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Summary 

Angiogenesis is the formation of blood vessels from pre-existing vessels, which 
is a rate limiting step of tumor development. Tumors can not grow more than 
1-2 mm3 without vasculature. Therefore, targeting angiogenesis is interesting 
for cancer therapy. Histidine-rich glycoprotein (HRG) is an endogenous 
angiogenesis inhibitor, which can inhibit endothelial cell adhesion and migration. 
In order to investigate regulation of pathological angiogenesis by HRG in tumor, 
we crossed HRG-deficient mice with a transgenic mouse model of insulinoma; 
the RIP1-Tag2 mouse (RT2), which spontaneously develop pancreatic tumors. 
Tumor volume is larger in HRG-deficient mice than their wild type littermates. 
Increased proliferation and an accelerated angiogenic switch can be observed in 
tumors from HRG-deficient mice. Interestingly, the tumor vascularization shows 
no statistical significant difference between HRG deficient and wild type mice. 
Therefore, blood vessel function need to be further investigated, such as 
pericyte coverage, vessel leakiness and adhesion molecules, to see if HRG can 
regulate blood vessel function. HRG could potentially regulate tumor growth 
and angiogenesis through tumor-associate macrophages (TAM). We found in 
our study that the morphology of TAM may exist slightly different between HRG 
deficient mice and wild type mice. Therefore we raise a hypothesis that HRG 
may affect tumor growth through TAM, since TAM is very important for 
promoting tumor growth, angiogenesis and development. 
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1 Introduction 

1.1 Blood vessel and vessel structure 

1.1.1 Blood vessel 

Blood vessels form a highly hierarchical branched vascular network that 
transports blood throughout the body. An efficient oxygen and nutrient 
transport is required by all cells in the body for their activity and survival. Since 
the diffusion limitation of oxygen is 100~200 µm in tissue, all cells should be 
located within this distance from a vessel (1). There are three major types of 
blood vessels: arteries, capillaries and veins. The arteries transport blood from 
heart to aorta, branches of the aorta, arterioles and finally to capillaries. 
Capillaries enable the actual exchange of water, oxygen and chemicals between 
the blood and the tissues. From veins, the blood is transported back to the heart 
and to the lungs where it becomes oxygenated again. 

1.1.2 Vessel structure 

There are three layers in arteries, which from inside to outside are tunica intima, 
tunica media and tunica adventitia. (Figure 1.1a) Tunica intima which is the 
thinnest layer is composed by a single layer of endothelial cells and basal lamina 
which endothelial cells produce and attach to (2). Tunica media, which is the 
thickest layer, is composed by elastic fibers, connective tissue, and vascular 
smooth muscle, which control the diameter of the vessels. Tunica adventitia is 
made of myofibroblast cells and collagen, which prevent vessel rupture at 
extremely high pressures, as well as nutrient capillaries (vasa vasorum) in the 
larger blood vessels (3). The structure of veins is similar to the arteries, the 
difference is that the smooth muscle cell layer is thinner than in arteries, since 
veins do not function primarily in a contractile manner. Also, there are one-way 
flaps called venous valves in veins, which prevent blood from flowing back and 
pooling in the lower extremities due to gravity. Capillaries are formed by single 
endothelial cells attaching to basement membrane. The basement membrane is 
formed by extracellular matrix, such as proteoglycans, hyaloronic acid and 
collgen. Pericytes cover the capillaries and are embedded in the basement 
membrane. (Figure 1.1b) Both pericyte and smooth muscle cell are referred to 
as mural cells.  
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a      b . 

Figure 1.1 (a) Immunofluorescence microscopic images of aorta of E17 mouse. Sections were 

doubled stained with an antibody for elastin (green color) and a marker of endothelial cells flk 

(red color). L is the lumen of the artery. A single layer of red-staining endothelial cells is 

intima (I). The media(M) , which contains multi-layers of elastin, and the adventitia (Ad) is 

show in the picture. The vein (V) shows the presence of endothelial cells but no elastin, also 

a small artery (Ar) is also show in the picture. Scale bar is 100 um. (Picture from Jessica E. 

et,al., Vascular Extracellular Matrix and Arterial Mechanics, 2009) (b) Electron microscopic 

image of skin capillary. The previously injected colloidal carbon particles and a red blood cell 

shows in the lumen. A pericyte (P) enclose a large protion of capillary. E, endothelial cell; B; 

basement membrane space(Picture form Tumor Angiogenesis, 2007)、 

1.2 Formation of vasculature in development  

The vascular system is formed by two processes during development, 
vasculogenesis and angiogenesis. Vasculogenesis is the de novo specification of 
endothelial precursor cells or angioblasts from the mesoderm. Angiogenesis is 
the formation of the new blood vessels by pre-existing vessels. 

Haemangioblasts come from lateral and posterior mesodermal cells which 
express vascular endothelial growth factor receptor 2 (VEGFR2). They migrate 
towards the yolk sac, and form blood island. During their migration, the 
precursors aggregate to clusters. According to the different expression level of 
VEGFR2, the peripheral cells of these aggregates will differentiate to angioblast 
(vascular endothelial cell which have not yet form lumen) while the centrally 
located cells differentiate to haematopoietic stem cell (4). Following the 
differentiation of the yolk sac blood islands, angioblasts rapidly anastomose 
(branch out and reconnect) to form primary capillary plexus which is a capillary 
meshwork. The primary vascular plexus is established before the onset of heart 
beat. After the onset of heartbeat and of blood flow, the yolk sac capillary plexus 
is rapidly remodeled into arteries and veins and a circulatory loop is established 
(5).  The primary vascular plexus subsequently expands via angiogenesis, 
which lead to remodeling of primary vascular plexus into a highly branched 
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hierarchical vascular tree. 

1.3 Angiogenesis 

1.3.1 Pro- and anti- angiogenic factors 

The angiogenesis is normally tightly regulated by the balance of pro- and 
anti-angiogenic factors. Hanahan and Folkman hypothesized this balance 
control the angiogenic switch (6). This model suggests the angiogenesis can be 
induced either by promoting the pro-angiogenic activity or by inhibiting 
anti-angiogenic activity (6). Hypoxia, low oxygen level, is the major reason for 
introduction of angiogenesis. The depletion of oxygen stabilizes the 
hypoxia-inducible factor (HIF), which is a transcription factor that regulates 
physiological responses to hypoxia, and allowing the cell to adapt the hostile 
microenvironment. Until now, more than 60 putative HIF target genes have 
been discovered, which include genes that promote angiogenesis (vascular 
endothelial growth factor—VEGF), shift energy metabolism to the glycolytic 

pathway(glucose transporters), cell survival and proliferation (IGF-2) and even 
apoptosis (DEC-1, BNIP-3) (7).  

Several factors are identified that positively regulates angiogenesis, for 
example VEGFs, platelet-derived growth factors (PDGFs), and fibroblast growth 
factors (FGFs), of which the VEGFs are most important ones. Five members of 
mammalian VEGF family are found: VEGF-A, B, C, D and placental growth factor 
(PIGF). VEGF-A is the most studied pro-angiogenic factor, which bind to its 
receptor— VEGFR and co-receptors—neuropilin and heparin sulphate (HS). 

VEGF-A regulate the vascular development, physiological and pathological 
angiogenesis. VEGF-A can induce endothelial cell proliferation, migration and 
permeability (8). 

Endogenous anti-angiogenic factors can inhibit the response of pro-angiogenic 
factors. Some of the endogenous inhibitors are formed as a product of 
degradation of extracellular matrix. Because extracellular matrix need to be 
degraded before angiogenesis, the generation of angiogenesis inhibitors means 
the process of angiogenesis is tightly regulated. Examples of this type of 
inhibitor are tumstain and endostain, which come from type IV collagen and 
type XVIII collgen respectively. Angiogenesis inhibitors can also be found in the 
blood coagulation pathway, such as urokinase plasminogen activator (uPA) and 
platelet Factor 4 (PF-4) (9). 

1.3.2 Mechanisms of angiogenesis 

Angiogenesis can be achieved by two ways: sprouting angiogenesis and 
intussusceptive angiogenesis (IA) (Figure 1.2). 
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During sprouting angiogenesis, VEGF-A trigger tip cell formation. The tip cell 
sends out filopodia to sense the surroundings to navigate and migrate. The tip 
cell is followed by stalk cells organized into a solid cord (Figure 1.2). The stalk 
cell proliferate and elongate the sprout. Delta-like ligand 4 (DII4) and Notch 
singnaling ensures that only one tip cell can form in each sprout. Under 
stimulation of a VEGF-A gradient, the cell sensing the highest VEGF-A 
concentration becomes tip cell, which produce more DII4 and transactivates 
Notch on the stalk cells to prevent them to become tip cell. The tip cell will then 
fuse with other tip cells to form vessels. 

During the intussusceptive process, transluminal pillars (holes) split the vessel 
(Figure 1.2). Intussusceptive angiogenesis (IA) can optimize the local vascular 
branching geometry, therefore IA is very important in creation of local organ 
specific angioarchitecture. Blood flow has been shown to direct the effect on IA. 
The detailed molecular mechanism has not been elucidated (10). 

In order to form a mature and stabilized vessel, new vessels need to produce 
basement membrane and recruit mural cells. PDGF-BB production by 
endothelial, is involved in recruiting the smooth muscle cells and pericytes. 
Pericytes also contribute to produce basement membrane. Pericytes can 
promote vessel maturation and quiescence by producing for example 
angiopetin-1 (ang-1), which decrease the sensitivity of endothelial cell response 
to stimulation, that is, inhibit the proliferation and increase resistance to 
apoptosis (12).  

 

 

Figure 1.2 Immunofluorescence microscopic images of 3-day-old quail yolk sac. Section 

was stained by QH1 monoclonal antibodies. White arrows show the tip sprouts and black 

arrow shows intussusceptive holes. (Picture from Werner Risau, Mechanisms of 

angiogenesis)(11) 
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1.4 Tumor development and angiogenesis 

1.4.1 Tumor development 

In a multi-cellular organism, the cells have a complex regulation system to 
ensure their normal function. To become cancer cells, they need to evade or 
break these regulations. Hanahan and Weiberg put forward six hallmarks of 
cancer (13), which are required for cancer development. The cells need several 
mutations to get these features. The six hallmark of cancer are shown below: 

Self-sufficiency of growth signals: The normal cells depend on signals from 
the environment to proliferate, while the cancer cell can circumvent this by 
up-regulation growth factor receptors, autocrine production of growth factors 
and continuous activation of growth signal by mutation. 

Insensitivity to antigrowth signals: A cancer cell is insensitive to anti-growth 
signals, which can inhibit proliferation and induce differentiation. 

Tumor angiogenesis:  A tumor can not grow more than approximately 2 mm2 
without blood vessels, because of the limitation of oxygen diffusion. 

Limitless replicative potential: Tumor cell are always immortalized allowing 
them to proliferate without limit, because they have a highly active telomerase. 
In contrast, the normal cells have a limited replicative potential, and after a 
certain number of cell cycles, they stop proliferating. 

Evading apoptosis: Apoptosis can help the organism eliminate some mutated 
cells. Tumor cells can escape apoptosis. 

Tissue invasion and metastasis:  Malignant tumors can invade and 
metastasize to neighboring tissue or other organs. This process is related to cell 
migration, extracellular matrix degradation and skip surveillance of immune cell 
in circulation and survival in new site. 

The tumor can be seen as a complex organ, they are composed of not only 
cancer cells but also a large proportion of tumor stroma. Tumor stroma is built 
by extracellular matrix and stroma cell. The extracellular matrix consists of 
plasma proteins, leaking from blood vessels, and some extracellular matrix such 
as collagen produced by tumor cell and infiltrating cells. The stroma cells 
contains all cells in the tumor except tumor cell, such as endothelial, fibroblasts, 
macrophages, neutrophils and other inflammatory cells (14). 

It is well accepted that tumor stroma (microenvironment) exert and play an 
impotant role in tumor progression, which not only contribute to the start of 
tumor angiogenesis but also the malignant phenotype of tumor cell. In response 
to tumor hypoxia and necrosis, tumor cells and stroma cells can release a 
number of cytokines and chemokines (CCL2,3,4,7,CSF1, GM-CSF, TGF) which 



   

- 9 -   

can recruit circulating moncytes and macrophages to the tumor site. The 
infiltrating macrophages further secrete cytokines (IL-8), chemokines (TNF) 
and growth factors (VEGF, PDGF, FGF, HGF) that affect tumor cells. These factor 
are also critical for recruiting the secondary inflammatory cells (e g. mast cell), 
which can secrete pro-angiogenic, pro-tumorigenic and pro-inflammatory 
factors that influences tumor growth and development (15). In accordance with 
this, most clinical studies show that tumor associated macrophage (TAM) 
correlates with advanced tumor progression and poor prognosis (16). 

1.4.2 Tumor angiogenesis 

As I mentioned above, tumor can not grow more than 1-2 mm diameter without 
vasculature. It is called the avascular phase, when the oxygen and nutrients are 
provide by diffusion. In this phase, the cell proliferation and apoptosis achieve a 
balance. Many avascular lesions can stay dormant, and be found on autopsy. In 
order to overcome the limitation, tumor need to gain new blood vessel to meet 
the requirement of oxygen and nutrients. The transition from the avascular 
phase to the angiogenic phase refers to angiogenic switch (17). There are at 
least three ways for tumor to get new blood vessels: 

The first strategy is that tumor cells can secrete and also induce stroma cell to 
secrete pro-angiogenic factors (e.g. VEGF), which induce angiogenic switch and 
initiate the angiogenesis. This is the most important strategy for a tumor to gain 
blood vessels. The pro-angiogenic factors can prompt endothelial cell 
proliferation, cell migration, vessel sprouting and tube formation. In addition, 
intussusception is also reported for new vessel formation (18). The second 
strategy is vasculogenesis, which is de novo formation of blood vessels from 
bone marrow-derived precursor cells. This type of blood vessel formation can be 
seen as a specific subtype of vasculogenesis. The third strategy is that tumor 
cells can form a luminal network by a process called vascular mimicry, which is 
still controversial. Tumor cells can also grow along pre-existing vessel, and this 
co-option can meet the oxygen and nutrients requirements. 

1.4.3 Tumor vessels 

Although the tumor is able to induce angiogenesis, the vasculature in tumors is 
very abnormal. The rapid growing, hypoxic tumor and excessive amount of 
growth factor cause an uncontrolled angiogenic response, and induce an 
inefficient and immature vasculature. Compared to normal vessels, tumor 
vessels differ in many ways (Figure 1.3). They don’t show conventional 
hierarchical manner, but are organized with a chaotic structure. Also, the tumor 
vessels are very tortuous and many of them have a blind end, which make them 
more inefficient. Because they are exposed to a large amount of VEGF-A, they 
are very permeable and leaky, and plasma proteins (e.g. fibrinogen, fibronectin) 
leak out into tumor stroma. The leaking fluid increases the interstitial fluid 
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pressure, which is the one reason for low anti-tumor drug delivery efficiency. In 
tumor vessels, endothelial cells often show abnormal morphology. For instance, 
they are loosely attached each other, or they can show multi-layers. The cell 
junction and adhesion molecules are also abnormal, which may facilitate 
immune infiltration and tumor cell metastasis. Lack of pericytes is another 
feature of tumor vessel (19).    

a   b  

Figure 1.3 Electron microscopic image show normal and tumor blood vessels. (a) normal 

blood vessels organize in a very hierarchical way. (b) Tumor vasculature, which organize with 

a chaotic structure and also very tortuous. (Picture from McDonald et al.) (20) 

1.4.4 Animal models for tumor research 

There are several animal models for cancer research, which can be put into two 
categories. One is transplantable tumor models, and the other is spontaneously 
arising tumor model. 

There are several kinds of transplantable tumor models. Tumor cells can be 
injected to a genetically similar host and easily accepted, which is called a 
syngenic model. Also, tumor can be injected into athymic or immunodeficiency 
mice, because it can accept different genetically derived tumor cells, which 
induce xenografts model. Orthotopical model (transplant of tumor to derived 
organs, like brain tumors in brain) and heterotopical model (transplant tumor to 
different organ that they derived, like brain tumors in back) also be used in 
cancer research. 

Spontaneously arising tumors can form in genetically modified animals, which 
can stepwise develop to tumor. It is believed that spontaneous models are good 
models to mimic cancer in humans. In my study, we use RIP1-Tag2 (RT2) 
transgenic mouse model, which is a spontaneous pancreatic insulinoma model. 
SV40 T antigen (Tag) is expressed under insulin promoter in Beta-cells of the 
pancreatic islets. SV-40 T can inactivate P53, and therefore induce 
tumorigenesis. About 10% of the pancreatic islets (total number of islets in 
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pancreas is approximately 400) develop to an angiogenic islet in week 7-9. 3% 
of the islets will develop to solid tumors at 10 weeks as small encapsulated 
tumors (adenomas). Few of these islet will progress into large adenomas and 
invasive carcinomas by 12 to 13 weeks. Mice die from hypoglycemia at around 
16 weeks of the age (21). 

1.4.5 Antiangiogenic therapy in cancer 

Since tumors are dependent on angiogenesis to grow and survive, many 
researchers are studying agents that target blood vessels and angiogenesis, 
and some of them have already been proved by the Food and Drug 
administration in US (FDA). Clinical studies show that VEGF-targeting agents 
can prolong life for cancer patients with months. After an initial response to 
VEGF-targeting agent, the tumor regrow and vasculature restore, which is an 
adaptive response of the tumor. Several mechanisms mediate this adaptive 
response, for example, up regulation of pro-angiogenic factor, recruiting 
immune cells, recruiting pericyte and increased invasion and metastasis (22). 

Several studies shows that a combination of VEGF targeting regents with a 
chemotherapeutic drug can increase the survival time and make chemotherapy 
more effective. At first glance, anti-VEGF regent will destroy the tumor 
vasculature and render the chemotherapy less effective, but removal of VEGF 
can reduce the permeability and leakiness of the tumor vessels. This effect can 
reduce IFP, therefore increasing the delivery of chemotherapy regents (23). 

Recently, several papers have demonstrated that targeting tumor vasculature 
can induce tumor invasion and metastasis, which may be the adaptive response 
as I mentioned above (24). The new concept of normalization of blood vessel 
has been put forward to, which may reduce tumor invasion and metastasis.  

1.5 Immune cells and platelets in tumor  

1.5.1 Immune cell infiltration in tumors 

Acute inflammation is necessary for protecting the body against pathogens and 
repairing damaged tissues. However, in some cases for example in tumor, 
inflammation will be maintained and become chronic. Chronic inflammation is 
believed to cause tumorigenesis. Tumors can be considered as a wound that is 
never healing. Tumor cells, which have lost their normal control system, 
contribute a unique microenvironment which has some features of injury. This 
microenvironment induces immune cells to their tissue repair phenotype but not 
pro-inflammation or anti-tumor activity. Innate immune system cells, such as 
macrophages, mast cells, and neutrophils play important role in enhancing 
tumor angiogenesis, growth and progression, illustrated by that long-term use 
of non-steroidal anti-inflammatory agents can reduced the risks of some 
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tumors.  

Most studies focus on tumor angiogenesis induced by tumor cell derived 
pro-angiogenic factors, but recent studies show that infiltrating immune cells 
also contribute to tumor angiogenesis in an even more efficient way, because 
infiltrating immune cells are located in the site very near to blood vessel 
endothelial cells.  

Tumor necrosis factor alpha (TNF alpha) seems a critical molecular for recruiting 
immune cell to tumor, as TNF alpha can induce endothelial cells to express 
inflammatory cell adhesion molecules, such as E-selectin, vascular adhesion 
molecule-1 (VCAM-1) and intercellular adhesion molecular-1 (ICAM-1) (25).  

1.5.2 Macrophages, mast cells and neutrophils in tumors 

Macrophages derive from CD34+ bone marrow progenitors, which develop to 
monocytes in the circulation and further to macrophages in tissue. There are 
different subpopulations of macrophage, and macrophages in tumors are 
referred as tumor-associated macrophages (TAMs). TAMs orient towards 
angiogenesis and tissue repairing (M2) phenotype rather than a classical 
pro-inflammation (M1) phenotype. Weather the TAM is a subpopulation of M2 
macrophage is still debated, since TAM can also express some M1 markers (TNF, 
IL-6, CXCL-8). But it is clear that TAM has a poor antigen-presenting function 
and suppresses T-cell activation and proliferation. Moreover, TAM can also 
produce factors that stimulate tumor growth, angiogenesis and development, 
such as VEGF, EGF and MMP-9 (26). To normalize TAM, which make them transit 
from M2 phenotype to M1 phenotype, has become a new strategy for tumor 
therapy. 

Neutrophils are the first cells to arrive at the site of infection, and they are very 
bactericidal. Also, they are very versatile, and secrete several cytokines and 
chemokine during inflammation. In vivo, neutrophils can promote tumor growth, 
angiogenesis and development by secreting several growth factors (VEGF), 
cytokines (IL-8) and proteases (matrix metalloproteinase MMP). In fact, 
neutrophils-derived MMP-9 is critical for the angiogenic switch in the RIP1-Tag2 
model of pancreatic islet carcinogenesis. Neutrophil-derived proteases are 
essential for tumor angiogenesis, which can release matrix bound VEGF from 
ECM (27).  

Mast cells (MC), which are derived from CD34+ bone marrow cells, are involved 
in inflammation, chronic inflammatory processes, tissue remodeling, wound 
healing and type I hyper-sensitivity reaction. Activated MC can produce many 
pro-angiogenic factors, such as VEGF, TNF-alpha, histamine and heparin. 
MC-derived chymase and trypase also contribute to provide a good environment 
for endothelial cells migration and proliferation (28). 
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1.5.3 Platelets in tumors tissue 

Platelets (derived from megakaryocytes) can regulate angiogenesis. They 
contain a large number of both pro- and anti-angiogenic factor. It is well known 
that cancer patient have an increased turnover of platelets and increased risk of 
thrombotic occlusion as result of platelet activation. Both increased coagulation 
and platelet activation have been demonstrated to stimulate tumor 
angiogenesis. Activated platelets also help tumor cell to survive and escape 
from immune system in the blood stream during metastasis (29). 

1.6 Histidine-rich glycoprotein (HRG) 

1.6.1 Introduction to HRG 

HRG is a 75 kDa protein found in plasma in many vertebrates such as human, 
rat, mouse and cow. In human, the concentration in plasma is about 100-150 
ug/ml. HRG is related to fetuin-B and kininogen, and all of them belong to the 
cysteine protease inhibitor (cystatin) super family. Structurally, there are three 
domains, which are the N-terminal domain, the histidine-and proline-rich 
domain (His/Pro-rich) and a C-terminal domain. In the N-terminal domain, 
there are two cystatin stretches (Cystatin 1 and Cystatin 2). Two inter-domain 
disulphide bonds link the N-terminal domain to the C-terminal domain and 
His/Pro-rich domain respectively (Figure 1.4).  

HRG is synthesized in the liver, however, HRG can be found in platelets, and is 
released after platelet activation. 

 

Figure 1.4 Structurally HRG can be divided into three main domains; the N-Terminal domain 

with two cystatin-like stretches, a histidine-proline-rich (His/Pro-rich) domain and the 

C-terminal. Both the His/Pro-rich middle domain and the C-terminal are disulfide bonded to 

the N-terminal part of the protein. (Picture from Anna-Karin Olsson)  

1.6.2 Biofunctions of HRG 

HRG is sensitive to proteolytic cleavage, which seems essential for HRG to exert 
its function as an angiogenesis inhibitor. HRG is a versatile molecule, which can 
bind to several partners to modulate hemostatic, immune and vascular function. 
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A number of HRG binding partners are reported, such as Zn2+, heparin and 
heparin sulfate (HS). HRG can get positive charge by binding Zn2+ in the 
non-charged histidine residues, which can increase HRG binding affinity to its 
partner, such as HS or heparin. HRG can bind to cell surfaces mostly mediated 
by HS but also by Fc receptor or membrane ATPase. HRG can also bind and 
prevent formation of insoluble immune complex. HRG can enhance activity of 
clearance of apoptotic and necrotic cells by phagocytes. HRG can also bind to 
fibrinogen and plasminogen, important molecules in the blood coagulation 
system. HRG-deficient mice have a shorter pro-thrombin time compared to wild 
mice and enhanced coagulation (31). 

1.6.3 Anti-angiogenic activity of HRG  

It is reported that HRG can inhibit endothelial cell migration and tube formation. 
Injection of HRG in mice leads to reduced tumor growth and blood vessel 
density in a number of tumor models in mice. The anti-angiogenic activity of 
HRG is mediated by the His/Pro rich domain, which needs to be released to exert 
its function. HS, Zn2+ and activated platelets provide a microenvironment for 
anti-angiogenic activity of HRG. HRG treatment of endothelial cell induces 
tyrosine phosphorylation and activation of focal adhesion kinase (FAK) and its 
downstream substrate paxillin, which may induce signaling cascade that leads 
to inhibition of endothelial migration by disruption of actin stress fiber (32).  

Apart from HS, HRG receptors in endothelial cells are still not identified. Some 
paper suggests that the receptor is tropomyosin, which is acting binding protein 
translocated to cell surface after FGF-2 stimulation of endothelial cells (38). 
Some papers report that the receptor may be alphavbeta3 integrin, at least, 
alphavbeta3 integrin signal is interfered by HRG (32).  

1.7 Aim of this study 

There are two aims of this study; one is to investigate the regulation of 
pathological angiogenesis by HRG. Recent data from our lab show that tumor 
volume is larger in HRG-deficient mice than their RT/HRG+/+ littermates, and 
the difference in size was enhanced over time: two times increased volume at 
week 12 and three times increased at week 15. Therefore, we need to decide 
which factor is responsible for this difference. We analyze tumor tissue from 
wild-type and HRGP-deficient mice with respect to proliferation, apoptosis and 
vascularization using immunohistochemical methods for staining tumor tissue 
with anti-Ki-67 (proliferation marker) antibody, anti-cleaved caspase-3 
(apoptosis marker) antibody and anti-CD31 (blood vessel marker) antibodies. 

Another aim of this study is to investigate if tumor growth and vascularization in 
HRG knockout mice is regulated by innate immune cells and platelets. 
Immunohistochemical and immunofluorescence methods were used for staining 
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tumor tissue with an anti-Gr1 (neutrophil cell marker) antibody, anti-CD68 
(macrophage marker) antibody and anti-CD41 (platelet marker) antibody. 

Mice deficient for HRG in a C57bl6 background have been generated. These 
mice are viable and fertile, but have a coagulation defect. To investigate the role 
of HRG as an endogenous inhibitor of angiogenesis, we have crossed the 
HRG-deficient mice with a transgenic mouse model of insulinoma; the 
RIP1-Tag2 mouse (RT2), which spontaneously develop pancreatic tumors. The 
model is believed to better reflect the situation in human tumors, than 
conventional subcutaneous models with injected tumor cells. This crossing 
enables a comparison of tumor growth and phenotype in wild-type (wt) and 
HRG ko-mice. 
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2 Material and methods 

2.1 Material 

2.1.1 Antibody and kits 

The following primary antibodies were used in this study: anti-Ki67  
(Dakocytomation/M7249), anti-cleaved caspase-3  (Cell Signalling/9661), 
anti-CD31  (BD/557355), anti-Gr-1 (BD/553123), anti-CD68 (AbD 
serotec/MCA1957), anti-CD41(Cemfret/M023-3).  

The following secondary antibodies were used: anti-rat Alexa488  (Molecular 
Probes/A21208), biotinylated anti-rabbit IgG (Vector Laboratories/BA-1000), 
biotinylated anti-rat IgG (Vector Laboratories/BA-9400).  

The following regents and kits were used in this study: AEC peroxidase 
substrate kit Vector Laboratories (Vector Laboratories/SK-4200), Hoechst 
33342 (VWR International AB), Hematoxylin (HistoLab Products AB), 
Horseradish peroxidase streptavidin-conjugate (Vector Laboratories/SA-5004). 

The  following primers were  used for genotyping:  Forward  HRG  primer  
5'-CCTGGGGTCAAAGTGAACATGC-3'; reverse HRG wild-type primer  
5'-CGCTCTGTCCAAGTGGGCGTCA-3'; reverse  knockout HRG primer (located 
in neomycin cassette) 5'-TTGTGTAGCGCAAGTGCCAGCG-3'; forward Tag2 
primer 5'-GGACAACCACAACTAGAATGCAG-3'; reverse Tag2 primer 
5'-CAGAGCAGAATTGTGGAGTGG-3' 

  

2.1.2 Mice 

RIP1-Tag2 HRG+/+ (RT2/HRG+/+) and RIP1-Tag2 HRG-/- (RT2/HRG-/-)mice 
were used in this study, and all mouse strains were on a pure C57BL/6 genetic 
background. RT2/HRG-/- and RT2/HRG+/+ littermates were produced by 
mating RT2/HRG+/- males and RT2 negative HRG+/- female mice. 10% 
sucrose need to supply in the drinking water to all RIP1-Tag2 positive mice, 
which relieve hypoglycemia induced by the insulin-secreting tumors. 
Genotyping can be done by PCR using DNA extracted from tail biopsies as the 
template.  

2.1.3 Equipment and software 

The following equipments were used: ECLIPSE 90i Microscope (Nikon), DS-Fil 
color CCD camera (Nikon), DS-Qi Mc monochrome CCD camera (Nikon), HM 
500 M Cryostat (Microm) 
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The following softwares were used: NIS-Elements AR 3.06 imaging software 
(Nikon), Image J (National Institutes of Health, USA), Adobe Photoshop CS4 
(Adobe System, Inc.), Graphpad Prism 4.0 (Graphpad Software, Inc.) 

2.2 Methods 

2.2.1 Mice genotyping 

1 mm3 biopsy generated from mice tail was dissolved in lysis mix. Inactivation 
of endogens protease was done by incubation at 95OC for 5 min, and 1 ul 
protease K was added and for incubation for 1hour at 55 OC to remove proteins. 
1 ul of supernatant of lysis product was used as DNA template for PCR, and the 
PCR product was sepatated on the 2% agrose gel. 

2.2.2 Crysectioning of mouse tissue 

The frozen mouse tissue was embedded into Tissue Tek O.C.T Compound 
(Sakura) in Tissue Tek Cryomold specimen molds (Sakura), and stored in -75 OC 
until sectioning. 5 um section of pancreatic tumor tissue were made at -18 OC. 
Frozen sections were kept in -20 OC freezer.  

2.2.3 Immunohistochemistry 

Frozen sections of mouse tissue were fixed in ice-cold methanol, washed in 
phosphate buffered saline (PBS) and 1% H2O2 was used for blocking 
endogenous peroxidases. After PBS washing, the sections were blocked in 3% 
bovine serum albumin (BSA) in PBS before incubation with primary antibody. 
Sections were incubated with primary antibody for 2 hours at room temperature 
or at 4°C over night. The dilutions in blocking buffer were as follows: cleaved 
caspase-3 1:200, Ki67 1:100, CD31 1:500, anti-Gr-1 1:300, and anti-CD41 
1:300. In  order  to  detect  primary antibody binding sites,  sections were  
incubated with  biotinylated  anti-rat IgG (CD31, Ki67, Gr-1, CD41) or 
anti-rabbit IgG  (cleaved  caspase-3) antibody for 30 minutes diluted 1:200 in 
blocking buffer. After washing, sections were incubated with HRP conjugated 
streptavidin diluted 1:200 in blocking buffer for 30 minutes at room 
temperature. AEC Peroxidase Substrate Kit was used to see the antibody 
binding sites. Hematoxylin staining was used as counter-staining to visualize 
nuclei. 

2.2.4 Immunofluorescence 

Frozen sections of mouse tissue were fixed in ice-cold methanol, washed in 
phosphate buffered saline (PBS) and blocked in 3% bovine serum albumin (BSA) 
in PBS before incubation with primary antibody. Sections were incubated with 
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primary antibody for 2 hours at room temperature or at 4°C over night. The 
dilution for anti-CD68 in blocking buffer was 1:300. The Alexa Fluor 
488-conjugated rabbit anti-rat antibody was diluted 1:1000 in blocking solution, 
applied on tissue section and incubated for 30 min at room temperature. Cell 
nuclei were stained with 1:5000 diluted Hoechst 33342 for 10 min, and all 
sections were mounted with Fluoromount-G mounting medium. 

2.2.5 Quantification and statistical analysis 

All the sections were observed in ECLIPSE 90i microscope, images were taken 
with Nikon-Fil color camera or Nikon DS-Qil Mc monochrome camera. 

The proportion of proliferative, apoptotic cells and infiltrated neutrophils in 
tumors was assessed by calculating the ratio of Ki67, cleaved caspase-3, Gr1 
positive cells to the total cell number respectively. Therefore, we manually 
counted the total number of cells and number of Ki67, cleaved caspase-3, Gr1 
positive cells, respectively. A total number of 5000 cells were counted for Ki-67 
group, 30000 cells were counted for cleaved caspase-3 and 30000 cells was 
counted for Gr-1. The tumor tissue derived from six (cleaved caspase-3 
experiment, three in wild type group and three in HRG deficient group), eight 
(Ki67 experiment , four in wild type group and four in HRG deficient group) or 13  
(Gr1 experiment, six in wild type group and seven in HRG deficient group) 
individuals. 

The proportion of infiltrated macrophages and platelets in tumors was assessed 
by the ImageJ software. The monochrome picture of CD68 (macrophages) and 
CD41 (platelets) were quantified by ImageJ to analyze the ratio of positive 
pixels to all pixels. 12 individuals were used for CD41 experiments (six in wild 
type group and six in HRG deficient group), and 13 individuals were used for 
CD41 experiments (seven in wild type group and six in HRG deficient group) 

Blood vessels were quantified by a stereological method (33). Five blood vessel 
parameters can be estimated according to this method. The five parameters are 
as follows: length density (LV, length of vessels per tumor volume), volume 
density (VV, volume of vessels per tumor volumetric density), surface density 
(SV, surface area of vessels per tumor volume), a (mean section area of vessels), 
d (mean section diameter of vessels). 

For statistical analysis, two-tailed students’s t-test was used with GraphPad 
Prism statistics software. P-values below 0.05 were considered as significant. 
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3 Results 

3.1 Generation and genotyping of HRG-deficient RIP1-Tag2 

mice 

In order to investigate how HRG affects tumor angiogenesis and growth in vivo, 
we have crossed HRG-deficient mice with the RIP1-Tag2 model, which is a 
spontaneous insulinoma model as I described above.  

We crossed RT2 negative HRG+/- females with RT2 positive HRG+/- males to 
get both HRG wild type (HRG+/+) and HRG knockout (HRG-/-) littermates in a 
RT2 positive genetic background. The mice were genotyped by PCR, and the 
generated PCR-products are shown in the picture (Figure 3.1). RT2 449 bp, 
HRG+/+ 310 bp, HRG-/- 378 bp and HRG+/- 310 and 378 bp. 

 

Figure 3.1 Three PCR products can be generated. 310 bp shows HRG wild type allele product, 

378 bp shows HRG knockout allele product, and 449 bp shows RT2 transgene allele product.   

3.2 Tumors in HRG-deficient RIP1-Tag2 mice display 

increased proliferation but no difference in apoptosis 

To investigate why tumors are larger in HRG-deficient mice, we analyzed the 
proliferation and apoptosis in the tumors. Immunohistochemical stainings with 
anti-Ki67 antibody shows, compared to the RT2/HRG+/+ group, a significantly 
increased proliferation in tumors from the RT2/HRG-/- group. 
Immunohistochemical staining with anti-cleaved caspase-3 antibody shows no 
tumor volume difference in apoptosis between these two groups (Figure 3.2). 
This means the larger tumors in HRG-deficient mice are mainly caused by 
increased proliferation in RT/HRG-/-, not by decreased apoptosis. 
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A  Anti-Ki-67      HRG+/+                             HRG-/- 

     

B Anti-caspase-3  HRG+/+                             HRG-/- 

    

C                                                D 

      

 

Figure 3.2 Proliferation and apoptosis in tumors of RT2/HRG+/+ and RT2/HRG-/- mice (12 

weeks old). (A) Immunohistochemical staining with anti-Ki67 antibody. Positive cells are 

shown in dark red color. (B) Immunohistochemical staining with anti- cleaved caspase-3 

antibody. Positive cells are shown in red color indicated with arrow. (C) Quantification of Ki67 

positive cells shows increased proliferative rate in RT2/HRG-/- (n=3) group compared to 
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RT/HRG+/+ (n=4) group, Data are presented as percentage as Ki-67 positive cells of total 

cell number. (D) Quantification of cleaved caspase-3 positive cells shows no statistical 

significant difference between RT2/HRG-/- group (n=3) and RT2/HRG+/+ group (n=3), Data 

are presented as percentage of cleaved caspase-3 positive cells of total cell number. 

Statistical analysis was performed with a two tailed student’s t-test, ***p<0.001, ns: no 

significant, scale bars is 50 µm in A, 100 µm in B. 

3.3 Vascularization in RT/HRG-/- and RT/HRG+/+ tumors 

Since HRG is an angiogenesis inhibitor both in vivo and in vitro, and RT/HRG-/- 
tumor shows increased proliferation, we asked if this is caused by increased 
vascularization. Therefore, in order to further analyze if pathological 
angiogenesis in tumors is regulated by HRG, we have performed 
Immunohistochemical staining with an anti-CD31 antibody, which detects blood 
vessels. Stereological quantification of tumor vascularization was performed in 
12 weeks old RT2/HRG+/+ and RT/HRG-/-. Five parameters (length density, 
volumetric density, surface density, mean section area of vessels, mean section 
diameter of vessels) of blood vessels did not show any statistical significant 
difference (Figure 3.3). 

A  CD31    HRG+/+                                   HRG-/-  

     

 B                                        C 
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D                                   E 

     

                  F 

 

Figure 3.3 Vascularization in tumor of RT2/HRG+/+ and RT2/HRG-/- mice (12 weeks old). (A) 

Immunohistochemical staining with anti-CD31 antibody was performed on tumor sections 

from RT/HRG+/+ (n=7) and RT/HRG-/- (n=7) mice, and the positive signal is shown in red 

color. (B-F) Stereological quantification of vascular parameters: length, volumetric and 

surface density as well as mean section area of vessels and mean section diameter of vessels. 

Statistical analysis was performed with a two tailed student’s t-test, ns: no significant, scale 

bars 100 µm. 

3.4 Neutrophil infiltration in RT/HRG-/- and RT/HRG+/+ 

tumors 

It is reported that neutrophils can promote tumor growth, angiogenesis and 
development by secreting several growth factors (VEGF), cytokines (IL-8) and 
proteases (matrix metalloproteinase MMP) in vivo, and neutrophils-derived 
MMP-9 is critical for the angiogenic switch in RIP1-Tag2 model of pancreatic islet 
carcinogenesis. In order to investigate if the larger tumors in HRG-deficient 
mice is caused by increased neutrophil infiltration, immunohistochemical 
staining with anti-Gr1 antibody, a newtrophil marker, was performed. The data 
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showed no difference in neutrophils infiltration between two groups (Figure 3.4) 

A  anti-Gr1    HRG+/+                              HRG-/- 

  

                   B 

 

Figure 3.4 Neutrophil infiltration in tumors from RT2/HRG+/+ and RT2/HRG-/- mice (12 

weeks old).  (A) Immunohistochemical staining with an anti-Gr1 antibody was performed on 

tumor section from RT/HRG+/+ (n=6) and RT/HRG-/- (n=7) mice, and the positive signal is 

shown in red color as the arrows indicated. (B) Quantification of Gr1 positive cells shows 

there is no statistical significant difference between the RT2/HRG-/- group and the 

RT2/HRG+/+ group, Data are presented as percentage of Gr1 positive cells of total cell 

number. Statistical analysis was performed with a two tailed student’s t-test, ns: no 

significant, scale bars 100 µm. 

3.5 Macrophage infiltration in RT/HRG-/- and RT/HRG+/+ 

tumors 

It has been suggested that HRG can regulate the function of macrophages (34). 
Macrophages are very important in tumor stroma and can promote tumor 
growth and development. To investigate if HRG affect macrophage infiltration, 
immunofluorescence staining with an anti-CD68 antibody was performance on 
the tumors. Quantification by software shows no statistical significant difference 
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in macrophage infiltration density between these two groups (Figure 3.5 A and 
B). But in the section, we noticed that the morphology of the macrophages is 
slightly different between the two groups. In the RT/HRG-/- group, the 
macrophage shows more protrusions (Fig 3.5 C). Therefore, HRG can affect the 
macrophage phenotype and that this could possibly play a role in tumor 
development. 

A               HRG+/+                               HRG-/- 

DAPI     

CD68    

Merge    
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B 

 

C                    HRG+/+                         HRG-/- 

 CD68      

Figure 3.5 Macrophage infiltration in tumors from RT2/HRG+/+ and RT2/HRG-/- mice (12 

weeks old).  (A) Immunofluorescence staining with anti-CD68 antibody was performed on 

tumor sections from RT/HRG+/+ (n=7) and RT/HRG-/- (n=6) mice. Nuclei were stained with 

Hoechst (blue), and the CD68 signal is show in red color. (B) Quantification of the CD68 

positive signal was done by measuring the ratio of positive pixels to all pixels, which shows 

that there is no statistical significant between the RT2/HRG-/- group and the RT2/HRG+/+ 

group. (C) The morphology of the macrophages is slightly different between the two groups, 

Macrophages in the RT/HRG-/- group shows more protrusions as the arrow indicate. 

Statistical analysis was performed with a two tailed student’s t-test, ns: no significant, scale 

bars 50 µm in A, 20 µm in C. 

3.6 Platelet adhesion and aggregation in RT/HRG+/+ and 

RT/HRG-/- tumors 

HRG is an important molecule in the blood coagulation system, and enhanced 
coagulation was observed in HRG deficient mice. Activated platelets also help 
tumor development and metastasis. In order to investigate if HRG can regulate 
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platelet adhesion and activation in tumors, we stained the tumor tissue with an 
anti-CD41 antibody. Quantification by software shows no statistical significant 
difference in platelet adhesion and aggregation between RT/HRG+/+ and 
RT/HRG-/- (Figure 3.6).  

 

A  CD41     HRG+/+                                 HRG-/- 

   

                          B 

 

Figure 3.4 Platelet adhesion and aggregation in tumors from RT2/HRG+/+ and RT2/HRG-/- 

mice (12 weeks old). (A) Immunohistochemical staining with anti-CD41 antibody was 

performed on tumor sections from RT/HRG+/+ (n=6) and RT/HRG-/- (n=6) mice, Platelets 

are shown in red color as arrows indicate. (B) Quantification of CD41 positive signals by 

measuring the ratio of positive pixels to all pixels. The data that shows there is no statistical 

significant difference between the RT2/HRG-/- group and the RT2/HRG+/+ group Statistical 

analysis was performed with a two tailed student’s t-test, ns: no significant, scale bars 100 

µm. 
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4 Discussion 

4.1 Which factor is responsible for the larger tumors in 

RT/HRG-/-? 

RT/HRG-/- shows a significantly larger tumor volume than their RT/HRG-/- 
littermates. The different size was enhanced over time, with two times 
increased volume at week 12 and three times increased at week 15. Increased 
proliferation was most likely one of the reason to for the larger tumors in 
RT/HRG-/- mice. Also, an accelerated angiogenic switch can be observed in 
RT/HRG-/- tumors (35), which may also be the reason for larger tumor volume 
in RT/HRG-/-. Because the earlier angiogenic switch can accelerate tumor 
growth and development, tumors in pancreas may merge together earlier and 
cause large tumors. Therefore the author here concludes that both increased 
proliferation and accelerated angiogenic switch contribute larger tumor volume 
in RT/HRG-/- mice. 

4.2 No statistical significant difference in tumor 

vascularization betweend RT/HRG-/- and RT/HRG+/+ group  

HRG is an angiogenesis inhibitor both in vivo and in vitro, but we can not get 
statistical significant difference in tumor vascularization between two groups at 
12 weeks mice. However, previous studies show that the angiogenic switch is 
enhanced in RT/HRG-/- mice (35). This may be because life is a very complex 
system and can self regulate. Deleting HRG can be compensated by other 
molecules or regulate other mechanisms. Although the vessel density shows no 
statistical significant difference, we can still ask if the function of the vessesl is 
affected by HRG. We can further investigate the function of vessels in two 
groups by analyzing pericyte coverage, vessel leakiness and adhesion 
molecules in blood vessels.  

4.3 Immune cell infiltration in tumors  

Our results show no difference in neutrophil infiltration between two groups. It 
seems that HRG does not influence neutrophil infiltration in tumors, at least in 
12 weeks old RT2 mice. But neutrophils may play different roles in different 
stages of the tumor. It is reported that neutrophils is critical for mediating the 
initial angiogenic switch in the RT mouse, but dispensable in intervention phase 
(10-13.5 week) of tumor development (27). Therefore we still need to further 
analyze if HRG can affect neutrophil infiltration in angiogenesis switch phase, 
which occurs in about 7 weeks old mice.  
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Tumor-associated macrophages (TAMs) can secrete many cytokines, 
chemokines and growth factors, which can promote tumor growth, 
angiogenesis and development. The density of TAM is not statistically significant 
different, but the morphology is slightly changed. Macrophage in RT/HRG-/- 
tumors show more protrusions. The mechanism that mediates the morphology 
change of macrophage is still not clear. We raise hypothesis that HRG may 
inhibit macrophage cell migration and cytoskeleton like in endothelial cells. 
Generation of protrusions need to be precisely regulated by cell migration and 
cytoskeletal protein. For future perspective, we can investigate if HRG can 
regulate macrophage protrusions in vitro and in vivo.  

We also have a hypothesis that HRG can regulate tumor development by 
changing the polarity of macrophages, and make TAMs go from the M2 
phenotype to the M1 phenotype. As we know, infiltration of M2 phenotype 
macrophage correlate with histological malignancy grade of glioma (37), and a 
recent study on PDGF induced RCAS/TV-A mouse model of glioma that, shows 
HRG hade little effect on tumor incidence but could significantly inhibit the 
development of malignant glioma and completely prevent the occurrence of 
grade IV glioma (Glioblastoma) (36). The effect of HRG to prevent the 
occurrence of grade IV glioma (Glioblastoma) may be mediated by the change 
in the polarity of the macrophages. Therefore, further studies are needed to 
investigate if M2 cells differ between RT/HRG+/+ and RT/HRG-/- groups. 

4.4 Platelet aggregation in tumors 

HRG-/- mice shows shorter bleeding time and enhanced coagulation, therefore, 
we investigated if there is a difference in platelet aggregation in tumors from 
RT/HRG+/+ and RT/HRG-/- mice. We can not see any statistically significant 
difference between the two groups. This is accordance with data showing that 
the platelet in circulation is similar between the two groups (our unpublished 
data).  
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5 Future perspectives 

In this thesis, no difference vessel density between RT/HRG+/+ and RT/HRG-/- 
tumor could be detected. But some other factors regarding vessel function 
should be further investigated, such as pericyte coverage, vessel leakiness and 
adhesion molecules in blood vessels. These factors are very important in tumor 
growth, angiogenesis and metastasis.  

Macrophages in tumors also need to be further investigated; if HRG can induce 
TAMs from M2 phenotype to M1 phenotype. Other immune cells in the tumors 
also need to be studied such as mast cells. If HRG can affect neutrophil 
infiltration in angiogenesis switch phase is also interesting to study. 

HRG can enhance platelets activation, which is very important in tumor 
metastasis; therefore, it would also be interesting to study the effects on 
metastasis in HRG-/- mice. 
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