The ECM regulates 

various biological functions largely through its ability to bind other ECM proteins, 

growth factors, signal receptors and adhesion molecules.  Remodeling of the 

ECM is a critical requirement during multiple stages of tumor development, 

facilitating cancer cell proliferation, angiogenesis, invasion, and metastasis.  

 

Heparan sulfate  

HSPGs are a key and abundant component of the ECM and consist of a protein 

core to which heparan sulfate side chains are covalently attached. HSPGs 

present in the matrix include perlecan, agrin, collagen type XI, syndecans and 

glypicans (Kim et al., 2011). Perlecan, agrin and collagens are actively secreted 
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into the ECM by epithelial cells and stromal cells including fibroblasts and 

osteoblasts. Syndecans and glypicans are found on the cell surface where they 

exert their function and can also be shed by proteases and phospholipidases 

(Brunner et al., 1994; Manon-Jensen et al., 2010). Heparanase is the only known 

endoglycosidase enzyme capable of heparan sulfate cleavage. 

 

The ECM, and in particular HSPGs, play crucial and complex roles during growth 

factor receptor signaling. The heparan sulfate side chains bind to many growth 

factors, angiogenic proteins, and chemokines, allowing HSPGs to function as 

storage depots for these factors (Vlodavsky et al., 2012). Heparan sulfate-binding 

growth factors include the FGFs, VEGFs and transforming growth factor-β (TGF-

β). The localization of growth factors by the ECM contributes to the establishment 

of gradients that play vital roles in developmental patterning and allows for 

increased local concentration of growth factors near to their cell surface 

receptors. These heparan sulfate-bound growth factors can then be released at 

an appropriate time by heparanase, such as during wound healing (Zcharia et al., 

2005). In addition, heparan sulfate fragments produced by heparanase cleavage 

can function in receptor-ligand complex formation and enhance signaling of 

growth factors such as VEGF and FGF (Vlodavsky et al., 2012). 

 

Heparanase cleaves HSPGs 

Heparanase is an endo-β-glucuronidase that cleaves heparan sulfate side chains 

at specific intrachain sites, releasing saccharide fragments of 4-7 kDa. Mammals 
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express only one functional heparanase enzyme, heparanase-1, which for 

simplification will be referred to as heparanase (Hulett et al., 1999; Kussie et al., 

1999; Toyoshima and Nakajima, 1999; Vlodavsky et al., 1999). Heparanase is a 

61.2 kDa protein that is produced as a pro-enzyme that is post-translationally 

cleaved into 8 and 50 kDa fragments that non-covalently associate to form active 

heparanase (Levy-Adam et al., 2003). Cleavage and activation of heparanase is 

performed by the protease cathepsin L (Abboud-Jarrous et al., 2008). Similar to 

other glycosyl hydrolases, the catalytic mechanism of heparanase involves two 

conserved acidic residues, Glu225 and Glu343 (Hulett et al., 2000).  

 

Normally, heparanase expression is repressed except for in platelets, mast cells, 

placental trophoblasts, keratinocytes and leukocytes (Vlodavsky et al., 2012). 

Wild-type p53 has been shown to inhibit heparanase transcription, and mutation 

of p53 has been shown to lead to heparanase activation. In addition, early growth 

response 1 (EGR1) has been implicated in inducible transcription of heparanase. 

Heparanase expression is stimulated by high glucose, reactive oxygen species, 

estrogens and inflammatory cytokines (Hermano et al., 2012). 

 

Heparanase has also been described to have several non-enzymatic functions. 

Heparanase can interact with syndecans on the cell surface, inducing their 

clustering and can enhance cell spreading with activation of PKC, Src and Rac1 

(Fux et al., 2009). In addition, it has been shown that heparanase can activate 

Akt, Src and p38 non-enzymatically, leading to downstream production of VEGF-
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A, VEGF-C, tissue factor (TF) and cyclooxygenase 2 (COX2) (Fux et al., 2009). It 

has been shown through binding experiments that heparanase associates with 

low-affinity, high-abundance HSPGs and also with a high-affinity, low-abundance 

cell-surface receptor, that currently remains unknown (Ben-Zaken et al., 2008). 

 

An additional homolog, heparanase-2 (Hpa2), has also been identified, however 

no enzymatic role for this enzyme has been identified (McKenzie et al., 2000).  It 

has been recently discovered that Hpa2 can inhibit heparanase enzymatic 

activity, likely due to its high affinity for heparan sulfate and its ability to physically 

associate with heparanase (Levy-Adam et al., 2010).  

 

Transgenic mice were created to interrogate the functions of heparanase. Hpa-

Tg mice express the human heparanase transgene under the β-actin promoter, 

leading to constitutive overexpression and an increase in heparanase activity of 

6- to 30-fold depending on the tissue examined (Zcharia et al., 2004). These 

mice were viable and fertile and exhibited a decrease in the size of heparan 

sulfate chains in adult tissues. Examination of most tissues revealed no 

morphological changes, except for increased mammary gland branching, more 

abundant alveoli and increased hair growth. Heparanase knock-out (Hpse-/-) 

mice were also generated and found to be viable, fertile and exhibited an 

accumulation of long heparan sulfate chains (Zcharia et al., 2009). Hpse-/- mice 

did not show any apparent anatomical abnormalities, most likely due to a 
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compensatory upregulation of matrix metalloproteinases observed in several 

organs such as the liver and kidney.  

 

Heparanase induction has been reported in several inflammatory conditions, 

associated with degradation of heparan sulfate, remodeling of the ECM, release 

of inflammatory chemokines and facilitation of inflammatory cells migrating 

toward sites of injury (Hermano et al., 2012). Increased heparanase has been 

observed in rheumatoid arthritis, type 2 diabetes, ulcerative colitis and Crohn’s 

disease. Heparanase is produced by infiltrating immune cells, and upregulated in 

epithelial cells and endothelial cells at the inflammatory site. Interestingly, in a 

mouse model of inflammatory bowel disease, heparanase was found to power a 

chronic inflammation circuit, in which heparanase was constantly overexpressed 

and activated by the epithelial cells (Lerner et al., 2011). This activates 

macrophages to produce inflammatory cytokines such as tumor necrosis factor-α 

(TNF-α), further stimulating epithelial production of heparanase.    

 

Heparanase in tumor progression and metastasis 

Some of the earliest studies of heparanase showed that its activity was 

associated with the metastatic potential of tumor cells such as B16 melanoma 

and T-lymphoma (Nakajima et al., 1983; Vlodavsky et al., 1983). Expression of 

heparanase has been shown to be upregulated in many tumor types including 

bladder, breast, colon, head and neck, lung, multiple myeloma and renal cancers 

(Vlodavsky et al., 2012). Additionally, it has been shown to be positively 
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correlated with increased microvascular density, tumor size, metastasis and 

decreased survival in many of these studies.  

 

Overexpression and silencing of heparanase in cancer cell lines showed that 

heparanase enhances cell dissemination and promotes the establishment of a 

vascular network that accelerates primary tumor growth and provides a gateway 

for invading metastatic cells (Vlodavsky et al., 2012). During tumorigenesis, 

heparanase is thought to not only break down HSPGs within the ECM, but also 

to increase the bioavailability of growth factors. Therefore, the release of HSPG-

bound growth factors such as VEGF is proposed to promote tumor angiogenesis. 

 

It has been previously shown that heparanase is upregulated during multistage 

tumorigenesis in the RT2 model of pancreatic neuroendocrine tumorigenesis 

(Joyce et al., 2005). Treatment of RT2 mice with PI-88, a heparan sulfate 

mimetic, was used to inhibit both heparanase activity and heparan sulfate 

effector functions. PI-88 treatment impaired tumor cell proliferation and increased 

apoptosis, leading to a decreased tumor burden. In addition, invasion and tumor 

angiogenesis were significantly decreased, indirectly implicating heparan sulfate-

mediated signaling and heparanase in regulating these processes. However, the 

specific functions of the heparanase enzyme itself in pancreatic neuroendocrine 

tumorigenesis were unknown. 
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Thesis aims  

Pancreatic neuroendocrine tumors (PanNETs) are a rare but clinically 

challenging tumor type; a consequence of marked disease heterogeneity and 

limited understanding of the molecular basis for these cancers. Therefore, the 

objective of my thesis research was to identify tumor cell intrinsic and extrinsic 

regulators of PanNET tumorigenesis. 

 

In Chapter 3, I describe my research into the roles of heparanase in PanNET 

tumorigenesis. We found that heparanase has both tumor cell intrinsic and 

extrinsic functions in promoting tumor progression. We have found that 

heparanase expression is significantly correlated 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. Additionally, we showed that elevated heparanase activity 

induces tumor lymphangiogenesis and promotes the trans-differentiation of 

macrophages into lymphatic endothelial cell-like structures. Together, our 

findings demonstrate a multifaceted role for heparanase in supporting various 

processes critical to PanNET progression, and thus implicate heparanase as a 

potential prognostic factor and attractive therapeutic target for PanNET patients.  
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I also describe my research on the identification and characterization of a subset 

of RT2 tumors that mimic PD-PanNETs, which we termed poorly differentiated 

invasive carcinomas (PDIC). Through analysis of markers of neuroendocrine 

differentiation we find that PDICs are intrinsically different than insulinomas, 

exhibiting loss of differentiation markers, a high proliferative index and selective 

expression of the Id1 (inhibitor of DNA-binding 1) protein. We are currently using 

the specific expression of Id1 to generate a mouse model of PD-PanNET 

tumorigenesis. The insights gained into the molecular mechanisms of 

tumorigenesis in this tumor type, and the use of this model as a preclinical 

screening tool for therapeutics, will allow us to make important advances in a 

tumor type that is poorly understood. This research is described in Chapter 4. 
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CHAPTER TWO 

Materials and Methods 

Transgenic mice 

The generation and characterization of RIP1-Tag2 (Hanahan, 1985), heparanase 

transgenic (Hpa-Tg) (Zcharia et al., 2004), and heparanase knockout (Hpse-/-) 

(Zcharia et al., 2009) mice have been previously reported. Hpse-/- and Hpa-Tg 

mice were backcrossed to the C57BL/6 background for at least 10 generations. 

β-Actin GFP transgenic mice (Okabe et al., 1997) in the C57BL/6 background 

were purchased from Jackson Laboratories. Rosa26LSL-LacZ and Rosa 26LSL-YFP 

mice were previously reported (Soriano, 1999; Srinivas et al., 2001). Id1IRES-

creERT2 mice were generated and provided by R. Benezra (Nam and Benezra, 

2009). Mice were treated with tamoxifen by injecting 4mg tamoxifen (200 µL of 

stock at 20mg/mL dissolved in corn oil, Sigma) intraperitoneally for 5 days. 

 

Bone marrow transplantation (BMT) protocol 

Bone marrow was harvested from WT, Hpa-Tg or Hpse-/- β-actin-GFP mice by 

flushing the femurs and tibias with X-VIVO 20 medium (Cambrex). The flushed 

cells were resuspended in PBS and 1x106 nucleated cells were injected through 

the tail veins of 4 week old lethally irradiated (950 rads) WT or Hpa-Tg RT2 

animals. Hpa-Tg mice were given soft food and Sulfatrim antibiotic diet for 3-4 

weeks after transplantation. After 4 weeks, recipient mice were bled from the 

orbital sinus to evaluate BM transplantation efficiency by determining the 
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percentage of GFP+ cells using flow cytometry. Mice were subsequently aged to 

13.5 weeks for calculation of tumor volume and analysis of the tumor phenotype. 

 

Tissue processing and analysis 

RT2 mice were sacrificed by heart perfusion with PBS followed by 10% zinc-

buffered formalin. Tumor-containing pancreas and control tissues were removed, 

placed in 30% sucrose overnight and embedded in OCT (Tissue-Tek) or were 

formalin-fixed overnight, processed through an ethanol series and embedded in 

paraffin blocks. Lesions greater than 1 mm x 1 mm were counted as tumors. 

Tumor burden was represented as the sum of the volumes of all tumors per 

mouse and calculated using the formula: volume = width2 x length x 0.52 to 

approximate the volume of a spheroid. Frozen sections (10 µm or 35 µm 

thickness) were cut on a cryostat and paraffin sections (5 µm) were cut on a 

microtome. For invasion grading, hematoxylin and eosin (H&E) staining was 

performed and the lesions were graded as previously described (Lopez and 

Hanahan, 2002), following a double-blind protocol and independently assessed 

by two investigators (K.E.H and J.A.J.). 

 

Immunohistochemistry (IHC) and immunofluorescence (IF) staining 

For immunofluorescence staining on 10 µm-thick frozen sections, slides were 

blocked with 1X PNB-blocking buffer (Perkin Elmer), incubated with the primary 

antibody of interest overnight at 4°C, incubated with the corresponding 
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fluorescently-tagged secondary antibody for 1 hour at room temperature (RT), 

incubated with 46-diamidino-2-phenyl indole (DAPI) for 10 minutes and mounted 

with ProLong Gold (Invitrogen). For immunofluorescence on 35 µm sections, 

slides were permeabilized with 0.3% TritonX, blocked with 5% goat serum, 

incubated with primary antibodies overnight at RT, incubated with corresponding 

fluorescently-tagged secondary antibody for 4.5 hours at RT, incubated with 

DAPI for 20 minutes and mounted with ProLong Gold. Species-matched 

immunoglobulins were used as negative controls. Paraffin sections were stained 

using DAB detection with a Discovery XT automated staining processor (Ventana 

Medical Systems, Inc). Tissue sections were visualized under a Carl Zeiss 

Axioimager Z1 microscope equipped with an Apotome. The following antibodies 

were used for immunofluorescence: rabbit anti-LYVE-1 (Abcam, 1:500), rat anti-

F4/80 (Serotec, 1:1000), Syrian hamster anti-podoplanin (AngioBio, 1:500), rat 

anti-MECA32 (BD, 1:100), rabbit anti-NG2 (Chemicon, 1:200), pEGFR (Tyr 1068, 

Cell Signaling, 1:500). The following antibodies were used for DAB staining: 

mouse anti-HS (10E4, Seikagaku Corp 1:200), rabbit anti-SV40 T antigen (Santa 

Cruz, 1:500), rabbit anti-human heparanase (gift from I.Vlodavsky, 1:500; 

(Cohen-Kaplan et al., 2008)), guinea pig anti-insulin (DAKO, 1:1000), rabbit anti-

synaptophysin (DAKO, 1:200), rabbit anti-Ki67 (Vector, 1:200), rabbit anti-

chromogranin A (Abcam 1:250), rabbit anti-MafA (Abcam, 1:500), anti-Nkx6.1, 

rabbit anti-Pdx1 (Abcam, 1:500), rabbit anti-glucagon (Millipore 1:1000), rabbit 

anti-somatostatin (DAKO, 1:500), rabbit anti Id-1 (BioCheck, 1:200), rabbit anti-

Id3 (BioCheck, 1:200), and chicken anti-β galactosidase (Abcam, 1:500).  
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IHC and IF tissue analysis 

For intrapancreatic lymph node metastasis analysis, paraffin blocks from mice at 

13.5 weeks of age were serially sectioned through the whole pancreas and every 

10th slide was stained for T antigen.  For liver metastasis analysis, paraffin blocks 

containing whole livers from mice at 16 weeks of age were serially sectioned 500 

µm into each tissue and every 10th slide was stained for T antigen. Stained tissue 

sections were acquired using TissueFAXS software (TissueGnostics). PDICs 

were identified by serially sectioning paraffin blocks containing pancreas of RT2 

mice at 13.5 weeks of age and staining every 10th section for insulin. PDIC status 

was confirmed by staining with Id1. Lymphangiogenesis analysis was performed 

on 35 µm sections using MetaMorph software (Molecular Devices) using a 

dilated peri-tumoral region, 500 µm in diameter, to calculate the total LYVE-1+ 

area and the total DAPI+ area within this region with using an in-house macro 

written by the MSKCC Molecular Cytology Core Facility. Analysis of tumor 

vasculature was performed by calculating total MECA32 area, total DAPI area 

and the area of NG2 that overlapped MECA32 with MetaMorph analysis 

software, using an in-house macro written by the MSKCC Molecular Cytology 

Core Facility. 

 

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 40 µm strainer and cultured in 30 mL 
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Teflon bags (PermaLife) with 10 ng/mL recombinant mouse colony stimulating 

factor (CSF)-1 (R&D Systems). Bone marrow cells were cultured in Teflon bags 

for 7 days, with fresh CSF-1-containing medium replacing old medium every 

other day to induce macrophage differentiation. Matrigel (Becton Dickenson) and 

endothelial cell media EGM-2 MV (Lonza) were mixed 1:1 and plated on 24-well 

or 96-well plates for 1 hour at 37°C. Bone marrow-derived macrophages (BMDM) 

were collected and either 8x104 (96-well) or 5x105 (24-well) cells were plated per 

well in EGM-2 supplemented with 1 µg/ml LPS. After 8 days of culture, cells were 

isolated by washing with ice cold PBS and lysing in TRIzol reagent (Invitrogen) 

for RNA isolation. For assays with growth factor addition, BMDM were plated with 

4 replicates in 96-well plates with EGM-2 supplemented with either 100 ng/ml 

mouse VEGF-A164 (R&D), mouse VEGF-C (Sigma), mouse FGF-2 (R&D), or 

mouse HGF (R&D) and replenished at day 3 of culture.  At day 8 of culture, wells 

were visualized and number of lymphatic endothelial cell (LEC)-like structures 

were counted and normalized within each experiment. Immunofluorescence 

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 described (Pyonteck et al., 2012) using the following antibodies: 

CD31-FITC (1:100, BD Pharmingen), CD45-PE (1:200, BD Pharmingen), anti-

F4/80-APC (1:100, Serotec) and 46-diamidino-2-phenyl indole (DAPI) for dead 



 

 28 

cell exclusion. The cells were sorted on a fluorescence-activated cell sorting Aria 

flow cytometer (BD Biosciences) and several fractions collected: a mixed 

population of live cells (DAPI-); purified tumor cells (DAPI-CD31-CD45-F4/80-; 

macrophages (DAPI- CD45+ F4/80+) and endothelial cells (DAPI-CD31+). 

 

RNA isolation and qRT-PCR 

RNA was prepared from samples using TRIzol reagent and subsequently 

DNase-treated (Invitrogen) according to the manufacturers instructions. cDNA 

was synthesized using the First Strand cDNA Synthesis Kit for RT-PCR (Roche). 

Real-time qPCR was performed on cDNA samples using the ABI 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), Id1 (Mm00775963_g1), 

synaptophysin (Mm00437606_s1), Ins2 (Mm00731595_gH), MafA 

(Mm00845209_s1), Ngn3 (Mm00845209_s1) HPRT1 (Hs99999909_m1) and 

human heparanase (Hs00180737_m1) were purchased from Applied 

Biosystems. 
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Western blotting 

Protein lysates were made from dissected RT2 tumors using RIPA lysis buffer. 

40 µg of protein was loaded onto SDS-PAGE gels and transferred to PVDF 

membranes for immunoblotting. Membranes were probed with antibodies against 

Id1 (BioCheck 1:500), insulin (DAKO 1:1000), MafA (Abcam 1:1000) and actin 

(Sigma, 1:5000) and detected using HRP-conjugated anti-guinea pig or anti-

rabbit (Jackson Immunoresearch) antibodies using chemiluminescence detection 

(Amersham). 

 

Tumor cell line infections 

Lentivirus was produced using 293T cells, with a PWPI-Id1 vector or a PWPI-

empty vector (gift from L. Barrett and R. Benezra). The β-tumor cell line 916-1 

was infected with this lentivirus with the addition of 8 µg/mL polybrene. After 

passaging, cells were FACS sorted based on GFP expression to select for 

infected cells and were cultured for two more passages and subsequently 

analyzed for gene expression. 

 

Human PanNET samples 

Two tissue microarrays (TMAs) were constructed from archival paraffin-

embedded tissue from a series of >150 PanNETs surgically resected from 

patients at MSKCC. Patient anonymity was ensured, and the study was 

performed in compliance with the Institutional Review Board. Three 0.6 mm 
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tissue cores were punched from representative areas of the donor block and 

embedded in a recipient block using an automated TMA machine. Five µm tissue 

sections were cut from this TMA and stained for heparanase and scored double-

blindly by K.E.H and J.A.Joyce.) as negative (0) or positive [three levels: weak 

(1); moderate (2); strong (3)], based on staining intensity and percentage of cells 

that stained positive. Heparanase staining was then correlated to 

clinicopathological parameters including AJCC tumor stage (Edge and Compton, 

2010), tumor grade (low: <2 mitoses/50 high power field (HPF); intermediate:  ≥2 

mitoses/50 HPF; high grade: >50 mitoses/50 HPF) (Ferrone et al., 2007) and the 

number of mitoses per 50 HPFs scored by L.Tang. Samples with incomplete 

patient data were excluded from the respective analysis. RNA was obtained from 

PanNETs in patient-matched primary and liver metastases as previously 

described (Hu et al., 2010). 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 +/- SEM (standard error of the mean) are reported 

unless otherwise specified. For all two-way comparisons, unpaired t-tests or 

Mann-Whitney tests where indicated were used and were considered statistically 

significant if P<0.05. A cumulative logit model (Mccullagh, 1980) 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 
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stage, tumor grade, and distant metastasis, Fisher’s exact test was used. For 

comparison of mitosis, one-way ANOVA was used. 
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CHAPTER THREE 

Heparanase Promotes Tumorigenesis in PanNETs 

 

Remodeling of the ECM is a critical requirement during multiple stages of 

tumorigenesis, facilitating cancer cell proliferation, angiogenesis, invasion and 

metastasis. One of the most abundant types of macromolecules within the ECM 

are HSPGs, which function as a scaffold for cell and tissue organization and 

provide important biochemical cues affecting cell function. HSPGs, in particular, 

play crucial and complex roles during growth factor receptor signaling. The 

heparan sulfate side chains bind to many growth factors, angiogenic proteins, 

and chemokines, allowing HSPGs to function as storage depots for these factors 

(Vlodavsky et al., 2012). In addition, the heparan sulfate fragments produced 

upon cleavage can function in receptor-ligand complex formation to enhance 

growth factor signaling. Cleavage of the heparan sulfate side chains is performed 

by one enzyme in mammals, heparanase. Heparanase activity can thus lead to 

physical remodeling of the ECM, to release growth factors tethered within the 

matrix and increase their bioavailability and thus enhance growth factor signaling. 

 

The endoglycosidase heparanase has been shown to be upregulated in many 

tumor types and to be correlated with increased malignancy, metastasis and 

microvascular density in numerous studies (Vlodavsky et al., 2012). Studies with 

cancer cell lines have shown that heparanase expression enhances metastatic 

spread and induces angiogenesis. In addition, a previous study in the RT2 model 
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showed that heparanase is upregulated during tumor progression and treatment 

with PI-88, a heparan sulfate mimetic that inhibits both heparanase activity and 

heparan sulfate effector functions, leads to decreases in tumor growth, 

angiogenesis, and tumor invasion. While this indirectly implicates heparan 

sulfate-mediated signaling and heparanase in these processes, the specific 

functions of the heparanase enzyme itself in pancreatic neuroendocrine 

tumorigenesis were unknown. Therefore, we sought to evaluate the importance 

of heparanase in promoting PanNET tumorigenesis using patient samples and to 

elucidate the specific roles of heparanase using the RT2 model of PanNETs. 

 

Results 

Heparanase expression is associated with malignant progression in human 

pancreatic neuroendocrine tumors 

To investigate whether heparanase is expressed in PanNETs, we first performed 

immunohistochemistry for heparanase on PanNET patient tissue samples and on 

normal islet samples. While normal islets had minimal heparanase staining, 

tumors exhibited heparanase staining that varied in intensity. We then obtained 

tissue microarrays (TMAs) with samples from over 150 patients with PanNETs, 

performed immunohistochemistry for heparanase, and blindly scored for staining 

intensity on a 0 (no staining) to 3 (high staining) scale (Figure 3.1A). 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 (AJCC) staging  
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Figure 3.1. 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 µm, scale bar for inset: 
20 µm. (B) Correlation of heparanase score with tumor stage by American Joint 
Cancer Committee (AJCC) staging manual 7th edition (Edge and Compton, 2010); 
see Table 3.1 for detailed patient information, ***P<0.0001. (C) Heparanase 
expression, normalized to HPRT1, in mRNA from normal islets (n=4), primary 
tumors (n=25) and liver metastases (n=15) from PanNET patients. Heparanase was 
significantly upregulated in primary tumors (*P=0.046) and liver metastases 
(*P=0.026) compared to normal islet samples. 
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manual 7th edition (Edge and Compton, 2010) and highest levels of heparanase 

staining in tumors that had metastasized to the lymph nodes or the liver (Figure 

3.1B).  We also saw a significant correlation between increased heparanase 

staining and higher tumor grade as defined by tumor mitotic activity (Ferrone et 

al., 2007; Nolan-Stevaux et al., 2010) (Table 3.1). Additionally, we found that 

increased heparanase staining score was significantly correlated with the 

presence of distant metastasis based on patient records (Table 3.1). 

 

As we had seen highest levels of heparanase staining in metastatic samples, we 

were thus interested in whether heparanase was upregulated during the 

metastatic process. In collaboration with Dr. Laura Tang in the MSKCC 

Pathology department, we obtained RNA from patient matched samples of 

primary tumor and liver metastases, the most common metastatic site in PanNET 

patients. We also obtained normal islet cell RNA from healthy donors. When 

comparing heparanase expression in tumors to normal islets, we found that 

heparanase was significantly upregulated by approximately 40-fold and was 

similarly highly expressed in matched metastatic tumors (Figure 3.1C). 

Therefore, heparanase is significantly upregulated in primary tumor samples and 

remains highly expressed in metastases. Together, these data show that 

heparanase can function as a prognostic indicator for the aggressiveness of the 

primary tumor and distant metastasis in PanNET patients. 
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Genetic manipulation of heparanase levels in the RIP1-Tag2 PanNET model  

As we had established that there is a significant association between heparanase 

expression and increased malignancy and metastatic disease in PanNET 

patients, we were interested in determining the specific roles that heparanase 

may play in promoting pancreatic neuroendocrine tumorigenesis. We sought to 

investigate the roles of heparanase during spontaneous tumorigenesis by 

genetically manipulating its level of expression in the RT2 mouse model of islet 

cell carcinoma by crossing them to either heparanase transgenic (Hpa-Tg) or 

heparanase knock-out (Hpse-/-) mice (Zcharia et al., 2009; Zcharia et al., 2004). 

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 3.2). Therefore, 

modulating levels of the heparanase enzyme does not appear to impact tumor 

initiation or tumor growth.  

 

We then sought to determine whether we could observe the effects of 

heparanase manipulation by staining tissue sections for heparan sulfate using 

the anti-heparan sulfate antibody 10E4. When examining the interior of tumors, 

heparan suflate staining was primarily localized to blood vessels, which was 

expected, as HSPGs are an abundant component of the basement membrane 

(Figure 3.3A). The amount of staining was reduced in Hpa-Tg RT2 mice, 

indicative of increased heparan sulfate turnover through processing by 

heparanase. Consistent with this, we saw increased heparan sulfate 
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Figure 3.2. Genetic modulation of heparanase does not impact tumor burden in 
RT2 mice. Tumor volume and tumor number was determined in WT RT2 (n=40), 
Hpa-Tg RT2 (n=25) and Hpse-/- RT2 (n=26) mice at 13.5 weeks of age. There was 
no significant (NS) difference in tumor burden for either genotype compared to WT 
RT2. 
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accumulation along blood vessels in Hpse-/- RT2 mice. Interestingly, when 

examining the invasive fronts of wild-type (WT) RT2 tumors, we observed 

reduced levels of HS, similar to that observed in Hpa-Tg RT2 mice, suggesting 

that heparanase was active at invasive edges in these tumors and degraded HS 

during the process of matrix remodeling. 

 

Heparanase promotes pancreatic neuroendocrine tumor invasion 

The increased heparan sulfate turnover at invasive tumor fronts led us to 

investigate whether genetic manipulation of heparanase levels affected tumor 

invasion. Tumors were graded histologically into three classes of invasiveness: 

encapsulated tumors, microinvasive tumors (IC1), and invasive carcinomas (IC2) 

(Lopez and Hanahan, 2002). While the total number of tumors did not change in 

any of the genotypes (Figure 3.2), Hpa-Tg RT2 mice had significantly more 

invasive tumors compared to WT RT2 mice, with a striking 2.5-fold increase in 

the most invasive IC2 tumors (Figure 3.3B). Conversely, deletion of heparanase 

led to significantly less invasive tumors, consistent with an important role for 

heparanase in promoting tumor invasion (Figure 3.3B).  

 

Given our findings that increased heparanase expression is significantly 

correlated with metastasis in PanNET patient samples and increased tumor 

invasion in a PanNET mouse model, we next investigated whether heparanase 

could alter the incidence of metastases in these mice. The RT2 model  
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Figure 3.3. Heparanase enhances tumor invasion. (A) Paraffin sections of WT 
RT2, Hpa-Tg RT2 and Hpse-/- RT2 mice were stained for heparan sulfate 
(brown). Scale bar 50 µm. White dotted line indicates the margin between the 
tumor (T) and surrounding normal (N) pancreas. (B) H&E staining was used to 
grade tumors in WT RT2 (n=30), Hpa-Tg RT2 (n=10) and Hpse-/- RT2 (n=10) 
mice. The relative proportions of encapsulated, microinvasive (IC1), and invasive 
carcinomas (IC2) were graphed. There is a significant increase in invasion in Hpa-
Tg RT2 mice compared to WT RT2 (***P<0.001) and a significant decrease in 
invasion in Hpse-/- RT2 mice (**P=0.004). 
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Figure 3.4.  (A) Representative images of intrapancreatic lymph nodes  with a 
synaptophysin-positive metastasis. All genotypes exhibited lymph node metastases 
in 40% of mice. (B) Representative images of T antigen-positive liver metastases 
in WT RT2 and Hpa-Tg RT2 mice. Two out of seven Hpa-Tg RT2 mice exhibit 
metastases larger than 50 µm. T antigen was detected by DAB staining (brown) 
with a hematoxylin counterstain. Scale bar 50 µm. 
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metastasizes with low frequency to the intrapancreatic lymph nodes and the liver; 

however, these mice generally succumb to hypoglycemia due to the production 

of insulin by the primary insulinomas before extensive metastasis can occur. We 

examined the liver and lymph nodes for the presence of metastases by serially 

sectioning tissues and staining for the tumor cell-specific markers T-antigen or 

synaptophysin. Analysis of the intrapancreatic lymph nodes at 13.5 weeks 

revealed that 40% of mice across all three genotypes had at least one lymph 

node metastasis, visualized by synaptophysin staining (Figure 3.4A). To allow for 

the further assessment of metastatic burden, we aged mice to 16 weeks, 

examined the livers of these mice and found single cells or small clusters of 

metastatic tumor cells that were present across all genotypes (Figure 3.4B). 

However, two of seven Hpa-Tg mice had a higher metastatic burden, with 

micrometastases that were larger than 50 µm (Fig. 2D), which were never 

observed in the other genotypes. Therefore, consistent with the PanNET patient 

results discussed above, these findings support the notion that overexpression of 

heparanase promotes metastatic outgrowth in PanNETs. 

 

Macrophage supplied heparanase promotes tumor invasion 

As we have established that heparanase plays an important role in promoting 

tumor invasion, we were interested in further characterizing which cell types 

within the tumor microenvironment were a source of heparanase. We performed 

fluorescence-activated cell sorting (FACS) on tumors from WT RT2 mice, and 

isolated cancer cells, tumor-associated macrophages (TAMs), and endothelial  
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Figure 3.5. Heparanase expression is enriched in TAMS. (A) WT RT2 and Hpa-
Tg tumors were sorted by flow cytometry into total mixed cells, cancer cell, 
endothelial cell (EC) and tumor-associated macrophage (TAM) fractions. 
Expression of T antigen (tumor cells), CD31 (endothelial cells) and CD68 
(macrophages) were determined by qPCR to validate the purity of the sort. (B) 
Expression of mouse heparanase in WT RT2 samples and both mouse and human 
heparanase in Hpa-Tg RT2 samples was determined by qPCR. All gene expression 
data was normalized relative to Ubiquitin C (Ubc) levels. n=4 independent 
experiments. 
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cell populations. We confirmed the purity of the sort by performing qPCR for the 

following markers: T antigen for cancer cells, CD31 for endothelial cells and 

CD68 for TAMs and found that each marker was expressed exclusively in the 

appropriate cell population (Figure 3.5A). Analysis of heparanase expression 

revealed that both cancer cells and TAMs are a source of heparanase in WT RT2 

mice, with a 2.5-fold enrichment in TAMs (Figure 3.5B).  

 

We also performed sorts on Hpa-Tg RT2 tumors and confirmed the purity of the 

sorted cell populations (Figure 3.5A). We found that the expression of the 

endogenous mouse heparanase followed the same pattern as WT RT2 mice, 

with expression in cancer cells and enriched expression in TAMs (Figure 3.5B). 

Evaluation of the expression of the human heparanase transgene in the sorted 

samples revealed highest expression levels in cancer cells, with relatively lower 

levels in TAMs, although the amplification cycle number indicated that the 

expression in TAMs was still high. 

 

Cancer cell- and TAM-supplied heparanase promote tumor invasion 

While we have determined that heparanase is expressed at high levels in TAMs, 

it was unknown whether this TAM-supplied heparanase was promoting tumor 

invasion. To functionally test the importance of heparanase in TAMs versus 

cancer cells, we undertook bone marrow (BM) transplantation studies. As 

previous work has shown that in the RT2 model, 88% of BM-derived cells 

(BMDCs) found in tumors are TAMs (Gocheva et al., 2010), BM transplantation  
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Figure 3.6. Heparanase promotes tumor invasion through both cancer cell- and 
TAM-derived sources. (A) Schematic of bone marrow transplantation experiments. 
(B) Engraftment of GFP+ positive BM was determined using flow cytometry 4-6 
weeks after transplantation. The percentage of GFP+ bone marrow cells was 
normalized to an aGFP mouse. There was no impairment of Hpa-Tg and Hpse-/- BM 
in engraftment. n=7-10 mice. (C) Tumor burden of BMT mice. Both tumor volume 
and tumor number were determined and no difference was seen between the 
experimental groups. (D) H&E staining was used to grade tumors following bone 
marrow transplantation of WT aGFP (n=10), Hpa-Tg aGFP (n=13) or Hpse-/- aGFP 
(n=7) BM into WT RT2 mice. There was a significant decrease in tumor invasion in 
Hpse-/- BM transplanted into WT RT2 mice (*P=0.02). NS= not significant. 
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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-GFP (a-GFP), into lethally irradiated WT RT2 

mice at 4 weeks of age, before islet hyperproliferation has begun (Figure 3.6A). 

Engraftment of the BM was analyzed 4-6 weeks after transplantation and all 

experimental groups showed complete engraftment (Figure 3.6B). We then aged 

mice to 13.5 weeks and analyzed for tumor burden and tumor invasion.  

 

As observed in the non-BMT genotypes described above (Figure 3.2), there was 

no impact of the different heparanase genotypes on tumor burden (Figure 3.6B). 

However, when analyzing tumor invasion in these mice, we found that 

transplantation of Hpse-/- BM into WT RT2 mice significantly decreased tumor 

invasion as compared to the WT BM transplantation control (Figure 3.6C), 

indicating that TAM-supplied heparanase indeed plays 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 

(Figure 3.6C), suggesting that the already high levels of heparanase in TAMs 

from WT RT2 tumors (Figure 3.5B) are sufficient to promote tumor invasion. This 

result also indicates that cancer cell-supplied heparanase (or heparanase 

derived from a minor non-BM derived stromal cell type) plays 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 3.3B). Therefore, heparanase promotes  



 

 49 

 

 

 

 

 

 

 

  Figure 3.7. Hpa-Tg mice have increased sensitivity to irradiation and 
decreased tumor burden after BMT. Tumor volume and tumor number in 
lethally irradiated Hpa-Tg RT2 transplanted with either Hpa-Tg or Hpse-/- aGFP 
BM was found to be significantly decreased compared to WT RT2 mice 
transplanted with WT aGFP BM. (*P<0.05, **P<0.01). 
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tumor invasion through both macrophage- and cancer cell-derived sources. 

We also performed BM transplantation experiments in which Hpa-Tg RT2 mice 

were the transplant recipients. However, we found that several Hpa-Tg RT2 mice 

died within one week of irradiation, most likely due to intestinal inflammation. 

With treatment with antibiotics and a modified diet, a cohort of mice transplanted 

with either Hpa-Tg aGFP or WT aGFP BM was aged to 13.5 weeks. We found 

that both groups had significantly reduced tumor burdens (Figure 3.7), indicating 

that the tumors also exhibited an increased sensitivity to irradiation and these 

mice were excluded from any further analysis. 

 

Heparanase deletion leads to increased tumor angiogenesis 

As heparanase expression has been shown to enhance tumor angiogenesis 

(Vlodavsky et al., 2012), we investigated the effects of genetic manipulation of 

heparanase on blood vessel density in the RT2 model. Using the endothelial cell 

marker MECA32, we quantitated the total blood vessel area in tumor sections 

from WT RT2, Hpa-Tg RT2 and Hpse-/- RT2 mice (Figure 3.8A). We found that 

while WT RT2 and Hpa-Tg RT2 mice had comparable tumor angiogenesis, 

Hpse-/- RT2 mice had a 1.7-fold increase in vessel area (Figure 3.8B). We also 

investigated the pericyte coverage of the blood vessels as measured by the 

percent of the pericyte marker NG2 overlapping MECA32. We found that Hpse-/- 

RT2 mice also exhibited a significant increase in pericyte coverage, with a 1.8-

fold increase compared to WT RT2 and Hpa-Tg mice  (Figure 3.8B). 
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Figure 3.8. Heparanase knock-out leads to increased angiogenesis and pericyte 
coverage. (A) Representative images from tumors stained with CD31 (endothelial 
cells), NG2 (pericytes) and DAPI. Scale bar 100 µm. (B) Quantitation of the total 
CD31 area, normalized to DAPI area and the percentage of NG2 that is overlapping 
CD31 (pericyte coverage) using MetaMorph. (***P<0.001, ns= not significant). (C) 
Representative images of pEGFR staining in WT RT2 and Hpse-/- RT2 tumors. 
Scale bar 20 µm. 
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The increased angiogenesis observed in the Hpse-/- RT2 mice was unexpected, 

as heparanase has been described to play a pro-angiogenic role. However, given 

the increase in heparan sulfate levels along blood vessels in the Hpse-/- RT2 

mice, we hypothesized that this heparan sulfate was acting to sequester heparan 

sulfate-binding growth factors and thus enhancing angiogenesis. Previous work 

in the RT2 model has shown that the heparan binding epidermal growth factor 

HB-EGF is an important activator of EGFR signaling in pericytes, increasing 

pericyte coverage and supporting angiogenesis (Nolan-Stevaux et al., 2010). 

Therefore, we investigated whether activation of EGFR, as a read-out of HB-EGF 

binding, was increased in Hpse-/- RT2 mice, to determine whether this was a 

potential explanation for the increased angiogenesis. Indeed, we saw increased 

pEGFR staining in tumors from Hpse-/- RT2 mice, as compared to WT RT2 mice 

(Figure 3.8C). This staining was localized to cells adjacent to the MECA32+ 

endothelial cells, which is consistent with the localization of pericytes. Therefore, 

increased sequestration and activation of pericytes by HB-EGF is one potential 

explanation for the increased angiogenesis in Hpse-/- RT2 mice. 

 

Heparanase overexpression enhances peritumoral 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 heparanase levels. Examination of pancreatic tissue 

sections from Hpa-Tg RT2 mice revealed a significant increase in peritumoral 

lymphangiogenesis, visualized by staining with the lymphatic endothelial marker  
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Figure 3.9. Enhanced peritumoral lymphangiogenesis in Hpa-Tg RT2 mice. (A) 
Representative images depicting increased lymphangiogenesis in Hpa-Tg mice, 
compared to WT RT2 and Hpse-/- RT2. 35 µm frozen sections were stained for LYVE-
1 (red), F4/80 (green) and DAPI (blue). Scale bar 100 µm. (B) Lymphangiogenesis was 
quantitated in an area 500 µm in peritumoral diameter using MetaMorph software. Total 
LYVE-1+ area was divided by total DAPI+ area. Hpa-Tg RT2 mice had significantly 
increased lymphangiogenesis compared to WT RT2 mice; *P=0.039, NS= not 
significant. WT RT2 and Hpa-Tg RT2, n=12 mice; Hpse-/- RT2, n=6 mice. 
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LYVE-1 (Figure 3.9A). Co-staining with the macrophage marker F4/80 confirmed 

that these were lymphatic vessels and not LYVE-1+ macrophages. Quantitation 

of peritumoral lymphangiogenesis revealed a two-fold increase in the Hpa-Tg 

RT2 mice compared to WT RT2 mice (Figure 3.9B). Analysis of Hpse-/- RT2 

mice showed a comparable amount of lymphangiogenesis to WT RT2 mice, 

indicating that while heparanase overexpression induces additional 

lymphangiogenesis, it is not required for the basal level of peritumoral 

lymphangiogenesis seen in WT mice. 

 

Growth factor expression is not affected by heparanase modulation 

We have shown that heparanase modulation plays roles in angiogenesis and 

lymphangiogenesis, however this could be due to increased growth factor 

release from the matrix by heparanase, or could be due to increased expression 

of growth factors, as has been previously reported (Vlodavsky et al., 2012). To 

determine if growth factor expression was altered with genetic modulation of 

heparanase, RNA was isolated from whole tumors from WT RT2, Hpa-Tg RT2 

and Hpse-/- RT2 mice and expression of VEGF-A, VEGF-C, VEGF-D, FGF-2 

and HGF were analyzed. We found that there were no significant differences 

between the genotypes for all of these factors (Figure 3.10). We also investigated 

whether there were any differences in each specific cell type that was being 

masked in the bulk tumor analysis. Therefore we examined the expression of 

VEGF-A, VEGF-C, VEGF-D and FGF-2 in sorted cell populations shown in 

Figure 3.5A. We found that each of these genes had varying expression patterns,  



 

 56 

 

 

 

 

 

  

Figure 3.10. Lymphangiogenic growth factors are not upregulated in tumors. RNA 
was isolated from whole tumors from WT RT2, Hpa-Tg RT2 and Hpse-/- RT2 mice and 
qPCR was performed for VEGF-A, VEGF-C, VEGF-D, FGF-2 and HGF. Gene 
expression was normalized to UbC. No significant differences were seen between any of 
the genotypes. 
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Figure 3.11. Lymphangiogenic growth factors are not upregulated in cancer cells, 
endothelial cells and TAMS. Expression of lymphangiogenic growth factors was 
performed on sorted cell populations described in Figure 3.5. No significant 
differences in expression were seen for any growth factors. n=4 independent 
experiments. 
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however we observed no significant differences between WT RT2 and Hpa-Tg 

RT2 mice (Figure 3.11). Therefore, consistent with the importance of heparanase 

in releasing ECM-tethered growth factors (Vlodavsky et al., 2012), it is likely that 

cleavage of HSPGs by heparanase leads to increased bioactive growth factors. 

 

Heparanase overexpression enhances formation of LEC-like structures 

Myeloid cells have been shown to play important roles in lymphangiogenesis, 

through secretion of pro-lymphangiogenic growth factors or by direct 

incorporation into lymphatic vessels (Zumsteg and Christofori, 2012). Given the 

high levels of heparanase expression in TAMs, we were therefore interested in 

investigating the impact of heparanase overexpression in macrophages in the 

context of lymphangiogenesis. Previous work has shown that macrophages can 

be induced to trans-differentiate into lymphatic endothelial-like cells (Maruyama 

et al., 2005; Zumsteg et al., 2009), and we thus sought to determine whether 

heparanase overexpression could enhance this process. 

 

Bone marrow was isolated from WT or Hpa-Tg mice and differentiated into bone 

marrow-derived macrophages (BMDMs) in culture using CSF-1. These cells 

were then plated on a mixture of Matrigel and lymphatic endothelial cell (LEC) 

media and incubated for up to 8 days (Figure 3.12A). As shown previously 

(Maruyama et al., 2005), 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 3.12B). These structures were  
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Figure 3.12. Hpa-Tg macrophages show increased trans-differentiation into 
lymphatic-like structures. (A) Schematic of experimental design. (B) Representative 
day 8 cultures of BMDM plated on Matrigel and EGM-2. Scale bar 100 µm. (C) 
Representative immunofluorescence staining for podoplanin and F4/80 on day 8 Hpa-
Tg cultures. Scale bar 100 µm. 
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also confirmed to express the LEC marker podoplanin and no longer express the 

macrophage marker F4/80 (Figure 3.12C). To further characterize these 

structures, we isolated RNA from cells at either the establishment of the cultures 

or after eight days of culture when mature structures have formed. We saw no 

significant difference in any marker at day 0 between WT and Hpa-Tg BMDM 

(Figure 3.13). As expected, the Hpa-Tg cultures at day 8 trended towards 

increased expression of the LEC markers LYVE-1, podoplanin, and VEGFR-3 

(Figure 3.13). We saw a concordant decrease in VEGFR-1 and VEGFR-2 at day 

8. 

 

We found that there was a significant increase in the expression of the growth 

factors VEGF-C, VEGF-D, and FGF-2, which have all been shown to be pro-

lymphangiogenic (Tammela and Alitalo, 2010) (Figure 3.13). However, there was 

no increase in VEGF-A or HGF mRNA expression, which have also been 

reported to promote lymphangiogenesis (Tammela and Alitalo, 2010). To test 

whether these growth factors were able to increase lymphatic structure 

formation, individual recombinant proteins were added to the media during the 

assay, and the total number of structures was 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 3.14), 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.  
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Figure 3.13.  Upregulation of LEC-related genes in Hpa-Tg cultures. qPCR 
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 
(*P=0.029), VEGF-D (**P=0.005) and FGF-2 (***P<0.0001). n=4 independent 
experiments. 
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Figure 3.14. Growth factor addition enhances the formation of LEC-like structures 
in WT cultures. Growth factors were added to cultures and the number of lymphatic 
endothelial cell-like structures were counted at day 8 and normalized to the WT EGM-2 
condition for each experiment (n=3-4 repeats per growth factor). The source of cells 
(WT or Hpa-Tg) is indicated below. *P<0.05 compared to WT EGM-2 using Mann-
Whitney test. 
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Therefore, heparanase overexpression increases the ability of BMDM to form 

LEC-like structures in a process that may be due to their increased production/ 

enhanced bioavailability of pro-lymphangiogenic growth factors. 

 

Discussion 

Heparanase expression promotes tumorigenesis in PanNETs 

PanNETs are a clinically challenging tumor type, due to their marked disease 

heterogeneity and limited understanding of the molecular basis for their 

development. Through our collaboration with Dr. Laura Tang in MSKCC’s 

Pathology department, we are uniquely situated to identify factors that may be 

important for tumorigenesis in a large sample set from patients with PanNETs. 

We have found that while heparanase is expressed at very low levels in normal 

islets, its expression is increased 40-fold in primary tumors and metastatic 

tumors, and we see that increased heparanase levels are significantly correlated 

with increased malignancy and the presence of metastatic disease. Our results 

identify heparanase as a potential novel prognostic indicator and as an intriguing 

therapeutic target for PanNETs. 

 

As we have validated the relevance of heparanase in PanNET patient samples, 

we sought to 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 has shown that heparanase is upregulated 
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during the course of tumorigenesis in RT2 mice and treatment with a heparan 

sulfate mimetic has indirectly implicated heparanase and heparan sulfate-

mediated signaling in tumorigenesis (Joyce et al., 2005), however the specific 

roles of the heparanase enzyme itself were unknown. Utilization of Hpa-Tg mice, 

which overexpresses heparanase, and Hpse-/- mice, which have deletion of 

heparanase, allowed us to interrogate the roles of heparanase modulation in a 

spontaneous mouse model of cancer for the first time. 

 

Heparanase promotes invasion through cancer cell and TAM sources 

While heparanase has been described to increase cancer invasion in cell lines 

(Arvatz et al., 2011), here we show that heparanase expression strikingly 

enhances tumor invasion in a spontaneous tumor model. We find that 

overexpression of heparanase leads to a 2.5 fold increase in the most invasive 

class of tumors and that deletion of heparanase leads to a significant decrease in 

tumor invasion. We propose that the increase in tumor invasion modulated by 

heparanase is at least partially a result of extracellular matrix degradation, 

demonstrated by the decreased heparan sulfate levels at the tumor invasive front 

of WT RT2 mice. Consistently, the overall decrease in heparan sulfate levels in 

the Hpa-Tg RT2 tumors and the increased levels in the Hpse-/- RT2 tumors 

demonstrates the activity of heparanase in heparan sulfate remodeling.  

 

Given the correlation between increased heparanase expression levels and 

metastasis in PanNET and other tumor types, we were interested in whether 
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heparanase expression increases metastasis in the RT2 model. The RT2 model 

has limited utility in studying metastasis, as the mice typically die due to the 

hypoglycemia as a result of their primary tumors before extensive metastasis has 

occurred. Our analysis found no difference between the genotypes in local lymph 

node metastasis at 13.5 weeks, however when looking at the distant metastatic 

site of the liver at 16 weeks of age, we saw a trend towards increased metastasis 

in the Hpa-Tg mice. This is consistent with our data in PanNET patients, however 

this trend remains to be further validated to make definitive conclusions about the 

role of heparanase in metastasis in RT2 tumorigenesis. 

 

As we are interested in studying the specific roles of the many cell types within 

the tumor microenvironment, we investigated which cells were the sources of 

heparanase. Cell sorting in WT RT2 mice revealed that heparanase is expressed 

by cancer cells and to a greater extent by TAMs. This was intriguing as previous 

analysis of macrophage density in human PanNET samples revealed a 

significant, positive correlation with poor prognosis and metastasis, implicating 

TAMs in PanNET tumorigenesis (Pyonteck et al., 2012), similar to our results 

with heparanase. Additionally, studies in the RT2 model have shown that TAM-

supplied cysteine cathepsins play critical roles in tumorigenesis (Gocheva et al., 

2010), leading us to question whether TAM-supplied heparanase was similarly 

important for promoting tumor invasion.  
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Using BM transplantation studies, we found TAM-supplied heparanase promotes 

invasion, as removal of heparanase from BMDCs does indeed significantly impair 

tumor invasion. Interestingly, we saw 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, however it is also possible that heparanase supplied by another 

non-BM derived stromal cell type could also be influencing tumor invasion. The 

functional importance of these cells is very unlikely, as they represent a relatively 

small source of heparanase that would be masked by high levels of heparanase 

produced by the cancer cells. Therefore, we conclude that heparanase promotes 

tumor invasion through both TAM-derived and cancer cell-derived sources. 

 

We were interested in testing the importance of heparanase overexpression in 

cancer cells while modulating TAM heparanase levels; however, during the 

course of the BM transplantation studies, we were surprised to discover that 

Hpa-Tg RT2 mice have an increased sensitivity to irradiation, with increased 

morbidity apparently due to intestinal inflammation and significantly lower tumor 

burdens. This increased sensitivity is consistent with a previous report in which 

heparanase promotes a chronic inflammation circuit in the intestines of Hpa-Tg 

mice, amplifying inflammatory conditions (Lerner et al., 2011). Due to these 

unexpected experimental complications, we omitted any further investigation of 

the transplanted Hpa-Tg RT2 mice. 
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Heparanase plays pleiotropic roles in the tumor microenvironment 

Interestingly, we found that genetic modulation of heparanase levels had 

differential effects on blood vessel and lymphatic vessels, whereas the literature 

has ascribed positive roles for heparanase in both of these processes. While 

Hpa-Tg RT2 mice exhbited increased peritumoral lymphangiogenesis, Hpse-/- 

RT2 mice exhibited increased tumor angiogenesis. Analysis of growth factors 

involved in these processes revealed no differences in mRNA expression levels, 

implicating the role of heparanase in growth factor release. The opposing 

phenotypes seen in these mice underscore the complexity of matrix remodeling 

and homeostasis. The balance of growth factor release and bioavailability by 

heparanase overexpression can thus be countered by heparan sulfate 

accumulation and potential increases in heparan sulfate signaling. 

 

Heparanase has been implicated in promoting angiogenesis, through release of 

pro-angiogenic growth factors such as VEGF-A (Vlodavsky et al., 2012). 

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 and thus VEGF signaling may be saturated, with any 

increase in the bioavailability of VEGF by heparanase having a negligible effect. 

However, the increased accumulation of heparan sulfate along the vessels in 

Hpse-/- RT2 mice raised the interesting possibility that it was acting as a sink for 

heparan binding growth factors and thus activating the vasculature. Previous 
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work in the RT2 model showed that one such factor, HB-EGF, plays an important 

role in activating pEGFR on pericytes, leading to increased pericyte coverage 

and support of angiogenesis (Nolan-Stevaux et al., 2010). Consistent with this, 

we saw increased pEGFR staining in Hpse-/- RT2 mice and a significant 

increase in pericyte coverage. 

 

The striking increase in lymphangiogenesis observed in the 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 patient 

samples (Cohen-Kaplan et al., 2008). It has also been shown that heparanase 

overexpression in cell lines can lead to an upregulation of VEGF-C (Cohen-

Kaplan et al., 2008); however, we found that expression of pro-lymphangiogenic 

growth factors was not increased in Hpa-Tg RT2 mice, implicating increased 

bioavailability of VEGF-C, or another pro-lymphangiogenic growth factor, in 

promoting lymphangiogenesis. Consistently, overexpression of VEGF-C in a β-

cell-specific manner led to increased peritumoral lymphangiogenesis in the RT2 

model (Mandriota et al., 2001).  

 

In addition to the proposed release of VEGF-C leading to increased 

lymphangiogenesis, we investigated the role of myeloid cells in this process, 

given their importance in lymphangiogenesis (Zumsteg and Christofori, 2012). 

We found that heparanase overexpression enhanced the ability of macrophages 

to trans-differentiate into LEC-like structures. This trans-differentiation was 



 

 70 

accompanied by increased expression of lymphangiogenic markers and pro-

lymphangiogenic growth factors. This increased expression could be due to the 

increased expression by trans-differentiated cells, of which there are more of in 

Hpa-Tg cultures, or heparanase could in fact be driving this trans-differentiation. 

To begin to interrogate this, we added 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, activating lymphangiogenesis. In addition, myeloid cells that 

overexpress heparanase can help to support this lymphangiogenesis, either 

through direct incorporation into lymphatic vessels as has been shown in 

previous studies (Zumsteg et al., 2009), or by increased production of pro-

lymphangiogenic growth factors. Given the controversial nature of myeloid 

incorporation into lymphatic vessels, we had hoped to use our BM transplantation 

studies to address this question. However, due to the radiosensitivity of the Hpa-

Tg mice, unfortunately these experiments were not possible. 

 

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 
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lymphangiogenesis and promotes trans-differentiation of macrophages into LEC-

like structures. Counterintuitively, deletion of heparanase increases tumor 

angiogenesis in RT2 mice, thus highlighting the complexity of the roles that 

matrix-remodeling enzymes play. Additionally, 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 and a potential prognostic factor for PanNET 

patients. 
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CHAPTER FOUR 

Characterization and Development of a Mouse Model of Poorly 

Differentiated PanNETs 

 

PanNETs are a rare tumor type, but pose major clinical challenges that arise in 

part from marked disease heterogeneity and varied patient outcome 

(Halfdanarson et al., 2008; Kulke et al., 2011).  One of the most important issues 

is to accurately stratify patients into prognostic groups that could provide critical 

benefits in clinical management of the disease. Currently, it is known that 

patients with metastatic disease have poor prognosis and that patients with 

poorly differentiated PanNETs have the worst prognosis (Yao et al., 2008). As 

described in Chapter 3, our results have indicated that the matrix remodeling 

enzyme heparanase is a novel indicator of poor patient prognosis in well-

differentiated PanNETs, and high heparanase expression is correlated with 

metastatic disease.  However, very little is known about poorly differentiated 

PanNETs (PD-PanNETs), both in the pathology of the disease and their 

treatment response (Davies and Conlon, 2009).  

 

In this study we have identified and characterized a previously undescribed class 

of poorly differentiated PanNETs in the RT2 model. We have established the 

tools to investigate the development and molecular mechanisms driving this 

tumor type in vivo. In parallel, we have initiated the development of a mouse 

model for PD-PanNETs to use in preclinical testing, as none currently exists.    
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Results 

Identification of a novel class of invasive, poorly differentiated tumors 

During the course of our analysis of lymph node metastases in serially sectioned 

pancreata from RT2 mice, we identified a previously undescribed class of 

tumors. These tumors were found due to their loss of insulin expression (Figure 

4.1A).  In addition, these tumors were highly invasive and anaplastic, leading us 

to term these tumors poorly differentiated invasive carcinomas (PDIC).  

 

Discovery of a set of tumors that had lost insulin expression was surprising, as it 

had been previously thought that all RT2 tumors expressed insulin at very high 

levels due to their origin from β-cells. By H&E staining the PDICs appeared 

similar to the insulinomas, however there remained the possibility that these 

arose from a different cell of origin. To determine whether they were still driven 

by the SV40 T-antigen oncogene, we stained sections with a T-antigen antibody, 

and found that all tumors expressed T-antigen, including tumors that had lost 

insulin expression (Figure 4.1B).  

  

PDICs exhibit a high mitotic index 

High-grade PanNETs are characterized by their high mitotic index (Reidy et al., 

2009). Therefore, we were interested in whether these PDICs also exhibited an 

increased mitotic index. As depicted in Figure 4.2, PDICs that have lost insulin  
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Figure 4.1. Identification of PDICs. (A) IHC for insulin was performed on paraffin 
sections from RT2 mice. While the majority of the tumors produce high levels of 
insulin, PDICs are negative for insulin staining. (B) Adjacent sections were stained for 
insulin and T-antigen. PDICs remained positive for T-antigen staining. Scale bar 50 µm. 
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Figure 4.2. PDICs exhibit a high mitotic index. Adjacent tumor sections were 
stained for insulin and Ki67. PDICs that do not express insulin were found to have a 
very large proportion of Ki67+ proliferating cells. Scale bar 200 µm. 
 



 

 76 

(shown in the inset), have a markedly higher proportion of cells that are Ki67 

positive, as compared to tumors that maintain insulin expression, depicted on the 

right side of the image.  Therefore, PDICs in the RT2 model are highly 

proliferative, similar to poorly differentiated, high-grade PanNET tumors in 

patients.  

 

PDICs occur in the majority of RT2 mice 

PDICs have not been previously described before in the RT2 model and it was 

unknown whether these tumors were rare or were present in all mice but had 

been previously missed. To thoroughly investigate the frequency of PDICs, we 

completely sectioned through the entire pancreas of RT2 mice and examined 

every 10th slide to ensure that each tumor throughout the tissue was represented 

and analyzed. When staining for insulin, we found that while all mice had seven 

to ten insulinomas, 70% of WT RT2 mice examined also had at least one PDIC. 

Additionally, through our investigation of metastasis in Hpa-Tg RT2 and Hpse-/- 

RT2 mice, we also found that PDICs were present in approximately 60% of these 

mice as well, indicating heparanase expression has no impact on the presence of 

PDICs. However, our analysis has revealed that PDICs are more common than 

expected, constituting approximately 10% of all tumors. 
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PDICs exhibit loss of neuroendocrine markers 

Given the loss of insulin expression in PDICs, we next investigated whether other 

markers of β-cells and neuroendocrine cells were also absent in these tumors. 

Tissues containing both PDICs and insulinomas were stained for a panel of cell  

type-specific markers (Klimstra et al., 2010; Oliver-Krasinski and Stoffers, 2008). 

Synaptophysin, a marker of neuroendocrine cells, was found to be generally 

expressed in both insulinomas and PDICs, however it exhibited heterogenous 

downregulation in some PDICs (Figure 4.3). An additional neuroendocrine 

marker, chromogranin A, was found to be completely absent in PDICs. 

Additionally, the transcription factors MafA, Nkx 6.1 and Pdx1 were also absent 

in PDICs (Figure 4.3). Therefore, PDICs exhibit loss of multiple markers of 

neuroendocrine differentiation. 

 

As PDICs have lost all markers of β-cells, it raised the possibility that they are 

tumors that have arisen from one of the other neuroendocrine cell types that 

constitute pancreatic islets. While β-cells represent the major cell type in islets, 

alpha-cells and delta-cells are also present, and tumors such as glucagonomas 

and somatostatomas can arise from these cells (Davies and Conlon, 2009). Also, 

it has been previously shown that under extreme β-cell loss, alpha-cells can be 

converted into β-cells (Thorel et al., 2010), indicating that there is plasticity 

between the different neuroendocrine cell types of the islets. Therefore, there is 

also the possibility that these tumors could reflect the converse situation, in which  
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Figure 4.3. PDICs exhibit loss of multiple neuroendocrine markers. 
Sections were stained for the following markers of neuroendocrine 
differentiation: Synaptophysin, Chromogranin A, Maf A, Nkx2.1 and Pdx1. 
While insulinomas all stained positive for these markers, PDICs exhibited loss 
of these markers. Scale bar 50 µm. 
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β-tumor cells transdifferentiate into one  of the other pancreatic neuroendocrine 

cell types. We stained tissue sections for glucagon, a marker of alpha-cells, and 

somatostatin, a marker of delta-cells. We saw that normal islets exhibited a small 

proportion of cells that stained positive for these cell markers, which were also 

seen with less frequency in tumors, as they were crowded out by the tumor cells. 

However, we saw that there was no staining of PDIC or insulinoma tumor cells 

(Figure 4.4), indicating that PDICs do not express markers of any pancreatic 

neuroendocrine cell type.  

 

PDICs specifically express Id1 

Characterization of PDICs has revealed that they have lost multiple markers of β-

cell differentiation, however, factors that were specifically expressed by these 

tumors remained unknown. We therefore undertook a candidate-based approach 

to determine a specific, positive marker of PDICs. Due to the apparent 

dedifferentiation of these tumors, we investigated the expression pattern of Id1, 

one of the inhibitor of DNA binding (Id) proteins. Id1 has been shown to inhibit 

differentiation, to stimulate proliferation and to be expressed by embryonic stem 

cells, adult stem cells and cancer stem cells (Barrett et al., 2012; Nam and 

Benezra, 2009; Perk et al., 2005).  

 

We stained tissue sections from RT2 mice and found that Id1 stained all 

endothelial cells, which was expected as Id1 has been described previously to 

play an important role in angiogenesis (Lyden et al., 1999). Tumor cells in  
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Figure 4.4. PDICs do not express alpha-cell or delta-cell markers. Tissues were 
stained for glucagon, to mark alpha-cells, and somatostatin, to mark delta-cells. 
PDICs were negative for these markers. Scale bar 50 µm. 
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insulinomas had no detectable Id1 staining (Figure 4.5A). Strikingly, we found 

that PDICs specifically stained for Id1, exhibiting a nuclear staining pattern 

(Figure 4.5A). Through staining each of the PDICs that had been previously 

identified by their loss of insulin, we determined that all PDICs were positive for 

Id1 and that Id1 staining was mutually exclusive from insulin staining. While most 

of the PDIC tumors were found to be entirely positive for Id1, we found several 

instances in which Id1 was expressed only in tumor cells along the invasive front 

of the tumor (Figure 4.5B). We also observed several tumors in which Id1 

staining was found in the exocrine cells directly adjacent to a PDIC, while we 

never saw exocrine Id1 staining in any other instance (Figure 4.5C). We found 

that PDICs specifically were also positive for Id3 (Figure 4.6), another Id family 

member which can play a redundant role to Id1 (Perk et al., 2005).   

 

We also confirmed the expression of Id1 in protein lysates from a panel of RT2 

tumors. Most tumors showed moderate levels of Id1, most likely originating from 

the Id1 produced by endothelial cells within the vasculature of the tumor. 

Interestingly, one tumor showed much higher levels of Id1 (Figure 4.7, lane #5). 

Consistent with the immunohistochemistry staining of the PDICs, we saw that 

this tumor had corresponding absences of insulin and MafA (Figure 4.7).  

 

Given the described roles of Id1 in cell differentiation, we were interested in 

whether the expression of Id1 by PDICs was what was driving their loss of 

differentiation, or rather was a marker of their poorly differentiated state. To  
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Figure 4.5. Id1 is expressed by PDICs. (A) Adjacent sections were stained for Id1 
and insulin. PDIC tumor cells specifically expressed Id1, while insulinomas did not, 
with the only staining present in endothelial cells. (B) Id1+ cells (brown) are evident at 
the invasive front of a tumor. (C) Id1 staining is observed in exocrine cells adjacent to 
a PDIC. Scale bar 50 µm. 
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Figure 4.6. Id3 is expressed by PDICs. IHC staining for Id3 showed this protein is 
specifically expressed in PDICs, and not insulinomas. Scale bar 50 µm. 
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Figure 4.7. Western blots of RT2 tumors. A panel of RT2 tumor lysates were 
blotted for Id1, insulin, MafA and actin as a loading control. The 5th tumor lysate is 
a PDIC, as it has high Id1, and absent insulin and MafA. 
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investigate the role of Id1, we overexpressed Id1 in a tumor cell line derived from 

an RT2 tumor. The increased expression of Id1 was confirmed by qPCR for Id1 

(Figure 4.8A). We then performed qPCR for the genes for synaptophysin (Syp), 

insulin (Ins2), MafA, and Neurog3 (Ngn3), another transcription factor involved in 

β-cell differentiation, and found that there was no difference in the expression of 

each of these genes upon overexpression of Id1 (Figure 4.8B). Therefore, these 

data indicate that Id1 ex  pression is not sufficient to induce dedifferentiation of 

an RT2 tumor cell line. 

 

Development of mouse models to study PD-PanNETs 

As the cell of origin and pathogenesis of PD-PanNETs is unknown, we sought to 

develop tools that would allow us to address this critically important question.  

The identification of Id1 as being specifically expressed in PDICs but not in 

insulinomas allows us to use Id1 expression in tumor cells as a surrogate marker 

for PDICs. We obtained several preexisting Id1 transgenic mice from the 

Benezra lab, MSKCC, and used these to create two mouse strains: (1) a mouse 

line to study the origin of PDICs using cell-fate tracing experiments and (2) a 

mouse line to genetically tag PDIC tumor cells to subsequently isolate and 

culture these cells. 

 

First, we have established a genetic cell-tracking mouse model to specifically and 

irreversibly label Id1+ tumor cells at various time points during tumorigenesis, 

from premalignant stages through angiogenic switching and tumor establishment.  
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Figure 4.8. Id1 expression in an RT2 tumor cell line. (A) An RT2 tumor cell line 
(916-1) was infected with either an empty vector or an Id1 expression vector. After 
several passages the expression of Id1 was examined by qPCR and found to be 
expressed over 30-fold higher. (B) Expression of β-cell markers synaptophysin (Syp), 
insulin (Ins2), MafA and Neurogenin3 (Ngn3) was examined with qRT-PCR. No 
differences were seen with the Id1 over-expressing cell line. 
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Id1IRES-creERT2 mice were generated by knocking the bicistronic Id1-IRES-creERT2 

into the endogenous Id1 locus (Nam and Benezra, 2009). RT2 mice were 

crossed to Id1IRES-creERT2 mice and to Rosa26LSL-LacZ mice. Thus, Id1 gene 

expression drives the expression of a tamoxifen-inducible Cre recombinase and 

upon treatment with tamoxifen, Cre removes the premature stop codon 

preceding LacZ. This irreversibly turns on expression of LacZ to permanently 

label all cells that express Id1 at the time of tamoxifen treatment.  

 

We are additionally creating a mouse line in which RT2 mice are crossed to 

Id1IRES-creERT2 mice and Rosa26LSL-YFP mice. Similar to the strategy described 

above, upon tamoxifen treatment, all cells that are expressing Id1 will 

permanently express YFP. Labeling all Id1+ PDICs allows isolation using FACS 

for downstream analysis and genomic profiling. Additionally, PDIC tumor cells will 

be isolated and cultured to derive PDIC cell lines. These cell lines will be used to 

study the differences between PDICs and insulinomas. PDIC lines will also be 

orthotopically injected into the pancreas to create a mouse model of PD-

PanNETs that can be used for preclinical testing. 

 

Discussion 

Identification of PDICs in RT2 mice 

We have described the discovery of a class of tumors, PDICs, that have lost cell 

differentiation markers, are highly proliferative and anaplastic. Intriguingly, this 

novel tumor type exhibits many of the characteristics of high grade PD-PanNETs, 
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a tumor subset of which very little is known and of which patients have very poor 

prognosis. Studying these tumors may provide important insights into the 

molecular mechanisms of PD-PanNETs and the use of these tumors to develop 

a mouse model of PD-PanNETs would be invaluable for use in preclinical testing. 

 

Having serendipitously discovered these tumors through their loss of insulin, we 

first further characterized these tumors histologically. We found that these tumors 

had not only lost insulin expression, but were absent for many markers of β-cell 

differentiation, including those that are expressed in progenitor cells during 

development. MafA is a transcription factor responsible for insulin activation and 

is expressed only in mature β-cells (Oliver-Krasinski and Stoffers, 2008); thus its 

absence in RT2 PDICs was consistent with the loss of insulin. Two other 

transcription factors were found to be absent: Nkx6.1 and Pdx1. Nkx6.1 is turned 

on in endocrine progenitors, remains expressed during differentiation and is 

important for endocrine differentiation (Oliver-Krasinski and Stoffers, 2008). Pdx1 

has been shown to be essential for pancreatic development and β-cell maturation 

and is expressed in pancreatic progenitors and in immature and mature β-cells 

(Oliver-Krasinski and Stoffers, 2008). Interestingly, synaptophysin, which is 

expressed by many cells of the neuroendocrine and neural lineage (Klimstra et 

al., 2010), maintains at least some expression in PDICs, suggesting that there is 

still maintenance of some of their neuroendocrine specification. 
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We also excluded the possibility that these tumors were derived from, or trans-

differentiated into, a different cell type by staining for markers of other pancreatic 

neuroendocrine cells. They did not express markers of alpha-cells or delta-cells, 

and maintained expression of T-antigen. It is very interesting that tumors that 

have lost insulin expression still maintain T-antigen expression, as its expression 

is driven by the rat insulin promoter (RIP), which is controlled in a similar manner 

to that of the mouse insulin gene. The mechanism of this silencing of insulin 

expression remains an open question, and one that we hope to address using 

the mouse models we are developing. 

 

The inhibitor of DNA binding family member Id1 was the first protein that we 

identified as being specifically expressed in PDICs. Id1 has been shown to be 

expressed by adult neural stem cells and glioma stem cells (Barrett et al., 2012; 

Nam and Benezra, 2009). This, combined with the loss of markers of endocrine 

progenitors, raises the interesting possibility that these tumors may have stem 

cell-like properties, or perhaps have arisen from a pancreatic stem cell, however 

this remains to be investigated. To examine if Id1 expression drives PDICs to no 

longer express insulin by inhibiting their differentiation status, or if it is an 

indicator of their poorly differentiated state, we overexpressed Id1 in an RT2 

tumor cell line. We found that Id1 was not sufficient to induce suppression of β-

cell markers, at least in this particular cell line. While this does not exclude the 

possibility that Id1 overexpression in an in vivo tumor setting would change their 
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differentiation status, it suggests that Id1 is not sufficient to drive these tumors to 

dedifferentiate. 

 

How do PDICs develop? 

Having identified and characterized PDICs histologically, we were very interested 

in understanding how they develop. We proposed several hypotheses as to how 

these tumors developed. They could result from a progression from the invasive 

IC2 class of carcinomas, in which loss of differentiation markers has occurred 

during the progression to a high-grade tumor. Alternatively, they also could 

represent a separate tumorigenesis pathway, in which they progress without β-

cell markers in a separate pathway to insulinomas. Similarly, they could 

represent a completely different tumor type, derived from a different cell of origin, 

whether it be a stem-like cell or another pancreatic neuroendocrine cell.  

 

We have made several very interesting observations that could provide insight 

into the development of PDICs. The majority of tumors were found to be entirely 

Id1+, suggesting that tumors arise from a single clone, consistent with the 

hypothesis that these tumors arise through a separate pathway or cell of origin. 

However, we found that some tumors exhibited Id1+ cells at the invasive edges 

of the tumor. This could be indicative of the progression of an invasive tumor cell 

population that has lost insulin expression. Alternatively, it could again represent 

a subset of tumor cells that have arisen from a PDIC clone, that is present at the 

tumor edge. The observation that PDICs exhibit a high mitotic index also brings 
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into question the timing of their development. With high proliferation rates, it 

would be expected that PDICs would grow at a much faster rate than 

insulinomas. However, PDICs are not any larger on average than insulinomas, 

suggesting that they may arise later than insulinomas. The development of these 

tumors remains an open question and would provide important insights into the 

development of PD-PanNETs. 

 

Therefore, we have set up a genetic cell-tracking mouse model (RT2; Id1IRES-

creERT2; Rosa26LSL-LacZ) to specifically and irreversibly label Id1+ tumor cells at 

various time points during tumorigenesis. This cell-tracing system will thus allow 

us to determine whether PDICs represent: (1) a subsequent stage in PNET 

progression that develop from insulinomas which have lost markers of 

differentiation, or (2) instead arise from a completely separate tumorigenic 

pathway (Figure 4.9). We will treat mice with tamoxifen at the beginning of 

hyperplasia, at angiogenic switching and then when tumors begin to form to 

determine when PDICs arise, whether they are Id1+ from their initiation and 

whether Id1 is expressed during any point during the formation of insulinomas. 

 

A previous study has suggested that in the RT2 model, a subset of tumors may 

arise through a separate pathway (Olson et al., 2009). Through miRNA profiling 

of a panel of tumors and metastases, they identified a subset of tumors whose 

gene expression signature clusters closely to that of metastases, and termed 

these “met-like primary” tumors. They proposed that these met-like primary  
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Figure 4.9. PDIC development. PDICs may arise through two distinct pathways: 
(1) PDICs are a progression from invasive carcinomas that lose expression of β-
cell markers or (2) arise through a distinct pathway, potentially from a different 
cell of origin. 
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tumors most likely occur through a divergent branch during tumorigenesis, 

separate from the prototypical progression from encapsulated to invasive classes 

of tumors. The relatively low frequency of these tumors, making up 10% of the 

tumors they profiled, and a distinct gene signature from the majority of the 

tumors, raises the interesting possibility that met-like primary tumors are in fact 

PDICs. Our cell-fate tracking experiments will provide important insights into the 

identities of these two tumor types and their developmental pathways. 

 

Development of a mouse model of PD-PanNETs 

We have found that PDICs mimic many of the characteristics of PD-PanNETs 

and have sought to develop a mouse model of PD-PanNETs. To do this, we are 

creating a mouse strain (RT2; Id1IRES-creERT2; Rosa26LSL-YFP) in which Id1+ cells 

are genetically labeled with YFP, allowing them to be isolated using flow 

cytometry. We plan to isolate PDIC tumor cells to generate PDIC cell lines. 

These cell lines will then be orthotopically injected into the pancreata of mice to 

study these tumors in vivo without the complications of the multiple tumors that 

develop in transgenic RT2 mice. In addition, we can use these isolated cells to 

profile the molecular characteristics of PDICs. While the results of this study still 

remain to be determined, we are very excited about its potential, as a PD-

PanNET mouse model would be invaluable in screening novel and existing anti-

cancer therapeutics. 
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CHAPTER FIVE 

Conclusions, Perspectives and Clinical Implications 

 

Conclusions 

Through my thesis research I have aimed to identify tumor cell intrinsic and 

extrinsic regulators of PanNET pathogenesis using patient samples in 

combination with the RT2 mouse model of insulinoma. Through the knowledge 

gained from these studies, we hope to better understand PanNET tumorigenesis, 

and to develop more effective therapeutics. 

 

Heparanase promotes PanNET tumorigenesis 

I first evaluated the role of the matrix remodeling enzyme heparanase in PanNET 

tumorigenesis. Evaluation of PanNET patient samples revealed that heparanase 

is significantly correlated with increased tumor stage, advanced tumor grade and 

metastatic disease in PanNET patients. Additionally, we have shown that 

heparanase expression is significantly upregulated in the primary tumor and 

remains high in liver metastases, indicating that elevated heparanase levels 

observed in the primary tumor may be indicative of metastatic propensity. 

Heparanase may thus be a useful prognostic indicator for patients that present 

with PanNETs.  
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We then sought to understand how heparanase promotes PanNET 

tumorigenesis by genetically manipulating heparanase levels in the RT2 model of 

PanNETs. We found that heparanase promotes tumor invasion, through both 

cancer cell- and macrophage-derived sources. In addition, we found differential 

effects of heparanase manipulation on angiogenesis and lymphangiogenesis. 

Heparanase overexpression led to increased peritumoral lymphangiogenesis in 

vivo and enhanced the ability of macrophages to form lymphatic endothelial cell-

like structures in culture. Conversely, we found that heparanase deletion led to 

increased angiogenesis and pericyte coverage.  

 

Characterization and development of a mouse model of PD-PanNETs 

We have also identified a subset of RT2 tumors that have lost markers of 

differentiation that we termed poorly differentiated invasive carcinomas (PDICs). 

We found that these tumors exhibited a high proliferative index, similar to high-

grade PD-PanNETs. Further characterization revealed that PDICs specifically 

expressed Id1. Using the fact that these tumors specifically express Id1, we are 

creating mouse models to study the development of PDICs and also to generate 

PDIC tumor cell lines. These cell lines will then be used to generate an orthotopic 

implantation model of PD-PanNETs in mice. 



 

 97 

Perspectives and Clinical Implications 

The multifaceted role of heparanase in tumorigenesis 

Through cell based assays and implantation of cancer cell lines, multiple roles for 

heparanase in promoting tumorigenesis have been previously described 

(Vlodavsky et al., 2012). Heparanase has been implicated in tumor cell 

dissemination through its degradation of HSPGs within the ECM (Nakajima et al., 

1983; Vlodavsky et al., 1983). Here, we validate this for the first time in a 

spontaneous mouse model of cancer, finding that heparanase produced by both 

cancer cells and TAMs significantly promotes tumor invasion. Additionally, we 

show that this invasion is associated with increased turnover of heparan sulfate 

at the tumor invasive front, demonstrating the activity of heparanase in HSPG 

degradation.  

 

Heparanase has also been described to promote growth factor signaling through 

release of growth factors tethered within the ECM and by the biologically active 

heparan sulfate fragments. This has been implicated in promoting tumor 

angiogenesis and lymphangiogenesis (Cohen-Kaplan et al., 2008; Vlodavsky et 

al., 2012). Interestingly, we see opposing effects in these two processes in RT2 

mice. Surprisingly, we saw that while there was no difference in tumor 

angiogenesis in Hpa-Tg RT2 mice, Hpse-/- RT2 had increased angiogenesis and 

pericyte coverage. We hypothesized that this increased angiogenesis was due to 

the increased heparan sulfate levels found along the blood vessels in Hpse-/- 

RT2 mice, potentially acting as a sink for angiogenic growth factors. While the 
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increased heparan sulfate levels observed in the Hpse-/- RT2 mice are likely due 

to a lack of heparanase throughout development, it has been described that 

tumors can exhibit accumulation of HSPGs (Iozzo and Sanderson, 2011). 

Therefore, it is important to consider the impact of both the cleavage and the 

accumulation of HSPGs on growth factor signaling. 

 

Increased peritumoral lymphangiogenesis was one of the most striking 

phenotypes that we identified in the Hpa-Tg RT2 mice. In addition, evaluation of 

head and neck cancer patient samples previously showed a correlation between 

increased heparanase staining and increased lymphatic density (Cohen-Kaplan 

et al., 2008), suggesting that heparanase may promote lymphangiogenesis in 

many tumor types. Evaluation of heparanase overexpression in other mouse 

model of cancer and in other pathological conditions may provide important 

insights into the generalizability of this phenotype.  

 

The novel finding that heparanase enhances the ability of macrophages to trans-

differentiate into LEC-like structures raises many interesting questions, as the 

mechanism of how heparanase promotes this process is currently unknown. We 

identified certain lymphangiogenic growth factors as capable of enhancing this 

process, however it is unknown whether Hpa-Tg macrophages are producing 

more of these growth factors or have an enhanced response to such factors. In 

addition, the relevance of this trans-differentiation in vivo remains to be 

determined, however due to technical limitations, we were unable to test this. 
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Complexities of targeted ECM remodeling enzymes 

While previous studies on heparanase have used tumor cell lines, we have 

utilized a spontaneous model of tumorigenesis to study the activity of 

heparanase in its endogenous microenvironment for the first time. The 

importance of investigating matrix-degrading enzymes within the proper 

microenvironment and appropriate matrix was underscored by our attempts to 

model tumor invasion in a cell culture system. We were unable to recapitulate the 

invasion phenotype that we saw in vivo, with neither β-tumor cells nor 

macrophages. While the commonly used matrix Matrigel contains the HSPG 

perlecan, the composition and the 3D organization of the matrix may not be 

reflective of that in vivo. In addition, HSPGs exert many of their functions through 

growth factor signaling, which may not be accurately modeled in cell culture 

systems. Therefore, it is critical to study enzymes such as heparanase in their 

native in vivo microenvironment. 

 

Heparanase as a therapeutic target 

Given the previously described roles of heparanase in promoting metastasis and 

angiogenesis, there has been considerable interest in developing heparanase 

inhibitors for therapeutic use. Currently, all targeting strategies have used the 

specificity of heparanase for heparan sulfate to identify heparan sulfate mimetics 

that inhibit both heparanase activity and block heparan sulfate effector functions, 
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in particular angiogenesis. In fact, these compounds are described, and typically 

promoted as anti-angiogenics. 

 

PI-88 (phosphomannopentaose) was the first compound targeting heparanase 

that was developed. It was identified in a screen of heparan sulfate mimetics for 

their inhibition of heparanase and for their ability to interfere with heparan sulfate 

recognition by many angiogenic growth factors (Parish et al., 1999). Preclinical 

testing showed that it inhibited tumor growth, metastasis and angiogenesis 

(Joyce et al., 2005; Parish et al., 1999). This compound was further developed 

and entered into clinical trials. It was found to be generally well tolerated in 

Phase I trials (Basche et al., 2006) and is currently in a Phase III study for post-

resection liver cancer. PI-88 has also been tested in combination with docetaxol 

in advanced prostate cancer, however this study had to be halted due to 

hematological toxicity (Khasraw et al., 2010). In addition to PI-88, several other 

heparan sulfate mimetic compounds have been developed and are entering 

clinical trials including PG545, SST0001, M402 and DMBO (Basappa et al., 

2010; Ferro et al., 2012; Ritchie et al., 2011; Zhou et al., 2011).  

 

The toxicities observed when combining PI-88 with the cytotoxic agent docetaxol, 

raises the possibility that targeting all heparan sulfate related signaling may lead 

to increased side effects in the context of cytotoxic therapies, as all heparan 

sulfate effector functions are inhibited. Therefore, it could be interesting to 

develop specific inhibitors for heparanase to decrease these side effects. 
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However, given our results that increased heparan sulfate levels can lead to 

enhanced growth factor signaling and enhanced angiogenesis, it may be critical 

to target both heparanase and heparan sulfate mediated signaling at the same 

time. It is currently unknown what the effects of heparanase and heparan sulfate 

inhibition are in combination with other therapies. In addition, very few studies 

have studied the role of heparanase in response to therapy. A recent study 

showed that increased heparanase expression correlated with response to 

chemotherapy in laryngeal cancer (Dincer et al., 2012), while another showed 

that heparanase inhibition can enhance response to radiation therapy (Meirovitz 

et al., 2011). Therefore, there is great need for preclinical studies on the role of 

heparanase in response to conventional therapies and to determine whether 

therapeutic response can be enhanced by simultaneously blocking heparanase 

functions through combination therapies. 

 

Origin of PDICs 

The identification of a subset of RT2 tumors that did not express β-cell markers 

was very intriguing. These PDICs seem to reflect PD-PanNETs in patients, which 

also exhibit a high proliferation index and lack of cellular differentiation markers. 

However, it remains unknown the cell of origin from which both PDICs in mice 

and PD-PanNETs in humans arise.  

 

Therefore, we are setting up cell-fate tracking experiments to investigate the 

origin of PDICs. It is unknown whether PDICs arise without markers of β-cell 



 

 102 

differentiation, or lose expression of these markers during tumor progression. In 

addition, it is unknown whether insulinomas ever progress through an Id1+ state 

during their development. PD-PanNETs have been proposed to arise from a 

progenitor or stem cell within the pancreas (Davies and Conlon, 2009), however 

this has not been definitively shown. The expression of Id1 by PDICs, which has 

been shown to be expressed in cancer stem cells (Barrett et al., 2012; O'Brien et 

al., 2012), raises the interesting possibility that PDICs reflect a stem-like 

phenotype.  

 

Development of a mouse model of PD-PanNETs 

We also plan to use our identification of Id1+ PDICs to develop a mouse model of 

PD-PanNETs. We will isolate PDIC tumor cell lines that will then be orthotopically 

injected into the pancreata of mice to study these tumors in vivo, without the 

complications of the multiple tumors that develop in transgenic RT2 mice. These 

tumors will be molecularly profiled and analyzed for the hallmarks of cancer, to 

gain important insights into PD-PanNET tumorigenesis. We will then validate our 

results in patient samples, to determine new therapeutic targets for PD-

PanNETs. A PD-PanNET mouse model will be invaluable in screening novel and 

existing anti-cancer therapeutics.  

 

In summary, we have provided novel insights into several tumor cell-intrinsic and 

tumor cell-extrinsic regulators of PanNET tumorigenesis. We have determined 

the clinical relevance of heparanase in PanNET tumors and identified it as a 
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potential prognostic indicator. In addition, we have shown the role of heparanase 

in promoting invasion and lymphangiogenesis in a PanNET mouse model. 

Finally, we have identified a novel class of poorly differentiated, highly invasive 

carcinomas in the mouse model, which are analogous to a poorly understood 

class of pancreatic cancers in patients. Collectively, my thesis research has 

opened up multiple new directions in the study of pancreatic neuroendocrine 

tumors, which may have important clinical implications for the diagnosis, 

prognosis and future treatment of this disease. 
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