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    Chapter 1   
 Introduction to Angiogenesis in Normal 
Physiology, Disease and Malignancy                     

    Abstract     Vasculogenesis is the de novo formation of blood vessels by mesodermal 
progenitors undergoing differentiation to endothelial cells. New vasculature forma-
tion from pre-existing vasculature occurs through the physiological remodelling 
process known as angiogenesis. Angiogenesis is implicated in the proliferation and 
growth of both physiologically normal and neoplastic tissues, through the establish-
ment of vascular supply, essential for delivering growth requirements such as oxy-
gen and nutrients. Many inhibitory and promoter genes regulate this process, 
however the role of specifi c genes in the shift from normal angiogenesis to tumour 
initiation is complex and thus poorly understood. This book investigates the process 
of angiogenesis in malignancies. The functional role of key regulatory factors will 
be examined in the context of normal healthy condition. Then the association of 
these factors to disease and malignancy, cancer proliferation and progression will 
be discussed. New insights into the role of angiogenesis and the therapeutic inhibi-
tion of its regulators will be investigated due to the great potential for exploitation 
in the development of a novel treatment for cancer.  

  Keywords     Angiogenesis   •   Normal physiology   •   Disease   •   Malignancy  

1.1             Introduction to Angiogenesis 

 There are two mechanisms for the formation of blood vessels in the body; angiogen-
esis and vasculogenesis. Both are essential in formation of the vascular network in 
our bodies. 

 Vasculogenesis is the formation of blood vessels from angioblasts. It is a dynamic 
process that involves cell–cell and cell–extracellular matrix interactions directed by 
growth factors and morphogens (Carmeliet  2005 ). This process includes differen-
tiation of mesodermal stem cells into angioblasts, and then the differentiation of 
angioblasts into endothelial cells under the command of growth factors. It occurs 
inside the embryo and it initiates the fi rst vascular system of our body. 

 Angiogenesis is the term used to describe the process of growth or formation of 
new blood vessels from pre-existing blood vessels (Folkman and Shing  1992 ). This 
process begins in utero and prolongs throughout life. Angiogenesis is an essential 
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process in normal physiology in the body for it has major roles in healing, 
 reproduction, growth of tissues and also diseases (Felmeden et al.  2003 ). The role 
of angiogenesis and its contribution to disease has been a topic of discussion for the 
last few decades (Folkman  1996 ). Metabolically active tissues in the body are 
always in close proximity to bloody capillaries for essential processes such as 
exchange of nutrients and metabolites must occur (Adair and Montani  2010 ). It is 
responsible for both remodelling and expansion of the existing network formed by 
vasculogenesis. Angiogenesis exists as a very important process in the body due to 
the fact that all tissues require oxygen. Oxygen is delivered through capillaries 
which are formed through angiogenesis. The control of angiogenesis in the body is 
dependent on a specifi c tissue’s metabolic needs. The reason angiogenesis has 
gained much publicity in the world of health is due to its infl uence on both many 
diseases and cancer. Malignant growth is dependent on the formation of these new 
blood vessels, that supply nutrition to the tumour site, and provide a way for certain 
cells and survival factors to enter and leave circulation (Folkman  2006 ; Seaman 
et al.  2007 ). Chemical factors such as angiogenic growth factors, angiogenesis 
inhibitors and other genetic factors can cause abnormalities in the process of angio-
genesis (Seaman et al.  2007 ). This lack of control results in either too much or too 
less angiogenesis occurring (Albini et al.  2012 ). The stimulation of angiogenesis is 
now considered therapeutic approach in terms of treating peripheral arterial disease, 
ischemic heart disease, and in wound care, however, in cases of ophthalmic condi-
tions, cancer, rheumatoid arthritis, and other diseases, limitation of angiogenesis 
seems a better option (Folkman and Shing  1992 ). 

 In general, angiogenesis occurs in a series of steps that are initiated by a certain 
cell not having enough oxygen. This cell will release proangiogenic growth factors 
which attract infl ammatory and endothelial cells that then proliferate and grow. 
Endothelial cells in the target location then secrete metalloproteases which digest 
the blood vessel walls allowing these cells to go towards the angiogenic stimulus. 
The process is completed through anastomosis which joins the capillaries coming 
from the arterioles and venules, establishing proper blood fl ow in the body 
(Carmeliet  2005 ). For angiogenesis to occur in the body, its positive regulation 
through growth factors must overcome the factors that inhibit angiogenesis. 
Angiogenesis is a complex process composed of many steps and a combination of 
factors such as cells, soluble factors and extracellular matrix (ECM) components 
(Liekens et al.  2001 ). Embryonic mesenchymal cells differentiate into endothelial 
cells to develop into blood vessels (Felmeden et al.  2003 ). There are growth factors 
that have been described to be associated with the positive regulation of angiogen-
esis; these include vascular endothelial growth factor (VEGF), transforming growth 
factors (TGF-beta), fi broblast growth factors (FGF), epidermal growth factor 
(EGF). On the other hand, there are also growth factors that have been shown to 
have little effect on proliferation of endothelial cells in angiogenesis (Carmeliet 
 2005 ). There are two types of angiogenesis that occur in adults: these are sprouting 
angiogenesis and intussusceptive angiogenesis. 

 Sprouting angiogenesis essentially refers to branching of existing blood vessels 
via enzymatic degradation of capillary basement membrane, proliferation and 
migration of endothelial cells towards angiogenic stimulus through the extracellular 
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matrix, formation of a tube with lumen, fusion of vessels to form network and 
fi nally stabilization of vessels by recruitment of pericytes (Adair and Montani 
 2010 ). Angiogenic stimuli induce the endothelial cells of existing vessels to prolif-
erate and increase in permeability. Next, the extracellular matrix of the proximal 
tissue gets degraded to give space for the new blood vessel. The endothelial cells 
continue sprouting and proliferating into the provisional extracellular space, and 
form the lumen of the developing capillary. In the fi nal stages of angiogenesis sta-
bilization occurs, where a mature vascular basement membrane covers and peri-
cytes surround the new vessel to protect and support it (Hong et al.  2014 ; Senger 
and Davis  2011 ). 

 In terms of sprouting angiogenesis, the fi rst growth factor was discovered in the 
1980s which was fi broblast growth factor. FGF triggers all the main steps in the 
angiogenesis process and is produced by many cells, among which are macrophages 
and tumour cells. Despite the fact that FGF is not released on a regular basis, after 
its secretion into the extracellular matrix the angiogenesis cascade is initiated. 
Various research points to the fact that vascular endothelial growth factor (VEGF) 
is a very important part of the initiation of angiogenesis as well. Essentially, it acti-
vates the proliferation of endothelial cells and is also a powerful initiator of vasodi-
lation in blood vessels. Furthermore, it is a stimulator of metalloproteinases and 
plasminogens (Hillen and Griffi oen  2007 ). 

 To go into more depth on the process, we can use the role of VEGF as an exam-
ple. VEGF provides an angiogenic stimulus that helps the endothelial tip cell sprout 
through the extra-cellular matrix thus forming the foundation for a new capillary to 
develop. The tip cells are aided by processes on them called fi lodopia which release 
proteolytic enzymes that establish a path through the ECM. The sprouting of the tip 
cells with their fi lodopia is also heavily dependent on the VEGF gradient as the 
fi lodopia are covered in many VEGF receptors. Following the tip cells, are endothe-
lial stalk cells which cause the elongation of the sprout. These stalk cells are what 
forms the capillary lumen. The uniting of two tip cells at a centre of VEGF release 
forms one continuous lumen through which blood can perfuse. The VEGF stimulus 
dies down after the tissues in that area are suffi ciently oxygenated (Carmeliet  2005 ). 

 Intussusceptive angiogenesis, in comparison, is a much newer discovery which 
was fi rst observed in the lungs (Burri and Djonov  2002 ). It is a much faster and 
effi cient form of angiogenesis as there is no endothelial cell proliferation and it is 
merely the splitting of a blood vessel into two by reorganization of the existing 
endothelial cells so that the cells extend into the lumen (Adair and Montani  2010 ; 
Carmeliet  2005 ). This ultimately causes an increase in the overall complexity of the 
network and occurs throughout life like sprouting angiogenesis.  

1.2     Angiogenesis in Normal Physiology 

 During embryonic development the primary capillary plexus is developed by vas-
culogenesis. Vasculogenesis differs from angiogenesis in that the formation of new 
vasculature does not happen from pre-existing vessels but rather from endothelial 
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cell precursors, called angioblasts. The primary capillary plexus is then remodelled 
by the process of angiogenesis (Papetti and Herman  2002 ). The growth of newly 
developed cells is angiogenesis-dependent; all cells require nutrition, oxygen and 
removal of wastes to be able to function (Folkman  1996 ). The growth of the vascu-
lar network that is the cardiovascular system is one of the earliest events of angio-
genesis occurring during embryonic development (DeWitt  2005 ). After birth the 
blood vessels remain quiescent however it may also arise during adulthood such as 
seen in reproduction. During the menstrual cycle the development of the endome-
trium occurs resulting in highly-developed vascularity. The endometrium eventu-
ally sheds causing breakages in the surrounding blood vessels, which then undergo 
angiogenesis in order to repair the endometrial tissue (Smith  2001 ; Folkman  2006 ). 
Another instance where angiogenesis may occur later in life, and is of quite signifi -
cance is in the regeneration of damaged tissues during the wound repair and healing 
process. During the process of wound healing, sprouting angiogenesis takes place 
resulting in endothelial projections that enter the blood clot over the wound 
(Tonnesen et al.  2000 ). The organised vascularity assists in the deposition of a col-
lagen matrix within the granulation tissue and as it matures into a scar, the dense 
network of blood vessels eventually decreases (Tonnesen et al.  2000 ). Angiogenesis 
should be also enhanced in numerous nonrelated diseases such as in ischemic tis-
sues or cardiac failure where reperfusion is required to improve the disease condi-
tions; such event is also referred to as compensatory angiogenesis (Carmeliet  2003 ). 

 It is evident from the aforementioned roles in normal physiology that angiogen-
esis requires regulation in order to switch the process on and off when required. 
Certain naturally occurring inhibitors of this process prevent the formation of neo-
vasculature under pathologic conditions (Folkman and Shing  1992 ). It can therefore 
be concluded that a dynamic relationship must exist between growth factors and 
inhibitors, and if disrupted could lead to disease.  

1.3     Angiogenesis in Disease 

 Several chronic infl ammatory diseases are, in fact, causative agents of excessive 
angiogenesis as part of the pathology (Carmeliet  2003 ). In such conditions, the bal-
ance between stimulant and inhibitory angiogenic factors tilt towards the stimulant 
outcome leading to ‘angiogenic switch,’ resulting in profound angiogenesis 
(Carmeliet  2005 ). These diseases include atherosclerosis, rheumatoid arthritis, dia-
betes, psoriasis, endometriosis and cancer. To treat such disorders, therapeutic inhi-
bition of angiogenesis can be an option of improvement (Carmeliet  2003 ). 

 Multiple studies revealed that the immune system is critically impacted by angio-
genesis. Studies have shown that during angiogenesis exposure of endothelial cells 
to angiogenic factors such as FGF-2 and VEGF down-regulates adhesion molecule 
expression on the endothelial cells. In addition, endothelial adhesion molecules con-
trolled by cytokines such as TNF is severely hampered by angiogenic stimulus 
which interferes with activation and adhesion of leukocytes to endothelial tissues at 
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the site of neovascularization (Carmeliet  2003 ). This was an important fi nding as it 
suggested that those chronic infl ammatory disorders which cause angiogenesis were 
capable of escaping immune surveillance of the body. Such chronic infl ammatory 
diseases are also capable of causing angiogenesis by introducing angiogenesis stim-
ulatory factors. 

 In cases of rheumatoid arthritis, the rheumatoid synovial endothelium is enriched 
with VEGF an FGF-2 which are angiogenesis-promoting cytokines (Carmeliet 
 2003 ). clinical trials in attempt to treat rheumatoid arthritis deals with prescribing 
TNF- α-blocking antibodies which in turn revealed a signifi cant decrease in serum 
VEGF levels, decreasing the synovial vascularity (Carmeliet  2003 ). Growth factors 
like PlGF which plays an angiogenic role in disease without activating quiescent 
vessels in healthy tissues become an attractive target in the development of a safe 
anti-angiogenic treatment (Luttun et al.  2004 ). 

 In addition, many leukocyte subtypes were found to produce multiple angiogenic 
factors such as VEGF, PDGF and FGF and various interleukins and proteinases. For 
example, neutrophils and natural killer cells are implicated in cyclical uterine angio-
genesis and in abnormal angiogenesis in endometriosis. This revealed that different 
leukocytes have the ability to promote many angiogenic processes. Nevertheless 
leukocytes also generate angiogenesis inhibitors. Hence their overall role in initiat-
ing or terminating angiogenesis depends on the temporal and spatial balance of the 
released modulators. Mast cells are also found to release angiogenic factors when 
they encounter allergens and pathogens in the skin and mucosa (Mori et al.  2013 ). 

 In conditions such as ischemic heart disease or preeclampsia, the angiogenic 
switch is insuffi cient which leads to endothelial cell dysfunction, vessel malforma-
tion or regression and revascularisation, therefore in such conditions promoting 
revascularization or therapeutic angiogenesis can be benefi cial (Carmeliet  2005 ). 
Currently the angiogenic factors such as VEGF and FGF are the genes of interest to 
be used as a treatment for disorders such as ischaemic tissues.  

1.4     Angiogenesis in Malignancy 

 Cancer is a broad term collectively used to describe a number of diseases in which 
abnormal cells divide uncontrollably and have the ability to invade other tissues. 
Cancerous cells are able to spread to other parts of the body via lymph and blood 
systems. In the normal state, our body’s plethora of cell types is constantly undergo-
ing growth, division and eventually replacement when they die or become damaged. 
The origin of cancer can be attributed to a genetic mutation within cell DNA that 
affects the normal cell growth and division. Normal cell death does not occur and 
instead unwarranted new cell formation and growth occurs leading to the develop-
ment of a mass of tissue known as a tumour. It is important to note that not all 
tumours are necessarily cancerous. Benign tumours are non-cancerous, do not 
spread to other parts of the body and can be removed without reoccurrence. 
Malignant tumours however are much more dangerous and can metastasise to other 
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parts of the body (Nishida et al.  2006 ). Metastasis is the term used to describe can-
cer spread and the potential of cancer cells to leave the original site, penetrate into 
blood vessels and lymphatics and move through blood vessels to other organs 
(Seaman et al.  2007 ). Years of cancer research and meticulous studies have clearly 
shown that the angiogenesis phenomenon plays a pivotal role in the spread of can-
cer and is a fundamental concept involved in cancer metastasis; specifi cally the 
transition of benign tumours to those that become malignant. It was of previous 
thought prior to the 1960s that blood supply to tumours was actually carried out by 
vasodilation of pre-existing blood vessels. The new theories however support the 
angiogenesis phenomenon as the key blood supply for growth of tumours. 

 Angiogenesis, tumour growth and metastasis are also very closely related. In 
terms of malignancies, the extra blood vessels sustain the growth of tumours and in 
fact malignant tissue development, expansion and its spread are all angiogenesis- 
dependent (Folkman and Shing  1992 ). For a lethal tumour mass to develop, it is not 
only the proliferation of the malignant cells that is required but also the formation 
of new blood vessels (Folkman  2006 ). In a malignancy, endothelial cells of the 
neovasculature grow in a disorderly manner presenting with many structural short-
comings. Their role as a functional barrier is lost, and they cannot withstand the 
increased interstitial pressure, which then alters the blood fl ow and fl ux of leuko-
cytes reaching the tumour site (Folkman  1996 ). Thus, angiogenesis not only sus-
tains the tumour cells by meeting their increasing metabolic needs. They also, 
resulting from their incomplete structural build (i.e. a defective basement mem-
brane and lack of normal perivascular connective tissue), provide these cells with 
many advantages; most importantly an easy penetration of metastatic tumour cells 
into circulation. Tumour cells can simply fall into the lumen and spread to distant 
sites and organs through the blood fl ow (Papetti and Herman  2002 ). Certain genetic 
changes promote the growth of malignant cells. So-called oncogenes – genetic 
material that carry the potential to induce cancer – give rise to uncontrolled prolif-
eration and hindered apoptosis of the tumour cells (Papetti and Herman  2002 ). For 
every one endothelial cell there are approximately a hundred tumour cells, sur-
rounding the vessels in a cylindrical fashion (Folkman  1995 ,  1996 ). 

 Cancer cells are able to release molecules that in fact act as signals to activate 
angiogenesis. These include many different many proteins and many other mole-
cules. Among these, the two most angiogenic proteins are Vascular Endothelial 
Growth Factor (VEGF) and Basic Fibroblast Growth Factor (bFGF). Oncogenes 
induce angiogenesis primarily through an increased expression of the vascular endo-
thelial growth factors (VEGF) in those cells (Folkman  1996 ,  2006 ). The tumour 
cells themselves are able to synthesize both VEGF and bFGF before they are secreted 
into surrounding tissue. From here, they bind to receptors (specifi c proteins) that are 
located on the outer surface of endothelial cells. Subsequent binding of protein to 
appropriate receptors initiates a signal transmission from a series of relay proteins 
into the endothelial cell nucleus (Munoz-Chapuli et al.  2004 ). This is a stimulus for 
a gene group to then make products required for endothelial cell growth. 

 Activated endothelial cells secrete a matrix called metalloproteinases (MMPs) 
into the surrounding tissue. MMPs are a distinct class of degradative enzymes and 
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are responsible for breakdown of extracellular matrix that is primarily consisted of 
proteins and polysaccharides. This degradation is required for the proliferation and 
migration of endothelial cells. Over time, the endothelial cells begin to divide as 
they proliferate and organize into hollow tubes that progressively advance into a 
mature network of blood vessels (Lamalice et al.  2007 ). 

 Given the fact that angiogenesis is a key step in the development and spread of 
cancer, blocking angiogenesis seems a plausible solution to stop or slow down 
tumour growth. Numerous studies have and are currently being undertaken to fi nd 
synthetic and natural angiogenesis inhibitors. Angiogenesis inhibitors obstruct 
upon the binding multistep binding process of the signalling molecules such as 
VEGF and bFGF. 

 One of the most well-known of the angiogenesis inhibitors is a drug called 
 Bevacizumab  or  Avastin  (Samant and Shevde  2011 ; Tanne  2011 ).  Bevacizumab  is a 
monoclonal antibody – a laboratory synthesised molecule that is made in such a way 
that they mimic the antibodies that the human body naturally produces as part of the 
immune system. The antibody binds to VEGF and blocks signalling of the molecule, 
leading to supressed formation of new blood vessel growth (angiogenesis). Reduced 
nutrient supply to the tumour can slow or stop its growth. The U.S. Food and Drug 
Administration (FDA) approves of Bevacizumab to be used alone for glioblastoma 
(tumours that originate from connective tissue in brain) and when in combination 
with other drugs for treatment of non-small cell lung cancers, metastatic colorectal 
cancer as well as metastatic renal cell cancer (Samant and Shevde  2011 ; Tanne 
 2011 ). Other FDA approved antiangiogenic drugs are  Sorafenib  (for hepatocellular 
carcinoma and kidney cancer),  Sunitinib  (kidney cancer and neuroendocrine 
tumours),  Pazopanib  (kidney cancer) and  Evorilimus  (kidney cancer and neuroen-
docrine tumours) (Samant and Shevde  2011 ; Tanne  2011 ). Alternative theories also 
suggest that  Bevacizumab  induces more stability within the tumour blood vessels 
(usually leaky) thus allowing for more effective penetration of chemotherapy into 
cancer cells. Other drugs such as  Endostatins  inhibits angiogenesis directly rather 
than through the signalling pathway. This drug cause apoptosis of endothelial cells 
or destruction of proliferating endothelial cells (Samant and Shevde  2011 ). As out-
lined previously, breakdown of the extracellular matrix is essential for endothelial 
cell proliferation and migration. Therefore drugs that can target the MMP’s within 
the matrix can also act at angiogenesis inhibitors. 

 It is important to distinguish between angiogenesis inhibitors and conventional 
anticancer drugs. As the name suggests, angiogenesis inhibitors inhibit the growth 
of blood vessels but does not necessarily kill tumours. Instead, they have a high 
chance of preventing tumours from growing so it is suggested that that the therapy 
must be spanned over a long period to have any major effect. 

 In some cases, the inhibitors will be more effective in combination with other 
remedies such as chemotherapies. Like other medications there are reports of com-
mon side effects for these inhibitors such as high blood pressure, fatigue, rash, dry 
and itchy skin, hand-foot syndrome (tender, thickened areas of skin), diarrhoea, 
wound healing problems/cuts reopening and low blood counts (O’Reilly et al. 
 1997 ). 

1.4 Angiogenesis in Malignancy
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 In conclusion, angiogenesis plays a key role in the development of cancer. Upon 
this observation, a suggested strategy against tumour growth is to not only target the 
tumour cells alone but also the endothelial cells of the newly formed blood vessels – 
a technique that has so far shown to be effective in the battle against cancer (Folkman 
 2006 ). This book attempts to discuss and summarise the role of important regulators 
of angiogenesis in regards to normal physiology, disease and malignancy.     
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    Chapter 2   
 Adenosine Triphosphate-Binding Cassette 
(ABC) Lipid Transporters                     

    Abstract     Adenosine triphosphate-binding cassette (ABC) transmembrane proteins 
are a family of transporters moving variety of molecules across extracellular and 
intracellular membranes. Categorized into seven major subfamilies of transporters 
ABCA to ABCG, mostly involved in lipid transport and homeostasis. ABCA1 and 
ABCG1 are the two members of this family known to be involved and interactive in 
the process of angiogenesis and mainly the stability of the circulatory system. 
ABCA1 acts as the transporter in the process of cholesterol and phospholipid effl ux 
pump forming high density lipoproteins (HDL) and as HDL levels have been cor-
related with improved cardiovascular health, ABCA1 has an essential role in main-
taining the circulatory system. ABCG1 located at intracellular vesicles and 
endosomes of the cell membrane will promotes cholesterol effl ux for removal by 
mature HDL and macrophages. ABCG1 is accountable for intracellular cholesterol 
homeostasis with a protective role in the cardiovascular system. There were limited 
evidence in the relationship between ABCA1 and ABCG1 and cancer. The majority 
of research of ABC transport in cancer was mainly derived from its role in choles-
terol effl ux and reverse cholesterol transport.  

  Keywords     Adenosine triphosphate-binding cassette   •   ABC lipid transporter   • 
  Angiogenesis   •   Normal physiology   •   Disease   •   Malignancy  

2.1             ABC Lipid Transporter 

 The family of adenosine triphosphate-binding cassette (ABC) transmembrane pro-
tein is responsible for transporting a variety of molecules across extracellular and 
intracellular membranes at the expense of energy which is in the form of adenosine 
triphosphate (ATP) (Santamarina-Fojo et al.  2000 ). There are seven major subfami-
lies in the ABC transporter: ABCA to ABCG. Most of them are involved in cellular 
transport of lipid and homeostasis which heavily rely on angiogenesis for function 
and passage (Wagner et al.  2014 ). From this family of lipid transporters, ABCA1 
and ABCG1 have been reported in more details with their role in maintaining the 
angio-vascular system and therefore their roles are reviewed in this chapter.  
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2.2     ABC Lipid Transporter in Normal Physiology 

2.2.1     ABCA1 

 According to Wagner et al. ( 2014 ), ABCA1 human gene is 149-kb in size and 
located on the human chromosome 9q22-q31. It is expressed throughout the human 
body with the highest expression in liver, placenta, testes, and adrenal glands then 
followed by moderate expression in small intestine, lung, and adipose (Wagner 
et al.  2014 ; Yvan-Charvet et al.  2010 ; Lou et al.  2014 ). The gene encodes for 
ABCA1 transmembrane protein which is a full-size transporter that functions as 
cholesterol and phospholipid effl ux pump forming high density lipoproteins (HDL). 
HDL is responsible for the cholesterol and fats removal in cells as well as within 
arterial wall and transport to the liver for excretion or metabolic use (Yvan-Charvet 
et al.  2010 ). Higher innate HDL levels have been correlated with improved cardio-
vascular health (Yokoyama  2006 ) and henceforth ABCA1 has an essential role in 
maintaining the circulatory system. Yokohama ( 2006 ) of Nagoya City University 
reported that cholesterol, cytokines fatty acids and cyclic adenosine monophosphate 
(cAMP) are the factors that affect the expression of ABCA1 protein.  

2.2.2     ABCG1 

 The human ABCG1 gene is about 98 kb in size and can be found on chromosome 
21q22.3 (Wagner et al.  2014 ). Wagner et al. ( 2014 ) observed that it is expressed all 
over the body with greatest expression in adrenal glands, spleen, lung, placenta, 
heart and liver. The gene encodes the intracellular half-size transmembrane protein 
of ABCG1 which homodimerise or heterodimerise with other half-size transporter 
to be fully functional (Tarling and Edwards  2011 ). ABCG1 protein is located at the 
intracellular vesicles and endosomes of the cell membrane surface and promotes 
cholesterol and phospholipid effl ux from cells for removal by mature HDL and 
macrophages (Wagner et al.  2014 ). It is accountable for intracellular cholesterol 
homeostasis with a protective role in the cardiovascular system (Tarling  2013 ; 
Wagner et al.  2014 ). Impairment of ABCG1 intracellular sterol transporter has vari-
ous consequences depending on cell and tissue affected. The abnormal level of 
ABCG1 gene expression is correlated to atherosclerosis, pulmonary infl ammation, 
diabetes and aggressive suicidal behaviours.   

2.3     ABC Lipid Transporters in Disease and Malignancy 

 Disruptions in regulation of ABCA1 gene can lead to a number of pathologies. 
Overexpression of ABCA1 gene induces multi-drug resistance. Bachmeier et al. 
( 2009 ) has shown that genetically modifi ed melanoma cell culture with overex-
pressed ABCA1 is resistant to anti-infl ammatory antioxidant cucurmin. When 
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ABCA1 is down regulated, its primary function in cellular removal of cholesterol is 
also down regulated. This promotes thickening of the blood vessels (atherogenesis) 
(Yokoyama  2006 ) and can lead to atherosclerosis, clot formation and aged-related 
macular degeneration (AMD). AMD is a medical condition that can lead to a loss of 
vision in the macula because of damage to the retina. It is a major cause of visual 
impairment in the elderly community. In the more severe form of AMD, blood ves-
sels grow from the choroid behind the retina and detaches the light-sensitive layer 
(de Jong  2006 ). Treatments and medication for AMD are aimed to hinder angiogen-
esis in between the layers of the eye. Apte ( 2013 ) has observed that elevated ABCA1 
has a protective effect in regulating angiogenesis in eye disease. 

 Mutation in ABCA1 gene has been linked to Tangier disease, a rare autosomal 
dominant disease characterised by the near absence of HDL in blood and accumula-
tion of excess cholesterol in cells (Ordovas  2000 ; Santamarina-Fojo et al.  2000 ). 
People with this disease have orange tonsils, high triglyceride levels in the plasma, 
and are more susceptible to atherosclerosis (Wagner et al.  2014 ). They have mal-
functioning in the effl ux mechanism of cholesterol in cells thus leads to accumula-
tion of excess cellular cholesterol and the inability to form HDL, otherwise 
commonly known as ‘good cholesterol’ (Ordovas  2000 ). 

 The ABCG1 knockout mouse study by Kennedy et al. ( 2005 ) revealed the role of 
ABCG1 in preventing cholesterol accumulation in macrophages within multiple 
tissues, especially in the lung. In contrast, they found overexpression of the gene 
seems to protect the mice from dietary-induced fat build-up. Miroshnikova et al. 
( 2014 ) research observed lower level of ABCG1 in patients with arthrosclerosis as 
well as in severe artery stenosis. Out et al. ( 2007 ) and Yvan-Charvet et al. ( 2007 ) 
and reported that combined deletion of ABCG1 and ABCA1 genes in knockout 
mice resulted in signifi cant lipid accumulation within cell and accelerates the pro-
gression of atherosclerosis; thus demonstrating the transporters’ pivotal role in the 
prevention of hyperlipidaemia and impeding atherosclerosis. 

 As part of its role in intracellular lipid regulation, ABCG1 transporter indirectly 
regulates T-cell lymphocyte proliferation (Bensinger et al.  2008 ; Out et al.  2007 ). 
Yvan-Charvet et al. ( 2010 ) suggested that ABCG1 infl uence anti-infl ammatory and 
immunosuppressive response in the body as its involvement with macrophage 
second- handedly infl uence the responses of infl ammatory cytokines and chemo-
kines as well as lymphocytic infi ltration (Yvan-Charvet et al.  2010 ). Baldan et al. 
( 2008 ) reported that ABCG1 is also associated with pulmonary infl ammatory 
response. In their study with ABCG1 knockout mice, there was a distinctive infl am-
mation response of macrophage and lymphocyte proliferation in the lung. It was 
suggested that sterol accumulation in the lungs would interrupt the distribution and 
absorption of pulmonary surfactant (lipoprotein) naturally available in the lungs that 
aids in the maintenance of the alveoli. They concluded that ABCG1 seems to be a 
protective factor to pulmonary infl ammatory diseases (Baldan et al.  2008 ). 

 Recent studies have established the correlation between ABCG1 and glucose 
metabolism. (Sturek et al.  2010 ) research presented that expression of ABCG1 
affects mouse pancreatic beta cells and therefore it is suggested that the gene is also 
involved in the pathology process of diabetes (Sturek et al.  2010 ). In their study, 
ABCG1-deleted mice have high plasma glucose level and were unable to produce 

2.3 ABC Lipid Transporters in Disease and Malignancy
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insulin response after a glucose challenge. Mauldin et al. ( 2006 ) showed decreased 
ABCG1 expression in Type 2 diabetic rats compared to healthy rats (Mauldin  2009 ). 
Lou et al. ( 2014 ) compared the expression of ABCG1 in a group of rats with diabe-
tes and small intestine chronic infl ammation and the healthy control group. Their 
results indicated an overall decreased in the expression of ABCG1 in the infl amma-
tory cells of the small intestine in diabetic rats. Hence, ABCG 1 gene might to be a 
potential therapeutic agent for type2 diabetes (Lou et al.  2014 ). 

 Since changes in cholesterol homeostasis has been associated human manners in 
aggression, violence (Sahebzamani et al.  2013 ) and suicidal behaviour (Gietl et al. 
 2007 ), genes involved in intracellular sterol regulation might be considered as con-
tributors to these traits. Gietl et al. ( 2007 ) research indicated an association between 
ABCG1 and hostility and suicidal behaviour of 571 of attempted suicider, success-
ful suicider and healthy control. However, the underlying mechanism is yet to be 
determined (Gietl et al.  2007 ). 

 There were limited evidence in the relationship between ABC gene and cancer. 
The majority of research of ABC transport in cancer was mainly derived from its 
role in cholesterol effl ux and reverse cholesterol transport. 

 Cholesterol “sensor” liver X receptor (LXR) is a key regulator of both ABCA1 
and ABCG1 transporters. LXR promotes cellular effl ux by inducing the expression 
of ABCA1 and ABCG1 (Calkin and Tontonoz  2010 ; Lee and Plutzky  2006 ). El Roz 
et al. ( 2012 ) reported that treatment with LXR agonists inhibited proliferation and 
induced apoptosis of breast cancer cell. His  in vitro  study detected elevated expres-
sion of ABCG1 and a signifi cant decrease in cellular cholesterol suggests a correla-
tion between ABCG1 expression level and breast cancer cells. 

 ABCG1 role in immune response is further reinforced in recent research by 
Duygu Sag ( 2013 ) that demonstrated the transporter’s role as a novel regulator in 
cancer immunity. His study showed that the absence of ABCG1 in knockout mice 
inhibits tumour growth via regulation of immune response within the cancer and 
provided a link between diet, sterol homeostasis, angiogenesis and cancer (Duygu 
Sag  2013 ).     
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    Chapter 3   
 Angiogenin                     

    Abstract     Angiogenin (ANG) as a member of ribonuclease family has the potential 
for induction of angiogenesis. Targeting endothelial and smooth muscle cells, ANG 
stimulates formation and division of new blood vessel. Angiogenin forms a com-
plex with actin which is located in endothelial cell surface and able to activate plas-
min catalytic activity hence degrading the basement membrane and extracellular 
matrix and eventually will lead to initiation of neovascularization. Angiogenin plays 
a role in vascularization not only of malignancies but also in non-malignant pathol-
ogies. Formation of a complex of ANG with fi bulin-1 is an important event in the 
processes like cell proliferation, migration, adhesion and stabilization of new- 
forming blood vessel walls. Recent studies suggest an association of ANG gene 
variants with Motor Neuron Disease (MND) and Parkinson’s Disease (PD) although 
the wild-type ANG has a neuroprotective role. Cancer viability and spread is also 
supported by the expression of ANG in many malignancies. Angiogenin drives 
tumour angiogenesis, promote cancer growth and metastasis by induction of ribo-
somal RNA transcription that enables angiogenesis initiation by VEGF and other 
vascular growth factors.  

  Keywords     Angiogenin   •   Angiogenesis   •   Normal physiology   •   Disease   •   Malignancy  

3.1             Angiogenin 

 Angiogenin (ANG) is part of the ribonuclease family which is responsible for 
inducing angiogenesis. It binds to endothelial and smooth muscle cells as a stimulus 
for new blood vessel creation and division during a variety of physiological states 
including infl ammation, wound healing and antibacterial activity (Tello-Montoliu 
et al.  2006 ). 

 As stated by Tello-Montoliu et al. angiogenin is a 14 124 Da soluble protein, 
initially isolated and characterised from the conditioned medium of cultured HT-29 
human colon adenocarcinoma cells based solely on its angiogenic activity (Tello- 
Montoliu et al.  2006 ). mRNA of Angiogenin is expressed in a broad range of cells 
including tumour cells along with normal epithelial cells, peripheral blood cells, 
and fi broblasts. 
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 Angiogenin is a plasma protein with ribonucleolytic angiogenic activities. Unlike 
the rest of the RNase super family, the ribonucleolytic activity of ANG is unusually 
low, despite having all the necessary functionality. This appears to be due to partial 
blockage of the pyrimidine base binding site (Gao and Xu  2008 ; Tello-Montoliu 
et al.  2006 ). The biological activity of ANG is dependent on its ribonucleolytic 
activity, which is far lower than that of RNase A.  

3.2     Angiogenin in Normal Physiology 

 Even though its ribonucleolytic activity is apparently weaker than other RNases, it 
is critical for angiogenesis and other functions. The critical structural difference 
between angiogenin and the other RNases are apparent in the missing of a fourth 
disulphide bond in the former, resulting in stimulating endothelial cells to create 
new vessels (Tello-Montoliu et al.  2006 ). After binding to the specifi c receptor on 
the angiogenin-responsive endothelial cell and smooth muscle cell membranes, the 
receptor-angiogenin complexes are rapidly endocytosed and translocated to the 
nucleus and accumulate in the nucleolus which is also thought to be necessary for 
its angiogenic process (Gao and Xu  2008 ; Tello-Montoliu et al.  2006 ). Nuclear 
translocation is essential for cell proliferation since it is considered a third messen-
ger and enhances gene activation and transcription events, and angiogenic activity 
will be eliminated if the nuclear translocation of angiogenin is hindered. 

 In addition, Tello-Montoliu et al. have also showed another portion of the angio-
genin bound actin located in the endothelial cell surface can stimulate a tissue type 
plasminogen activator (t-PA) to produce plasmin from plasminogen (Tello-Montoliu 
et al.  2006 ). In the presence of the actin–angiogenin complex, the overall catalytic 
activity of plasmin increases signifi cantly, which thus degrades the basement mem-
brane and extracellular matrix, leading to an initial step of neovascularization. 
Furthermore, as per results found by Zhang et al. fi bulin-1, an extracellular matrix 
and plasma glycoprotein, binds to ANG, suggesting that the ANG-fi bulin-1 com-
plex plays an important role in cell proliferation, migration, adhesion and modulates 
stabilization of new-forming blood vessel walls (Zhang et al.  2008 ). 

 Signal transduction pathways activated by ANG interact with the endothelial cell 
surface and are involved in the production of extracellular signal-related kinase1/2 
(ERK1/2) as well as protein kinase B/Akt. Activation of these proteins enables cell 
proliferation associated with ongoing angiogenic activities (Gao and Xu  2008 ).  

3.3     Angiogenin in Disease 

 Interestingly enough angiogenin has been linked to both Motor Neuron Disease 
(MND) and Parkinson’s Disease (PD), however the direct association is still not 
clearly understood. Initially it was demonstrated in MND that certain angiogenin 
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mutations are correlated with both the sporadic and familial forms of MND (Kieran 
et al.  2008 ). This is combined with the recent discovery of gene variants associated 
with PD (Steidinger et al.  2013 ). Recent study by Van Es and colleagues have 
revealed the increased frequency of ANG variants compared to controls at 0.46 % 
of MND and 0.45 % of PD respectively (van Es et al.  2014 ). 

 This is all in stark contrast to the neuroprotective role displayed by wild-type 
ANG. Kieran and Sebastia et al. investigated the effect of ANG on motor neuron 
survival in vitro and in vivo (Kieran et al.  2008 ). It has been suggested that defects 
in hypoxic signalling, excitotoxicity and/or endoplasmic reticulum stress induced 
neuronal injury are responsible for the pathogenesis of MND. In their paper, Kieran 
and colleagues demonstrated in vitro protection of ventral horn motor neurons that 
had undergone AMPA mediated excitotoxicity and ER stress induced by 
Tunicamycin. They further demonstrated that wild-type ANG protected NSC34 
cells (hybrid embryonic mouse spinal cord and neuroblastoma cell) as opposed to 
ANG K401 mutant a MND associated variant. 

 Finally Kieran et al. trialed ANG treatment in SOD1 mice (a knockout that dis-
plays MND characteristics) (Kieran et al.  2008 ). Even after symptom onset treat-
ment provided a signifi cant survival advantage of 135 days compared to 122.8 days. 
This correlates well to a recent study by Van Es et al. which displayed elevated 
levels of serum angiogenin in MND which suggests the activation of a compensa-
tory mechanism (van Es et al.  2014 ). However no such rise was observed in 
Parkinson’s patients. This may refl ect a disruption of normal compensatory roles 
due to alpha-synuclein protein pathology or localized expression confi ned to the 
basal ganglia. 

 ANG has displayed a neuroprotective role in PD. Steidinger et al demonstrated a 
down-regulation in ANG expression in alpha-synuclein transgenic mice and that 
angiogenin in vitro provided protection in dopaminergic cells against the neuro-
toxin 1-methyl-4-phenylpyridinium (MPP +) and rotenone which induces a 
Parkinsonian syndrome (Steidinger et al.  2011 ). 

 These results are consistent with a neuroprotective role of wild-type ANG and 
disease states with mutations. Further studies will be required to elucidate the vari-
ous mechanisms involved in both pathology and physiology.  

3.4     Angiogenin in Malignancy 

 Angiogenin was fi rst located in human colon adenocarcinoma cells (Li and Hu 
 2010 ). Since then it has been discovered in a wide variety of cancers. These include 
gastric, pancreatic, hepatocellular carcinomas, breast and neuroendocrine (Tello- 
Montoliu et al.  2006 ). 

 Angiogenin plays an important role in tumour metastasis (Li and Hu  2010 ). It 
functions through two pathways in support of ongoing cancer viability and spread. 
Firstly it drives tumour angiogenesis a necessary step for increasing bulk and metas-
tasis. A secure blood supply is essential for cancer growth. Angiogenin induces 
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ribosomal RNA (rRNA) transcription to enable angiogenesis initiated by VEGF and 
other vascular growth factors. This has been further confi rmed by ANG inhibition 
ceasing angiogenesis even in the presence of these other factors (Li and Hu  2010 ). 
Secondly it appears to work in the cancer cell nucleus as a constitutive gene where 
it upregulates rRNA transcription. Experiments in PC-3 cells displayed not only a 
reduction in this, but also an impact on ribosome biogenesis, cell proliferation and 
tumourigenecity both in vivo and in vitro (Li and Hu  2010 ). 

 There has been in some tumors a clear correlation between levels of ANG and 
prognosis. This has been most clearly seen in prostate cancer with dramatic upregu-
lation in tumour tissue (Li and Hu  2010 ). It was even able to differentiate between 
benign prostate hypertrophy and malignant prostate cancer. Admittedly the correla-
tion is not as clear in breast cancer, but further investigations will help us understand 
the role ANG plays in cancer. Furthermore, the development and use of antiangio-
genic drugs for the treatment of cancers has increased due to a considerable amount 
of clinical research over many decades. Improvements hold the promise of treat-
ment for some malignant diseases through better understanding of the molecular 
and cellular mechanisms controlling tumor angiogenesis and the response to antian-
giogenic therapies (Tello-Montoliu et al.  2006 ).     
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    Chapter 4   
 Angiopoietins                     

    Abstract     Angiopoietins are a family of growth factors genes that stimulate the 
process of angiogenesis. From the family of four, angiopoietin -1 (Ang-1) and 
angiopoietin -4 (Ang-4) are identifi ed of being responsible for maturation, stabilisa-
tion and quiescence of vessels. Angiopoietins-2 (Ang-2) and angiopoietin-3 (Ang- 
3) are mainly involved in induction of vascular regression, cell death and 
infl ammation. Ang-1 and Ang-2 are commonly determinants of endothelial perme-
ability and peri-endothelial cell contact while Ang-3 and Ang-4 are not yet fully 
described for their role in angiogenesis. Ang-1 is found within perivascular cells 
and the vasculature within smooth muscle cells and pericytes and plays important 
roles in developmental angiogenesis, stability in established vasculature and patho-
logical angiogenesis. Ang-2 is produced mainly by granular masses within endothe-
lial cells of blood vessels, in parenchymal cells of the extravascular tissue and some 
malignant cells. In malignancies, Ang-1 has been shown as a promoter of vessel 
stabilization in the later stages of developmental angiogenesis and tumours’ stabili-
sation and perfusion. Ang-2 is identifi ed as one of the crucial factors in tumour 
angiogenesis like VEGF and when VEGF inhibition is not a suffi cient approach 
additional Ang-2 inhibition has shown some positive outcome.  

  Keywords     Angiopoietins   •   Ang-1   •   Ang-2   •   Angiogenesis   •   Normal physiology   • 
  Disease   •   Malignancy  

4.1             Angiopoietins 

 Angiopoietins are vascular growth factors that promote the process of angiogenesis. 
Ang-1 and Ang-4 are responsible for vessel maturation, stabilisation and quies-
cence whilst angiopoietins-2 (Ang-2) and Ang-3 induce vascular regression, cell 
death and infl ammation (Yuan et al.  2009 ). Ang-3 and Ang-4 are not yet fully 
understood and are considered to be lesser factors in angiogenesis than Ang-1 and 
Ang-2. Ang-1 and Ang-2 are reciprocally determinants of endothelial permeability 
and peri-endothelial cell contact. 

 Angiopoietins are glycoproteins that consist of four main regions. They have an 
N-terminal domain which is where numerous angiopoietins can form multimers 
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(Thomas et al.  2013 ). They also have a central coiled domain and a linker region. 
Most importantly, they have a C-terminal domain responsible for binding to their 
angiopoietin receptor.  

4.2     Angiopoietins in Normal Physiology 

 Ang-1 is secreted by fi broblasts, smooth muscle cells and pericytes for paracrine 
signalling. However, Ang-2 is secreted predominantly by granular masses called 
Weibel-Palade bodies within endothelial cells of blood vessels for autocrine signal-
ling. It is also secreted for paracrine signalling by parenchymal cells of the extravas-
cular tissue and some malignant cells. 

 Ang-1 is a polypeptide that consists of 498 amino acids weighing 57 kDa. Ang-2 
is slightly shorter with 496 amino acids. These two polypeptides can aggregate at 
the super clustering region and form any amount of multimer. An aggregation of at 
least 4 polypeptides (tetramer) is required to activate angiopoietin receptor 2, 
Tyrosine kinase with immunoglobulin-like and EGF-like domains, or TIE-2 recep-
tor. All four angiopoietins are functional ligands of the TIE- 1 and TIE- 2 receptor 
which is found exclusively on the cell surface of endothelial cells. TIE- 1 and TIE- 2 
receptors induce the tyrosine kinase signalling pathway. This pathway entails the 
phosphorylation of the TIE-2 receptor which then activates phosphatidylinositol 
3-kinase and more downstream intracellular enzymes (Cascone and Heymach 
 2012 ). Binding of angiopoietin to TIE-2 facilitates heterodimerisation of TIE-1 and 
TIE-2 to enhance signal transduction. The function of the TIE-1 receptor is not yet 
fully understood. 

 Angiopoietin-1 (Ang-1) is found within perivascular cells, more specifi cally the 
vasculature within smooth muscle cells and pericytes (Singh et al.  2011 ). Ang-1 
binds to Tie2 tyrosine kinase receptor found within endothelial cells and Ang-1- 
Tie2 complex is suggested to play important roles in developmental angiogenesis, 
stability in established vasculature and pathological angiogenesis. 

 Ang-1 binding with the tyrosine kinase receptor acts as a signalling mechanism 
essential for regulating blood vessel development and stability of mature cells. In 
order for Ang-2 to have a similar effect on cells, instead of its traditional role of 
promoting infl ammation and regression, it must be in the presence of VEGF. Ang-2 
interacts with VEGF pathway to induce neovascularisation (Barton et al.  2005 ). 

 Ang-1 is an agonist for the tyrosine kinase receptor whereas Ang-2 is an antago-
nist. However, in some cases, Ang-2 can induce phosphorylation of the receptor 
depending on the cell type, stimulation and cell confl uence. Ang-1 and Ang-2 are 
almost always present in blood serum and are usually found at equilibrium in a 
healthy person (Eroglu et al.  2013 ). The relative level of Ang-1 to Ang-2 is quite 
low except in incidences of infl ammation and regression. They are always needed 
as there is simultaneous blood vessel proliferation and regression occurring in the 
body. Cells with a greater need for nutrients and oxygen will express Ang-1whereas 
redundant cells will express Ang-2. Although Ang-2 has a seemingly negative effect 
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on blood vessels, it is necessary for vascular remodelling. Ang-2 destabilises blood 
vessel by loosening endothelial cell connections and breaking down the basal lam-
ina and extracellular matrix. This is a necessary process in both vascular regression 
and sprouting. For an existing blood vessel to create another branch, an area of the 
endothelium must be transitioned to a more plastic, amended state to allow space for 
cell sprouting (Yuan et al.  2009 ). Therefore, Ang-2 has a direct infl uence on vascu-
lar regression but is essential in vascular remodelling. For this reason, Ang-2 is 
elevated in tumours and some diseases.  

4.3     Angiopoietins in Disease 

 The vasculature is formed during vasculogenesis in the early stages of developmen-
tal angiogenesis. During the later stages, Ang-1 controls the diameter, vascular 
branching (Brindle et al.  2006 ) and facilitates reorganisation and maturation of the 
newly formed blood and lymphatic vessels (Brindle et al.  2006 ; Arita et al.  2014 ). 
The signifi cance of Ang-1 in developmental angiogenesis is elucidated through 
studies of murine embryonic development where transgenic mice with defi cient 
Ang-1 has blood vessels displaying reduced branching, increased dilation, decreased 
numbers of small vessel and diminished vascular complexity (Arita et al.  2014 ). 
Despite the vasculature being formed the mice died between embryonic day (E) 9.5 
and E12.5 (Arita et al.  2014 ; Jeansson et al.  2011 ). Another murine study examines 
the role of Ang-1 in vascular development by deleting Ang-1 at each embryonic day 
and analyses its effects. Embryo at E10.5 shows vascular abnormalities in several 
organs, notably the liver and kidney, and widespread vessel dilation (affecting 
mainly the veins) as well as atrial dilation was detected (Fukuhara et al.  2009 ). In 
the liver, it has a greater number of vessels whereas the kidney shows more signifi -
cant defects to the glomerular basement membrane, the microvasculature beds of 
the glomeruli displays disruption of the endothelial cell attachment. Death in these 
Ang-1 knockout mice occurred between E17.5 and postnatal day (P0) (Fukuhara 
et al.  2009 ). These studies suggest that despite having formed vasculature via vas-
culogenesis, reorganisation and maturation of the vessels are dependent on Ang-1 
as seen by its removal in murine studies causing poor patterning, vascular defi cien-
cies and death. 

 Once vascular formation, remodelling, and maturation are complete, mecha-
nisms must exist to maintain homeostasis. Evidence suggests cell-cell adhesions 
and Ang-1-Tie2 signalling cooperatively mediates vascular homeostasis (Koh 
 2013 ). This includes control of endothelial permeability, suppression of vascular 
infl ammation and cellular survival. Junctions within the endothelial cells (EC) bar-
rier allow passage of plasma and cellular material between the circulation and the 
surrounding cells. Ang-1 helps maintain this barrier by regulating the accumulation 
of the cell-cell adhesion proteins between the junctions, which is mainly comprised 
of vascular endothelial cadherin (VE-cadherin) (Fagiani and Christofori  2013 ; 
Eklund and Saharinen  2013 ). Ang-1 acts to strengthen the adhesion between 
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VE-cadherin and platelet endothelial cell adhesion molecule-1 (PECAM-1) reduc-
ing permeability (Koh  2013 ). The Ang-1-Tie2 pathway also counteracts VEGF 
induced permeability through several mechanisms including sequestration of non- 
receptor Tyr kinase Src (Src) via mammalian diaphanous (mDia), modulating the 
interaction between vascular endothelial phosphotyrosine phosphatase (VE-PTP), 
Tie2 and VE-cadherin, interfering with the phosphatidylinositol 3-kinase (IP3) 
pathway and suppression of the EC thrombin-induced intracellular calcium tran-
sients (Eklund and Saharinen  2013 ). 

 The EC barrier mechanisms are also responsible for regulating the EC permea-
bility caused by infl ammation (Fagiani and Christofori  2013 ), however other Ang-1 
induced anti-infl ammatory controls exist. Ang-1 inhibits the expression of multiple 
adhesion molecules on the surface of the EC (Fagiani and Christofori  2013 ), specifi -
cally intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-
 1 (VCAM-1) and E-selectin, which are necessary for leukocyte attachment and 
infi ltration into the vasculature (Arita et al.  2014 ). Additionally, lipopolysaccharide 
treated mice displays decreased pulmonary expression of ICAM-1, VCAM-1, and 
E-selectin suggesting that infl ammatory response is limited via Ang-1 mediation 
(Arita et al.  2014 ). In addition to inhibiting endothelial-leukocyte interaction, Ang-1 
also inhibits the activity and expression of tissue factor and may partially suppress 
infl ammation through ABIN-2 (intracellular protein) inhibited NF-κB (Fagiani and 
Christofori  2013 ). ABIN-2 is recruited through Tie2 activation by Ang-1 and also 
aids cellular survival by preventing EC apoptosis (Brudno et al.  2013 ). 

 Endothelial cell survival is enhanced through the phosphorylation of AKT by the 
Ang-1 activation of PI3 pathway (Koh  2013 ). This mechanism inhibits the pro- 
apoptotic forkhead transcription factor (FKHR) in EC and promotes quiescence in 
mature vessels (Arita et al.  2014 ). Ang-1 induced Krüppel-like factor 2 (KLF2), a 
type of zinc-fi nger transcription factor, also exhibits protective functions, vascular 
stabilisation and anti-infl ammatory mechanisms and is activated by the AKT-MEF2 
signalling pathway (Arita et al.  2014 ; Eklund and Saharinen  2013 ). Ang-1 activa-
tion of the Tie2 receptors and the subsequent signalling of PI3-kinase/AKT pathway 
help maintain endothelial integrity and cellular survival. Blood vessel survival in 
response to Ang-1 is demonstrated  in vivo  where mice were exposed to radiation as 
apoptosis to the intestinal and lung endothelial cells was prevented following 
administration of Ang-1 (Arita et al.  2014 ). Despite previous research for Ang-1 
maintaining homeostasis and quiescence in mature blood vessels, it was unexpect-
edly determined that the deletion of Ang-1 after E13.5 had no impact on vascular 
homeostasis and was not required under normal conditions in mice (Fukuhara et al. 
 2009 ). This challenged the current theories of Ang-1 and its effects on vascular 
homeostasis and quiescence and suggests potential Ang-1 independent functions of 
the Tie2 receptors (Fagiani and Christofori  2013 ). 

 Vascular homeostasis is preserved through a fi ne balance between stabilization 
and angiogenesis. During injury or the disease process, this balance may shift. 
Hypoxia is one of the main reasons that can cause a shift towards pro-angiogenesis. 
Previous research has focused on mediating pro-angiogenic factors including 
VEGF-A, hepatocyte growth factor (HGF), and basic fi broblast growth factor 
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(bFGF) (Eklund and Saharinen  2013 ). However, its benefi ts in neovascularization 
have been trumped by unfavourable side effects such as instability of new vascula-
ture, accelerated infl ammation, and excessive fi brosis thus creating limitations for 
therapeutic use. Recent research with Ang-1 has shown promise while minimizing 
such side effects. Supplemental use of Ang-1 has been illustrated to induce vascular 
enlargement of small vessels and even angiogenesis (with overexpression) to relieve 
ischemia in the brain, articular joints, kidneys, the heart and the limbs (Eklund and 
Saharinen  2013 ). Further studies have indicated that sequential administration of 
various growth factors would improve initial neovascularization and its subsequent 
maturation to create a more robust vasculature. As both VEGF and Ang-2 are pro- 
angiogenic factors, initial administration facilitates an early angiogenic response 
and spawns new vessel formation via sprouting and pericyte separation from the 
endothelium, while successive introduction of Ang-1 and platelet derived growth 
factor (PDGF) promotes vessel maturation (Huang et al.  2009 ). Administration of 
Ang-1 and PDGF must be timed accordingly as premature delivery may inhibit 
VEGF and Ang-2 induced angiogenesis. Together this cascade of factors along with 
sequential timing can help promote new vessel formation and its appropriate matu-
ration in ischemic states.  

4.4     Angiopoietins in Malignancy 

 Establishing adequate vasculature is also a necessity for tumour growth. Moderate 
success in vascular targeting therapy using the bevacizumab, an anti-VEGF anti-
body, has shown its ability to prolong the survival of advanced cancer patients 
(Saharinen et al.  2011 ). Despite its ability to block VEGF, the increased expression 
of Ang-1 has been correlated with the eventual progression of disease (Saharinen 
et al.  2011 ). Much like ability of Ang-1 to promote vessel stabilization in the later 
stages of developmental angiogenesis, it plays a similar role in tumours by stabilisa-
tion and perfusion. Alone, Ang-1seems to have minimal effects in tumour vascula-
ture, however during VEGF blockage its up-regulation reduces tumour hypoxia, 
prevents vessel ablation, promotes dilation, and protects the vasculature from over-
all regression (Thomas et al.  2013 ; Saharinen et al.  2011 ). Other reports of Ang-1 
and its role in tumour-associated angiogenesis have yielded confl icting reports. One 
study concluded a 70 % reduction in tumour growth in squamous cell carcinoma, 
three times reduction in breast cancer, and a decrease in weight and volume in liver 
tumours with Ang-1 overexpression (Brudno et al.  2013 ). In contrast, other studies 
revealed increased tumour growth in cervical, glioma (Saharinen et al.  2011 ) and 
plasma cell tumours (Brudno et al.  2013 ). The discrepancy in research data suggests 
Ang-1 may either promote or inhibit growth based on the experimental context/
conditions. Different experiments may exhibit promotion of EC, encourage perfu-
sion, and promote Ang-1 up-regulation whereas others may inhibit such actions 
which may be explained by the differences in reaction based on cancer types and 
their neoplastic vascular beds. Despite the research on Ang-1 and its function in 
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tumour-associated angiogenesis, its role remains unclear and a direct relationship 
with malignancy has yet to be proven. 

 Anti-angiogenic therapy for treating cancer has been widely investigated. The 
established agents target the signalling pathway of VEGF as it is a major factor in 
angiogenesis. Bevacizumab is a monoclonal antibody that binds to VEGF to inhibit 
its interaction with its receptor, VEGF-R (Mazzieri et al.  2011 ). Other drugs such as 
Sorafenib and Sunitinib act to inhibit VEGFR itself by occupying the receptor 
domain, another tyrosine kinase receptor, without eliciting a response (Mazzieri 
et al.  2011 ). This technique is initially effective but is not a curative approach. These 
techniques were tested on several mouse tumours and were shown to induce tumour 
shrinkage. However, the tumour managed to revascularise by upregulating other 
proangiogenic factors, increasing metastatic activity and recruiting proangiogenic 
bone marrow-derived cells. For these reasons, VEGF inhibition is not a suffi cient 
approach to long-term tumour suppression. Ang-2 inhibition is an alternative that is 
showing some positive results (Holash et al.  1999 ). 

 Ang-2 and VEGF are crucial factors in tumour angiogenesis. VEGF is released 
from tumour cells which combine with Ang-2 to prompt angiogenesis (Holash et al. 
 1999 ). The angiogenic process typically follows three general steps: (1) the small 
tumour integrates with an existing blood vessel for nourishment, (2) Ang-2 induces 
regression of the tumour’s internal vasculature until it becomes avascular and apop-
tosis begins and (3) VEGF is up regulated to promote extensive angiogenesis at the 
external margin of the tumour. This process is necessary for the initial growth of 
certain tumours and outlines the signifi cance of Ang-2 in tumour growth. Therefore, 
an increase in Ang-2 and VEGF correspond positively with metastasis and tumour 
development (Holash et al.  1999 ; Fiedler and Augustin  2006 ). 

 Ang-2 inhibition can be a perfect candidate for anti-cancer therapy. However, it 
must exceed the limitations exhibited by VEGF inhibition. Additionally, inhibition 
of Ang-2 must not have an adverse effect on normal physiological vascular remod-
elling. To investigate the effi cacy of Ang-2 inhibition, two human antibodies, LC06 
and LC08, were generated to inhibit the binding between Ang-2 and the TIE-2 
receptor (Yuan et al.  2009 ). LC06 had a greater affi nity for Ang-2 over Ang-1. The 
antibodies also recognise both rodent and human Ang-2 to allow for animal testing 
and relevant results. The Ang-2 inhibition presented clear necrosis and tumour 
growth inhibition in orthotopic and subcutaneous models. These effects were 
accompanied by decreased intratumoral microvascular density with less branches 
and increased pericyte coverage. However, LC08 lead to regression of blood vessels 
in the mouse trachea but LC06 had no obvious effects on tumour vasculature. The 
results show the potential for Ang-2 inhibitors for cancer treatment but also poten-
tial toxicity. 

 There are other monoclonal antibodies and fc-fusion proteins being trialled as of 
2013 (Yuan et al.  2009 ). The polypeptide AMG386 targets both Ang-1 and Ang-2 
and is being evaluated in phase III clinical trials. A highly selective trap molecule 
for Ang-2 CVX-060, and MEDI3617 a fully human antibody for Ang-2, have 
entered phase I clinical testing. However, these agents have already presented the 
common side-effects of back pain, upper abdominal pain, proteinuria, fatigue, 
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peripheral oedema, insomnia. While Ang-2 provides another front against anti- 
angiogenic therapy, they are unlikely to be developed until the functional conse-
quences of inhibiting Ang-1 and Ang-2 are better understood.     
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    Chapter 5   
 Angiotropin                     

    Abstract     Angiotropin is a macrophage-derived product that exhibits unusual 
chemical and biological properties. This product is found to be chemically made up 
of metallopolyribonucleopolypeptide complex that consists of 43 ribonucleotides as 
the least-common unit of all components and one copper ion per 38 amino acids. 
From selective enzymatic splitting, it was determined that both the polyribonucleo-
tide and the polypeptides components are essential in angiogenic activity. This 
monocyte-derived angiogenic substance is one of the molecules out of various dif-
ferent angiogenic and angiostatic factors that allows for the stringent control of the 
intricate and multi-step angiogenesis process. By the application of the vascularis-
ing and nonmitogenic endothelial cell-selective angiotropin, which caused the for-
mation of three-dimensional blood capillaries in the skeletal muscles of rabbits; it 
was found that angiotropin’s capacity for remodelling bioactive blood vessels in 
muscle tissues can be potentially used for preventing tissue necrosis as well as 
increasing and supporting tissue functions.  

  Keywords     Angiotropin   •   Angiogenesis   •   Normal physiology   •   Disease   • 
  Malignancy  

5.1             Angiotropin 

 Angiotropin is a macrophage-derived product that exhibits unusual chemical and 
biological properties (Hockel et al.  1988 ). This product is found to be chemically 
made up of metallopolyribonucleopolypeptide complex that consists of 43 ribonu-
cleotides as the least-common unit of all components and one copper ion per 38 
amino acids (Hockel and Burke  1989 ). From selective enzymatic splitting, it was 
determined that both the polyribonucleotide and the polypeptides components are 
essential in angiogenic activity (Hockel and Burke  1989 ). Studies have established 
that angiotropin is a potent angiogenesis factor (Hockel and Burke  1989 ). and is 
distinctly different from other known angiogenic polypeptides and fi broblast growth 
factors (Hockel et al.  1988 ). These highly purifi ed complexes can be isolated from 
large-scale cultures of porcine peripheral monocytes, that are activated by the means 
of concanavalin A, in conditioned serum-free media (Hockel and Burke  1989 ).  
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5.2     Angiotropin in Normal Physiology 

 This monocyte-derived angiogenic substance is one of the molecules out of various 
different angiogenic and angiostatic factors that allows for the stringent control of 
the intricate and multi-step angiogenesis process (Distler et al.  2003 ). Although a 
stimulatory molecule of angiogenesis, angiotropin is not mitogenic and hence can-
not stimulate cell division and the proliferative activity of capillary endothelial cells 
(Hockel and Burke  1989 ). However it can stimulate phenotypic differentiation. 
endothelial cell migration as well as facilitate and promote tube formation in vitro 
(Distler et al.  2003 ); and therefore much research have been focused on utilising its 
unique features and characteristics for the treatment of diseases as well as reparative 
medicine, transplant integration, implants and tissue engineering (Wissler  2002 ).  

5.3     Angiotropin in Disease and Malignancy 

 In studies by Wissler et al. in 1981 and 1986, it was reported strong angiogenic 
effects in chicken chorioallantoic membrane and rabbit cornea were noticed when 
the cells underwent stimulation by a substance that had been isolated from periph-
eral porcine monocytes (Wissler and Renner  1981 ; Wissler et al.  1986 ). This sub-
stance was later on termed angiotropin because of the responses it could create in 
cells. 

 Further studies by Hockel et al. ( 1988 ) have determined that angiotropin stimu-
lates the differentiation of capillary endothelial cells in vitro by changing their phe-
notypic characteristics. The research discovered that endothelial cells changed from 
a monolayer of epitheloid polygonal cells into migrating “sprout cells” that eventu-
ally organised spatially into tube structures. Additionally, it was found that in non- 
confl uent cultures that single capillary endothelial cells did not proliferative but did 
however undergo migration when stimulated by angiotropin (Hockel et al.  1988 ). 

 To further determine and characterise the in vivo effects of angiotropin, based on 
previous research results and fi ndings, Hockel et el. used the “single bolus-rabbit 
ear model” (Hockel et al.  1988 ). Intradermal injections of a single bolus of angiotro-
pin were performed on the dorsal aspect of the skin of the ears of adult, long-eared 
New Zealand white rabbits (Hockel et al.  1988 ). After injections, it was found that 
vascular dilation occurred to all blood vessels except the arteries. This vasodilation 
caused by angiotropin differed vastly to those of other known vasodilators such as 
histamine and prostaglandin; such that the more traditional vasodilators had an ear-
lier onset with much shorter effects (Hockel et al.  1988 ). Similar to the fi ndings of 
previous studies, in vitro angiotropin demonstrated differentiation of capillary 
endothelial cells from epitheloid phenotypes into large fi broblastoid cells that 
migrated and formed tube-like structures (Hockel et al.  1988 ). In addition it was 
found that endothelial activation associated with endothelial hyperplasia, epidermal 
hyperplasia and neovascularization when the cells were induced by angiotropin in a 
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dose-dependent manner occurred (Hockel et al.  1988 ). The study showed that tissue 
reactions occurred in near absence of preceding tissue destruction and did not result 
in any scar formation or tissue necrosis (Hockel et al.  1988 ). These reactions were 
found to have striking similarities with the infl ammatory-proliferative phase in 
wound healing (Hockel et al.  1988 ). From the results, Hockel et al. ( 1988 ) found 
angiotropin to be a promising therapeutic agent that could be utilised in a clinical 
setting in cases where healing could be a problem. 

 A more recent study conducted by Wissler ( 2002 ) discovered the value of 
angiotropin in relation to regulation of hemodynamics and muscular tissue function. 
Wissler investigated the different modes of application of angiotropin into skeletal 
muscles (Wissler  2002 ). Angiotropin was isolated from the wound fl uids of isch-
emic or infarcted heart muscles of either dogs and pigs (Wissler  2002 ). The isolated 
angiotropin were then focally applied intramuscularly into resting skeletal left hind- 
leg muscles of non-trained New Zealand rabbits (Wissler  2002 ). Bio-functions of 
newly formed capillary patterns of the left hind-leg were compared to the right 
hind-leg muscles of the rabbits (the control), in terms of tissue homeostasis control 
mechanisms that could have been affected by hemodynamics and turnover (Wissler 
 2002 ). It was found that in the area in which the angiotropin was applied, formation 
and remodelling of vessels with functionally effi cient and active hemodynamics 
was induced in a matter of minutes (Wissler  2002 ). The results gathered from the 
study showed that angiotropin induced capillaries in the skeletal muscles lead to an 
increase of hemodynamics of about 15 days (Wissler  2002 ). However, normal 
hemodynamics were re-established around after 20 days (Wissler  2002 ). It was also 
noted that no adverse effects or uncontrolled growth were caused by the application 
of the angiotropin, and bio-functions in the muscles of the rabbits remained the 
same (Wissler  2002 ). 

 By the application of the vascularising and nonmitogenic endothelial cell- 
selective angiotropin, which caused the formation of three-dimensional blood capil-
laries in the skeletal muscles of rabbits; it was found that angiotropin’s capacity for 
remodelling bioactive blood vessels in muscle tissues can be potentially used for 
preventing tissue necrosis as well as increasing and supporting tissue functions 
(Wissler  2002 ). Furthermore, it also indicates the possibility of applying angiotro-
pin in therapeutic aspects where changes in vascular patterns could be problem, 
such as bypass operations or restenosis after percutaneous transluminal coronary 
angioplasty (Wissler  2002 ).     
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    Chapter 6   
 C-KIT: Tyrosine Kinase Receptors 
with Potential to Initiate Angiogenesis                     

    Abstract     The c-kit gene, also known as CD117 and tyrosine-protein kinase Kit is 
a proto-oncogene which codes for a protein receptor responding to growth factors. 
This receptor resides on progenitor cells in homeostatic conditions and is carried on 
from the stem cell into the specialised daughter cells. The c-kit receptor is com-
monly found in progenitor cells destined to become endothelial and mast cells. 
Recent studies investigated the effect of SCF/c-kit on capillary tube formation and 
its similarity to VEGF and reported the formation, migration and consequent sur-
vival of cells in response to SCF/c-kit stimulation. Mutations of the c-kit gene may 
lead to the complete loss of function or retardation in the expression of the gene and 
its angiogenic capabilities. Many attempts at inhibiting neoplastic proliferation uti-
lize drugs to target the c-kit gene and inhibitors on the KIT gene which regulates its 
enzymatic conformation. These drugs are still in early stages, yet offer promise 
towards therapeutic advantages concerning neoplasia caused by the c-kit gene 
defect.  

  Keywords     C-KIT   •   Tyrosine kinase receptors with potential to initiate angiogene-
sis   •   Angiogenesis   •   Normal physiology   •   Disease   •   Malignancy  

6.1             C-KIT: Tyrosine Kinase Receptors with Potential 
to Initiate Angiogenesis 

 The c-kit gene, also known as CD117 and tyrosine-protein kinase Kit (Ferrara and 
Gerber  2001 ), is a proto-oncogene which codes for a protein receptor responding to 
growth factors (Andre et al.  1997 ). This receptor resides on progenitor cells in 
homeostatic conditions and is carried on from the stem cell into the specialised 
daughter cells. The c-kit receptor is commonly found in progenitor cells destined to 
become endothelial and mast cells (Matsui et al.  2004 ).  
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6.2     C-KIT in Normal Physiology 

 While our understanding of the expression of this gene is still a work in progress, it 
is known to acquire a hematopoietic role in both the recruitment and proliferation of 
endothelial cells from the bone marrow and into the circulation. Bone marrow 
secretes the ligand Stem Cell Factor (SCF) which activates the c-kit signalling 
mechanism. SCF is hypothesised to reinforce proliferation and vascularization of 
endothelial cells and mast cells when bound to the tyrosine kinase receptor, thus 
promoting the vascular process of angiogenesis under homeostatic conditions. 
Matsui et al. ( 2004 ) conducted an experiment investigating the effect of SCF/c-kit 
on capillary tube formation in HUVEC and its similarity to VEGF. The report went 
on to describe the formation, migration and consequent survival of cells in response 
to SCF/c-kit stimulation (Matsui et al.  2004 ). Experimental results displayed that 
the degree of vascularization of umbilical capillary proliferation depended on the 
application of SCF/c-kit signalling and its concentration. This provides positive evi-
dence of c-kit signalling is utilised as a positive angiogenic factor (Matsui et al. 
 2004 ). With the process of blood vessel formation comes the need for relocation and 
survival of the endothelial cells which form the vessels. Studies by Matsui et al. 
( 2004 ) show that although c-kit and its signalling factor SCF do indeed support the 
survival of proliferated endothelial cells in HUVEC, but does not necessarily sup-
port the proliferation of these cells. However this could be caused by several factors, 
including an insuffi cient concentration of SCF, or possibly an incompatibility of the 
simple c-kit pathway in comparison to the complex VEGF mechanism to incur pro-
liferation of HUVECs in angiogenesis (Matsui et al.  2004 ). Hence, the exact effect 
that SCF has on c-kit is still unknown due to substantial gaps in the experimental 
design – it is known that SCF supports the survival or existing proliferated cells, but 
much has yet to be discovered about their potential to initiate angiogenesis. On the 
other hand, one thing is known for certain: c-kit plays a role in the proliferation of 
endothelial cells and contributes towards angiogenesis.  

6.3     C-KIT in Disease 

 To delve into how the c-kit gene affects angiogenesis in a diseased environment, the 
mechanism of its expression must be magnifi ed, again requiring close inspection of 
miRNAs. Under homeostatic conditions certain miRNAs such as let-7f and miR- 
27b are better expressed in endothelial cells, including HUVEC, and utilizes pro- 
angiogenic effects (Urbich et al.  2008 ). This was proven by Urbich et al. ( 2008 ) in 
the study of blockage of in vitro angiogenesis with 2′- O -methyl oligonucleotide 
inhibitors. Minimal knowledge regarding the exact mechanism of impact of patho-
logical diseases such as cardiovascular disease or diabetes mellitus on angiogenesis 
has been uncovered, however investigations show promise of certain genes, such as 
c-kit and their respective miRNAs being affected, leading to an effect on 
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angiogenesis (Urbich et al.  2008 ). Endothelial cells such as those found in the 
human umbilical vein has been known to house miR-221 and miR-222, two highly 
expressed miRNAs which exert anti-angiogenic effects. These effects include inhi-
bition of cell migration, wound healing and vessel formation of endothelial cells, 
thus impacting the process of angiogenesis when deemed necessary. The expression 
of these miRNAs are strictly regulated but are found to reduce c-kit expression in 
haematopoietic progenitor cells. 

 Under disease circumstances, endothelial cells can be excessively infected with 
these anti-angiogenic miRNA factors and subsequently unable to form new vascu-
lature during processes such as wound healing thus leading to detrimental effects. 
Diseases may also cause a depletion of miR-221 and miR-222. This shortage, as 
seen in the study of Urbich et al. ( 2008 ), also affects the expression of other miR-
NAs in HUVECs, which provides evidence that miRNAs can control the transcrip-
tion and translation of other miRNAs. Certain miRNAs affected by miR-221 and 
miR-222 were found to have targeted the tyrosine kinase receptor and interfere with 
the expression and activity of other miRNAs linked to the c-kit gene and ultimately 
the role of c-kit in angiogenesis (Urbich et al.  2008 ).  

6.4     C-KIT in Malignancy 

 Mutations of the c-kit gene may lead to the complete loss of function or retardation 
in the expression of the gene and its angiogenic capabilities. Possible outcomes 
include squamous epithelial carcinoma or oral mucosal melanoma (OMM). C-kit’s 
role in OMM tumorigenesis is based on its function in melanocyte development. 
Although c-kit is expressed in physiological circumstances, excessive expression is 
correlated to the invasive action of a tumour. Investigations by Rivera et al. ( 2008 ) 
noted that in 18 cases of human OMM, c-Kit mutations were positive in 16 instances. 
Thus it is clear that mutation of the c-Kit proto-oncogene plays an appropriate role 
in tumorigenesis of OMM (Rivera et al.  2008 ). 

 As noted by Coussens et al. ( 1999 ) mutated expression of the c-kit gene in mice 
can lead to defects in sterility, coat colour abnormalities and formation of neoplasm. 
These neoplasms included malignant hyperproliferation of keratinocytes and a 
thickened epidermis with dermal mast cell infi ltration of the basement membrane. 
As already outlined, tumours rely on angiogenesis as a means of spreading through 
vasculature and acquiring of nutrition. This can be achieved by mast cells with the 
c-kit receptor attached to its plasma membrane releasing important angiogenic fac-
tors such as histamine and VEGF through complex signal transductions. These fac-
tors, alongside other mast cell products and growth factors, promote the growth and 
survival of neoplastic tissues through the initiation of angiogenesis. Furthermore, 
mutated mast cells are capable of recruiting and activating fi broblasts, epithelial and 
endothelial cells, as well as enzymes that ultimately promote angiogenesis prolif-
eration and consequently metastasis of neoplastic tissue. It is important to note, 
however, that mast cells were encountered in environments that were associated 
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with dysplasia (pre-malignancy) rather than in the already developed tumour mass. 
Studies by Coussens et al. ( 1999 ) display the benefi ts of mast cell assistance to 
malignant neoplasms; they accumulate at the edges of cancers and help convert 
normal tissue stroma into neoplastic stroma, hence explaining why mast cells are 
found in dysplasias (Coussens et al.  1999 ). 

 Many attempts at inhibiting neoplastic mast cell proliferation utilize drugs to 
target the c-kit gene. Bai et al. ( 2013 ) discovered two inhibitors on the KIT gene 
which regulates its enzymatic conformation. These inhibitors, DP-2976 and 
DP-4851, were examined and found to have been retarded in the mutated c-kit gene. 
The inactivation of the tumour suppressor component of this gene leads to neoplas-
tic mast cell activation and proliferation. When unaltered, these inhibitors allow 
apoptosis of neoplastic mast cells, accompanying the reduced spread of malignant 
cells. This mechanism, although still in early stages, gives promise towards thera-
peutic advantages concerning neoplasia caused by the c-kit gene defect (Bai et al. 
 2013 ).     
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    Chapter 7   
 Cyclin D1 and E1                     

    Abstract     Two proto-oncogenes from the Cyclin protein family that are involved in 
the regulation of the cell cycle are described in this chapter. Cyclin D1 gene or 
CCND1 is involved in the regulation of the cell cycle and becomes most abundant 
in the G1 phase in the lead up to DNA replication. The activity of the cyclin D in 
normal cell physiology contributes to controlled and healthy progression of the cell 
cycle. Cyclin E1 or CCNE1 is a positive regulator of CDK2 that regulates cell pro-
gression from G1 to S phase of the cell cycle. Cyclin E1 is necessary for positive 
regulation of the cell cycle. Abnormalities with expression of CCNE1 have been 
suggested as a prognostic tool in some malignancies. Growth promotion is closely 
regulated and under abnormal circumstances cell growth and sustained division in 
the absence of the initial induction signal can arise; this proliferation may be due to 
an oncogene. CCND1 plays several roles in the progression of cancer via its poten-
tial contribution to uncontrolled proliferation through its involvement in cell cycle 
regulation and the promotion of the process of Angiogenesis via its involvement in 
the regulation of the Vascular Endothelial Growth Factor (VEGF). Understanding 
the role of Cyclins and their subsequent role in cell division and e angiogenesis 
associated with malignancies allows for the development of targeted therapy and 
advances in future medicinal treatment options.  

  Keywords     Cyclin D1   •   Cyclin E1   •   Angiogenesis   •   Normal physiology   •   Disease   • 
  Malignancy  

7.1             Cyclin D1 and Cyclin E1 

 The gene CCND1 is located on chromosome 11 in humans and codes for the protein 
Cyclin D1 (Inaba et al.  1992 ). Cyclin D1 is considered a “proto-oncogene”, which 
is a normal gene that can become oncogenic upon mutation or over expression (Fu 
et al.  2004 ). This is due to its involvement in the regulation of the cell cycle. Cyclin 
D1 belongs to the ‘cyclin’ protein family, whose abundance within proliferating 
cells, undergoing cell cycle, changes with dramatic periodicity (Fu et al.  2004 ). The 
cell cycle describes the process by which a cell undergoes division and duplication 
into two daughter cells, and is divided into the following phases: G0, where the cell 
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is quiescent; G1, where the cell increases in size; S, where the replication of DNA 
occurs; G2, where the cell continues to grow in size; and M, where cell growth stops 
and mitotic division occurs (Cooper and Hausman  2000 ). Cyclin D1 becomes most 
abundant in the G1 phase in the lead up to DNA replication. The cyclin family acts 
as regulators of the Cyclin-Dependent Kinase (CDK) enzymes. Specifi cally, Cyclin 
D1 functions as a regulatory subunit of the enzymes CDK4 or CDK6, where it 
forms a protein-enzyme complex (cyclin D-Cdk4/6) that is essentially responsible 
for the cell cycle transition from the G1 phase to the S phase (Cooper and Hausman 
 2000 ). 

 Cyclin E1 or CCNE1 is a gene located at 19q13 and is necessary for positive 
regulation of the cell-cycle by coding for Cyclin E (Cheng and Eble  2012 ). Cyclin 
E functions as a positive regulator of CDK2 which regulates cell progression from 
G1 to S phase of the cell cycle, a characteristic of proto-oncogenes (Cheng and Eble 
 2012 ). It has been shown to be prognostic in some disease when abnormalities with 
expression are detected (Akli et al.  2004 ; Akli and Keyomarsi  2003 ).  

7.2     Cyclin D1 and Cyclin E1 in Normal Physiology 

 In normal cell physiology the activity of the cyclin D-Cdk4/6 complex contributes 
to controlled and healthy progression of the cell cycle (Fu et al.  2004 ). Cyclin D1 is 
known to interact with “Retinoblastoma Tumour Suppressor protein” (pRb) in a 
way that generates controlled proliferation (Fu et al.  2004 ). The mechanism by 
which this occurs has been investigated thoroughly for the last 20 years, and the 
general putative understanding has been that pRb is progressively multi- 
phosphorylated by Cyclin D1 in the early G1 phase of the cell cycle, which in turn 
inactivates the tumor suppressor protein. However, this model of interaction remains 
unproven biochemically, and recent studies conducted by Narasimha et al. ( 2014 ) 
has found that in a healthy cell, Cyclin D1 in fact exclusively activates the Rb tumor 
suppressor protein via the process of mono-phosphorylation (Narasimha et al. 
 2014 ). Activated Rb essentially functions as a cell cycle repressor; it forms a com-
plex with a member of the E2F family of transcription factors, which acts to inhibit 
the expression of the genes normally regulated by the E2F factors, which in turn 
inhibits cells from passing through the G1 phase, thus arresting cell proliferation 
(Day et al.  2009 ). In a healthy cell, this mechanism contributes to the healthy cell’s 
effort of ensuring normal proliferation, by preventing tumorous growth (Cooper 
and Hausman  2000 ). 

 CCNE1 plays a key role in regulation of the cell cycle through regulation of 
cyclin dependent kinase (CDK). In cells undergoing normal mitosis, the G1-synthesis 
and s phase degredation of CCNE are closely regulated (Yu and Hung  2009 ), when 
this regulation is impaired, as seen in overstimulation of cell reproduction, the for-
mation of neoplasms can arise. Communication between the regulation of cyclin E 
transcription and Cyclin E protein stability results in fi ne tuning of Cyclin E levels; 
this emphases its crucial role in regulation of the cell cycle and can predict the 
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 deleterious effects of an abnormally high level of expression of Cyclin E which can 
be seen in many cancers (Sluyser  2005 ). In late stage G1 of the cell cycle, cyclin E 
transcription is activated by a series of complexes which relieve repression of the 
CCNE gene, this allows a G1 arrest and facilitates additional accumulation of 
CCNE protein; When this accumulation advances to acceptable levels phosphoryla-
tion of pRb relieves repression of the S-phase cyclin, cyclin A, and Cdk1, which 
permits the cell cycle to progress to mitosis (Yu and Hung  2009 ). Cell division is 
pivotal to angiogenesis, as growth of new vessels cannot occur without proliferation 
of the associated tissues. With the continued division of vasculature cells the exten-
sion and growth of blood vessels is able to facilitate necessary physiological pro-
cesses, as well as potential sustainability of proliferative malignancies.  

7.3     Cyclin D1 in Disease 

 This gene appears to play several different roles in the progression of cancer. The 
two most prominent are: its potential contribution to uncontrolled proliferation as a 
consequence of its involvement in cell cycle regulation (Chow  2010 ), and the pro-
motion of the process of Angiogenesis via its involvement in the regulation of the 
Vascular Endothelial Growth Factor (VEGF) (Pestell and Li  2006 ). 

 As to be expected of any gene involved in the regulation of the cell cycle: muta-
tion, amplifi cation, and/or over expression of Cyclin D1 can alter cell cycle progres-
sion. In a study conducted by Ewen and Lamb ( 2004 ), it was found that over 
expression of Cyclin D1 in rodent fi broblasts suggested that they had a rate-limiting 
effect for the progression through the G1 phase of the cell cycle. Cell culture experi-
ments also linked the action of Cyclin D-Cdk4/6 complexes to the function of pRb 
(Ewen and Lamb  2004 ). The initial inactivating phosphorylation of pRb during G1 
by Cyclin D-Cdk4/6 was found to promote the release of the E2F family of tran-
scription factors from their inactive form in the pRb-E2F complex, which in turn 
leads to the transcriptional induction of genes such as Cyclin E1 (discussed later in 
the paper), which are required for cell cycle progression from phase G1 to S (Ewen 
and Lamb  2004 ). Note that this study was conducted in 2004, which was before the 
study conducted by Narasimha et al. ( 2014 ), which conversely indicated that the 
mechanism of Cyclin D1 was to exclusively activate pRb. However, the results 
obtained by Ewen and Lamb ( 2004 ) decidedly purports the ensuing consequence of 
the over expression of Cyclin D1, which is that of increased inactivation of pRb 
leading to the promotion of the progression of the cell cycle from G1 to S, thus 
promoting increased proliferation and oncogenesis. 

 Furthermore, CCND1 has been found to be involved in the process of vascular-
ization of tumours via the process of angiogenesis. An investigation conducted by 
Yasui et al. ( 2006 ) purported to examine the effect of inhibiting cyclin D1 on 
tumour-associated neovascularization (angiogenesis). The study suggested that 
Cyclin D1 may play a role in maintaining Vascular Endothelial Growth Factor 
(VEGF) expression, which is a vital angiogenic factor contributing to the 
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 vascularisation of tumours (Yasui et al.  2006 ). The inhibitory agent used in the 
investigation was an adenovirus system for antisense to cyclin D1 (AS CyD1) 
(Yasui et al.  2006 ). It was found that xenografts treated with AS CyD1 showed less 
blood vessel density, and exhibited smaller tumour size in certain colon cancer cell 
lines (Yasui et al.  2006 ). In vitro, it was found that AS CyD1 had decreased the 
expression of VEGF; a substantial decrease in the activity of VEGF promoters was 
also found (Yasui et al.  2006 ). Yasui et al. ( 2006 ) suggests that AS CyD1 could 
have potential to be used for targeting cancerous cells and the vascular supply of 
tumors. Another possible form of treatment via the suppression of angiogenesis by 
manipulating Cyclin D1 is the synthetic drug TNP-470, an angiogenesis inhibitor 
that is currently in clinical development for cancer (Kruger and Figg  2000 ). As 
explained by Figg and Folkman ( 2008 ) in Angiogenesis: An Integrative Approach 
from Science to Medicine, it was found that tissue treated by TNP-470 induced 
formation of Cyclin D1 in the endothelial cells. These ‘induced’ Cyclin D1 proteins 
were found to form a complex with CDK4 and another protein known as p21, which 
belongs to a family of CDK inhibitors that antagonises the activation of the Cyclin 
D1-Cdk4 complex (Figg and Folkman  2008 ). This antagonising action prevents the 
phosphorylation of pRb, which in turn prevents the cell cycle progression from 
phase G1 to S, thus arresting proliferation (Figg and Folkman  2008 ).  

7.4     Cyclin E1 in Malignancy 

 The genetic damage can occur in a number of ways including retroviral transduc-
tion, transposon integration, insertion mutations, point mutations, chromosome 
translocation, gene amplifi cation and or protein-protein interactions (Caldon and 
Musgrove  2010 ). As uncontrolled prolifi c cell growth is dangerous, it is necessary 
to tightly regulate the genes responsible. Studying and understanding the function 
of genes such as CCNE1 are essential for early diagnostic and treatment regiments 
to be developed. CCNE1 plays a key role in regulation of the cell cycle both in 
tumorigenesis and angiogenesis (Wang et al.  2009 ); it is achieved by the overex-
pression of CCNE and subsequent tumorigenesis by the promotion of G 1  to S-phase 
transition, increasing CCNE-associated kinase activity and causing genomic insta-
bility (Akli et al.  2004 ; Akli and Keyomarsi  2003 ). S phase of the cell cycle revolves 
around DNA synthesis and chromosome duplication and is a common source of 
DNA mutation and subsequent potential malignancies. CCNE1 regulates cyclin 
dependent kinase (CDK) and is a cell cycle gene commonly found altered or mutated 
in expression in human cancer (Caldon and Musgrove  2010 ). 

 Because of the essential role Cyclin E1 has in cell division it is a prime candidate 
for targeted molecular therapy. As previously stated CCNE1 overexpression or 
deregulation can be seen in a number of malignancies; amplifi cation of CCNE1 is 
known to be specifi c for high-grade serous carcinoma vs low grade serous carci-
noma or normal ovarian tissue with a frequency of 32.2–36.1 % (Nakayama et al. 
 2007 ). In addition CCNE1 expression has been shown to be heterogenous in 
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 multiple myeloma cell lines (hMMCLs), and by incubating these with a selective 
CDK inhibitor known as Seliciclib, apoptosis and down regulation of MCL1 and 
p27 can occur (Josefsberg Ben-Yehoshua et al.  2012 ). 

 The past 20 years have seen much development in the research on the gene 
CCND1 and the mechanisms of action of Cyclin D1. The investigations conducted 
on the involvement of Cyclin D1 in the process of angiogenesis has produced very 
promising results for the fi eld of cancer therapy, such as the synthetic drug TNP- 
470 (Kruger and Figg  2000 ; Figg and Folkman  2008 ) and the antisense to Cyclin 
D1 (AS CyD1) (Yasui et al.  2006 ). These developments and the continued research 
being conducted in this area paint a hopeful picture for the future of cancer supress-
ing treatment via the inhibition of tumour vascularisation. 

 As discussed, the presence of CCNE1 overexpression in numerous malignancies 
is evident. Based on various studies there are potential implications for future tar-
geted therapies, strategies including cell cycle deregulation such as the use of 
cyclin-dependent kinase inhibition (Etemadmoghadam et al.  2010 ). Increased 
expression of CCNE1 may have clinical uses in determining patient sensitivity or 
rate of response to standard treatments associated with primary tumours, this would 
enable health professionals to pursue the most effective treatment possible available 
at the earliest availability (Etemadmoghadam et al.  2010 ). In addition Shapiro antic-
ipated that ‘chemotherapeutic agents may sensitize cells to CDK inhibition’ 
(Shapiro  2006 ); using this information combination targeted therapy may be deemed 
more effective in the treatment of some of the conditions seen in CCNE1 overex-
pression. Future research development should focus on effi cacy of targeted therapy 
without necessarily requiring the coexisting conventional therapy thereby promot-
ing the success of single target CDK inhibitors, as the clinical success to date has 
been disappointing (Malumbres and Barbacid  2009 ).     
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    Chapter 8   
 Cluster of Differentiation 71 (CD71)                     

    Abstract     Cluster of Differentiation 71 protein (CD71), also known as the 
Transferrin receptor protein 1 (TfR1) is a protein encoded by the TFRC gene located 
on chromosome 3q29. It is found as a cell surface membrane protein in humans and 
is essential for iron delivery to the cells. TfR1 expression is up-regulated or down- 
regulated in response to cell’s iron need. A regulatory protein that regulates the 
interaction between Transferrin and Transferrin receptor is known as HFE1 and its 
mutation is thought to increase the risk of Alzheimer Disease. TfR1 knockdown 
cells have been also found to enhance VEGF production and angiogenesis in vivo. 
CD71 is used as a marker in breast cancer and has also been linked to many other 
cancers such as lungs, pancreas, lymph nodes and colon. The gene is currently 
being explored for its diagnostic and therapeutic opportunities. Currently, CD71 is 
a new target for the potential treatment of human lymphoma & leukaemia.  

  Keywords     Cluster of differentiation 71   •   CD71   •   Angiogenesis   •   Normal physiol-
ogy   •   Disease   •   Malignancy  

8.1             Cluster of Differentiation 71 (Cd71) – An Iron 
Transferrin Receptor Protein 

 Cluster of Differentiation 71 protein (CD71), also known as the Transferrin receptor 
protein 1 (TfR1) is a protein encoded by the TFRC gene located on chromosome 
3q29 (Aisen  2004 ). It is found as a cell surface membrane protein in humans and is 
essential for iron delivery to the cells (Aisen  2004 ). Iron plays an important role in 
many cellular functions such as oxygen transport, DNA synthesis and enzyme func-
tion (Speeckaert et al.  2010 ). Iron homeostasis is maintained by Transferrin recep-
tor- 1 (TfR1), ferritin and Transferrin (Tf). Transferrin present in blood acts as an 
iron transporter and is important for iron distribution. Iron-Tf-TfR forms a complex 
and enters the cells by membrane endocytosis (Speeckaert et al.  2010 ).  
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8.2     Cluster of Differentiation 71 (Cd71) in Normal 
Physiology 

 Transferrin receptor (CD71), ferritin and transferrin have been identifi ed as special-
ised proteins that maintain iron homeostasis as they control the transport, storage 
and uptake of free iron in tissues (Yefi mova et al.  2002 ). Imbalance in iron homeo-
stasis can lead to the disruption of normal iron distribution and the generation of 
reactive oxygen species causing cell damage. Retinal neuropathies have also been 
shown to accompany iron homeostatic disorders in rats (Yefi mova et al.  2002 ). 
During aging, iron imbalance leads to its accumulation in selective brain regions 
causing neurodegenerative diseases (Benarroch  2009 ). The presence of Cd71 anti-
bodies in the serum is used as a measure indicating proliferation in leukaemia and 
lymphomas (Oudemans et al.  1986 ). 

 TfR1 expression is up-regulated or down-regulated in response to cell’s iron 
need (Testa et al.  1993 ). Iron defi ciency within the cells lead to the binding of iron 
regulatory protein (IRP) to the iron responsive element (IRE) in the downstream 
untranslated region (3′UTR) of TfR1 mRNA0 (Testa et al.  1991 ). TfR1 expression 
is upregulated and the uptake of iron is increased. Similarly, to decrease iron stor-
age, IRP bind to the upstream untranslated region (5′UTR) of ferritin mRNA and 
to its expression is downregulated. CD71 is expressed on most dividing cells as well 
as on alveolar macrophage and brain endothelium (Testa et al.  1991 ). This indicates 
the signifi cance of the Cd71 protein in cell growth, proliferation, and nutrition sup-
ply and the potential consequences of deregulated Cd71 expression on cell surfaces 
in terms of pathology and cancer development.  

8.3     Cluster of Differentiation 71 (Cd71) in Disease 
and Malignancy 

 TfR1 knockdown cells have been found to enhance VEGF production and angio-
genesis in vivo (Eckard et al.  2010 ). In addition, a study conducted in 2008, showed 
iron depletion by desferoxaminemesylate (DFO), an iron chelator, increased the 
levels of hypoxia inducible factor-1 alpha (HIF-1a) (Dongiovanni et al.  2008 ). This 
is an important transcription factor in VEGF regulation, necessary for angiogenesis 
induction, tumour angiogenesis and metastasis (Dongiovanni et al.  2008 ). This 
study did not address the direct link between iron defi ciency and tumour angiogen-
esis but was the basis of another research conducted in 2010 to address this link 
(Eckard et al.  2010 ). In an experiment performed in MDA-MB-231, a triple nega-
tive breast cancer cell-line, shRNA molecules designed against TfR1 were used to 
knockdown their expression (Eckard et al.  2010 ). TfR1 act as gatekeeper for iron 
uptake and therefore knocking down their expression is equivalent to restricting 
iron entry into the cell and thus mimics iron defi ciency. The results of this study 
show that cellular iron defi ciency plays an important role in the regulation of VEGF, 
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HIF-1a stabilization, and in the promotion of angiogenesis. The study concludes 
that cancer patients with systemic iron defi ciency and anaemia have an increased 
risk of tumour recurrence (Eckard et al.  2010 ). 

 In cancers, over-expression of  TFRC  is associated with malignancy as it facili-
tates higher iron uptake required for cell division (Jiang et al.  2010 ). CD71 is also 
used as a marker in breast cancer and the protein expression of CD71 is well- 
characterized using microarrays in patients with invasive breast carcinoma (Habashy 
et al.  2010 ). The expression of TfR1 in breast cancers has proven to be up by 5 times 
in malignancy tissue in comparison to normal tissue. This over expression of TFRC 
has been linked with the increased proliferative capacity of tumours (Habashy et al. 
 2010 ). CD71 is a candidate marker for a subcategory of ER+/luminal-like breast 
cancer. This cancer is resistant to tamoxifen, an oestrogen antagonist and is charac-
terized by its poor outcome (Habashy et al.  2010 ). The importance of CD71 as a 
prognostic biomarker for the treatment of this breast cancer phenotype remains 
largely unexplored and unknown (Habashy et al.  2010 ). Over expression of endog-
enous TfR1 has also been linked to many other cancers such as lungs, pancreas, 
lymph nodes and colon (Peer et al.  2007 ). This refl ects the need for iron as a cofac-
tor in DNA synthesis enzymes which ultimately results in cell proliferation and 
rapid cell division (Peer et al.  2007 ). 

 Mutation in HFE1, a regulatory protein that regulates the interaction between 
Transferrin and Transferrin receptor is thought to increase the risk of Alzheimer 
Disease (AD) (Benarroch  2009 ). In animal models of Parkinson Disease (PD), 
over-expression of iron-sequestering ferritin protein and iron chelation has shown 
to be effective (Benarroch  2009 ). No disease causing mutations have been identifi ed 
in the gene but there are missense-coding variants that might have some functional 
consequences (Borie et al.  2002 ). Trisomy of chromosome 3, gaining 3q27-qter or 
a whole 3q arm have been noticed in various malignancies such as haematopoietic 
ones and solid tumours (Borie et al.  2002 ). The gene is not involved in cancer- 
associated translocations. Also the TRFC variant S142G can modify its association 
with HFE C282Y mutation linked to cancer susceptibility for colorectal cancer, 
hepatocellular carcinoma, breast cancer, leukaemia and multiple melanomas (Borie 
et al.  2002 ). 

 The gene is currently being explored for its diagnostic and therapeutic opportu-
nities (Liu et al.  2014 ). CD71 is a new target for the potential treatment of human 
lymphoma & leukaemia. Future research on the survival of solid organ graft and 
experiments to improve their survival by the use of monoclonal anti-CD71 antibody 
to suppress antigen and mitogen responses are currently being conducted (Liu et al. 
 2014 ). A particular study investigated the importance of CD71 as a fl ow cytometric 
marker in the diagnosis of acute leukaemia (Blanchard et al.  2000 ). They found both 
cells CD34 and CD71 gradually increased during the process from myeloid dyspla-
sia to apparent leukemic (Liu et al.  2014 ). Subsequently, the presence of leukemic 
cell subsets with variable levels of CD71 and CD34 may be useful for further under-
standing the dynamic process associated with clonal development seen in leukae-
mia (Liu et al.  2014 ).     

8.3 Cluster of Differentiation 71 (Cd71) in Disease and Malignancy
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    Chapter 9   
 Connective Tissue Growth Factor ( CTGF )                     

    Abstract     Connective tissue growth factor (CTGF) is a member of the C-terminal 
cystein-rich protein (CCN) intercellular signaling protein family and functions in 
the extracellular matrix (ECM). Ultimately, CTGF allows other pericellular moi-
eties to bind to its structural modules which can trigger various responses via signal-
ing molecules. CTGF is activated in endothelial cells via basic fi broblast growth 
factor (bFGF) or vascular endothelial growth factor (VEGF). Mediated through cell 
surface integrins, CTGF plays a signifi cant role in promoting endothelial cell 
growth, migration and adhesion and survival in vitro. The maintenance of CTGF 
levels in the body is an extremely important mechanism in homeostasis and an 
imbalance can result in disease or cancer. Many studies have demonstrated a posi-
tive correlation between the level of CTGF expression and the degree of malig-
nancy in cancers. As a fi brogenic master switch for EMT, an imbalance of CTGF 
levels has been also associated with the development of variety of diseases.  

  Keywords     Connective tissue growth factor   •   CTGF   •   Angiogenesis   •   Normal 
physiology   •   Disease   •   Malignancy  

9.1             CTGF (Connective Tissue Growth Factor) 

 Connective tissue growth factor (CTGF) is a member of the C-terminal cystein-rich 
protein (CCN) intercellular signaling protein family and functions in the extracel-
lular matrix (ECM). Ultimately, CTGF allows other pericellular moieties to bind to 
its structural modules which can trigger various responses via signaling molecules 
(Brigstock  2002 ). CTGF is activated in endothelial cells via basic fi broblast growth 
factor (bFGF) or vascular endothelial growth factor (VEGF). Mediated through cell 
surface integrins, CTGF plays a signifi cant role in promoting endothelial cell 
growth, migration and adhesion and survival  in vitro  (Kuiper et al.  2008 ). 
Furthermore, CTGF is secreted by vascular endothelial cells and is induced by 
agents such as angiotensin II, endothelin-1 and glucocorticoids (Kuiper et al.  2008 ). 
Apart from having signifi cant roles in injury repair, wound healing, skeletal devel-
opment and angiogenesis, CTGF also provides directional growth of endothelial 
cells within the vasculature via inducing chemotactic movement (inducing 
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directional cell migration) and chemokinetic movement (random cell movement) 
(Hishikawa et al.  1999 ). Thus, considering the basic functions of CTGF aforemen-
tioned, it must be stressed that CTGF plays an extremely important role in the pro-
gression of disease and cancers and should therefore be investigated in depth (Braig 
et al.  2011 ).  

9.2     Connective Tissue Growth Factor (CTGF) in Normal 
Physiology 

 The structure of CTGF is signifi cantly related to its function and can be attributed 
to many aspects relating to angiogenesis. One of the four modular domains encoded 
in CTGF is the von Willebrand factor type- C repeat (VWC) module which bone 
morphogenetic protein (BMP) and TGF-β can bind onto (Maeda et al.  2009 ). CTGF 
acts as a mediator by binding and inhibiting BMP or enhancing TGF-β to regulate 
cell proliferation and differentiation. Another signifi cant modular domain is the 
TSP-1 module which can be bonded by low density lipoprotein receptor related 
protein (LRP); enabling TSP-1 to bind to extracellular matrix proteins such as 
matrix metalloproteinases and integrins (Maeda et al.  2009 ).  

9.3     Connective Tissue Growth Factor (CTGF) in Disease 

 An imbalance of CTGF levels has been associated with the development of variety 
of diseases. It is concluded from several studies that CTGF is a renal risk marker for 
Type I diabetes and vascular disease. Over-expression of CTGF results in ECM 
accumulation and induces Epithelial-to-mesenchymal transition (EMT), which 
serves three main functions. Two of the main functions of EMT are contribution to 
wound healing and cancer development, which leads to cells becoming invasively 
migratory (Braig et al.  2011 ). Additionally, it is also involved in the promotion of 
fi brosis, this process initiated by triggering the transition from tubuloepithelial cells 
to myfi broblast cells. In many studies, CTGF has been proposed as “ a fi brogenic 
master switch ” for EMT (Gressner and Gressner  2008 ). The over-expression of 
CTGF, a pro-fi brogenic factor, can lead to excessive extracellular matrix deposi-
tion, type 1 collagen fi bers and hence, fi brosis. Ultimately, Fibrosis can lead to 
many diseases, especially those of the kidney, such as proliferative diabetic reti-
nopathy, pulmonary fi brosis, keloids, systemic sclerosis, atherosclerosis, biliary 
atresia, cataracts and myocardial fi brosis (Abraham  2008 ).  

9 Connective Tissue Growth Factor (CTGF)
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9.4     Connective Tissue Growth Factor (CTGF) in Malignancy 

 Understanding the dynamic relationship between CTGF and VEGF is a vital aspect in 
CTGF’s role in angiogenesis and the CTGF/VEGF relationship strongly corresponds 
with activity such as metastases. VEGF, binding to CTGF modules, can be released as 
the bound active form via proteolysis by the matrix metalloproteinases (MMP’s). 
MMP secretion and activation occurs during wound repair and tissue remodeling 
(Hashimoto et al.  2002 ; Inoki et al.  2002 ). As a result, if VEGF were to remain bound 
to CTGF, angiogenic activity would signifi cantly decrease as VEGF would be unable 
to exert its pro-angiogenic effects onto its receptor. Therefore, CTGF can be consid-
ered as a modulator of VEGF bioavailability (Gressner and Gressner  2008 ). 

 Another factor contributing to modulating VEGF expression is its up-regulation 
via activated hypoxia inducible factors (HIF-1), aiding metastasis via increased 
angiogenic activity. Additionally, an increase in VEGF expression also stimulates 
CTGF to drive tumour growth and metastasis (Abraham  2008 ). 

 Many studies have demonstrated a positive correlation between the level of 
CTGF expression and the degree of malignancy in cancers, notably breast and 
colorectal cancer (Hishikawa et al.  1999 ; Ladwa et al.  2011 ). Additionally, a signifi -
cant number of studies have concluded that CTGF, produced by tumour cells, pro-
mote angiogenesis via signaling in the VEGF pathway, leading to tumour growth. 
However, what is also interesting to note is that the over-expression of the CTGF 
gene in cells can also induce apoptosis, which has been evident in Human Breast 
Cancer Cell Line MCF-7 (Hishikawa et al.  1999 ). 

 The contribution of CTGF in the promotion of bone metastasis in breast cancer 
(osteotropic metastasis) has been extensively researched. Osteotropic metastasis 
occurs due to growth factors secreted by tumours which interact with CTGF 
(Ivkovic et al.  2003 ). Additionally, CTGF has been linked to oesophageal tumours 
and gastric cancer as a high expression of CTGF ultimately leads to poor prognosis 
and metastases (Xie et al.  2010 ). Wnt signalling pathway proteins can also induce 
CTGF expression which promotes metastasis. This can be demonstrated in an 
investigation of Melanoma cells. The migratory and invasive ability is signifi cantly 
reduced where CTGF expression is inhibited. Contrastingly, the migratory and 
invasive actions were promoted when normal melanocytes exhibited an increase in 
CTGF level (Braig et al.  2011 ). 

 The maintenance of CTGF levels in the body is an extremely important mecha-
nism in homeostasis and an imbalance can result in disease or cancer. In a study of 
Hepatocellular cancer, it was found that TGF-β1 up-regulates CTGF (Brigstock 
 2002 ). An inhibition of this up-regulation can diminish tumour growth, vascular 
invasion and the progression of metastatic disease. However, it was also concluded 
that patients with high CTGF expressers generally had poor prognosis. Furthermore, 
CTGF has been found to be accompanied by MMP- 13 expression for its role in 
promoting cell migration. CTGF over-expression (generally occurring in B cells) can 
lead to the activation of β- catenin (an element in Wnt protein canonical  signaling), 
an increased expression of MMPs and the induction of apoptosis (Kuiper et al.  2008 ).     

9.4 Connective Tissue Growth Factor (CTGF) in Malignancy
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    Chapter 10   
 COX 10                     

    Abstract     COX10 gene, also known as ‘heme A: farnesyltransferase gene’, is the 
gene that encodes for heme A: farnesyltransferase enzyme. The gene was initially 
discovered in yeast, and the enzyme encoded by it was found to be essential for the 
expression of cytochrome c oxidase (COX) because its role is to faresylate proto-
heme (heme B) to heme O during the process of synthesizing heme A. Heme A is 
an important prosthetic group of COX. Since COX (a.k.a. Complex IX) is the 
enzyme that transports electrons from cytochrome c molecules to oxygen in the 
mitochondrial electron transport chain, it is only natural that the alteration of 
COX10 infl uences the aerobic respiration of cells. The defi ciency I COX10 gene 
causes the cytochrome C oxidase defi ciency, which is one of the critical causes of 
respiratory chain defect. This would lead to various diseases in humans. COX10 has 
an imperative role in the mitochondrial electron transport chain in aerobic respira-
tion, and hence it can be concluded that hypoxia-regulated miR-210 triggers the 
metabolic switch from aerobic to anaerobic respiration in cancer cells via down-
regulation of COX10. This, in turn, promotes the survival of tumour cells under 
hypoxic microenvironment.  

  Keywords     COX10   •   Angiogenesis   •   Normal physiology   •   Disease   •   Malignancy  

10.1             COX 10 

 COX10 gene, also known as ‘heme A:farnesyltransferase gene’, is the gene that 
encodes for heme A:farnesyltransferase enzyme. The gene was initially discovered 
in yeast, and the enzyme encoded by it was found to be essential for the expression 
of cytochrome c oxidase (COX) because its role is to faresylate protoheme (heme 
B) to heme O during the process of synthesizing heme A (Moraes et al.  2004 ). 
Heme A is an important prosthetic group of COX.  
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10.2     COX 10 in Normal Physiology 

 Since COX (a.k.a. Complex IX) is the enzyme that transports electrons from cyto-
chrome c molecules to oxygen in the mitochondrial electron transport chain, it is 
only natural that the alteration of COX10 infl uence the aerobic respiration of cells 
(Diaz et al.  2006 ). To avoid confusion, it is worth mentioning that the ‘heme 
A:farnesyltransferase’, due to its involvement with several other types of heme 
prosthetic groups, has aliases such as ‘Protoheme IX Fanesyltransferase’ or ‘Heme 
O Synthase’. There are also many genes other than COX10 which are encoded for 
cytochrome c oxidase, from both cell nucleus and the mitochondrial DNA. COX10 
is a nuclear gene, meaning that it is located in the nucleus of cells (Valnot  2000 ).  

10.3     COX 10 in Disease 

 It has been reported that an abnormality in COX10 gene results in cytochrome c 
oxidase defi ciency, which is one of the well known causes of respiratory chain 
defect (Diaz et al.  2006 ). By utilization of homozygosity mapping in a large African 
family suffering from COX defi ciency and subsequent gene screening, the research 
team in Columbia University identifi ed a homozygous missense mutation of the 
COX10 gene as the contributing factor of the disease (Valnot  2000 ). 

 COX10 is offi cially the third gene that has been found to have a link with COX 
defi ciency, where two other genes are SURF1 and SCO2 (Casarin et al.  2012 ). 
Although a defect in these three genes can cause isolated COX defi ciency accompa-
nied by inadequate expression of its subunits, there were noticeable differences in 
their molecular infl uence on COX. For instance, the SURF1 gene defect leads to the 
reduction of a range of COX subunit levels except subunits Va and Vb, whereas 
SCO2 defect displays reduction in subunits I and II. COX10 mutation, in particular, 
affected subunit II to a large extent, but other subunit levels remained relatively 
stable, suggesting that COX subunits other subunit II do not require heme synthesis 
to be stabilized (Valnot  2000 ). There were variations in terms of clinical phenotypes 
as well, where SURF1 and SCO2 mutations were linked to Leigh’s disease and 
encephalocardiomyopathy respectively, while those who possess COX10 defect 
presented tubulopathy and leukodystrophy (Valnot  2000 ). 

 After the establishment of a link between COX10 defect and tubulopathy and 
lekodystrophy, further study has been conducted to fi nd out its relevance in other 
clinical conditions. The study from McGrill University and other institutes have 
shown that COX10 mutations can lead to a whole range of conditions associated 
with early onset isolated COX defi ciency (Antonicka  2003 ). They investigated two 
individuals with isolated COX defi ciency, where one of them had anaemia and clas-
sical Leigh syndrome, and the other presented with anaemia, sensorinueral hearing 
loss and fatal infantile hypertrophic cardiomyopathy. These conditions presented 
were identifi ed as clinical manifestation of COX10 mutations, in addition to 
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 tubulopathy and lekodystrophy. Anaemia, in particular, was seen in both patients 
with COX10 mutation, providing a possible link between the defi ciency in heme O 
synthesis and physiological erythropoiesis (Antonicka  2003 ). 

 In order to fi nd out the genetic defect present in the patients, the research team 
used a technique called ‘functional complementation’ using retrovirus as the vector 
(Antonicka  2003 ). The complementary DNA coding for COX10 has been inserted 
into the cultured fi broblasts derived from the two patients, and the subsequent res-
toration of their COX activity was observed. To confi rm the actions of COX assem-
bly genes other than COX10 (SURF1, SCO1, SCO2, COX17 and more), similar 
experiments were done on these genes as well, but they all failed to reduce COX 
defi ciency (Antonicka  2003 ). Furthermore, they attempted transduction of fi bro-
blasts from other patients suffering from SURF1 and SCO2 defects with COX10 
gene, but there was no meaningful alleviation of residual COX activity in those 
cells. These observations strongly suggest that the COX defi ciency of the subjects 
is ascribed to COX10 gene mutation, and that there is very little or no functional 
redundancy among COX assembly genes investigated (Antonicka  2003 ). 

 The mechanism by which different COX gene defects cause various clinical phe-
notypes in the specifi c tissues are largely unknown. It has been suspected that the 
mitochondrial content of different tissues is the major factor associated with the 
expression of those gene mutations, in addition to the severity and pattern of the 
COX defi ciency. As to the gene itself, there might be various alleles in the same 
COX10 gene that can lead to different clinical phenotypes (Antonicka  2003 ).  

10.4     COX 10 in Malignancy 

 Research team from the University of Texas investigated the relationship between 
the hypoxia-regulated microRNA-210 and the compromised mitochondrial activity 
in cancer cells, which led them to an astonishing discovery on COX10 gene and 
ISCU. When tumour cells develop, their rapid growth and mitotic divisions eventu-
ally exceed the level that can be sustained by the local blood supply, resulting in a 
portion of the tumour receiving inadequate oxygen supply compared to other 
healthy tissues in body. This phenomenon is called ‘tumour hypoxia’. It has been 
known that, under a hypoxic microenvironment, a range of signaling pathways 
mediated by HIF-1α occur to trigger biological events such as increased blood ves-
sel formation and mitochondrial dysfunction (Chen et al.  2010 ). 

 Under the infl uence of HIF-1α, a micro-RNA called miR-210 was found to have 
important functions in the protection of breast cancer cells from hypoxia-induced 
apoptosis and in cell cycle regulations. Micro RNAs are not coding RNAs but they 
can silence the expression of specifi c genes by affecting their transcription process. 
The researchers attempted to fi nd the target genes of miR-210 using a technology 
called ‘in silico prediction algorithm’ and obtained a number of likely candidate 
genes including COX10 and ISCU (Chen et al.  2010 ). They discovered that mRNA 
levels of these two genes are consistently reduced in the presence of miR-210, 
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 suggesting the possibility that COX10 and ISCU are the target genes of miR-210 
(Chen et al.  2010 ). As discussed earlier, COX10 has an imperative role in the mito-
chondrial electron transport chain in aerobic respiration, and hence it can be con-
cluded that hypoxia-regulated miR-210 triggers the metabolic switch from aerobic 
to anaerobic respiration in cancer cells via downregulation of COX10. This, in turn, 
promotes the survival of tumour cells under hypoxic microenvironment (Chen et al. 
 2010 ).     
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    Chapter 11   
 Cysteine-Rich 61 (CYR61)                     

    Abstract     Cysteine-rich 61 (CYR61) is a member of the CCN family of genes, 
(CCN1) is an angiogenic factor. The CCN family (CYR61, nov, ctgf) are important 
matricellular regulatory factors, which are involved in internal and external signal-
ling of the cell. CYR61 is a secreted, heparin-binding protein that is encoded by the 
CYR61 gene. The CYR61 protein contains a highly preserved cysteine-rich primary 
sequence that is organised into discrete domains similar to insulin-like growth fac-
tor binding protein. CYR61 expression is regulated by various agents including 
growth factors, cytokines, steroid hormones and some drugs. CYR61 has the ability 
to induce apoptosis and cellular senesce. CYR61 acts as an extracellular matrix- 
associated signalling molecule, inducing fi broblast apoptosis through adhesion 
receptors, interaction with cell surface integrin and heparin sulphate proteoglycans, 
and is able to exert its functions and promote adhesion of endothelial cells. In rheu-
matoid arthritis CYR61 was found to play a critical role in proliferation in fi broblast- 
like synoviocytes (FLS) and also likely to contribute to the hyperplasia of synovial 
lining cells and eventuating in joint destruction. CYR61 is also an inducer of angio-
genesis, which is vital for the supply of nutrients and oxygen to nourish the growing 
and developing tumour.  

  Keywords     Cysteine-rich 61   •   CYR61   •   Angiogenesis   •   Normal physiology   • 
  Disease   •   Malignancy  

11.1             Cysteine-Rich 61 

 Cysteine-rich 61 (CYR61) is a member of the CCN family of genes, (CCN1) is an 
angiogenic factor. The CCN family (CYR61, nov, ctgf) are important matricellular 
regulatory factors, which are involved in internal and external signalling of the cell 
(Perbal  2004 ). CYR61 is a secreted, heparin-binding protein that is encoded by the 
CYR61 gene (Absenger et al.  2004 ). 
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 The CYR61 protein contains a highly preserved cysteine-rich primary sequence 
that is organised into discrete domains similar to insulin-like growth factor binding 
protein (Perbal  2004 ). The primary identifi cation of CYR61 was as a protein in 
fi broblasts of mice as a serum-inducible gene (Jay et al.  1997 ). CYR61 encodes a 
protein of 381 amino acids (Absenger et al.  2004 ). CYR61 is composed of four 
structural domains; the IGF binding protein, the Von Willebrand Factor C, the 
Thrombospondin Type-I and a C-terminal Cysteine Knot Like Domain. The loca-
tion of CYR61 has been identifi ed at chromosome 1p22-p31 (Mo and Lau  2006 ). 

 CYR61 expression is regulated by various agents including growth factors, cyto-
kines, steroid hormones and some drugs. Regulation of CYR61 transcription is 
achieved by these inducers through different signalling transduction pathways. 
Interaction with the individual cell or communication with the surrounding cells 
through autocrine-paracrine mechanism is achieved by the CYR61 gene (Chen and 
Du  2007 ). CYR61 has the ability to induce apoptosis and cellular senesce (Todorovic 
et al.  2005 ). CYR61 acts as an extracellular matrix- associated signalling molecule, 
inducing fi broblast apoptosis through adhesion receptors, interaction with cell sur-
face integrin and heparin sulphate proteoglycans, and is able to exert its functions 
and promote adhesion of endothelial cells (Grzeszkiewicz et al.  2002 ).  

11.2     Cysteine-Rich 61 in Normal Physiology 

 In normal physiology the role of CYR61 is to link cell surface and extracellular 
matrix. CYR61 also infl uences several cellular activities during normal develop-
ment including proliferation, migration, differentiation, apoptosis and angiogenesis 
(Jun and Lau  2011 ). 

 In normal embryonic development CYR61 is essential for vascular integrity, car-
dialseptal morphogenesis, and placenta blood vessel transformation. CYR61 is 
highly expressed in trophoblastic giant cells and also in trophoblasts of the ectropla-
cental cone. This helps to promote the growth towards the embryo of the uterine 
vessel (Mo et al.  2002 ). A study by the Department of Surgery, the Ohio State 
University, USA, disrupted the CYR61 gene in mice. The fi ndings showed that mice 
that were exempt from the CYR61 gene suffered embryonic death, due to “placental 
vascular insuffi ciency and compromised vessel integrity”. This study establishes 
CYR61 as essential in the regulation of vascular development (Mo et al.  2002 ). 

 In adulthood CYR61 is also associated with chronic infl ammatory diseases such 
as rheumatoid arthritis, atherosclerosis, diabetes-related nephropathy, retinopathy 
and various cancers. CYR61 expression is related to many tissues undergoing 
infl ammation, wound healing, fi brogenesis and their regulation in adults (Lau  2011 ). 

 Wound healing in general relates to the following three phases, infl ammatory 
response, Extra cellular matrix deposition, the formation of granulation tissue and 
tissue remodelling. CCN1 is highly expressed in myofi broblasts of granulation tis-
sues during cutaneous wound healing and CYR61 may promote the proliferation of 
blood vessels – neovascularisation – during wound repair (Lau  2011 ). 

11 Cysteine-Rich 61 (CYR61)
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 Myofi broblasts proliferate and synthesise extracellular matrix to retain tissue 
integrity and increase wound closure. Studies show that during proliferation of 
myofi broblasts in the granulation tissue, CCN1 infl uences fi broblasts into senes-
cence and controls the expression of antifi brotic genes thus restricting fi brosis dur-
ing tissue repair. Conversely, if extracellular matrix in myofi broblasts is not upheld, 
excessive matrix deposition can lead to fi brosis, loss of tissue function and scarring 
(Jun and Lau  2010b ). 

 At sites of wound healing and infl ammation CYR61 is expressed and holds a 
signifi cant role however, CCN1 proteins are often deregulated when these processes 
become chronic, and progress to pathological conditions (Jun and Lau  2011 ). 
Consequently, numerous studies have found that CYR61 is expressed and associ-
ated with chronic diseases involving tissue repair, infl ammation and wound healing 
(Jun and Lau  2010a ).  

11.3     Cysteine-Rich 61 in Disease and Malignancy 

 The development of a number of pathological conditions is a result of abnormal 
angiogenesis. The expression of the CYR61 gene is highly associated with vascular 
diseases such as restenosis, atherosclerosis and later-stage human breast cancer (Mo 
et al.  2002 ). Other conditions include ovarian cancer, gastric cancer and glioma 
(Jeong et al.  2014 ). Thus, expression of CYR61 is suggested to promote tumour 
growth and vascularisation (Mo et al.  2002 ). However, CYR61 has presented as a 
tumour suppressor in prostate cancer, endometrial cancer and non-small lung can-
cer (Jeong et al.  2014 ). Thus, many studies have been undertaken to investigate the 
role CYR61 in angiogenesis and cancer. 

 CYR61 is an inducer of angiogenesis, which is vital for the supply of nutrients 
and oxygen to nourish the growing and developing tumour (Jeong et al.  2014 ). 
CYR61 is a powerful angiogenic inducer  in vivo  and various studies propose 
CYR61 promotes cancer cell proliferation, adhesion, invasion, survival, metastasis 
and angiogenesis, which is achieved by the activation of integrin in endothelial cells 
(Sun et al.  2008 ). Clinically CYR61 expression correlates with the tumour stage, the 
size of the tumour, positive lymph node and poor prognosis in various cancers such 
as squamous cell carcinoma, prostate cancer, breast cancer and gastric adenocarci-
noma (O’Kelly et al.  2008 ). Furthermore, CYR61 expression in tumour cells pro-
motes vascularisation and growth (Babic et al.  1998 ). 

 CCN1 protein has found to be at much higher levels in breast cancer samples 
when compared to non-tumour tissues (O’Kelly et al.  2008 ). CYR61 is upregulated 
in human breast cancer cells that are invasive and metastatic (Tsai et al.  2002 ). This 
research delivers evidence that the CYR61 gene is able to ‘induce E2-independence 
and antiestrogen-resistance,’ with invasiveness  in vitro  and tumourigenesis  in vivo . 
Consequently both of which are characteristic of a phenotype of aggressive breast 
cancer. Thus, indicating CYR61 is a tumour promoting factor and a signifi cant reg-
ulator for the progression of breast cancer (Tsai et al.  2002 ). 

11.3 Cysteine-Rich 61 in Disease and Malignancy
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 In rheumatoid arthritis CYR61 was found to play a critical role in proliferation 
in fi broblast-like synoviocytes (FLS) and also likely to contribute to the hyperplasia 
of synovial lining cells and eventuating in joint destruction. FLS are key features of 
the hyperplastic synovial pannus, an abnormal layer of fi brovascular tissue or gran-
ulation tissue – and FLS invade bone and cartilage during rheumatoid arthritis 
(Zhang et al.  2009 ). 

 CCN1 expression in the human kidney was confi ned to podocytes in normal 
adults and embryonic glomeruli which fi lters blood in the capillary loop stage. The 
results of this study show that CCN1 can act on glomerular cells to modulate glo-
merular remodelling, and in diseased kidneys is down regulated. This study sug-
gests expression of CYR61 is decreased in podocytes particularly in kidney disease 
that involves severe meningeal expansion (Sawai et al.  2007 ). By inducing unilat-
eral ureteral obstruction in a study on mice, the CYR61 expression was investigated 
in a progressive renal fi brosis model. Indicating CYR61 contributes to chronic kid-
ney injury’s infl ammatory process. Furthermore, CYR61 blockade was able to 
reduce kidney fi brosis in early phases, however, could not be sustained (Lai et al. 
 2013 ). 

 CYR61 is also an important pancreatic cancer marker as CYR61 expression 
increases with advancing pancreatic disease (Haque et al.  2011 ). Similarly, promo-
tion of growth of glioma cells was also specifi ed by CYR61 (Xie et al.  2004 ). In 
primary glioma cell tumors CYR61 was found overexpressed when compared with 
normal tissue. In this study the levels of expression of the gene directly correlated 
with the grade of tumour and consequently with patient survival (Sabile et al.  2012 ). 

 A recent study found CYR61 protein levels are up regulated and can be detected 
in urine samples of patients that have cancers of epithelial origin. Cancers including 
breast cancer, ovarian cancer, adenocarcinoma, gastrointestinal cancer, lung cancer, 
skin cancer and other known cancers that effect epithelial cells throughout the body. 
This study found that the amount of CYR61 protein detected in a urine sample were 
higher in patients that have malignant forms of cancers, and thus directly correlates 
with disease severity. Therefore this study suggests that CYR61 urine tests could be 
used to predict the presence of and the metastatic potential of cancer and thus, 
involved in cancer diagnosis and prognosis (Moses and Zhang  2010 ). 

 However, in 2001 a study involving CYR61 was found to show CYR61as antip-
roliferative and an antitumorogenic agent in non-small cell lung cancer studies. The 
expression of CYR61 decreased in human lung tumour samples (Tong et al.  2001 ). 
Dependent on the cell types and cancer type it is thought that CYR61 may exert 
different or opposing functions in carcinogenesis either as an oncogene or tumour 
suppressor. 

 The expression of CYR61 in most tumour cells along with its distinct ability to 
promote vascularisation and tumour growth suggest the CYR61 gene may be a 
tumour progression marker. Dependent on the cancer type, it is evident that the 
functions of CYR61 are numerous and varied. The CYR61 gene acts as either an 
oncogene or a tumour suppressor gene in carcinogenesis. CYR61 demonstrates 
many different cellular activities, some of which include cellular survival, its ability 
to trigger cellular apoptosis, enhancement of cellular proliferation, and inducing 
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cellular arrest. It has also been linked to both the promotion of tumour growth and 
suppression of tumour development, depending on the cell type.     
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    Chapter 12   
 Epidermal Growth Factor                     

    Abstract     Epidermal Growth factor, also known as EGF is a naturally occurring 
stimulatory growth factor in the human body which plays a major role in cell prolif-
eration, differentiation, and growth. The EGF belongs to the receptor tyrosine 
kinase (RTK) family, and as such, is activated by binding to particular ligands. Once 
the EGF is activated they quickly become internalized to become early endosomes 
and eventually either sorted via endosomes–lysosomes for degradation or recycled 
via the plasma membrane, these mechanisms are believed to terminate the EGF 
actions. The EGF can be found in various resins throughout the body, including 
human platelets, plasma, urine, saliva, milk and macrophages. EGF has been also 
involved in promoting wound healing by stimulating epidermal and dermal repair, 
confi rming that it is a powerful dose-dependent mitogen on the formation of granu-
lation tissue. The development of new capillaries in tumours directly relate to the 
release of angiogenic factors related to EGF and its multitude of receptors. As such, 
the intensity of neovascularisation directly correlates with the development of 
metastasis and thus the number of EGF, EGFR and VEGF. Therefore, various cur-
rent and developing drugs target these receptors in hoping to eventually fi nd a cure 
for the EGF associated tumours such as lung and rectal cancers.  

  Keywords     Epidermal growth factor   •   EGF   •   Angiogenesis   •   Normal physiology   • 
  Disease   •   Malignancy  

12.1             Epidermal Growth Factor 

 Epidermal Growth factor, also known as EGF is a naturally occurring stimulatory 
growth factor in the human body which plays a major role in cell proliferation, dif-
ferentiation, and growth (Taylor et al.  1972 ; Harris  2003 ). The EGF belongs to the 
receptor tyrosine kinase (RTK) family, and as such, is activated by binding to par-
ticular ligands. Once the EGF is activated they quickly become internalized to 
become early endosomes and eventually either sorted via endosomes–lysosomes for 
degradation or recycled via the plasma membrane, these mechanisms are believed 
to terminate the EGF actions. 
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 Epidermal Growth Factors (EGF) was fi rst isolated from the submaxillary glands 
of mice (Dagogo-Jack et al.  1986 ). It was discovered that EGF affects precocious 
opening of eye lids and the eruption of central incisors in newborn mice (Cohen 
 2008 ). EGF is composed of a single polypeptide chain containing 53 amino acids 
and has a low molecular weight of 6045 Da (Taylor et al.  1972 ). Various tissues in 
the body produce EGF such as kidneys, small intestines, pancreas, pituitary gland, 
mammary glands, and submaxillary glands (Mroczkowski et al.  1988 ). The EGF 
can be found in various resins throughout the body, including human platelets, 
plasma, urine, saliva, milk and macrophages (Cartlidge and Elder  1989 ). 

 There are six types of EGF- like growth factors: Epidermal Growth Factor (EGF), 
amphiregulin (AMP), Tumour growth factor α (TGF-α), pox virus growth factors, 
neuregulin (NRG), betacelluline (BTC), and epiregulin (EPR) (Dreux et al.  2006 ). 
These EGF-like ligands have high affi nity for both EGF and ErbB receptors. Thus, 
upon binding, they will elicit its biological effects. Numerous different types of 
human cells, such as vascular endothelial cells, lens cells, granulosa cells, fi bro-
blasts, corneal cells, epidermal cells and various human cancer cells possess spe-
cifi c cell membrane receptors for EGF. This denotes the ubiquitous qualities of this 
EGF and its importance in the human body (Dreux et al.  2006 ; Normanno et al. 
 2006 ).  

12.2     Epidermal Growth Factor in Normal Physiology 

 Epidermal growth factor (EGF) is a 53 amino acid polypeptide that functions as a 
potent mitogenic factor, and is involved in the regulation of cell growth, prolifera-
tion and differentiation across various physiological systems (Harris  2003 ). EGF is 
mapped to chromosome 4q and alternate splicing creates multiple transcript vari-
ants. In addition, testing through immunohistochemical localization in rodents, 
EGF expression was dominantly located in the exocrine glands of the gastrointesti-
nal tract, in the serous acini of the nasal cavity, in the submaxillary glands, and in 
the apical membrane of the thick ascending limb of the kidney (Harris  2003 ). 
Hypomagnesaemia type 4 can develop due to faults in EGF, while growth and 
advancement of specifi c cancers are directly attributed to dysregulation of EGF 
(Kloth et al.  2010 ). More importantly, EGF acts through binding to epidermal 
growth factor receptor, a high affi nity cell surface receptor, which ultimately leads 
to angiogenesis EGF (Dunn et al.  2000 ; Harris  2003 ; Ellis  2004 ). Categorized a 
human epidermal receptor, more specifi cally HER1, epidermal growth factor recep-
tor (EGFR) is known to modulate normal cell growth and differentiation (Ellis 
 2004 ). EGFR is also a tyrosine kinase that is expressed by most normal cells, par-
ticularly ones with an endothelial origin and found in malignant tissues (Harris 
 2003 ; Ellis  2004 ). The activation of tyrosine kinase leads to a cascade of signal 
transduction events, resulting in various biochemical changes occurring within the 
cell: an increase in intracellular calcium levels, increase protein synthesis and gly-
colysis, and an increase in gene expression such as the gene coding for EGF 
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receptors. Ultimately, all these events cause DNA synthesis and cell proliferation 
(Wahl et al.  1989 ). 

 EGF is widely expressed in mesenchymal cells, epithelial cells, neuronal cells, 
and growing embryos. It is thought to be a potent mitogen, a substance that pro-
motes mitosis, and has been determined to be an important regulator of growth and 
development (Mroczkowski et al.  1988 ). In addition, EGF is found to aid in wound 
healing and homeostasis in normal adult tissue. It has been reported that membrane 
bound EGF plays a role in cell to cell attachment as well (Nishida et al.  1992 ). Also 
some researchers suggested that the presence of EGF in milk implicate that EGF 
may contribute towards neonatal development (Donnelly et al.  1992 ; Dvorak et al. 
 2003 ). EGF is a known ligand for EGFR and is most commonly co-expressed with 
EGFR in several types of cancer. Together, they both play a role in autocrine and 
paracrine functions that lead to dysregulated EGFR activation and unregulated 
tumor growth (Dunn et al.  2000 ; Ellis  2004 ).  

12.3     Epidermal Growth Factor in Disease and Malignancy 

 Many studies show the importance of this relation including a study showing that 
EGF complemented by mouse fi broblasts overexpressing EGFR causes cellular 
modifi cation (Ellis  2004 ). In relation, cellular transformations are shown to be reli-
ant on both the levels of EGFR and the ligand, which is attributed to fact that in cells 
expressing moderate levels of EGFR, highly expressed growth factors are still weak 
modifying agents (Ellis  2004 ). EGFR activation obeys three essential steps, which 
are (1) ligand binding, (2) receptor dimerization, through EGFR homodimerization 
or heterodimerization with other HER family members, and (3) activation of the 
receptor tyrosine kinase by means of intramolecular phosphorylation (Dunn et al. 
 2000 ; Schlessinger  2002 ; Ellis  2004 ). EGFR activation is followed by rapid endo-
cytosis and degradation or recycling of the receptor and the ligand, EGF in this case 
(Marti and Wells  2000 ; Ellis  2004 ). EGF binding to EGFR is a main pathway for 
inducing angiogenesis in cancerous cells, and therefore EGF is recognized to be 
pro-angiogenic (Harris  2003 ; Ellis  2004 ). Further research has shown that EGF pre-
vents apoptosis in cells that express EGFR, and blocking EGFR would cause apop-
tosis promotion in a variety of different cancer cell lines (Ellis  2004 ). This is 
accomplished by the infl uence EGF has on the expression of cyclin D1, an impor-
tant mediator of cell cycle progression in human prostate carcinoma cells (Ellis 
 2004 ). 

 EGF is a pro-angiogenic growth factor. Many studies have identifi ed different 
relationships between EGF and other growth factors and receptors. Dunn et al. 
looked at the role EGF played in angiogenesis by examining gliomas (Dunn et al. 
 2000 ). Gliomas arise from glial cells commonly found in the brain and conform to 
the fundamentals of angiogenesis, which include (1) growing rapidly beyond 
1–2 mm, (2) nutrient delivery, via producing a system of blood vessels, and (3) 
developing methods of waste removal (Dunn et al.  2000 ). The study illustrated that 
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tumor-secreted growth factors, including EGF, can display direct and indirect effects 
on glioma angiogenesis. Furthermore, they are shown to stimulate endothelial cell 
proliferation, mediate the expression of key proteases on endothelial cells necessary 
for angiogenesis, and regulate the expression of vascular endothelial growth factor 
VEGF (Dunn et al.  2000 ). 

 Tong et al. examined the, EGF-mediated, neutrophil gelatinase-associated lipo-
calin (NGAL) regulation of cells responsible for pancreatic ductal adenocarcinoma 
(PDAC) (Tong et al.  2010 ). In a previous study, they established that NGAL overex-
pression considerably blocked invasion and angiogenesis of PDAC cells (Tong et al. 
 2010 ). NGAL expression is related with increased tumour progression and intru-
siveness in esophageal squamous cell carcinoma and breast cancer when it is up- 
regulated (Tong et al.  2010 ). However, in ovarian, colon, and pancreatic cancer, 
NGAL acts as an anti-tumor and anti-metastatic factor (Tong et al.  2010 ). 
Furthermore, NGAL is an important biomarker for identifying early-stage cancer. 
Their study demonstrated that NGAL expression was clearly related with the dif-
ferentiation of tumour cells, and was considerably down-regulated after EGF treat-
ment coinciding with an associated decline of E-cadherin expression in PDAC cells. 
Moreover, the down-regulation of E-cadherin, a transmembrane protein, decreased 
NGAL expression in PDAC cells (Tong et al.  2010 ). In contrast, overexpression of 
E-cadherin caused an increase in NGAL expression, and partially released inhibi-
tion of NGAL expression by EGF (Tong et al.  2010 ). EGF also partially reduced 
NGAL promoter activity by blocking NF-κB, a transcription factor, activation via 
E-cadherin (Tong et al.  2010 ). As a result, the down-regulation of NGAL through 
EGF would result in angiogenic activities to continue in proliferation uninhibited 
(Tong et al.  2010 ). 

 In relation, another study by Soufl a et al. examined endometrial cancer, which is 
known to be one of the most common gynaecological malignancies (Soufl a et al. 
 2008 ). Angiogenesis is a signifi cant factor in the development and progression of 
most human carcinomas, and endometrial cancer is no exception. More specifi cally, 
EGF acts as a mitogen in promoting endothelial cell proliferation and differentia-
tion (Soufl a et al.  2008 ). In this study, they examined the mRNA expression patterns 
of EGF, IGF-I, and FGF-2 to their specifi c roles in angiogenesis. The results showed 
no observed correlation between EGF, IGF-I, and FGF transcript levels in normal 
endometrium, while FGF-2 mRNA was signifi cantly correlated with EGF and IGF-I 
transcript levels in the malignant endometrium (Soufl a et al.  2008 ). Furthermore, 
cross-talk between EGF-mediated and IGF-mediated signalling pathways triggered 
by disruptions in mRNA co-expression pattern supported their hypothesis of it 
being involved in promoting endometrial cancer through endothelial cell prolifera-
tion and differentiation (Soufl a et al.  2008 ). 

 As previously mentioned, it is noted that EGF affects VEGF and a study by Petit 
et al. showed that the oncogenicity of EGF and its receptor may play a role in being 
mediated through promotion of angiogenesis by up-regulating VEGF, which is a 
key stimulator of angiogenesis, inducing proliferation, differentiation, and migra-
tion of endothelial cells (Petit et al.  1997 ). Moreover, the vascular permeability is 
increased by VEGF further stimulating the production of many types of proteases 
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taking part in the modifi cation of the extracellular matrix (Petit et al.  1997 ). Studies 
have also shown that EGF stimulation of glioma cells repeatedly increased the pro-
duction of VEGF by these cells (Petit et al.  1997 ; Dunn et al.  2000 ; van Cruijsen 
et al.  2005 ; Soufl a et al.  2008 ; Tong et al.  2010 ). The conditioned medium of the 
stimulated glioma cells showed an induced activation of human umbilical vein 
endothelial cells (HUVECs) (van Cruijsen et al.  2005 ). Furthermore, studies have 
shown that EGF augmented mRNA of VEGFR in many gastric cancer cell lines. In 
addition, EGF increased the production of VEGF and basic fi broblast growth factor 
(bFGF) in bladder carcinoma cell lines (van Cruijsen et al.  2005 ). In pancreatic and 
gastric cell lines, EGF stimulation initiated an increased production of neuropilin-1, 
a co-receptor of VEGFR-2, causing an increase in the affi nity of specifi c isoforms 
of VEGF to VEGFR-2 (van Cruijsen et al.  2005 ). This suggests that EGF and its 
receptor contribute indirectly to signaling in angiogenesis (van Cruijsen et al.  2005 ). 

 In contrast, anti-angiogenic drugs combined with anti-EGFR drugs allow for 
more effective inhibition of angiogenesis (van Cruijsen et al.  2005 ). A dual inhibi-
tion drug of EGFR and VEGFR, named AEE788, inhibiting receptor tyrosine kinase 
ErbB-1 and ErbB-2, VEGFR-1 and VEGFR-2, showed anti-proliferative activity 
against a variety of EGFR overexpressing tumor cell lines and EGF stimulated 
HUVECs (van Cruijsen et al.  2005 ). Moreover, pre-clinical models of this agent had 
noteworthy antitumor activity, stimulated apoptosis of tumor-related endothelial 
cells, and decreased tumor’s microvessel density (MVD) (van Cruijsen et al.  2005 ). 

 The process of angiogenesis is vital in defeating cancer and EGF inhibition is 
one way to reduce angiogenic response. Scicli et al. conducted a study focused on 
the Cytochrome P4504A enzyme (CYP4A), which is known to metabolize arachi-
donic acid to form 20-HETE, a compound that plays a key role in the regulation of 
myogenic tone and blood fl ow auto-regulation (Scicli et al.  2004 ). With limited 
previous studies examining the function of CYP4A in the regulation of angiogene-
sis, this study looked into fi nding whether inhibition of CYP4504A combined with 
the highly selective inhibitor N-hydroxy-N′-(4-butyl-2-methylphenol) formamidine 
(HET0016) had any effect on angiogenesis (Scicli et al.  2004 ). The study was con-
ducted on the stroma of rat corneas, adjacent to the temporal limbus. The results 
showed that EGF alone had a vessel length and a vascularised area of 258 ± 19 pix-
els and 89,074 ± 1209 pixels respectively (Scicli et al.  2004 ). EGF, combined with 
formamidine, had a marked reduction in vessel length and area of vascularisation, 
73.8 ± 7.6 pixels and 17,944 ± 4277 pixels respectively (Scicli et al.  2004 ). In other 
words, the study was successful in showing that formamidine, a selective inhibitor 
of CYP4A, can be an inhibitor of angiogenesis. The results therefore propose that a 
factor formed by CYP4A, predictably 20-HETE, is a signifi cant downstream medi-
ator of angiogenesis through its inducing of tyrosine kinase-activated receptors 
including EGF (Scicli et al.  2004 ). 

 The hyperactivity of EGF has been observed in certain cancers, in all of which 
there have been abnormal functions and correlated mutations in the receptor 
(Vallbohmer and Lenz  2005 ). Rectal and lung cancers in particular are believed to 
have a strong correlation with EGF hyperactivity (Vallbohmer and Lenz  2005 ; Uhm 
et al.  2009 ). Epidermal growth factor receptors (EGFR) has been one of the main 
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targets for cancer therapy (Balagula et al.  2011 ). Main examples are therapeutics 
directed against EGFR including   cetuximab     for colon cancer, and   erlotinib     and   gefi -
tinib     for lung cancer (Roe et al.  2006 ; Akerley et al.  2009 ). Additional approaches 
to inhibiting EGFR include the use of small molecules as ligands to inhibit the 
cytoplasmic active site of EGFR, which essentially inhibits the activation of the 
EGFR, subsequently inhibiting the production of essential downstream proteins for 
cancer cells i.e. halting the signal cascade required for tumour growth, proliferation 
and migration (Chang et al.  2004 ; Thomas et al.  2007 ; Lurje and Lenz  2009 ; Uhm 
et al.  2009 ). 

 Many studies have shown the complexity of EGF and its relationship to angio-
genesis. Further research has also differentiated between EGF and additional EGF- 
like growth factors to further enhance the understanding and isolation of causes of 
angiogenesis in cancer cells (Harris  2003 ). As a result, its interaction with EGFR is 
the most prominent in inducing angiogenesis in tumours, but also seen as an area 
where further research to inhibit angiogenesis must be undertaken and ultimately 
reduce the effects of cancer. Currently, many researchers aim at targeting the inhibi-
tion of EGF receptor as a cancer therapy for metastatic colorectal cancer. Through 
the blocking of EGF receptors, their stimulation will be decreased. Therefore, 
angiogenesis can be prevented and growth of the tumour will be limited due to the 
insuffi cient supply of nutrients and oxygen. Animal trials have verifi ed inhibitory 
effect of EGF receptor antagonists such as panitumumab and cetuximab. Studies 
have shown that EGF receptor antagonists have high effi cacy in advanced colorectal 
cancer, especially in conjunction with radiation and chemotherapy (Khong et al. 
 2013 ).     
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    Chapter 13   
 Epidermal Growth Factor Domain-Like 7 
(EGFL7)                     

    Abstract     Epidermal growth factor domain-like 7 (EGFL7) is a gene that codes for 
an endothelial cell protein. In humans the EGFL7 gene is located on chromosome 
9; it contains two Epidermal Growth Factor-Like Domains. The protein encoded 
from this gene play an important role in regulating vasculogenesis and angiogenesis 
in humans. EGFL7 gene is also a secreted angiogenic signalling factor that is highly 
conserved in vertebrates. Current studies show that this gene may be involved in the 
proliferation of tumour cells. What makes the EGFL7 gene unique is the fact that it 
is expressed by endothelial cells, thus of mesodermal origin, and acts exclusively on 
endothelial cells. While other angiogeneic signalling factors are not expressed from 
endothelial cell types. EGFL7 is a gene that is exclusively expressed by endothelial 
cells; it is expressed at low levels in normal quiescent blood vessels, but is up- regu-
lated in tumorigenesis. EGFL7 regulates angiogenesis by controlling cell adhesion, 
the spatial arrangement of ECM and modulation of the Notch signalling pathway. It 
impacts vascular development in both hypoxic and hyperoxic environments, and is 
determined to be an agent of tumour angiogenesis. There are many aspects of the 
EGFL7 gene that can be explored as future therapeutics for cancer and vascular 
damage.  

  Keywords     Epidermal growth factor domain-like 7 (EGFL7)   •   Angiogenesis   • 
  Normal physiology   •   Disease   •   Malignancy  

13.1             Epidermal Growth Factor Domain-Like 7 (EGFL7) 

 Epidermal growth factor domain-like 7 (EGFL7) is a gene that codes for an endo-
thelial cell protein. In humans the EGFL7 gene is located on chromosome 9; it 
contains two Epidermal Growth Factor-Like Domains. The protein encoded from 
this gene play an important role in regulating vasculogenesis and angiogenesis in 
humans. EGFL7 gene is also a secreted angiogenic signalling factor that is highly 
conserved in vertebrates. Current studies show that this gene may be involved in the 
proliferation of tumour cells. What makes the EGFL7 gene unique is the fact that it 
is expressed by endothelial cells, thus of mesodermal origin, and acts exclusively on 
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endothelial cells. While other angiogeneic signalling factors are not expressed from 
endothelial cell types (Nichol and Stuhlmann  2012 ).  

13.2     Epidermal Growth Factor Domain-Like 7 in Normal 
Physiology 

 EGFL7 is an extracellular matrix protein that is involved in blood vessel formation, 
through the regulation and support of endothelial cell adhesion and growth (Schmidt 
et al.  2007 ). Endothelial cells are the principal cells which forms the lining of blood 
vessels. During embryogenesis, and physiologic and pathologic angiogenesis high 
levels of EGFL7 gene is found in proliferating endothelial cells. Especially during 
the endothelial regeneration phase after blood vessel injury. This gene is expressed 
at low levels in healthy dormant adult blood vessels in comparison to when it is 
inside the embryo (Nichol and Stuhlmann  2012 ). 

 EGFL7 is a chemo attractant for embryonic endothelial cells and regulates endo-
thelial cell adhesion. However this adhesion property is weaker than other cell-cell 
adhesion factors, thus there is a hypothesis that EGFL7 favours endothelial motility 
(Nichol and Stuhlmann  2012 ). Hence the cells can easily adjust themselves until 
they are positioned properly. If the EGFL7 gene is absent, the cells tend to clump 
together and form oversized clots, which could result in impaired migration of 
endothelial cells and delayed vascularization. 

 The remodelling of extracellular matrix (ECM) and modulation of its rigidity by 
EGFL7 gene is another way to promote endothelial cell migration and invasion. 
EGFL7 represses the formation of elastin by inhibiting the enzyme lysyl oxidase, 
which is responsible for the conversion of tropoelastin to elastin, which gives the 
ECM fl exibility to adjust itself (Nichol and Stuhlmann  2012 ). Thus, this gene is 
crucial in promoting endothelial cell functions during angiogenesis, as it infl uences 
their behaviour by signalling the ECM to create a favourable environment for angio-
genesis to take place. 

 The EGFL7 gene is also responsible for the spatial arrangement of cells during 
vascular tube assembly. During primary vessel network formation, angioblasts 
arrange themselves into vascular cords which are later transformed into vascular 
tubes. The transition from cord to tube is controlled by cell polarisation, redistribu-
tion of junctional proteins, thus leading to changes in cell shape. EGFL7 is secreted 
by the endothelial cells into ECM, ECM molecules is detected by adjacent endothe-
lial cells, and within enlarged angiogenic sprouts. Therefore this suggests that the 
endothelial cells containing the EGFL7 gene plays a role in detecting sprouting 
boundaries (Nikolic et al.  2010 ). 

 One of the important ways the EGFL7 regulates angiogenesis is through the 
modulation of the Notch signalling pathways. These pathways coordinate cellular 
behaviour during angiogenesis. Endothelial cells with activated Notch signalling, 
will remain within the parent blood vessel, while the endothelial cells without Notch 
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signalling will eventually leave the parent blood vessel and not contribute to the 
formation of further vasculature (Siekmann and Lawson  2007 ). EGFL7 experts its 
effects by signalling notch receptors on endothelial cells. The signalling could be in 
both autocrine (EGFL7 is secreted from the same cells that it is signalling to) and 
paracrine (signalling to notch receptor in neighbouring cells) manner, to enhance 
vessel maturation. EGFL7 binds to an area in the Notch receptor involved in ligand- 
mediated receptor activation, thus it acts as an antagonist for Notch signalling 
(Schmidt et al.  2009 ).  

13.3     Epidermal Growth Factor Domain-Like 7 in Disease 
and Malignancy 

 EGFL7 appears to play a part in repair after vascular damage, and ischemia. In an 
experiment done on mice, EGFL7 expression is induced after arterial vascular 
injury. An increase in EGFL7 levels under hypoxic conditions appears to stimulate 
and angiogenic response. An elevated EGFL7 expression in neonatal rat brain as a 
result of hypoxia, showed an increase in vascular density, resulting in a protective 
effect against hypoxic –ischemic conditions. By contrast, inhibition of EGFL7 
occurs after hyperoxic exposure in both neonatal lungs and endothelial cells. 
Reduced expression of this gene is associated with endothelial cell death. 
Up-regulation of EGFL7 in endothelial cells acts as a protection against hyperoxia- 
induced apoptosis, by inhibiting genes that are closely associated with mitochondria- 
induced apoptosis (Nichol and Stuhlmann  2012 ). 

 EGFL7 can have a negative effect when it comes to tumorigenesis. Overexpression 
of EGFL7 gene is observed in various tumours, including kidney, breast, hepatocel-
lular carcinomas, and malignant gliomas, leading to future cancer development in 
these areas (Nichol and Stuhlmann  2012 ). The adhesion properties of endothelial 
cells due to the presence of EGFL7 are weaker than others in order to favour endo-
thelial motility. However a consequence of this is when tumour starts to develop, the 
adhesion of lymphocytes to the endothelium is also reduced. This increases the rate 
of tumour escape from the body’s immunity, resulting in a more rapid tumour pro-
liferation. It should be noted that EGFL7 gene has no effect on immune cells them-
selves (Pinte and Soncin  2012 ). EGFL7’s main effect is to repress the tumour 
endothelium activation, so the immune cells remain isolated in the blood circula-
tion, thus they are unable to infi ltrate into the tumour mass (Nikolic et al.  2010 ). 
Because EGFL7 overexpression results in abnormal vessel formation and model-
ling, it is possible that it stimulates tumour angiogenesis. It does so by contributing 
to irregularity shaped and leaky vessels typical of tumour vasculature 
characteristics. 

 Through experimentation on mice it was also observed that expression of EGFL7 
gene alters blood vessel permeability, and decreases expression of Tie-2, which is 
an angiopoietin receptor, they are required for angiogenesis (Martin et al.  2008 ). 
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This reinforces the fact that the endothelium structure is altered by the presence of 
EGFL7. Lack of solid vessel structure is commonly found in tumours, and could 
possibly favour further proliferation through metastasis (Nikolic et al.  2010 ). 

 There are many aspects of the EGFL7 gene that can be explored as future thera-
peutics for cancer and vascular damage. The escape of tumour cells from the body’s 
immune system is defi nitely a vital process to consider when it comes to targeting 
cancer progression and metastasis. However because EGFL7 is down regulated in 
normal dormant blood vessels, interfering with the properties of this gene may cre-
ate adverse side effects in normal organs, and interfere with angiogenesis. Hence 
any new therapies should be extensively tested before starting human trials. 

 EGFL7 could also be target for any diseases associated with hypoxic-ischemic 
conditions, such as atherosclerosis, stroke, and coronary artery disease. The protec-
tive properties of this gene in hyperoxia environments can be used to prevent endo-
thelial cell damage in patients who require long term oxygen treatment (Nichol and 
Stuhlmann  2012 ). 

 A multidimensional clinical experiment was carried out to identify the optimal 
dose of anti-EGFL7, an antiangiogenesis agent. Anti-EGFL7 inhibits two important 
processes that EGFL7 is responsible for; endothelial cell adhesion, and hyperoxia 
induced apoptosis. As well as increased anti- Vascular Endothelial Growth Factor 
(VEGF) “medicated vascular damage in various murine tumour models”. The 
experiment involved using genetically engineered mice with advanced lung cancer. 
It was found that the anti-EGFL7 enhanced the overall survival rate in a progression- 
free mode of the mouse from anti-VEGF therapy in a “dose-dependent” manner. 
Furthermore a circulating progenitor cell type that was regulated by EGFL7 is also 
identifi ed. The evaluation of these cells to the anti-EGFL7 therapy in both tumour 
bearing mice and cancer patients during a phase I clinical trial, along with repeated 
testing, provides enough information to allow rational selection of the dose required 
for phase II clinical trials (Johnson et al.  2013 ). The aim is to be able to conclude on 
an optimal effective dose range, and further develop this therapy in hopes of it 
becoming a viable cancer treatment option. 

 Conversely, EGFL7 is a gene that is exclusively expressed by endothelial cells; 
it is expressed at low levels in normal quiescent blood vessels, but is up- regulated 
in tumorigenesis. EGFL7 regulates angiogenesis by controlling cell adhesion, the 
spatial arrangement of ECM and modulation of the Notch signalling pathway. It 
impacts vascular development in both hypoxic and hyperoxic environments, and is 
determined to be an agent of tumour angiogenesis. Currently there are many experi-
ments and clinical trials being conducted with regards to EGFL7 and its role as a 
potential cancer treatment in vascular diseases, due to its unique role in tumour 
growth and regulation of angiogenesis.     
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    Chapter 14   
 Erythropoietin-Producing Hepatocellular 
Receptors A: Ephrin A1, Ephrin A2 
and Ephrin A3                     

    Abstract     There are many cellular mechanisms in the human body vital for its func-
tion. One of these cellular mechanisms responsible for regulating cell movement, 
rearrangement during neuronal, vascular and epithelial development, signalling 
between cells and many more are the Receptor Tyrosine Kinases (RTK); specifi -
cally, Erythropoietin-producing hepatocellular receptors, or Eph receptors, which 
contain tyrosine kinase domains. They have a high binding affi nity to their ephrin 
ligands and are very important members of these cellular mechanisms. The ligands 
and receptors of the Eph/ephrin RTK family are located on plasma membranes; 
hence a very important factor in Eph-ephrin binding is close contact between cells 
for binding to occur due to their cellular location. The Eph receptors and their 
ligands are subclassed into two categories – Class A and Class B, by their structural 
domains. Due to ephrin-A1’s diverse involvement in many organ systems around 
the body, it is studied as a potential therapeutic target to fi nd the treatment for many 
abnormal conditions. The role of EphA2 in angiogenesis of tumours has a direct 
link to aggressive tumour vasculature and invasion. Lastly, the genetic alterations of 
the EphA3 in research suggest the gene contributes to the initiation and metastasis 
of various tumours.  

  Keywords     Erythropoietin-producing hepatocellular receptors A   •   Ephrin A1   • 
  Ephrin A2   •   Ephrin A3   •   Angiogenesis   •   Normal physiology   •   Disease   •   Malignancy  

14.1             Erythropoietin-Producing Hepatocellular Receptors, or 
Eph Receptors 

 There are many cellular mechanisms in the human body vital for its function. One 
of these cellular mechanisms responsible for regulating cell movement, rearrange-
ment during neuronal, vascular and epithelial development, signalling between cells 
and many more are the Receptor Tyrosine Kinases (RTK); specifi cally, 
Erythropoietin-producing hepatocellular receptors, or Eph receptors, which contain 
tyrosine kinase domains (Pasquale  1997 ). They have a high binding affi nity to their 
ephrin ligands and are very important members of these cellular mechanisms. The 
ligands and receptors of the Eph/ephrin RTK family are located on plasma 
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membranes; hence a very important factor in Eph-ephrin binding is close contact 
between cells for binding to occur due to their cellular location. The Eph receptors 
and their ligands are subclassed into two categories – Class A and Class B, by their 
structural domains. There are six Ephrin-A class proteins which contain an extracel-
lular domain with high affi nity for EphA receptors. These extracellular domains are 
attached to the outer plasma membrane by a glycosylphosphatidylinositol (GPI) 
anchor. Likewise, there are three ephrin-B class proteins that also contain extracel-
lular domains with high affi nity for EphB receptors, but instead of a GPI linkage, 
these possess a lipid-soluble transmembrane domain with an extension that goes 
into the cytoplasm (Pasquale  2008 ). 

 Several exceptions among the ephrin ligands exist which bind relatively well 
with their non-respective receptors, and an ephrin ligand can also bind to multiple 
receptors. Examples include ephrin-A5 ligand binding to EphA2 receptor or ephrin-
 A4 ligand binding to EphB receptors (Beauchamp and Debinski  2012 ). The ephrin 
ligands activate the tyrosine kinase domain of the Eph receptors by binding to them, 
and hence induce a signal in the receptors. Interestingly, there exists a unique fea-
ture in those ligands and receptors where the receptors also induce a signal in the 
ligands as well when bound. The fi rst is referred to as ‘forward’ signalling, and the 
second is referred to as ‘reverse’ signalling, and this process is referred to as ‘bidi-
rectional’ signalling (Pasquale  2008 ). This feature allows the Eph-ephrin RTK fam-
ily to achieve many of their functions.  

14.2     Ephrin-A1 

 Among this broad RTK family, the ephrin ligand ephrin-A1, and its primary recep-
tor EphA2, are particularly well studied (Wykosky and Debinski  2008 ). According 
to studies, ephrin-A1 ligand appears to have the highest affi nity for the EphA2 
receptor. Their binding mechanism follows the ‘lock and key’ model, and once 
bound EphA2 receptors go through tyrosine autophosphorylation. Recent studies 
divulged a glycosylation on the Asn-26 of ephrin-A1. This has been shown to be 
incredibly important regarding the interaction between ephrin-A1 and EphA2 as 
further research showed that this glycosylation site on Asn-26 of ephrin-A1 inter-
acted with carbohydrates and Asp-78 and Lys-136 on EphA2. Upon testing enzy-
matically deglycosylated ephrin-A1 ligand, it was found that it could not suffi ciently 
activate the EphA2 receptor and could not induce bidirectional signalling between 
the complex when bound (Ferluga et al.  2013 ). Furthermore, in conditions where 
ephrin-A1 is defi cient is also adequate to down-regulate EphA2 phosphorylation 
(Wykosky and Debinski  2008 ). 

 Ephrin-A1 was discovered in 1990 in human umbilical vein endothelial cells 
(HUVECs) as a tumour necrosis factor (TNF) inducing protein. By 1994, it was 
found to be a ligand binding on the EphA2 receptor which was, at that time, the only 
known receptor of the RTK receptors since their discovery in 1987 (Beauchamp and 
Debinski  2012 ). Ephrin-A1 is coded by the EFNA1 gene located on Chromosome 1 
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(Pasquale  1997 ). The gene itself is important for angiogenesis in activating certain 
enzymes and arranging vascular endothelial cells for angiogenesis to occur properly 
and for tumour neovascularisation (Ogawa et al.  2000 ). Ephrin-A1 ligands are 
involved in many physiological functions, including expressions on immune cells, 
skin cells, and cardiovascular and angiogenic processes. However, there is increas-
ing research and evidence to support their involvement in various tumours and can-
cers. Current research is not yet adequate to explain all the mechanisms associated 
with this pair. There are still many questions to be answered regarding their roles, 
but due to their wide involvement around the human body, they are known to be 
good therapeutic targets in future studies. 

14.2.1     Ephrin-A1 in Normal Physiology 

 Ephrin-A1 ligands are expressed diversely around the body. With relation to immune 
cells, ephrin-A1 ligands bind to CD8+ T cells and stimulates cell movement as well 
as inducing T cell receptor (TCR) signalling (Hjorthaug and Aasheim  2007 ). They 
are also found on CD4+ T cells and are thought to produce effects through reverse 
signalling by binding with antibodies to suppress TCR responses (Pasquale  2008 ). 
Ephrin-A1 is also involved in the cardiovascular system in cardiac valve formation. 
Numerous studies conducted on embryonic hearts have revealed its involvement in 
cardiac valve formation. One line of evidence shows that, in ephrin-A1 engineered 
embryos possessing a lack of neural crest cell action, the state or degree of cells 
present in the area where the blood fl ows out of the heart, which also forms heart 
valves (also called endocardial cushions), is greatly improved. Another line of evi-
dence is that when the same effect as the fi rst line of evidence has been produced but 
without suffi cient amount of ephrin-A1, it was seen to have been assisted by undif-
ferentiated cells, rather than other specialised proteins (Frieden et al.  2010 ). 
Research with mice has also shown expression of ephrin-A1 ligands and EphA2 
receptors on skin epithelia. Eph/ephrin signalling has been known to have been 
involved with regulating skin epithelial homeostasis. It has been studied in mice 
skin that EphA2 and ephrin-A1 are present complementarily in mice skin. EphA2 
was seen to be most present in the spinous and granular layers and less present in 
the basal layers of mice skin whereas for ephrin-A1, it was more prominent in the 
basal layers. Studying their patterns together implies that most of the interactions 
between EphA2 and ephrin-A1 take place at the basal layer to aid in cell prolifera-
tion (Miao and Wang  2009 ). The ephrin-A1 and EphA2 pair has also attracted atten-
tion for its involvement in managing vascular morphogenesis and angiogenesis. 

 Angiogenesis is the process by which new vasculature is formed from existing 
blood vessels from a series of complicated processes (Wykosky and Debinski  2008 ). 
According to several studies, ephrin-A1 produces angiogenic effects by activating 
EphA2 tyrosine receptors via phosphorylation on cells lining the blood vessel endo-
thelia. Mutations in the binding region, or areas close to the membrane of EphA2 
suppress vascular organisation induced by ephrin-A1. Furthermore, ephrinA1 on 
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tumour cells can generate vascular endothelial growth factor (VEGF) signals which 
promotes growth of new vasculature, leading to angiogenesis and spread of tumour 
(Beauchamp and Debinski  2012 ).  

14.2.2     Ephrin-A1 in Disease and Malignancy 

 Although their exact roles in tumours and cancers have not been fully established 
yet, it has been made clear that Eph receptors and their ephrin ligands are signifi -
cantly involved in tumour or cancer in forms of both growth and suppression. It has 
been previously mentioned that a glycosylation site was found on ephrin-A1. As 
well as being crucial for the binding affi nity between ephrin-A1 and EphA2, it has 
also been shown that it is important for stimulating EphA2 so that the receptor acts 
as a tumour suppressor (Ferluga et al.  2013 ). On the other hand, there are also other 
studies that show ephrin-A1 and EphA2 acting as tumour-promoters. For instance, 
up-regulation of ephrin-A1 and EphA2 during melanoma progression as well as a 
overexpression of both has been shown to be related to poor patient survival in ovar-
ian cancer, and similarly for bladder, gastric and cervical cancers. Interestingly, this 
is not the case for all tumours or cancers. In some other cancers, it has been shown 
that ephrin-A1 and EphA2 are present in varying levels. An example would be that 
EphA2 was seen to be concentrated in many glioblastoma multiforme (GBM) 
tumours and breast cancers, but ephrinA1 was shown to be less expressed in both. 
However, it was also found that when genes coding for cells containing high levels 
of human ephrin-A1 and EphA2 was transfected to cancer cells, it resulted in sup-
pression of malignant properties through phosphorylation and down-regulation of 
EphA2 (Beauchamp and Debinski  2012 ). The results of these studies only empha-
sises that the mechanisms of ephrin-A1/EphA2 in cancer cells is of a highly com-
plex nature. 

 Due to ephrin-A1’s diverse involvement in many organ systems around the body, 
it is studied as a potential therapeutic target to fi nd the treatment for many abnormal 
conditions. Although still in its early stages, some recent studies show that immo-
bilised ephrin-A1 was used to form a tubular organisation on surface-modifi ed 
hydrogels by making use of ephrin-A1’s detachment properties for the purpose of 
preventing cell-cell attachments or interactions (Saik et al.  2011 ). This approach is 
a possible commencement point for future cancer therapies. Furthermore, as EphA2 
receptors and their ephrin ligands are crucial for vascular development, they also 
present chances of therapeutically targeting cancer-associated angiogenesis. The 
approach is not yet certain, but the idea is to use VEGF to induce ephrin-A1 which 
will then stimulate EphA2, which in turn will use the EphA2 to obstruct VEGF 
(Kandouz  2012 ). Currently, other speculations include inhibiting tumour-promoting 
effects or improving tumour-suppressing effects through interfering with RNA, 
immunotherapy, vector gene therapy, small molecule inhibitors and nanoparticles 
(Giaginis et al.  2014 ). Another strategy is by using EphA2 as a means of transport-
ing substances in the form of drugs or immune cells to the tumour cells (Wykosky 
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and Debinski  2008 ). However the delicacy of the matter is that if ephrin-A1 or 
EphA2 or both are used to reach the tumour cells, they may still interact with tumour 
cells in such a way that induces angiogenesis and promotes spread of the tumour. 
Hence, instead of using ephrin-A1 or EphA2 on their own, a biotechnologically 
engineered form of ephrin-A1-Fc or EphA2-Fc are used where ephrin-A1 obtained 
from mice is attached to the Fc chain of human antibody IgG by proteins (Jing et al. 
 2012 ).   

14.3     Ephrin-A2 

 EphA2 is a member of the Eph group, the largest group of receptors in the receptor 
tyrosine kinases (RTK) family. The Eph group is further classifi ed into two sub-
classes; EphA (EphA1-10) and EphB (EphB1-6). These subclasses share a degree 
of specifi city by ways of containing an amino-acid loop on their extracellular sur-
face (Tandon et al.  2011 ; Cheng et al.  2002 ). EphA and EphB receptors contain a 
single transmembrane domain, while the extracellular region consists of a N-terminal 
ligand binding domain, a cysteine rich motif and two fi bronectin III repeats 
(Brantley-Sieders et al.  2004 ). The Eph receptors have a high affi nity to binding to 
their respective class, cell surface bound, ephrin ligands. That is, the EphA recep-
tors bind to GPI anchored Class-A ephrin ligands and EphB receptors bind to the 
trans-membrane bound Class-B ligands respectively (Brantley-Sieders et al.  2004 ). 
The interaction of Ephrin ligands with their respective Eph receptors is associated 
with a multitude of cancers as well as its involvements in many physiological func-
tions including the nervous system, neuronal development, brain development, 
angiogenesis of tumour formation and angiogenesis during embryonic development 
(Tandon et al.  2011 ; Ferluga et al.  2013 ). The EphA2 receptor has been studied 
extensively as this receptor in particular has been found to be overexpressed in 
human cancers; and specifi cally its involvement with the angiogenesis of tumours 
(Biao-xue et al.  2011 ). 

14.3.1     Ephrin-A2 in Normal Physiology 

 EphA2 was fi rst identifi ed in 1990 in the exploration of highly conserved regions of 
protein tyrosine kinases in human epithelium. The human EphA2 receptor is located 
on chromosome 1 where it encodes 976 amino acids to produce a receptor tyrosine 
kinase (Ferluga et al.  2013 ). The mRNA expression of EphA2 is observed in skin, 
bone marrow, thymus, uterus, testis, prostate, urinary bladder, kidney, small intes-
tine, colon, spleen, liver and brain (Tandon et al.  2011 ). 

 EphA2 is a transmembrane protein that has an important role in signal transduc-
tion in normal physiology and is primarily found in adult human epithelial cells 
(Tawadros et al.  2012 ; Walker-Daniels et al.  2003 ). However the specifi c cellular 

14.3 Ephrin-A2



80

functions in normal epithelia is not well understood, but its involvement in tumour 
models suggests its involvement in angiogenesis, migration, survival and regulation 
of cell growth (Walker-Daniels et al.  2003 ). Furthermore, although the reasoning is 
unknown, it is important to note that ligand binding is not essential for EphA2 activ-
ity (Walker-Daniels et al.  2003 ; Landen et al.  2006 ). In malignant cells EphA2 is 
overexpressed and accumulates on the cell surface to remain unphosphorylated 
(Brantley-Sieders et al.  2004 ). EphA2 binds to the ephrin ligands A1, A2, A3, A4 
and A5 (Landen et al.  2006 ). As previously mentioned, the glycosylation on ephrin 
A1 plays a critical role in the activation of the EphA2 receptor. The ligand binding 
of EphA2 undergoes tyrosine autophosphorylation followed by internalisation and 
degradation, which several point mutants have shown a high affi nity to (Tandon 
et al.  2011 ). 

 The function of the Eph receptor to ephrin ligands in angiogenesis is still yet to 
be fully understood, however the activation of EphA2 by ephrinA1 has been estab-
lished to suggest a role in tumour angiogenesis (Ferluga et al.  2013 ). This pairing is 
consistently expressed in the endothelium of tumours that are angiogenic- dependant. 
Furthermore, the Ephrin A1 ligand is expressed predominantly in the tumour tissue 
while the EphA2 receptor is mainly expressed in the vasculature of the tumour. 
Research has shown the activation of EphA2 receptor increases microvascular 
endothelial cells, but inhibits vascular smooth muscle to retract the perivascular 
supporting cells, to allow endothelial cells to proliferate and migrate towards angio-
genesis (Cheng et al.  2002 ). In vivo studies have found EphA2 can mediate endo-
thelial cell network formation and VEGF mediated angiogenesis. Clinical studies 
have shown that EphA2 overexpression may directly regulate VEGF levels in 
tumours (Brantley-Sieders et al.  2004 ). In 2014 Lennon et al. confi rmed the interac-
tion between EphA2 and CD44 signalling pathways having a critical role, specifi -
cally in low molecular weight hyaluronan mediated angiogenesis (Lennon et al. 
 2014 ).  

14.3.2     EphA2 in Disease and Malignancy 

 RTK’s, especially EphA2 are overexpressed and display increased activity to play 
an essential role in cell signalling pathways in carcinogenesis (Ferluga et al.  2013 ). 
Interaction of the EphA2 receptor activated by ephrin-A1 ligand causes deregulated 
sequential events that are associated with carcinogenesis. However, the activation of 
EphA2 by ephrinA1 both suppresses and activates cell signalling (Brantley-Sieders 
et al.  2004 ). The overexpression of EphA2 in malignant cells is not phosphorylated 
and thus functions differently to tyrosine-phosphorylated EphA2 epithelial cells 
(Walker-Daniels et al.  2003 ). The failure to effi ciently bind to a ligand inhibits the 
phosphorylation of EphA2 resulting in pathological changes in the cell. As the 
accumulation of non-phosphorylated receptors increases in the cell there is a loss of 
cell to cell contact, which causes oncogenic signalling. As a result, angiogenesis 
and proliferation causes metastasis in the tissues (Brantley-Sieders et al.  2004 ). 
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Furthermore, molecular interactions between signalling proteins and EPHA2 are 
associated with metastasis through the modulation of cytoskeleton dynamics, cell 
adhesion, proliferation and differentiation (Tandon et al.  2011 ). EphA2 is overex-
pressed in breast, prostate, urinary bladder, skin, lung, ovary, oesophagus and brain 
cancers. The exact reason for the overexpression of EphA2 is unknown, however 
there is a direct link to the survival and maintenance of tumours as a result of high 
levels of EphA2 found in advanced forms of cancer. Conclusively, there is increas-
ing evidence to support that EphA2 contributes towards angiogenesis, oncogenesis 
and tumour metastasis. 

 The role of EphA2 in angiogenesis of tumours has a direct link to aggressive 
tumour vasculature and invasion (Tandon et al.  2011 ). As a result, low survival rates 
place signifi cance on therapeutic manipulation of the protein to predict clinical out-
comes. EphA2 overexpression and the change to oncogenic function both provide 
an opportunity for intervention as an antiangiogenic target (Brantley-Sieders et al. 
 2004 ). Targeting the overexpression of the receptor in vivo and in vitro carcinoma 
by EphA2 antibodies, RNAi, adenoviral vectors, immunotherapy, small molecule 
inhibitors and by other approaches have demonstrated promising results. There is 
also potential to decrease the malignant tumour survival by modulating the micro-
environment to disrupt the regulation of angiogenic activity associated with the 
overexpression of EphA2. There is over a decade of research using multiple 
approaches to successfully target the receptor in cancer models with promising 
results (Tandon et al.  2011 ; Biao-xue et al.  2011 ). Despite the emerging research 
and effi cacy of targeted therapies there is still more understanding of the complex 
nature of this specifi c target. There is not one single therapeutic treatment that has 
shown complete effi cacy in decreasing tumour vasculature or invasion. This war-
rants further research into not just EphA2 but to also consider contributing patho-
logical stimuli and synergistic risk factors such as lifestyle and environmental 
factors (Tandon et al.  2011 ).   

14.4     Ephrin-A3 

 Eph receptors are family of RTK family that may be future prognostic targets in 
cancer treatment (Keane et al.  2012 ; Merlos-Suárez and Batlle  2008 ; Lackmann 
et al.  2014 ; Guan et al.  2011 ). Their complex bi-signalling processes controls intra-
cellular mediated process that result in cellular growth, apoptosis, movement dictat-
ing cellular adhesion or repulsion (Keane et al.  2012 ; Pasquale  2010 ; Guan et al. 
 2011 ). It is widely expressed in embryological neural and vasculature development 
and decreases in expression in adult tissues (Keane et al.  2012 ; Day et al.  2013 ; 
Lackmann et al.  2014 ). Abnormal reappearance in postembryonic tissue indicates 
malignancy, refl ecting consistent correlations between its expansive metastatic 
behaviour and its overexpression (Keane et al.  2012 ). The reality of clinical data of 
EphA-3 antibody directed therapies such as KB004 remain yet to be further 
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established through multiple trials and further testing, but remain promising and 
highly anticipated (Ashton et al.  2012 ). 

14.4.1     Ephrin-A3 in Normal Physiology 

 Categorically, Ephrin-A3 receptor is a subfamily of Ephrin, the largest class of 
growth factor regulated Receptor Tyrosine Kinases (RTK), which plays an impor-
tant role in a wide range of functional processes (Keane et al.  2012 ; Merlos-Suárez 
and Batlle  2008 ; Héroult et al.  2006 ). Many of these processes regulate and main-
tain morphological developmental processes, tumorogenesis, and neovascular cell 
signalling pathways (Keane et al.  2012 ; Merlos-Suárez and Batlle  2008 ; Héroult 
et al.  2006 ). Ephrin-A3 possesses organisational infl uences to modulate cellular 
adhesion, migration and morphology through ligand binding complexes and oligo-
merization (Lackmann et al.  2014 ). 

 Ephrin ligands and their respectful receptors are divided up into two subgroups 
A and B, where Eph class A receptors preferably bind to ephrinA ligands, and like-
wise for the B subclass, in accordance to its ligand specifi city with a few exceptions 
(Merlos-Suárez and Batlle  2008 ; Guan et al.  2011 ). EphA3 receptors bind with high 
affi nity ligands to ephrin-A2 and ephrin-A5 and with lower affi nities to ephrin-A3 
and ephrin-A4 (Merlos-Suárez and Batlle  2008 ). Unlike other RTK subfamilies, 
Ephrin A3 protein ligand is bound to the membrane through a glycosyl- phosphatidyl- 
inositol (GPI) anchor (Merlos-Suárez and Batlle  2008 ). When activated via ligand 
binding, intracellular bidirectional signalling pathways are initiated in both ligand 
and receptors, resulting in either repulsion or attraction of interacting cells (Xi et al. 
 2012b ). Cell repulsion occurs through activation of GTPase hydrolase enzymes, 
forming protein tyrosine phosphatases (PTP) inducing signals that are in favour of 
cell rounding and cytoskeletal contraction. On the other hand, cell attraction is also 
possible and occurs when conditions favour cell adhesion and migration (Pasquale 
 2008 ). 

 Mechanisms involving cell migration and boundary formations are mediated via 
Ephrin involvement, and consequently are found at signifi cantly higher levels dur-
ing embryogenesis in the axial muscles, lungs, kidney, and heart (Keane et al.  2012 ). 
It plays an important role in segmentation and patterning of mesenchymal and endo-
thelial developing tissues, maintaining its boundaries through repulsive actions dur-
ing Ephrin signalling by modulating Jak/Stat pathway (Xi et al.  2012b ). This is 
evident through clinical studies achieved on mice, where expressions of EphA3 in 
the retina were found to be responsible for retinotectal mapping through its regula-
tion of cell axon movement (Ortalli et al.  2012 ). Patterning of tissue boundaries 
during embryological development via control axon guidance occurs through 
kinase-dependant epithelial-mesenchymal transition (EMT) (Keane et al.  2012 ; 
Stephen et al.  2007 ). 

 Evidence suggests EPH receptors are found to mediate the process of tumour 
neovascularisation in the vasculature morphogenesis of embryonic vasculature in 
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the process of vasculogenesis (Héroult et al.  2006 ). Eph-A3 receptors is critically 
involved in hematologic development by infl uencing the migration of hematopoi-
etic cells as it inhibits mitogen-activated protein kinase (MAPK) pathway signalling 
important in platelets, epidermis and vasculature (Miao et al.  2001 ). This is con-
fi rmed through clinical studies which look at expression patterns and defects of 
EphA3 defi cient and normal mice (Stephen et al.  2007 ). Results display that EphA3 
knockout mice developed irregular developmental defects in atrioventricular valves 
and septa, resulting in 75 % lethality due to pulmonary oedema (Stephen et al. 
 2007 ). Impaired valve formation resulted from irregular EMT and failure of axon 
guidance of mesenchymal cells into endocardial cushions (Stephen et al.  2007 ). 

 Another study evaluated the involvement of EphA3 in tumour angiogenesis in 
gastric carcinoma. A strong positive correlation between VEGF and EphA3 expres-
sion was discovered, suggesting EphA3 may play a role in VEGF signalling and 
promoting angiogenesis in gastric cancer (Xi et al.  2012a ). In addition, a longer 
survival rate was associated with a lower expression of EphA3 in gastric cancer (Xi 
et al.  2012a ).  

14.4.2     EphA3 in Disease and Malignancy 

 Implications of genetic alterations of the EphA3 in research suggest the gene con-
tributes to the initiation and metastasis of various tumours (Xi et al.  2012b ; Day 
et al.  2013 ). However, there exists great variability in its expression in different 
tumour cell lines amongst various tissues (Keane et al.  2012 ). This refl ects on the 
degree of complexity of the ligand-independent nature of Ephrin-A3, as it operates 
in dual contradictory roles in malignancy (Keane et al.  2012 ). 

 When activated by soluble-Fc ligands, Ephrin receptors can suppress tumour cell 
proliferation by forcing Eph forward signalling (Pasquale  2010 ). Eph forward sig-
nalling then acts to inhibit oncogene signalling pathways (Pasquale  2010 ). Cancer 
cells minimise the effects of this suppression in growth by altering the relative 
expressions of receptors to be higher than ligands, which results in asymmetrical 
bi-directional Eph forward and reverse signalling (Pasquale  2010 ). 

 Conversely, it is possible for Ephrin-dependent Eph receptors to have lost its 
tumour suppressor ability due to mutations and upon activation, they adopt an onco-
genic ability. What results from this is inadequate RTK regulation, which frequently 
leads to the progression of malignant tumours (Pasquale  2010 ). The precise nature 
of the effects of mutations beyond the molecular level on Eph/Ephrin receptors in 
tumourogenesis remains inconclusive and is unclear due to its complex cell context 
dependency for many signalling pathways (Pasquale  2010 ). No single model 
explaining the function and role of Eph/Ephrin in cancer can encompass and explain 
its variability of expression (Keane et al.  2012 ). Overexpression of EphA3 has been 
found in breast, lung, leukaemia, lymphoma, melanoma, sarcoma, and gastric car-
cinoma and is down-regulated in hematopoietic and prostate carcinoma cell lines 
(Xi et al.  2012b ). 
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 Based on several fi ndings, it was proposed that the expression of EphA3 could be 
predictive of self-sustained undifferentiated cancer behaviour, through neural cell 
differentiation which is a result of positively regulating the MAPK pathway (Day 
et al.  2013 ). However, an investigation on the function and expression of EphA3 in 
brain cancer, Glioblastoma (GMB), suggests EphA3 kinase achieves its tumoro-
genic potential by blocking and decrease MAPK signalling (Day et al.  2013 ). In this 
experiment, they discovered a strong positive inverse correlation of survival of 
GMB subtypes with EphA3 expression, where a twofold increase of EphA3 expres-
sion resulted in decreased survival (Day et al.  2013 ). 

 The same clinical data revealed higher expressions of EphA3 receptors were 
present in undifferentiated, highly proliferative tumorogenic cells; which were then 
down-regulated to induce differentiation and suppress proliferative potential (Day 
et al.  2013 ). Based on their results, they explored the potential of EphA3-targeted 
therapy on the tumour initiating cell compartment as a therapeutic treatment. In 
their fi ndings, successful elimination of less differentiated, tumorogenic cells was 
achieved (Guan et al.  2011 ). It was targeted on the mice using high doses of anti- 
EphA3 monoclonal antibody therapy of Lutetium-177 (Day et al.  2013 ). The subse-
quent results proved that tumour cells were actively maintained in their 
undifferentiated, tumorigenic state through high expression of EphA3 (Day et al. 
 2013 ). 

 Interestingly, other studies reveal that soluble forms of Ephrin-A receptors 
(EphA2-Fc and EphA3-Fc) function to block receptor activation in response to 
Ephrin stimulation, preventing blood vessel recruitment (Brantley et al.  2002 ). 
Depriving tumours of essential oxygen, nutrient and growth factors by inhibiting 
endothelial cell migration, it prevents angiogenesis and tumour progression  in vivo  
(Brantley et al.  2002 ). However, due to the lack of specifi city of Eph-A receptors, it 
was not explicitly specifi ed in this research if the expression of EphA3 was directly 
involved in the blood vessels of both normal and tumour tissues (Brantley et al. 
 2002 ). In fact, no prior clinical investigations were able to verify the presence of 
EphA3 within endothelial cells of tumour vasculature until 2009 (Vail et al.  2014 ). 

 Elevated EphA3 expression in B- and all T-cell lymphoid tumour cell lines and 
its absence in corresponding normal cells enable it to act as a potential therapeutic 
target for cancer vaccines (Keane et al.  2012 ; Guan et al.  2011 ). Theories have been 
presented regarding the essential importance of EphA3 in infl ammation as well as 
modulating chemotaxis responses in T cells, and is consequently involved in the 
progression of lymphoid malignancy (Guan et al.  2011 ). A clinical case study ana-
lysing LK63 cells discovered that cellular repulsion occurred by preventing EphA3 
phosphorylation inhibiting signalling mechanisms which result in maintaining Eph/
Ephrin bonds. Further studies by Guan et al. ( 2011 ) revealed that EphA3 was 
responsible for copy number variation (CNV) in the genome of leukaemia patients, 
which is associated with many haematological malignancies. This was confi rmed 
by Ashton et al. ( 2012 ) who investigated EphA3 knockdown in leukemic stem cells 
of the bone marrow. They identifi ed EphA3 as a cooperative response gene (CRG), 
which regulates leukaemia stem cell survival and growth. 
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 Growing recognition of the presence of EphA3 on newly forming solid tumours 
and its involvement in various forms of leukaemia, Kalabios commenced therapeu-
tic intervention associated with KB004, a monoclonal antibody of EphA3, as a 
potential target for cancer treatment (Keane et al.  2012 ; Lackmann et al.  2014 ). 
Previously known as EphA3-activating mAb IIIA4, KB004 has recently been ongo-
ing phase I/II clinical trials in leukaemia and haematological cancers (Vail et al. 
 2014 ; Keane et al.  2012 ; Lackmann et al.  2014 ). KB004 binds and activates EphA3, 
initiating events in a similar manner to ephrin-A5, suppressing tumour survival by 
stimulating apoptosis as well as disrupting the cellular microenvironment (Keane 
et al.  2012 ).      
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    Chapter 15   
 Erythropoietin-Producing Hepatocellular 
Receptors B: Ephrin B2, Ephrin B4                     

    Abstract     The ephrin receptor family and their ligands, the ephrins, are vital for 
numerous developmental events and the maintenance of organism function. 
Specifi cally, the ephrin family mediates embryonic growth processes such as axon 
guidance, boundary formation and cell migration. While during adulthood, the key 
targets comprise nervous system function including potentiation, central and periph-
eral stem cell differentiation and angiogenesis. Ephrin-B2 is a transmembrane, 
receptor tyrosine kinase that is transcribed by the EFNB2 gene in humans. Binding 
of Ephrin-B2 is important for cellular adhesion, migration and repulsion for ade-
quate development of the vasculature, epithelium and neural system. Eph-B4 is a 
protein encoded by the EphB4 gene in humans and is implicated in blood vessel 
development, morphogenesis, remodelling and permeability. Ephrin-B2 and EphB4 
binding are one of the more heavily studied interactions with regards to 
angiogenesis.  

  Keywords     Erythropoietin-producing hepatocellular receptors B   •   Ephrin B2   • 
  Ephrin B4   •   Angiogenesis   •   Normal physiology   •   Disease   •   Malignancy  

15.1             Erythropoietin-Producing Hepatocellular Receptors B 

 The ephrin receptor family and their ligands, the ephrins, are vital for numerous 
developmental events and the maintenance of organism function (Himanen et al. 
 2007 ). Specifi cally, the ephrin family mediates embryonic growth processes such as 
axon guidance, boundary formation and cell migration. While during adulthood, the 
key targets comprise nervous system function including potentiation, central and 
peripheral stem cell differentiation and angiogenesis (Genander and Frisen  2010 ). 

 The ephrin receptors are the largest known subclass of the tyrosine kinase recep-
tor family. Based primarily on their sequence homology and affi nity for specifi c 
ligands, the ephrin receptors are subdivided into Eph-A and Eph-B class receptors. 
The Eph-A class are affi xed to the membrane (via glycosylphosphatidylinositol), 
while the Eph-B class, including EphB2 and B4 are transmembrane proteins 
(Himanen et al.  2007 ).  
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15.2     Ephrin B2 

 Ephrin-B2 is a transmembrane, receptor tyrosine kinase that is transcribed by the 
EFNB2 gene in humans. Ephrin-B2 binds non-selectively to different types of Eph 
receptors on neighbouring cells (Pasquale  2005 ). Ephrin ligands were identifi ed in 
the late 1980s and have been found to be important in different physiological and 
pathophysiological processes such as angiogenesis, embryonic development and 
tumorigenesis. More specifi cally binding of Ephrin-B2 is important for cellular 
adhesion, migration and repulsion for adequate development of the vasculature, epi-
thelium and neural system (Abengozar et al.  2012 ). 

15.2.1     Ephrin-B2 in Normal Physiology 

 While it is known that ephrin-B2 plays an important role in early angiogenic remod-
elling and lymph vessel formation, exactly how ephrin-B2 exerts its effects during 
the developmental stages remains unclear (Abengozar et al.  2012 ; Germain and 
Eichmann  2010 ). 

 Similarly to Ephrin A1, when Ephrin B2 binds to an Eph Receptor signalling will 
occur in two directions; forward and reverse signalling (Carmeliet and Jain  2011 ). 
A number of studies are looking into the promiscuous associations between 
Ephrin-B2 and EPHB4, EPHA4 and EPHA3 receptors respectively (Abengozar 
et al.  2012 ; Qin et al.  2010 ; Ibrahim and Hess  2012 ). 

 Ephrin-B2 and EphB4 binding are one of the more heavily studied interactions 
with regards to angiogenesis. One mechanism thought to occur during vasculogen-
esis is ephrin-B2 and EphB4 of the vascular plexus which prevents cells from inter-
mingling. A study using zebrafi sh found that Ephrin-B2 and EphB4 are responsible 
for directing the migration of progenitor cells from precursor vessels. This is also 
important in segregating arterial and venous segregation (Herbert et al.  2009 ). A 
study in 2010 found that ephrin-B2 promotes VEGFR-2 and VEGFR-3 endocyto-
sis. In the study ephrin-B2 was surgically removed from mouse cells which resulted 
in angiogenic and lymphangiogenic defects. The authors found that the defects were 
because downstream signalling pathways involving RAC1, AKT and ERK ½ were 
compromised (Wang et al.  2010 ; Gaengel and Betsholtz  2013 ). Another study found 
that Ephrin-B2 and EPHB4 binding is crucial to heart morphogenesis and angiogen-
esis. It was found that the binding interaction is a key regulator for cellular adhesion 
and migration in these developmental pathways. In 2012 Nakayama et al. confi rmed 
the established fi ndings that Ephrin-B2 regulates VEGFR-mediated signalling. 
Further to this the team performed an extensive analysis on VEGFR endocytosis 
regulation by isolating interactions of ephrin-B2. One protein that was identifi ed 
was a clathrin-associated sorting protein, Disabled 2 (DAB2), which is important 
for cargo selection during endocytosis. PAR3, the polarity protein facilitated an 
indirect association between DAB2 and ephrin-B2. Both VEGFR2 and VEGFR3 
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are known to interact with DAB2 and PAR3 so it is possible that VEGFR endocyto-
sis is regulated through the interactions of ephrin-B2–PAR3–DAB2 (Nakayama 
et al.  2013 ).  

15.2.2     Ephrin-B2 in Disease 

 MicroRNA (miRNA), a class of noncoding 21- to 25- nucleotide RNA, can nega-
tively regulate gene expression post-transcriptionally. If these miRNA’s are upregu-
lated during pregnancy then the placental Ephrin-B2 is signifi cantly down-regulated. 
A study conducted by Wang et al. in 2012 found that this extensive down-regulation 
can contribute to the pathogenesis of preeclampsia (Wang et al.  2012 ). 

 A 2005 study by Bonaparte et al. discovered that Ephrin-B2 ligand can serve as 
a functional receptor for the Hendra virus and the Nipah virus. These two viruses 
cause fatal disease in both animals and humans and are known to infect cells through 
membrane fusion that is mediated by attachment to glycoproteins. One human cell 
line that was used in the study and also encoded human ephrin-B2 (EFNB2) was 
seen render the cells permissive for cell fusion as well as infection by live virus 
(Bonaparte et al.  2005 ). 

 While diabetes can induce stem/progenitor cell dysfunction, a study in 2012 has 
found that treating peripheral blood mononuclear cells (PB-MNCs) with Ephrin-B2 
can reverse the process. When the diabetic mice (with hindlimb ischaemia) were 
injected with Ephrin-B2, the Ephrin bound to the PB-MNCs and increased cell 
adhesion and transmigration of PB-MNCs. This in turn raised the number of circu-
lating vascular progenitor cells in the diabetic mice and increased the ability of 
endogenous bone marrow MNCs to differentiate into cells with an endothelial phe-
notype and enhance their proangiogenic potential (Broqueres-You et al.  2012 ). This 
fi nding opens the possibility for clinical development of an innovative and accessi-
ble strategy in diabetic patients with critical ischaemic diseases.  

15.2.3     Ephrin-B2 in Malignancy 

 The EphB4/ephrin-B2 interaction has been reported to have an important role in 
tumor angiogenesis and growth. Kimura et al. ( 2009 ) study found that soluble 
ephrin- B2-Fc (a fusion protein that is made up of the extracellular domain of eph-
rin- B2 and the Fc portion of human IgG1) molecules were able to induce maturation 
of vessels in the tumour and this in turn suppressed the growth of head and neck 
squamous cell carcinoma xenografts (Kimura et al.  2009 ). 

 Another key player in tumour angiogenesis is the reverse signalling that occurs 
through ephrins. When EphB4 receptors (lacking the kinase domain and tagged 
with EGFP) are expressed in breast cancer cells of a mouse xenograft model 
increased tumour angiogenesis is reported (Noren et al.  2004 ). It is possible to 
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 suggest this is because the EphB4 binds to the ephrin-B2 ligand which is expressed 
in the vasculature and stimulates angiogenesis through ephrin-B2 reverse 
signalling.   

15.3     Ephrin-B4 

 The action of ephrin receptor family and their ligands, the ephrins, are particularly 
signifi cant in angiogenesis, with ephrin receptor B4 (Eph-B4) known to be essen-
tial. Eph-B4 is a protein encoded by the EphB4 gene in humans and is implicated in 
blood vessel development, morphogenesis, remodelling and permeability (Bai et al. 
 2014 ). 

 The ephrin receptors are the largest known subclass of the tyrosine kinase recep-
tor family. Based primarily on their sequence homology and affi nity for specifi c 
ligands, the ephrin receptors are subdivided into Eph-A and Eph-B class receptors. 
The Eph-A class are affi xed to the membrane (via glycosylphosphatidylinositol), 
while the Eph-B class, including Eph-B4 are transmembrane proteins (Himanen 
et al.  2007 ). 

15.3.1     Ephrin-B4 in Normal Physiology 

 Eph-B4 with respect to the ephrin family displays specifi c, but overlapping patterns 
of expression, suggesting both distinctive and redundant actions. Its expression is 
typically higher during embryonic growth processes compared to adulthood. In 
human embryonic tissues, Eph-B4 is found in high abundance, particularly in the 
heart, lung, kidney, thymus, gut and trapezius muscle (Zhou  1998 ). While in human 
adult tissues, Eph-B4 is again found in relatively high concentration, with the chief 
organs comprising the liver, lung, kidney, intestine, placenta, muscle and heart 
(Zhou  1998 ). Notably, its expression in the nervous system (especially the brain), 
during both embryonic growth processes and adulthood, is relatively low, contrast-
ing most ephrin receptors. 

 The signalling pathway replicates the typical tyrosine kinase receptor model. 
Since both Eph-B4 and its ligands are membrane-associated molecules, the binding 
and activation processes to initiate signalling occur only through direct cell to cell 
contact (Chen et al.  2008 ). This interaction results in a high affi nity linkage to the 
extracellular, globular domain, which then leads to activation of the intracellular, 
cytoplasmic domain. Here, phosphorylation of the tyrosine residues in the key jux-
tamembrane region eventuates (Lisabeth et al.  2013 ). This permits the up-regulation 
of tyrosine kinase catalytic activity and either propagation or repression of down-
stream signal transduction cascades. 

 Furthermore, Eph-B4 and the other ephrin receptors display uniqueness in their 
bi-directional signalling ability, unlike most of tyrosine kinase receptor family. 
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Following cell to cell contact, both the receptor-expressing cell and the opposing 
ephrin-expressing cell (forward and reverse signalling respectively), have the capa-
bility to instigate signalling cascades (Marquardt et al.  2005 ). Ephrin-B2 is a known 
ligand of Eph-B4, where Ephrin-B2 is linked to reverse signalling and Eph-B4 for-
ward signalling. The functional signifi cance of this mechanism is yet to be com-
pletely understood although its importance in angiogenesis has been substantiated 
(Martiny-Baron et al.  2004 ). 

 The formation of early vasculature occurs via vasculogenesis and angiogenesis. 
Vasculogenesis describes the initial in situ transformation of endothelial cells from 
mesodermal precursors, the angioblasts. This result in the formation of key, primi-
tive blood vessels principally related to the heart. Angiogenesis then follows with 
the formation of new blood vessels from this pre-existing vasculature established 
through vasculogenesis (Helbling et al.  2000 ). Comprehensive gene knockout 
experiments have confi rmed the signifi cance of Eph-B4 in this early vascular devel-
opment (Fuller et al.  2003 ). Eph-B4 functions as a marker for correct arterio-venous 
formation. When Eph-B4 is defi cient, the physiological response is ultimately 
expressed as premature embryonic lethality with disrupted arterio-venous remodel-
ling and improper maturation (Fuller et al.  2003 ). Equally, targeted gene knockout 
of Ephrin-B2 displays a similar phenotype to Eph-B4 knockout (Krasnoperov et al. 
 2010 ). Although, it is thought that Eph-B4 forward signalling is more relevant than 
Ephrin-B2 reverse signalling in relation to early angiogenesis (Davies et al.  2010 ). 

 Eph-B4 and Ephrin-B2 are not only essential in proper blood vessel development 
and artery-vein demarcation, but controlling morphogenesis, remodelling, permea-
bility and establishing boundary formation between arterial and venous domains 
(Genander and Frisen  2010 ). In terms of their expression, Eph-B4 is limited to 
venous endothelial cells and Ephrin-B2 to arterial endothelial cells. This pattern of 
expression is important as it is a primary determinant in the correct balance between 
the principal afferent-efferent vessels and consequent maturation of their specifi c 
capillary plexus (Fuller et al.  2003 ; Hamada et al.  2003 ).  

15.3.2     Eph-B4 in Disease and Malignancy 

 The ephrin receptors and their ligands are typically up-regulated in tumours and are 
associated with their growth, invasiveness and metastasis. Examples of such tumours 
include melanoma, neuroblastoma, malignant glioma, carcinoma of the pancreas, 
breast, colon, prostate, lung, gastroinstential tract, ovaries, oesophagus, liver and 
thyroid (Xi et al.  2012 ). However, decreased levels of expression in some tumours 
have also been reported (Xi et al.  2012 ). 

 This growth, invasiveness and metastasis of the cancer are reliant on its ability to 
recruit new blood vessels and transform the simple, existing vasculature into a com-
plex, rapidly evolving network. This functions as a source of oxygen, nutrients and 
various factors that are essential for its survival (Cheng et al.  2002 ). Using breast 
cancer as a specifi c example, Eph-B4 has been proven to offer a survival advantage. 
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It decreases the effect of intrinsic cell death mechanisms and enhances the expres-
sion of anti-apoptotic factors (Xi et al.  2012 ). Furthermore, gene knockout experi-
ments (that disrupt Eph-B4) have shown that breast cancer viability, including 
migration and invasiveness in relation to angiogenesis is reduced (Kumar et al. 
 2006 ). 

 It is thought that Ephrin-B2 specifi cally supports angiogenesis in Eph-B4- 
positive cancers. Their expression on tumour vascular endothelial cells is consid-
ered essential for sprouting, proliferation and capillary plexus formation 
(Krasnoperov et al.  2010 ). The exact mechanism is unknown, however it is thought 
these molecules may act as contact-dependent organising factors to direct incoming 
blood vessels and to ultimately promote cancerous growth (Xi et al.  2012 ). 
Furthermore, Eph-B4 atypically found on tumour cells themselves can communi-
cate with Ephrin-B2 endothelial cells, further supporting tumour angiogenesis 
(Mosch et al.  2010 ). 

 Tumour resistance to VEGF inhibitors can be attributed, at least partially, to the 
activation of the EphB4/Ephrin-B2 pathway (Welti et al.  2013 ; Mosch et al.  2010 ). 
Upon binding, Ephrin-B2 will generate a reverse signal to decrease vessel number 
and increase lumen diameter, and this will assist tumour progression. Ephrin-B2 is 
a downstream target of DLL4-Notch signalling and VEGF can effectively induce 
Ephrin-B2 but inhibits EphB4 (Scehnet et al.  2009 ). However, in DLL4 tumours 
VEGF levels are reduced because of the reduction in hypoxic conditions (Williams 
et al.  2006 ). So the fi ndings of Li et al. in 2011 showed that when tumour cells are 
engineered to overexpress DLL4 will develop large mature vessels, resistant to 
VEGF blockade. In addition to this, it was found that if Notch signalling could be 
inhibited, then sensitivity to antiangiogenic drugs (in a xenograft model) could be 
restored (Li et al.  2011 ). 

 Ultimately, Eph-B4 and Ephrin-B2 do not function in complete isolation but 
rather interact with other angiogenic factors to potentiate effects. For example, other 
ephrin receptors may interact with their ligands on adjacent endothelial cells to 
enhance angiogenesis through distinct mechanisms, possibly contributing to syner-
gistic action (Cheng et al.  2002 ). These molecules have the potential to become 
potent targets for therapeutic treatment and function as markers for clinical evalua-
tion of tumour prognosis. However, the complexity of their pathology complicates 
strategies that target Eph-B4 and other members of the ephrin family but ongoing 
research continues.      
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    Chapter 16   
 Ets-1                     

    Abstract     Initially discovered in, and named after, an avian erthyroblastos virus 
(E26), the Ets-1 is one of most studied genes in the ETS family and its involvement 
in a range of physiological and pathological processes has been studied. Ets-1 is 
involved in a wide range of biological functions. Transcription factors are respon-
sible for the regulation of specifi c genes and thus have vital roles in controlling cell 
function. The ETS family of transcription factors in particular, are key regulators of 
the endothelial expression of genes and angiogenesis and have been found to be 
involved in other processes such as development, proliferation and apoptosis. Ets-1 
factors function both upstream and downstream of various genes which promote 
angiogenesis. Genes promoting angiogenesis such as the ones coding for hepato-
cyte growth factor (HGF) and vascular endothelial growth factor (VEGF) are regu-
lated by Ets-1 factors and the overexpression of Ets-1 has been linked to the 
increased expression of these genes as well. In addition to this, Ets-1 is involved in 
regulating the invasiveness, metastatic potential and progression of tumours by reg-
ulating genes which infl uence cancer cell behaviour. Potential cancer treatment 
strategies using gene silencing therapies targeting the Ets-1 gene found that the 
treatment also resulted in downregulation of matrix metalloproteinase-1 and uroki-
nase plasminogen activators indicating Ets-1 gene silencing as a potential strategy 
in some cancer treatment.  

  Keywords     Ets-1   •   Angiogenesis   •   Normal physiology   •   Disease   •   Malignancy  

16.1             Ets-1 

 Ets-1 codes for c-Ets1, which is one of the best characterised members of the ETS 
family of transcription factors and is involved in a wide range of biological func-
tions (Randi et al.  2009 ). Transcription factors are responsible for the regulation of 
specifi c genes and thus have vital roles in controlling cell function (Russell and 
Garrett-Sinha  2010 ). The ETS family of transcription factors in particular, are key 
regulators of the endothelial expression of genes and angiogenesis (Randi et al. 
 2009 ). In addition to this, ETS transcription factors have been found to be involved 
in other processes such as development, proliferation and apoptosis (Shaikhibrahim 
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and Wernert  2012 ). Initially discovered in, and named after, an avian erthyroblastos 
virus (V-ets avian erythroblastosis virus E26 oncogene homolog 1), the Ets-1 is one 
of most studied genes in the ETS family and its involvement in a range of physio-
logical and pathological processes has been studied (Russell and Garrett-Sinha 
 2010 ; Shaikhibrahim and Wernert  2012 ). All ETS transcription factors are known to 
possess a conserved DNA binding domain shared known as the Ets domain, which 
allows for redundancy in the ETS factors that are able to regulate certain target 
genes (Wei et al.  2009 ; Russell and Garrett-Sinha  2010 ). Target genes for Ets-1 
transcription factors have vital roles in regulating angiogenesis in adult (Randi et al. 
 2009 ). Here, the actions of Ets-1 in physiology and cancer will be examined and 
potential cancer treatment strategies targeting Ets-1 will be reviewed.  

16.2     Ets-1 in Normal Physiology 

 Ets-1 is expressed in a variety of tissues and is involved in many physiological pro-
cesses (Dittmer  2003 ; Shaikhibrahim and Wernert  2012 ). Among its many roles, 
Ets-1 is involved in angiogenesis and its expression infl uences the physiology of the 
vascular system. The involvement of Ets-1 in angiogenesis has been demonstrated 
in various studies through the regulatory effect Ets-1 transcription factors have on 
key genes involved in mediating angiogenesis in endothelial cells (Dejana et al. 
 2007 ; Randi et al.  2009 ; Oettgen  2010 ). Importantly, Ets-1 is transiently expressed 
in endothelial cells and vascular smooth muscle cells after activation by angiogenic 
stimuli (Dittmer  2003 ). Hypoxia induced factors and various growth factors have 
also been known to stimulate Ets-1 expression (Dejana et al.  2007 ). In the absence 
of these stimuli however, Ets-1 is normally expressed at low levels (Oettgen  2010 ). 
Ets-1 factors function both upstream and downstream of various genes which pro-
mote angiogenesis. Genes promoting angiogenesis such as the ones coding for 
hepatocyte growth factor (HGF) and vascular endothelial growth factor (VEGF) are 
regulated by Ets-1 factors and the overexpression of Ets-1 has been linked to the 
increased expression of these genes as well. Other genes involved in angiogenesis 
that Ets-1 transcription factors are known to regulate include VEGF receptor, fi bro-
blast growth factor, chemokine CCl2, urokinase and various matrix metalloprotein-
ase (MMP) genes (Oettgen  2010 ). In addition to its role in normal angiogenesis, the 
expression of Ets-1 has also been associated in the formation of new blood vessels 
during chronic infl ammation and the angiogenesis of tumours (Randi et al.  2009 ). 

 Other biological processes Ets-1 is involved in include embryonic development 
and haematopoietic development. Ets-1 is known to be expressed at sites of active 
blood vessel development early during embryonic development through studies 
with model mouse embryos systems (Dejana et al.  2007 ; Oettgen  2010 ). A study by 
Wei et al. ( 2009 ) in particular has found that Ets-1 is important for cell survival dur-
ing angiogenesis in the embryonic development of mice. Ets-1 also has a role in the 
immune system as it is also expressed in lymphoid tissues and regulates the func-
tions of immune cells (Dittmer  2003 ; Russell and Garrett-Sinha  2010 ). For instance, 
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expression of Ets-1 has been found to occur in all stages of the development of T- 
and B-cells, in natural killer cells and erythroid cells during their differentiation 
(Dittmer  2003 ).  

16.3     Ets-1 in Disease 

 In addition to its involvement in cancers, variants of the Ets-1 gene have been asso-
ciated with diseases involving the immune system (Russell and Garrett-Sinha  2010 ). 
Genome wide association studies (GWAS) have shown variants of the Ets-1 gene to 
be associated with the autoimmune disorders systemic lupus erythematosus and 
celiac disease (Dubois et al.  2010 ; Yang et al.  2010 ). Ets-1 is vital to the differentia-
tion of lymphocytes and is important in regulating immune function and conse-
quently preventing autoimmune disease (Russell and Garrett-Sinha  2010 ). Variants 
of the Ets-1 genes may lead to decreased Ets-1 transcription factor production which 
may promote autoimmune disease similar to how it does in mouse models (Russell 
and Garrett-Sinha  2010 ).  

16.4     Ets-1 in Malignancy 

 A classic example of an oncogene, inappropriate expression of Ets-1 is involved in 
the early progression of a variety of cancers (Holterman et al.  2010 ). Ets-1 is 
involved in angiogenesis, which is vital in tumour development and metastasis 
(Lefter et al.  2008 ). In addition to this, Ets-1 is involved in regulating the invasive-
ness, metastatic potential and progression of tumours by regulating genes which 
infl uence cancer cell behaviour (Wan et al.  2013 ). Genes with these functions 
include the genes for matrix metalloproteinases, Urokinase plasminogen activators 
and integrin receptors (Desgrosellier and Cheresh  2010 ; Gialeli et al.  2011 ; Tang 
and Han  2013 ). Matrix metalloproteinases are involved in the degredation of the 
extracellular matrix (ECM) which is a key even in invasion (Gialeli et al.  2011 ). 
Urokinase plasminogen activators play a role in metastasis as they are involved in 
the degredation and regeneration of the basement membrane and ECM (Tang and 
Han  2013 ). Integrin receptors are used by cells to regulate functions involved in the 
metastasis, progression and initiation of tumours (Desgrosellier and Cheresh  2010 ). 
Ets-1 expression regulates a variety of genes infl uencing cancer cell behaviour and 
has been linked to tumour angiogenesis in a wide variety of human cancers (Oettgen 
 2010 ). 

 Extensive research has shown Ets-1 expression to be present in a wide variety of 
human cancers. Frequently, poorer cancer prognoses are frequently associated with 
increased expression of Ets-1 in the tumour cells of cancer patients (Oettgen  2010 ). 
Ets-1 expression has been found to occur frequently in many human cancers such 
as: Ovarian and breast cancer, oesophageal squamous cell carcinoma, endometrial 
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and cervical carcinoma, gastric cancer and colorectal cancer (Tsutsumi et al.  2005 ; 
Nagarajan et al.  2009 ; Pallai et al.  2012 ; Verschoor et al.  2013 ; Peng et al.  2014 ). 
Due to the involvement of Ets-1 in cancer, it has become a target for potential clini-
cal cancer treatments. 

 Potential cancer treatment strategies which target the Ets-1 gene or its products 
include the use of gene silencing therapies (Lefter et al.  2008 ; Oettgen  2010 ). For 
example, a study by Lefter et al. ( 2009 ) attempted the use of a gene therapy approach 
to downregulate Ets-1 in vitro with pancreatic tumour cell lines and in vivo with 
nude mouse models. This was done to investigate whether the suppression of Ets-1 
transcription was effi cient enough to treating pancreatic adenocarcinoma. They 
used an adenoviral vector encoding for the DNA binding domain of Ets-1 which 
was suggested to compete with ETS-1 for DNA binding and consequently decrease 
the binding of Ets-1. Although it did not infl uence the proliferation rate of pancre-
atic tumour cell line in vitro, treatment with the adenoviral vector was found to 
inhibit the growth of human pancreatic adenocarcinomas grown in nude mice 
(Lefter et al.  2008 ). Additionally, Lefter et al. ( 2009 ) found that the treatment 
resulted in the downregulation of the expression of matrix metalloproteinase-1 and 
urokinase plasminogen activators. Combined, the results found by Lefter et al. 
( 2009 ) indicate a potential Ets-1 gene silencing strategy for the treatment of pancre-
atic cancer.     
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    Chapter 17   
 Fibrin                     

    Abstract     Fibrin is a fi brous, non-globular protein which is formed by the poly-
merisation of its precursor fi brinogen by thrombin. Fibrin deposition has also been 
associated in angiogenesis during tissue repair, with fi brin matrices acting as a seal 
and scaffold for directing tissue repair. After injury, platelets possessing thrombin 
receptors move to the site and bind with the available thrombin molecules in the 
serum. The activated thrombin then converts soluble fi brinogen into fi brin. This 
helps in blood clotting to seal open wounds. Excessive generation of fi brin can lead 
to thrombosis. Excessive activation of coagulation and extravascular proteolysis are 
linked to a number of malignancies, These actions are not only adverse effects of 
cancer but also important mechanisms of tumour growth, vascularization and 
metastasis. Although knowledge into the role of blood clotting proteins in tumour 
progression and metastasis is not extensive, it has been established that fi brin, 
fi brinogen and products of their degradation are associated with the pathophysiol-
ogy of many cancers. The recent developments in this area of research render it a 
vital area of focus to develop novel target cascade pathways and target factors for 
the regulation of tumourigenesis. Future investigations could lead to the develop-
ments of pioneering therapeutic advancements in the fi eld of clinical oncology.  

  Keywords     Fibrin   •   Angiogenesis   •   Normal physiology   •   Disease   •   Malignancy  

17.1             Fibrin 

 Fibrin is an elastic fi brous, non-globular protein. It is a primary extracellular con-
stituent of blood clots and it is produced from a water soluble plasma glycoprotein 
called fi brinogen. Fibrinogen is activated from its inactive form by a protease 
enzyme called thrombin. The reactions that lead to Fibrin clot formation are com-
monly described as a cascade, in which the product of each step is an enzyme or 
cofactor needed for following reactions to proceed effi ciently. Fibrin works as a 
binding agent and plays an important role as a provisional matrix during wound 
healing and tissue remodeling. The entire clotting cascade can be divided into three 
portions of (a). Extrinsic pathway, (b). Intrinsic pathway and (c). Common pathway 
(Mackman et al.  2007 ). When bleeding occurs, platelet clump forms at the site of 
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injury, forming a weak plug; neighbouring blood vessels constrict, reducing blood 
fl ow in the area, and protein fi brin assembles into a tough network that clots forming 
an insoluble blockage called a “sturdy scab” (Goodsell  2006 ). 

 Prothrombin activator from PF3 (a blood clotting factor formed from platelets 
and exposure to tissue factor in damaged tissue) along with calcium and other clot-
ting factors in blood plasma leads to activation of thrombin, then fi brinogen, then 
Fibrin. Inactive fi brinogen is activated to form Fibrin. Fibrin networks should be 
assembled only in localized areas of the wound, ensuring continuing blood fl ow to 
other parts of the body; a cascade of specialized proteins controls this (Goodsell 
 2006 ). Once activated, fi brinogen (soluble) is converted to Fibrin (insoluble) that is 
produced in response to bleeding. Fibrin monomers join to form long Fibrin threads 
that entangle platelets, building up a spongy mass that gradually hardens and con-
tracts to form the blood clot. Fibrin forms a temporary patch on the wound site. The 
hardening process is stabilized by Fibrin-stabilizing factor XIII (Sidelmann et al. 
 2000 ; Weisel  2005 ; Goodsell  2006 ; Laurens et al.  2006 ). 

 Fibrin plays a major role in wound healing. Soluble plasma fi brin move to the 
injury site and form a blood clot when in contact with air. This stops the bleeding 
and protects the underlying tissue. As the wound continues to repair itself, fi bro-
blasts secrete proteases that dissolve the plasma protein and replace it with cellular 
fi bronectin and assemble it into an insoluble matrix. Platelet Tissue Factor is a pro-
tein that is responsible for the formation of thrombin which stimulates activation of 
fi brinogen into fi brin. However it has been observed that in cancer patients these 
proteins were overregulated due to medication and chemotherapy leading to excess 
clotting and possible risk of thrombosis which might lead to death (Undas and 
Ariens  2011 ; Wolberg  2012 ).  

17.2     Fibrin in Normal Physiology 

 Fibrin, derived from the proteolytic cleavage of fi brinogen, is an insoluble protein 
imperative in the process of vascular injury and repair (Wolberg  2012 ). In a case of 
endothelial injury, fi brin molecules rapidly combine to stabilize the platelet plug 
and form a 3-dimensional network of platelets and fi brin fi bres (Undas and Ariens 
 2011 ). This provisional matrix not only prevents blood loss, providing critical bio-
physical and biochemical support to the blood clot but also plays a fundamental role 
in tissue repair, leukocyte cell adhesion and endothelial migration during angiogen-
esis (Weisel  2007 ; Undas and Ariens  2011 ). 

 In repair-associated angiogenesis, growth factors such as vascular endothelial 
growth factor (VEGF) and basic fi broblast growth factor (bFGF) fi rst stimulate 
endothelial cells to proliferate and migrate into the extracellular matrix (Feng et al. 
 2013 ). Proteolytic enzymes of the plasminogen activator/plasmin system and the 
matrix metallo-proteinases then begin the invasion of these endothelial cells into the 
extracellular matrix (Laurens et al.  2006 ; Feng et al.  2013 ). Thereafter, the cells 
proliferate and elongate and vessel stabilization is fi nally attained by interaction 
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with pericytes and the reconstitution of the basement membrane (Laurens et al. 
 2006 ). Fibrin has a direct impact on the angiogenic process as it constitutes the 
extracellular matrix (Hinsbergh et al.  2001 ). The architecture of the fi brin fi bers 
facilitates cell-matrix interactions by providing binding sites or cell receptors, espe-
cially integrin to stimulate the successful invasion of endothelial cells into the 
matrix (Hinsbergh et al.  2001 ). Moreover the structure of the matrix also determines 
the rate and extent of the proteolytic degradation of this scaffold by invading cells 
(Hinsbergh et al.  2001 ). A study by Folkman ( 2003 ) investigated the angiogenic 
response by fi xing fi brin-containing chambers subcutaneously in guineas pigs. 
Within a 4-day period, vessel formation was evident in the chambers through the 
surface pores (Folkman  2003 ). These fi ndings confi rm the effectiveness of a fi brin 
scaffold as a substrate for the invasion of EC and development of new capillary-like 
structures.  

17.3     Fibrin in Disease 

 Producing too much Fibrin can lead to a condition called thrombosis. Thrombosis 
is the blockage of RBCs caused by agglutination of excess RBCs, platelets, polym-
erized or calcifi ed Fibrin and other components. It is formation of a blood clot inside 
a blood vessel, which in turn obstructs the fl ow of blood through the circulatory 
system. Insuffi cient production of Fibrin leads to hemorrhaging, which means blood 
loss from the circulatory system (Sidelmann et al.  2000 ). The most familiar heredi-
tary abnormality related to Fibrin is the genetic disorder that causes hemophilia. For 
patients who are presenting a defi ciency of fi brinogen and are prone to hemorrhage, 
bleeding can be corrected by an infusion of fresh frozen plasma, or concentrations 
of fi brinogen (Al-Mondhiry and Ehmann  1994 ; Sidelmann et al.  2000 ). Bleeding 
can occur internally from blood vessels, externally from a break in the skin, and 
through a natural opening such as the mouth, nose, ear, urethra etc. (Standeven et al. 
 2005 ; Undas and Ariens  2011 ). 

 Liver disease or dysfunction can interrupt production of inactive fi brinogen or 
form abnormal fi brinogen (dysfi brinogenaemia) which can affect Fibrin formation. 
Hereditary disorders involving Fibrin: defi ciency of fi brinogen, abnormal fi brino-
gen, lack of factor XIII. This disorders result in diffi culties in stopping bleeding. 
Concerns of reduced, absent, or dysfunctional Fibrin is likely to render patients as 
haemophiliacs (Biswas et al.  2014 ; Chai-Adisaksopha et al.  2014 ). Examples of 
hereditary abnormalities of fi brinogen (the gene carried in chromosome 4) are of 
both measurable and qualitative in nature and are called, Afi brinogenaemia, 
Hypofi brinogenaemia, Dysfi brinogenaemia and Hypodysfi brinogenaemia 
(Al-Mondhiry and Ehmann  1994 ). 

 New emerging evidence suggests that thrombotic vascular diseases may be 
caused due to unique structure of Fibrin clot, which can be affected by genetic vari-
ants of fi brinogen and factor XIII. Fibrin clot formation is a dynamic event in hae-
mostasis and thrombosis, which accompany severe infl ammation, and cancer 

17.3 Fibrin in Disease



106

invasion or metastasis. The covalent cross-linking of Fibrin through activation of 
Factor XIII (FXIIIa) stops leakage of circulatory system by forming a rigid and 
elastic structure. Cross-linked Fibrin is less susceptible to proteolytic or mechanical 
disruption (Idell et al.  1995 ; Im  2004 ; Standeven et al.  2005 ). Fibrin presents a com-
plex milieu of signals to embedded cells, many of which are not well understood. A 
study has been done to reestablish Fibrin as a protein that has a well-characterized 
structure and biochemistry, along with its ability to support angiogenesis specifi -
cally. Although Fibrin’s structure-function relationships have been studied for 
decades, opportunities to engineer new and improved synthetic hydrogels can be 
achieved by further manipulating Fibrin’s design. Most cancer patients exhibit 
hypercoagulability which causes serious problems such as venous thromboembo-
lism. It promotes angiogenesis which helps to cause the pathogenesis of tumour 
growth and metastasis. Clotting-dependent induction of tumour angiogenesis is 
mainly facilitated by TF-induced formation of thrombin following deposition of 
cross-linked Fibrin. A cross-linked Fibrin network builds an interim matrix that 
enables blood vessel infi ltration. Therefore, TF may be useful to become an innova-
tive target for cancer therapy (Fernandez et al.  2004 ; Ceccarelli and Putnam  2014 ).  

17.4     Fibrin in Malignancy 

 Over decades, information has been collected that proposes that Fibrin assists in the 
formation and growth of tumours. Recent methods have illustrated that Fibrin is 
part of the connective tissue stroma in tumour but in only a few types of tumour. 
Therapeutic intervention researches using drugs that hinder thrombin activity or 
boost fi brinolysis generated positive clinical effects in at least one such tumour 
type. These positive fi ndings confi rm that a cause-and-effect relationship exists 
between thrombin generation with Fibrin formation and tumour growth. This sug-
gests that a cogent foundation proves that future drug intervention trials is needed 
to target certain reactions related to specifi c tumour types, which means producing 
specifi c drugs for specifi c tumours (Costantini and Zacharski  1992 ). 

 Since erosive tumours are apt to cause micro-haemorrhages, even early benign 
tumours detected may be violently malignant (Kołodziejczyk and Ponczek  2013 ). 
Tumours that are erosive are also more damaging and thus result in Fibrin clot for-
mation. When cancer clusters wear down adjacent normal or tumour vessels, micro- 
haemorrhage may be resulted, and Fibrin clots are instantly formed to stop the 
bleeding. These Fibrin clots are then replaced by collagenous stroma, similar to 
normal wound healing (Dvorak  1986 ). Normally, more aggressive cancers possess 
more abundant cancer stroma, due to frequent haemorrhages at many places within 
or adjacent to the tumour tissue. In this case, Fibrin clot formation continues asymp-
tomatically as long as cancer cells survive and expand from a tiny tumour to the 
advanced stage. The deposition of Fibrin in non-malignant disease is invariably 
accompanied by numerous symptoms related to the particular pathology, such as 
infarction or infl ammation (Yasunaga et al.  2011 ; Matsumura  2012 ). 

17 Fibrin
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 Excessive activation of coagulation and extravascular proteolysis are linked to a 
number of malignancies (Kołodziejczyk and Ponczek  2013 ; Morin and Tranquillo 
 2013 ). These actions are not only adverse effects of cancer but also important mech-
anisms of tumour growth, vascularization and metastasis (Morin and Tranquillo 
 2013 ). Although knowledge into the role of blood clotting proteins in tumour pro-
gression and metastasis is not extensive, it has been established that fi brin, fi brino-
gen and products of their degradation are associated with the pathophysiology of 
many cancers (Kołodziejczyk and Ponczek  2013 ). Their involvement in pathologi-
cal angiogenesis is of great signifi cance. Vascularization for the increase supply of 
oxygen and nutrients is an essential feature for the proliferation and progression of 
tumours (Papetti and Herman  2001 ). Under pathological conditions, the initial stage 
of blood vessel construction is the formation of a fi brin gel. Development of the 
fi brin gel is a result of local activation of coagulation and increased movement by 
tissue factor and cancer pro-coagulant (secretions from tumour cells) of fi brinogen 
and other haemostatic proteins from plasma into the extravascular region 
(Kołodziejczyk and Ponczek  2013 ). This process is an advantage as the fi brin gel 
structure allows a foundation around the tumour tissue for migrating endothelial 
cells, fi broblasts and macrophages to harbour and promote growth (Kołodziejczyk 
and Ponczek  2013 ). Available data has also reported the effects of fi brin deriva-
tives, specifi cally the action of fragment E. Bootle-Wilbraham et al. ( 2001 ) found a 
signifi cant increase in the pro-angiogenic effects of VEGF and bFGF in the pres-
ence of fragment E, which again encourages angiogenesis and stimulates prolifera-
tion, migration and differentiation of endothelial cells (Bootle‐Wilbraham et al. 
 2001 ). This would be highly unfavourable in the presence of a cancer-induced fi brin 
clot, as it would strengthen the resistance and increase the persistence of the tumour 
(Kołodziejczyk and Ponczek  2013 ). 

 Cytotoxic immunoconjugate therapy is a novel concept recently introduced as a 
cancer strategy. Focusing on the breakdown of cancer-induced fi brin clots, an anti- 
fi brin chimeric antibody was created as a transport vehicle for an anti-cancer agent 
(ADA). Due to its selective nature in only interacting with fi brin, the immunocon-
jugate was able to accumulate in the fi brin scaffold of tumour cells and provide 
sustained release of ADA. Success of the therapy was observed in a mouse model, 
where the ADA diffused effectively into the malignant tissue and vessels and caused 
fi brin matrix destruction (Yasunaga et al.  2011 ). Cancer immunotherapy is another 
recent treatment aimed at removing the fi brin matrix barrier protecting tumour cells. 
Investigation into prostate cancer cells revealed that by blocking disulfi de exchange 
between fi brinogen and albumin (a necessary reaction in the formation of a fi brin 
scaffold) through administration of four-valent sodium selenite, formation of a 
fi brin matrix complex was inhibited. Tumour cells were therefore exposed to and 
recognized by the immune system and eliminated (Lipinski  2010 ). Although prog-
ress in interventions are evident, the role of haemostatic factors, particularly fi brin, 
fi brinogen and their degradations is not yet suffi cient. Improved knowledge and 
understanding will reduce pathogenic angiogenesis and contribute to facilitate bet-
ter management and treatment of various cancer tumours.     

17.4 Fibrin in Malignancy
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    Chapter 18   
 Fibroblast Growth Factors (Acidic: FGF-1; 
Basic: FGF-2) and Its Receptors (FGFR)                     

    Abstract     Fibroblast growth factors (FGF) are structurally related family of 22 
molecules. FGFs bind with high affi nity to heparin sulphate proteoglycans (HSPGs) 
which are situated in the extracellular matrix on the surfaces of most cells. This pool 
of FGFs acts as a reservoir for regulatory growth factors which are released in a 
regulated manner by heparanases. Members of FGFs from FGF-1 to FGF-10 bind 
to high-affi nity tyrosine kinase FGF receptors (FGFR) denoted FGFR-1 through to 
FGFR-4. FGFR-1 is the most commonly expressed receptor on endothelial cells 
and FGFR-2 shown to be in certain circumstances and FGFR-3 and 4 are yet to be 
seen in the endothelium. FGF signalling is responsible for regulating multiple 
events within the human body which includes: mesenchymal-epithelial signalling 
and the development of multiple organ systems in embryonic development, cell 
proliferation, differentiation and survival, and angiogenesis and wound healing in 
disorders and mainly tumours.  

  Keywords     Fibroblast growth factors   •   Acidic FGF   •   FGF-1   •   Basic FGF   •   FGF-2   • 
  Fibroblast growth factor receptor   •   FGFR   •   Angiogenesis   •   Normal physiology   • 
  Disease   •   Malignancy  

18.1             Fibroblast Growth Factors (FGF) 

 Fibroblast growth factors (FGF) are structurally related family of 22 molecules. 
FGFs bind with high affi nity to heparin sulphate proteoglycans (HSPGs) which are 
situated in the extracellular matrix on the surfaces of most cells. This pool of FGFs 
acts as a reservoir for regulatory growth factors which are released in a regulated 
manner by heparanases (Beenken and Mohammadi  2009 ). Members of FGFs from 
FGF-1 to FGF-10 bind to high-affi nity tyrosine kinase FGF receptors (FGFR) 
denoted FGFR-1 through to FGFR-4. FGFR-1 is the most commonly expressed 
receptor on endothelial cells and FGFR-2 shown to be in certain circumstances and 
FGFR-3 and 4 are yet to be seen in the endothelium (Mori et al.  2013 ; Liu et al. 
 2014 ). Alternative splicing of the FGFR mRNA allows for the variant FGFR recep-
tors which allow a range of receptor–ligand interactions. It was also discovered that 
the disruption of the genes encoding FGFR-1 or FGFR-2 leads to embryonic death 
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before gastrulation (Beenken and Mohammadi  2009 ). FGF signalling is responsible 
for regulating multiple events within the human body which includes: mesenchymal- 
epithelial signalling and the development of multiple organ systems in embryonic 
development including nervous system, proliferation, differentiation and survival, 
and angiogenesis and wound healing in disorders and mainly tumours (Mori et al. 
 2013 ; Ornitz and Itoh  2001 ; Blaber et al.  1996 ). 

18.1.1     Fibroblast Growth Factors in Normal Physiology 

 FGF-1 is also known as acidic fi broblast growth factor which is located at 5q31.3 
and is widely expressed in developing and adult tissues (Beenken and Mohammadi 
 2009 ). Additionally FGF-1 is known to play the more important role in endothelial 
cell proliferation along with FGF-2. FGF-1 is also involved in controlling biologi-
cal processes such as survival, migration and differentiation of variety of cell types 
(Beenken and Mohammadi  2009 ). Unlike most growth factors, FGF-1 lacks cyto-
plasmic sequences for extracellular export, meaning that they are not secreted from 
its producer cells (Griffi oen and Molema  2000 ). In general terms, damaged cells 
release FGF-1 by exocytosis which is independent from the ‘normal’ exocytosis 
pathway of any molecule involving packaging of the Golgi apparatus (Mori et al. 
 2013 ). The released FGF-1 then can bind to one of the four FGFRs to elicit endo-
thelial cell proliferating effect and allows motility of endothelial cells through para-
crine signalling (Cross and Claesson-Welsh  2001 ). Immunohistochemical staining 
has shown that colorectal and gastric tissues in both normal and tumour express 
FGF-1 and its immunoreactivity is mainly cytoplasmic. High levels of FGF-1 are 
detected in hepatocellular carcinoma whereas it cannot be in normal hepatic tissue 
(Griffi oen and Molema  2000 ). FGF-1 functions as a mitogen for numerous cell 
types in vitro and is implicated in a range of physiological processes such as devel-
opment, morphogenesis, wound healing and angiogenesis. However FGF-1/FGF-2 
double knockout mice didn’t exhibit any of phenotypic abnormalities which 
described that FGF-1 does not have any role in the phenotypes of an individual 
(Griffi oen and Molema  2000 ). FGF-1 binds to integrin ανβ3 and the integrin- 
binding site of FGF-1 overlaps with the heparin-binding site. When they bind 
FGF-1 induces integrin-FGF1-FGFR1 ternary complex which is considered to be 
the mechanism of promoting angiogenesis by FGF-1 (Griffi oen and Molema  2000 ). 
Along with angiogenic activities, FGF-2 inhibits osteoblast mineralization. 
Interaction of FGFs with four distinct FGF receptors on cells of endodermal, meso-
dermal, and ectodermal origin, deriving changes in migration, function and prolif-
eration (Liu et al.  2014 ).  
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18.1.2     Fibroblast Growth Factors in Disease and Malignancy 

 Many previous studies were conducted to explain whether FGF Receptor (FGFR) 
signaling is necessary for normal vascular homeostasis or pathological angiogene-
sis (Carmeliet and Jain  2011 ). ECs express FGFRs on their cell surfaces and are 
activated via FGFR signaling - FGF-mediated intrinsic tyrosine kinase signal trans-
duction (Reuss and von Bohlen und Halbach  2003 ). According to Oladipupo et al. 
( 2014 ), the deletion of ECs by using Tie2-Cre transgenic mice, which is a derivative 
of endothelial cell-specifi c receptor tyrosine kinase promotor/enhancer for Cre 
recombinase expression, impaired FGFR1/2-mediated wound healing process after 
skin or ocular disorders due to ischaemia. This suggests the role of EC-FGFR sig-
naling is specifi c for tissue repair and injury-induced angiogenesis and not for vas-
cular homeostasis. 

 Vascular remodeling is one of the neuroprotective mechanisms to increase and 
restore levels of cerebral blood fl ow (CBF) in ischaemic stroke (Issa et al.  2005 ; 
Marti et al.  2000 ). Thus, initiation of angiogenesis (vasculogenesis and arterioge-
neis) is pivotal for the long-term recovery of stroke patients (Navaratna et al.  2009 ). 
Among the family of FGFs, ten have been identifi ed in the brain. Neurons are found 
to synthesise FGF-2, FGF-5 and FGF-9 while astrocytes primarily synthesise 
FGF-2 (Reuss and von Bohlen und Halbach  2003 ). In 2005, Issa and the colleagues 
( 2005 ) investigated the expression levels of FGF-2 mRNA and protein in brain tis-
sues of 10 acute ischaemic stroke patients who survived for between 24 h and 43 
days. The results of the study showed increased mRNA expression and protein lev-
els of FGF-2 in both infarcted core and penumbral region in comparison to normal 
contralateral hemisphere of patients. Between FGF-2 expression levels in the 
infarcted core region and the penumbra, higher levels of FGF-2 were identifi ed in 
the penumbra. This is because the brain cells in the penumbra are salvageable while 
most neurons in the infarcted core undergo necrosis that leads to irreversible cell 
death (Fann et al.  2013 ). Hence, the study has revealed that the up-regulation of 
FGF-2 is important for stimulating angiogenesis and neuroprotection after stroke. 

 More recently, FGFR-2 isoforms such as IIIb and IIIc have been identifi ed. The 
expression levels of these isoforms have been linked to VEGF, which stimulates 
over-growth of blood vessels during tumor progression (Matsuda et al.  2014 ). This 
fi nding is signifi cant as VEGF is found to enhance ECs against death signals and 
thus promote resistance against angiogenesis inhibitors (Ferrara and Kerbel  2005 ). 
The current study by Matsuda et al. ( 2014 ) suggests inhibiting these isoforms dur-
ing the pancreatic ductal adenocarcinoma decreases VEGF levels and hence delay 
the progression of pancreatic cancer. Consequently, this provides a rationale that 
FGFs may have multiple abilities to either decrease disease progression via promot-
ing healing mechanisms or communicate with other angiogenic factors to augment 
an injury. Therefore, specifi c targeting of the EC FGFR activation during injuries is 
one of the key directions for the development of future therapeutics. 

 FGFs play pivotal roles in the pathogenesis of various epithelial cancers includ-
ing lung, breast, bladder, melanoma, pancreas and liver (Corn et al.  2013 ). The 
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possible mechanisms are mainly related to the abnormal FGFR, but these mecha-
nisms are not related to angiogenesis. Meanwhile, for the most angiogenesis cases 
are mainly found in the prostate cancer, thus FGFs are considered as a good target 
for anti-angiogenesis in cancer treatment. In 2013, Cron and his colleagues con-
ducted clinical trials based on the inhibition of FGF/FGFR signaling pathway by 
using tyrosine kinase inhibitors (TKI), monoclonal antibodies and FGF ligand traps. 
The results showed inhibition of FGF/FGFR signaling pathway but it is still under 
investigation whether this promotes anti-angiogenic responses. 

 FGF-1 is implicated in various malignancies such as gastrointestinal tumour and 
breast cancer. In human colorectal and gastric cancers, cancer associated fi broblasts 
expressing fi broblast activation protein (FAP) promotes the fi broblast cells to pro-
duce FGF-1 and activates FGFR-3 of colon cancer cells in vitro causing increased 
cell migration and invasion (Griffi oen and Molema  2000 ). 

 In cases of breast cancer, cancer adjacent cells express active FGF-1 protein in 
combination with the high expression of mRNA of FGF-1 within the benign neo-
plastic and hyperplastic tissue which leads to angiogenesis and progression of the 
tumour from benign to malignant. In addition, studies with animal models revealed 
that aberrant FGF signalling promotes tumour development by increased cell prolif-
eration and survival additional to promoting angiogenesis at the site of the tumour 
(Mori et al.  2013 ). FGF-1 mRNA copy number was found to be signifi cantly cor-
related with the expression levels of proteins contributing to such proliferations. 
Both the FGF-1 mRNA and protein levels were found to be causing increased 
tumour angiogenesis and autocrine stimulation of cancer cells there by giving com-
pelling evidence that FGF-1 plays a very signifi cant role in tumourigenesis and 
tumour angiogenesis (Mori et al.  2013 ). Similarly, in cases of lymphoproliferative 
diseases, such as acute myeloid leukemia, acute lymphoblastoid leukemia and lym-
phoma, which are dependent on angiogenesis as well, revealed elevated expression 
of FGF as well as VEGF (Griffi oen and Molema  2000 ). This again demonstrated 
the important role of FGF-1 in promoting angiogenesis, which is generally present 
in disorders such as tumours and chronic infl ammatory diseases. Recently, addi-
tional studies addressing the role of VEGF and FGF in leukocyte vessel wall inter-
actions showed that in general a strong induction of angiogenesis inhibits leukocyte 
adhesion to the affected site (Al Sabti  2007 ). This phenomenon demonstrated the 
inability for the immune system to counteract against the tumour cells which is 
caused by increased angiogenetic events caused by factors such as FGF-1. 

 FGF-1 however is favoured in tissue healing processes as well due to its angio-
genic functions. In cases of cardiac ischemia, FGF-1 is released from the myocar-
dial tissue into pericardial in cases of myocardial ischemia. By this FGF-1 
contributes to functional preservation for myocardium damage. Therefore treatment 
of cardiac ischemia with FGF-1 by extravascular delivery system has shown to 
increase coronary fl ow and therefore proved to be a treatment option in ischemic 
cases (Beenken and Mohammadi  2009 ). Due to this the level FGF-1 in pericardial 
fl uid is associated with myocardial ischemia which can be used as a diagnostic tool. 

 The promotion of angiogenesis by FGF-1 has led to the ongoing research for a 
treatment option in cancer focusing on the inhibition or altering of FGF-1. These 
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therapeutic interventions for cancer can include targeting the FGFR tyrosin kinases 
in order to inhibit FGF in its action of tumourigenesis and tumour angiogenesis (Al 
Sabti  2007 ). In addition recent fi nding suggest that dominant negative mutant of 
FGF-1, such as R50E can suppress tumourigenesis indirectly through suppressing 
angiogenesis in vivo by acting as an antagonist to FGFR. R50E doesn’t bind to 
ανβ3 but still binds to FGFR-1 and heparin. In addition R50E doesn’t induce 
integrin- FGF-1-FGFR1 ternary complex as FGF-1 does and this therefore causes 
suppression of angiogenesis and tumourigenesis (Lieu et al.  2011 ). This suggests a 
new potential anti-angiogenesis and anti-cancer therapeutic agent by suppressing 
FGF-1. 

 In recent research, fusion of extracellular region of FGFR1 with Fc region of 
IgG1- FGF-Trap has been identifi ed and reported to have the potential to inhibit the 
tumour growth and angiogenesis in renal cell carcinoma (Caki-1 cell line)  in vivo  
(Li et al.  2014 ). Besides, Ronca and his colleagues reported that FGF antagonist, 
Pentraxin-3 (PTX3) resulted in anti-angiogenic and anti-neoplastic activity in pros-
tate cancer. According to their results, the recombinant PTX3 protein inhibited cell 
proliferation and angiogenic activity  in vitro  and also inhibited the tumour growth 
 in vivo  (Ronca et al.  2013a ). Moreover, the same group has found that PTX3 in 
melanoma inhibiting the FGF-2/FGFR pathway plays a critical role in melanoma 
progression and the blockage of autocrine/paracrine induction of tumour cells pro-
liferation and migration via angiogenesis (Ronca et al.  2013b ). 

 FGF-2 has been found within the dentine-pulp complex (Roberts-Clark and 
Smith  2000 ). During tooth development, FGF-2 was responsible for inducing endo-
thelial cells and odontoblasts differentiation, angiogenic dentinal tubule formation 
and dentine matrix secretion (Tweden et al.  1989 ; Russo et al.  1998 ; Tsuboi et al. 
 2003 ). In the study by Madan and Kramer, FGF-2 was not only involved in crown 
development of teeth, it was also believed to be involved in signaling for epithelio- 
mesenchymal interactions associated with root development in all stages of tooth 
formation (Madan and Kramer  2005 ). 

 Levels of FGF-2 were observed in all areas of periodontal ligament (PDL). As a 
proangiogenic stimulator, FGF-2 promotes wound healing through their interaction 
with FGF receptors (FGFR) in the PDL by proliferation (Sako and Hosomichi 
 2010 ). In the human clinical trial conducted by Kitamura et al. ( 2008 ), FGF-2 was 
used for the regeneration of periodontal tissue. In this randomised double-blinded 
controlled study, although their results of clinical attachment level and alveolar 
bone level gain did not show statistically signifi cant differences between the group 
treated with conventional periodontal treatment and the group with use of FGF-2 in 
periodontal treatment, it did show some effi ciency with periodontal tissue regenera-
tion when FGF-2 was used. Although this study had no clinical problems related to 
the safety of administering FGF-2, the study was conducted with small sample size. 
So more trials are needed before this therapeutic intervention to be given to the 
public. In recent study, Sakoda et al. ( 2012 ) investigated enamel matrix derivative 
(EMD) and its effect for periodontal regeneration and periodontal soft tissue wound 
healing. Their results suggested that EMD induced periodontal wound healing 
angiogenesis via TGF-β1 and FGF-2 in human gingival fi broblasts to stimulate the 
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production of VEGF. Consequently, further research on the mechanism of FGF-2 
expression in dental healing will benefi t as a future therapeutic target to enhance 
outcome and prognosis of dental procedures.   

18.2     Fibroblast Growth Factors Receptors 

 Fibroblast growth factors (FGF’s) can cause multiple regulatory effects on a single 
gene by communicating with heparin-sulfate proteoglycans and tyrosine kinase 
FGF receptors (FGFRs) on the cell surface (Presta et al.  2005 ). There are different 
FGFR’s each with slightly differing structure and function, FGFR1 is composed of 
three extracellular immunoglobulin-like domains with an acid box (D1-3), a cyto-
plasmic tyrosine kinase domain and a transmembrane domain. The isoforms IIIb 
and IIIc are formed when there is alternate splicing in the juxamembrane D3 domain 
(Hu and Bouloux  2010 ). HSPG core proteins interact with pro and negative regula-
tors of angiogenesis, regulating the biological activity of FGFR1 (Presta et al. 
 2005 ). This correlation with angiogenesis leads to postulation regarding FGFR1’s 
role in cancer and disease (Presta et al.  2005 ). 

18.2.1     Fibroblast Growth Factors Receptors in Normal 
Physiology 

 FGFR1 is released into the cytosol by the Integrative nuclear FGF receptor-1 sig-
naling (INFS) gene regulatory mechanism (Hu and Bouloux  2010 ). Through FRAP 
analysis, three nuclear FGFR1 populations were exposed; a fast mobile group, chro-
matin bound FGFR1, and lastly a group within the nuclear matrix. Intracellular 
messengers, growth factor receptors, and cell surface neurotransmitters are acti-
vated stimulating the release, which eventually leads to the ability to control cell 
development (Hu and Bouloux  2010 ). FGFR1 and its ligand FGF2 participate in 
gene regulation at different chromosomal loci once they are cotransported in the 
nucleus (Hu and Bouloux  2010 ). CREB-binding proteins (CBP) receive the signals 
from FGFR1 via the INFS signaling mechanism, and act as a gene activation-gating 
factor essential for the transcription process (Hu and Bouloux  2010 ). The “feed- 
forward- and-gate” signaling mechanism allows coordinated gene activation through 
the coupled activation of CBP by INFS (Hu and Bouloux  2010 ). Overall, this analy-
sis found that the FGFR1 gene plays both a direct and global role in gene regulation, 
ruled by the movement of proteins and their collisions with nuclear structures and 
other proteins (Hu and Bouloux  2010 ). 

 The multi-steps of angiogenesis allow the formation of new blood vessels to 
occur in both pathological and normal physiological conditions detrimental to 
health (Presta et al.  2005 ). Pro-angiogenic activity of the FGFs is regulated by the 
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availability of high affi nity free extracellular matrix molecules and receptors that lie 
on the endothelial cell surface (Presta et al.  2005 ). Phosphorylation of FGFR1 acti-
vates mitogen-activated protein kinase (MAPK) and other parallel signaling path-
ways, leading to proliferation of the endothelial cell. The urokinase-type 
plasminogen activator [uPA] -inducing activity of FGF2 correlates with this auto 
phosphorylation of specifi c tyrosine residues (Presta et al.  2005 ). The number of 
cell receptors increases, in turn affecting one of the fi rst phases of angiogenesis; 
extracellular matrix degradation. Matrix metalloproteinases (MMPs) are activated 
when plasminogen is converted to plasmin by uPA aiding in the degradation of 
matrix proteins like fi brin (Presta et al.  2005 ). The next phase, endothelial cell 
migration is stimulated when the cytoplasmic tail of FGFR1 enables the gene to 
stimulate movement into the cells via the Wortmanin-sensitive pathway activation 
(Presta et al.  2005 ). Unlike FGF1, the FGF8b isoform and FGF10s stimulation of 
endothelial cell migration, FGF2 activates chemotaxis via the MAPK signaling 
pathway (Presta et al.  2005 ). The destination of migrating cells and subsequent cel-
lular interactions are monitored and restricted by communication between ECM 
molecules (Presta et al.  2005 ). The maturation of new vessels is primarily regulated 
by FGFs ability to stimulate interactions and the production of ECM components 
(Presta et al.  2005 ).  

18.2.2     Fibroblast Growth Factors Receptors in Malignancy 

 Tumourigenesis, the creation of cancer, is assisted by the biological activity of the 
gene FGFR1. In the prostate, it has been hypothesized that it disrupts the communi-
cation between the stromal and epithelial cells (Miles et al.  2008 ). Prostate cancer 
progression caused by FGFR1 activation can be monitored by use of the Juxtaposition 
of CID and kinase-1 (JOCK-1) model (Miles et al.  2008 ). The relationship between 
FGFR1 and the prostate epithelium and the resulting effects have been investigated 
using a murine model and the JOCK-1 system (Miles et al.  2008 ). It was found that 
new vessel growth is initiated by an activated FGFR1 gene, but the sustainability of 
these vessels was not found to be dependent on it (Miles et al.  2008 ). While pro-
longed activation of FGFR1 was linked with tumor progression, down regulation of 
the gene was not found to halt or reverse the process (Miles et al.  2008 ). Further, it 
appears that there is a threshold after which the tumor progression becomes inde-
pendent of FGFR1 expression, therefore consideration of the spatial and temporal 
molecular mechanisms and their roles in the contribution of the disease need to be 
addressed (Miles et al.  2008 ). 

 The effects of FGFR1 in lung cancer became a popular topic of research when it 
was found to be hypothetically linked to prognosis (Yang et al.  2014 ). Several stud-
ies determined that FGFR1 was up regulated in squamous cell lung cancer biopsy 
tissue, although further evaluation of its link with patient prognosis is required 
(Yang et al.  2014 ). FGF1 overexpression has also been investigated in non-small 
cell lung carcinoma, however no statistically signifi cant differences were evident 
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between the two cancer subtypes (Yang et al.  2014 ). The hazardous ratio average 
for the studies showed the gene copy number being insignifi cant on the survival of 
the patients in non-small-cell lung cancer and squamous cell lung cancer (Yang 
et al.  2014 ). Even though the abundance of FGFR1 in SQCC was higher than in 
NSCLC the infl uence had no statistical signifi cance (Yang et al.  2014 ). Although its 
links to cancer prognosis remain unclear, FGF1 remains a key target for antitumor 
therapies due to its key regulatory function in angiogenesis (Yang et al.  2014 ). 

 The direct effects of FGFR1 and its role in non-neoplastic disease can been seen 
through Kallmann Syndrome, the human genetic disorder characterized by dis-
rupted FGFR1 signaling (Yang et al.  2014 ). Mutations within FGFR1 are connected 
with altered olfactory and reproductive phenotypes and midline defects signifi -
cantly dental agenesis (Yang et al.  2014 ). The loss of function comes from disrupted 
tyrosine kinase activity or receptor folding through the heterozygous FGFR1 muta-
tion (Yang et al.  2014 ). Without accurate quantitative regulation of the FGFR1 gene 
signaling, the normal development of a person is compromised (Yang et al.  2014 ). 

 Vascular endothelial growth factors, infl ammatory cytokines and FGF’s com-
munication helps control the modulation of blood vessel growth in these different 
pathological conditions, but the role of other genes and their contribution to tumour 
vascularization also needs to be considered (Presta et al.  2005 ).      
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    Chapter 19   
 Fibronectin                     

    Abstract     Fibronectin is an extracellular matrix glycoprotein that binds to trans-
membrane proteins and plays a signifi cant role in formation of blood vessel. 
Fibronectin is also important as a regulator in the process of remodelling in extra-
cellular matrix. In normal situation fi bronectin is involved in the process of tissue 
repair and helps the formation of clot. Elevation of cellular fi bronectin and persis-
tent production of extracellular matrix have been identifi ed as fi broproliferative 
response. This will end in the destruction of the integrity in chronically injured or 
diseased tissue. With regards to angiogenic role of fi bronectin in malignancies, 
expressions of fi bronectin and consequently integrin in cancer have been shown to 
be associated with cancer cell proliferation, poor patient survival rate, lymph node 
metastases, facilitating tumour cell invasion.  

  Keywords     Fibronectin   •   Angiogenesis   •   Normal physiology   •   Disease   •   Malignancy  

19.1             Fibronectin 

 Fibronectin is an extracellular matrix glycoprotein that binds to transmembrane pro-
teins called integrins (von Au et al.  2013 ). It contributes signifi cantly to blood vessel 
formation and is an important regulator in extracellular matrix remodelling (von Au 
et al.  2013 ; Shi and Sottile  2011 ). It is composed of two protein heterodimers linked 
by a pair of disulfi de bonds and exists in two major forms; cellular fi bronectin (an 
insoluble form of fi brils) and plasma fi bronectin (a soluble form produced by hepa-
tocytes in the liver) (Astrof and Hynes  2009 ). Plasma fi bronectin is important in 
tissue injury as it plays a key role in platelet function to mediate haemostasis, while 
cellular fi bronectin aids in the reconstitution of damaged tissues (von Au et al.  2013 ; 
Astrof and Hynes  2009 ). Different isotypes of cellular fi bronectin exists in human 
tissue due to the splicing of fi bronectin mRNA from a single gene to repeats of Type 
I, II and III (Aziz-Seible and Casey  2011 ).  
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19.2     Fibronectin in Normal Physiology 

 The multifunctional roles of fi bronectin in angiogenesis, cell adhesion, growth, 
migration, survival and differentiation have been well established (Astrof and Hynes 
 2009 ; Aziz-Seible and Casey  2011 ; von Au et al.  2013 ). While extensive studies 
have associated its fundamental role in biological processes in the body, its physi-
ological properties have been under researched. However, there is a growing body 
of evidence in the literature suggesting that fi bronectin may be involved in regulat-
ing cellular behaviour, particularly under pathological circumstances (To and 
Midwood  2011 ). In addition, the importance of fi bronectin has also been implicated 
in wound healing and the development of various carcinomas (Fernandez-Garcia 
et al.  2014 ; Schaffner et al.  2013 ). 

 Under normal physiological conditions, both cellular and plasma fi bronectin 
exists in balanced amounts (Aziz-Seible and Casey  2011 ). During the early process 
of tissue repair, circulating plasma fi bronectin in the blood migrate to the injury and 
aids in the formation of a fi brin clot (Shi and Sottile  2011 ). The process is mediated 
by a series of mechanisms that allow the incorporation of the fi bronectin into the 
fi brin matrix (Shi and Sottile  2011 ; Aziz-Seible and Casey  2011 ). The fi bronectin 
can non-covalently interact with the fi brin or can covalently bind to the fi brin by the 
activation of the blood coagulation cascade (Gui et al.  2006 ). Additionally, it can 
also be bound to the matrix on the platelet surface. These mechanisms stabilize the 
clot and enhance platelet adhesion and aggregation (Aziz-Seible and Casey  2011 ; 
Gui et al.  2006 ). 

 Cellular fi bronectin plays a key role in the late process of tissue repair as it is an 
important component in granulation tissue (Aziz-Seible and Casey  2011 ). Once the 
fi brin clot is formed, endothelial cells and fi broblasts that have migrated to the site 
of injury begin to deposit cellular fi bronectin into the area. A dense three- dimensional 
fi brillar network is formed around the fi broblasts and on the cell surface which is 
essential in maintaining the integrity and structure of the healing tissue. This struc-
tural network facilitates the regulation of both the extracellular matrix composition 
and the deposition of other important extracellular matrix molecules such as colla-
gen, fi brinogen, fi bulin and laminin (Aziz-Seible and Casey  2011 ; Rozario et al. 
 2009 ). Due to this three-dimensional structure; cellular adhesion (Friedland et al. 
 2009 ), proliferation, spreading (Gui et al.  2006 ), migration (Rozario et al.  2009 ), 
and apoptotic activity (Natal) are all enhanced. It has also been shown that the fi bro-
nectin matrix can inhibit growth factors in order to regulate cell signalling events 
(To and Midwood  2011 ).  

19 Fibronectin
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19.3     Fibronectin in Disease 

 Located at the carboxyl-terminal end of the fi bronectin molecule are Type III 
repeats, the major domain for the binding of heparin molecules in wound repair 
(Mitsi et al.  2006 ). Type I repeats are located near the site of the disulfi de bonds and 
is also the second major site for the binding of fi brin. The central region of the fi bro-
nectin molecule is made up of Type III homologous repeats that include the spliced 
EIIIA and EIIIB sequences. Increased levels of EIIIA and EIIIB have been found to 
be associated with disease and injury (Mitsi et al.  2006 ). 

 During injury or disease, there is an increased level of circulating and tissue cel-
lular fi bronectin in the body compared to plasma fi bronectin (Aziz-Seible and Casey 
 2011 ). However, this accumulation due to prolonged tissue damage may lead to 
further injury in certain conditions (Gui et al.  2006 ). When the levels of cellular 
fi bronectin remain elevated over time, fi bronectin-mediated cellular activity may 
become amplifi ed. Furthermore, the down-regulation of other signalling mecha-
nisms may eventually become activated. This causes a change in normal physiologi-
cal cellular activity, shifting it towards a more pathological process (Aziz-Seible 
and Casey  2011 ; Gui et al.  2006 ; To and Midwood  2011 ). 

 Elevated levels of cellular fi bronectin enhance the persistent production of extra-
cellular matrix (To and Midwood  2011 ). Due to the accumulation of scar tissue 
from a chronic injury or disease, a fi broproliferative response is initiated and even-
tually destroys the integrity of the tissue (To and Midwood  2011 ). Studies have 
found this fi broproliferative response to cause disease and affect particularly the 
pulmonary, renal and hepatic systems (Astrof and Hynes  2009 ; To and Midwood 
 2011 ). Although reversible, some studies have associated increased fi brotic activity 
to cause organ failures in various circumstances (To and Midwood  2011 ). 

 Under prolonged conditions of injury such as chronic liver disease, there is an 
increased level of cellular fi bronectin in plasma (Aziz-Seible and Casey  2011 ). 
Additionally, immunohistochemical and RT-PCR analyses demonstrated similar 
fi ndings as well as fi bronectin mRNA present in high amounts in diseased livers. 
These fi ndings confi rm that elevated levels of cellular fi bronectin are correlated with 
chronic injury and disease (Aziz-Seible and Casey  2011 ). Though it has been rec-
ommended to use levels of cellular fi bronectin as a biomarker for chronic liver dis-
ease (Aziz-Seible and Casey  2011 ), its lack of specifi city to differentially diagnose 
the condition limits it diagnostic ability. However, cellular fi bronectin should remain 
as a reliable indicator for chronic tissue damage. 

 It is important to note that different manifestations of increased cellular fi bronec-
tin exist in various diseases due to underlying factors associated with each individ-
ual disease. Certain parameters relating to the chronic injury or disease need to be 
taken into account in order to understand the role that cellular fi bronectin has on the 
diseases’ progression.  

19.3 Fibronectin in Disease
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19.4     Fibronectin in Malignancy 

 Isoforms of fi bronectin, particularly EIIIA and EIIIB have been shown to be found 
in high amounts in tumorigenesis (White et al.  2008 ). Morphological changes dis-
played in tumors have been associated with fi bronectin degradation and increased 
fi bronectin expression as well as the expression of fi bronectin receptor-binding inte-
grins such as α5β1 (To and Midwood  2011 ; White et al.  2008 ). Presence of fi bro-
nectin leads to the activation of α5β1 integrin (White et al.  2008 ). Overexpression 
of this integrin has been shown to be associated with cancer cell proliferation and 
poor patient survival rate. Furthermore, α5β1 integrin expression has also been cor-
related with lymph node metastases and provides a differential diagnosis between 
an adenocarcinoma and a squamous cell carcinoma. The signalling system between 
fi bronectin and α5β1 integrin has been shown to enhance the progression of lung 
cancer (Ritzenthaler et al.  2008 ). This is due to the PI3K/AKT/mTOR pathway, a 
specifi c mechanism that mediates the fi bronectin-integrin effects on proliferation. It 
is found that fi bronectin plays a role in protecting the apoptotic activity of lung 
cancer cells through the activation of β1 integrin (Ritzenthaler et al.  2008 ). 
Metastases in the lung have been correlated with plasma fi bronectin facilitating 
tumour cell invasion of the blood clot during healing (Ritzenthaler et al.  2008 ; To 
and Midwood  2011 ). Also, plasma fi bronectin has been reported to protect tumour 
cells from cytotoxic activity and have also been implicated in the stimulation of 
androgenic receptors which control the expression of cyclin D, an important com-
ponent in cell cycle control (To and Midwood  2011 ). 

 Recent fi ndings reported the relationship between extracellular matrix fi bronec-
tin and its role in the activation of focal adhesion kinases (FAK) (To and Midwood 
 2011 ). These are important proteins which determine cell adhesion and have been 
shown to be involved in cancer cells. It was shown that the inactivation of FAK 
caused a slower metastatic rate, while the activation was highly dependent on fi bro-
nectin expression (Ritzenthaler et al.  2008 ; To and Midwood  2011 ). Similarly in 
studies investigating breast cancer, authors have concluded metastatic activity from 
breast carcinomas showed fi bronectin expression in tumour cells (Fernandez-Garcia 
et al.  2014 ). 

 Collectively, the data showed there to be an increase in tumour progression par-
ticularly associated with fi bronectin and its binding receptor α5β1 integrin. Future 
studies should investigate the potential role of fi bronectin in diagnostic measures 
and early intervention of disease. Furthermore, it is important to study if fi bronectin 
may prevent the spread of malignant cells by blocking angiogenesis into the pri-
mary tumour.     
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    Chapter 20   
 Granulocyte-Macrophage and Granulocyte 
Colony Stimulating Factor (GM-CSF 
and G-CSF)                     

    Abstract     There are numerous genes that contribute to the control and regulation of 
angiogenesis. Colony stimulating factors (CSF) are stimulative cytokine, and 
Granulocyte–macrophage CSF (GM-CSF) specifi cally involved in both physiologi-
cal and pathological circumstances of angiogenesis. GM-CSF is present in most 
tissues and is associated with the extracellular matrix, the serum and as an integral 
membrane protein. Granulocyte-colony stimulating factor (G-CSF) is a granulocyte 
and stem cell stimulant, which mainly triggers the bone marrow to produce and 
release them into the vascular circulation. G-CSF has also been shown to stimulate 
tumour growth and angiogenesis in certain scenarios. GM-CSF is more known for 
its immune interactions, however it has demonstrated signifi cant involvement in 
angiogenesis. GM-CSF can be benefi cial for the host by means of assisting vessels 
for wound healing however, further study should be undertaken about the suppres-
sion of CSF factors when the formation of new blood vessels is considered unfa-
vourable in situations such as aiding tumour growths.  

  Keywords     Granulocyte-macrophage colony stimulating factor   •   Granulocyte col-
ony stimulating factor   •   GM-CSF   •   G-CSF   •   Angiogenesis   •   Normal physiology   • 
  Disease   •   Malignancy  

20.1             Granulocyte-Macrophage and Granulocyte Colony 
Stimulating Factor (GM-CSF and G-CSF) 

 Granulocyte–macrophage colony stimulating factor (GM-CSF) is a stimulative 
cytokine. GM-CSF is signifi cantly involved in both physiological and pathological 
circumstances of angiogenesis. GM-CSF is present in most tissues and is also asso-
ciated with the extracellular matrix, the serum and as an integral membrane protein. 
GM-CSF is secreted in response to immune activation as well as in response to 
cytokines that mediate infl ammation (Shi et al.  2006 ). Endothelial cells, T cells, 
mast cells, macrophages and fi broblasts all produce granulocyte-macrophage 
colony- stimulating factor (Kimura et al.  2006 ). GM-CSF was initially discovered 
within a rodent lung tissue conditioned medium after an injection of lipopolysac-
charide. GM-CSF has the ability to stimulate proliferation of rodent bone marrow 
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cells whilst in vitro and also generate colonies of macrophages and granulocytes 
(Burgess et al.  1977 ). Granulocyte colony stimulating factor (G-CSF) is manufac-
tured by several tissues and cells, which includes various immune cells, endothe-
lium and macrophages (Xu et al.  2000 ). G-CSF naturally occurs in two forms, 174 
and 177 amino acid long proteins with an approximate molecular weight of 19,600 g 
per mole. 174-chain occurs more frequently, and is commonly used in biotechnol-
ogy for drug development (Thomas et al.  2002 ).  

20.2     GM-CSF and G-CSF in Normal Physiology 

 GM-CSF has two main functions. As an immune modulator, GM-CSF infl uences 
macrophage activity and the activity and maturation of dendritic immune cells. The 
other function of GM-CSF includes being an indirect promoter of the formation of 
new branching blood vessels in angiogenesis (Zhao et al.  2014 ). GM-CSF can infl u-
ence angiogenesis in situations from normal physiology including controlling the 
levels of hematopoietic cells in the blood, spleen and bone marrow, to accelerating 
wound healing, or even aiding some tumour types in fi nding oxygen and nutrient 
supply (Zhao et al.  2014 ). 

 GM-CSF targets a large range of cells that are used by the body for wound heal-
ing. These involve dendritic cells, fi broblasts, endothelial cells and macrophages. 
These particular types of cells can also synthesis GM-CSF (Zhao et al.  2014 ). 
Granulocyte-macrophage colony stimulating factor can promote dendritic cell dif-
ferentiation and maturation, increase major histocompatibility complex molecules, 
co-stimulate molecule expression and enhance the capacity of tumour antigen deliv-
ery via dendritic cells (He et al.  2011 ). It is suggested that in early research GM-CSF 
can increase vascular injury wounds, by boosting the formation of granular tissue 
(Zhao et al.  2014 ). Granulocyte-macrophage colony-stimulating factor accelerates 
wound healing due to its immune and granulation properties but it also assists the 
generation of new blood vessels to the previously damaged tissue (Aller et al.  2010 ). 
GM-CSF was also shown to mature the newly formed microvessels and decrease 
their permeability. Speed and quality of wound healing was improved by the treat-
ment of Granulocyte-macrophage colony-stimulating factor (Zhao et al.  2014 ). 

 Granulocyte-colony stimulating factor (G-CSF) also known as colony- 
stimulating factor 3 (CSF 3), is a granulocyte and stem cell stimulant, which trig-
gers the bone marrow to produce and release them into the vascular circulation 
(Bendall and Bradstock  2014 ). It is essentially a cytokine and undertakes the role of 
a hormone. G-CSF is being produced by several tissues, and acts as a type of colony 
stimulating factor (Xu et al.  2000 ). G-CSF activates the continuity, propagation, 
differentiation and function of the precursors and matured neutrophils (Dong and 
Larner  2000 ; Xu et al.  2000 ).  

20 Granulocyte-Macrophage and Granulocyte Colony Stimulating Factor…
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20.3     GM-CSF and G-CSF in Disease and Malignancy 

 Wound healing is a benefi cial affect of the expression of GM-CSF in regards to 
angiogenesis. On the other hand, a detrimental affect is GM-CSFs’ ability to 
increase angiogenesis in regards to providing oxygen and nutrients for a tumour. 
Through its’ stimulatory properties to generate the expression of vascular endothe-
lial growth factor (VEGF), furthermore leads to the promotion of angiogenesis. 
Tumour growth and size is restricted by its’ ability to obtain nutrient and oxygen 
supply. GM-CSF stimulates the expression of VEGF, which is a major player in 
angiogenesis (Horiuchi and Weller  1997 ; Eubank et al.  2004 ). Any contribution to 
the stimulation of angiogenesis will promote oxygen and nutrient delivery to a 
tumour and therefore support its’ growth and increase its’ levels of malignancy. As 
further contribution to tumour growth, GM-CSF, when expressed by tumour cells, 
increases proliferation and migration of the potentially malignant cells (Wang et al. 
 2014 ). Studies both in vivo and in vitro have shown that GM-CSF expression in 
endothelial cells, tumour cells and keratinocytes increases migration and prolifera-
tion both of which contribute to the size and growth of tumours (Gutschalk et al. 
 2013 ). 

 VEGF is not the only other factor on which GM-CSF shows infl uence. GM-CSF 
also demonstrates a relationship with endothelial progenitor cells (EPC) (Du et al. 
 2012 ). Endothelial progenitor cells are undifferentiated cells that originate from 
within the bone marrow. Once mobilised, they migrate into the circulatory system 
and signifi cantly contribute to post natal vessel formation (Du et al.  2012 ). GM-CSF 
is responsible for the mobilisation of endothelial progenitor cells into the peripheral 
circulation, which then promotes angiogenesis in the ischemic tissues (Peplow 
 2014 ). This infl uence that GM-CSF has upon endothelial progenitor cells further-
more indirectly makes a connection to the promotion of angiogenesis through the 
formation of postnatal blood vessels (Du et al.  2012 ; Peplow  2014 ; Zhao et al. 
 2014 ). 

 Another effect of GM-CSF that appears to be unfavourable to the host in regards 
to illness and disease is its’ involvement in Rheumatoid arthritis (Bendtzen et al. 
 2003 ; Shi et al.  2006 ). Research conducted by Cook et al. indicated that when 
GM-CSF was neutralised and unstimulated in controlled rodents, the destruction of 
cartilage tissue within the joints by infl ammatory means was reduced. As a whole, 
after Anti-GM-CSF treatment, both the severity and number of affected limbs of 
arthritis affected mice where reduced (Cook et al.  2012 ). 

 GM-CSF has been implemented in numerous clinical circumstances and 
Investigations. Science and application has focused aspects of applying the use of 
GM-CSF for an immune adjuvant due to its ability to enhance dendritic cell func-
tion, maturation and macrophage activity. GM-CSF has been used to treat neutrope-
nia in patients with cancer whom are undergoing chemotherapy and also in for 
patients who fi t the criteria after having bone marrow transplants. GM-CSF has also 
been used therapeutically as a contribution to the management of AIDS (Kimura 
et al.  2006 ). In a further clinical scenario, A study combining GM-CSF and a DNA 

20.3 GM-CSF and G-CSF in Disease and Malignancy
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vaccine elicited protection against herpes simplex virus infection in the presence of 
both Th1 and Th2 components (Burgess et al.  1977 ). During an experiment by He 
et al. ( 2011 ) it was discovered that, to effi ciently and specifi cally lyse tumour cells, 
GM-CSF was to be primed onto T-cells then modifi ed dendritic cells were to be 
added to the tumour cells environment. A recent discovery by Daud et al. ( 2008 ) 
found that dendritic cell differentiation, stimulated by GM-CSF, may result in ben-
efi ts in patients with high- risk melanoma. Many studies discuss that GM-CSF is a 
regulatory function on mature myeloid cells, in addition to the long known survival- 
promoting activity that allows it to directly induce differentiation on dendritic cells 
with distinct functional and phenotypic traits (Conti and Gessani  2008 ). 

 GM-CSF is more known for its immune interactions, however it has demon-
strated signifi cant involvement in angiogenesis. 

 G-CSF has been shown to stimulate tumour growth and angiogenesis in certain 
scenarios (Voloshin et al.  2011 ). G-CSF might offer some resistance to anti-VEGF 
treatment. Experiments were done on this facet: clinical mice with B16F1 tumours 
received recombinant G-CSF, and were then administered control or anti-VEGF 
antibodies. G-CSF treatment was related to decreased response to anti-VEGF, as 
tumour mass in G-CSF drugged mice was a lot greater than those in PBS treated 
ones (Voloshin et al.  2011 ). Concentrations of G-CSF in tumours is measured, and 
since it is implicated in differentiation of hematopoietic progenitors and in angio-
genesis (as aforementioned), it is ample in tumour-associated fi broblasts. It also 
recruits CXCR4+ cells to the tumours resulting in increased tumour angiogenesis 
(Voloshin et al.  2011 ). G-CSF is also abundant in plasma and tumours in patients 
with refractory tumours, whilst other cytokines are not detectable or in very low 
concentrations. Levels of G-CSF in different tumour vary, e.g. greater in LLC 
tumours than EL4 tumours (Shojaei et al.  2009 ). Because of this, it can be induced 
that tumour stroma is a source of G-CSF in EL4 cells. G-CSF is also used for acti-
vating granulopoiesis in patients with granulocytopenia (Gora-Tybor et al.  1996 ). 
G-CSF was given to patients with acute myeloblastic leukaemia, and this refl ected 
little adverse effects (Motoji et al.  1991 ). However, since there are still patients with 
the same condition who respond to G-CSF administration, its usage must cautious. 
G-CSF has helped patients with acute myeloblastic leukaemia to achieve hemato-
poietic recovery (Motoji et al.  1991 ). 

 Colony stimulating factors and more specifi cally GM-CSF can be benefi cial for 
the host by means of assisting vessels for wound healing however, further study 
should be undertaken about the suppression of these factors when the formation of 
new blood vessels is considered unfavourable in situations such as aiding tumour 
growths. Tumour size and metastasis is dependant of oxygen and nutrient supply 
and also the connection to the circulatory system via vessels. Down regulation of 
GM-CSF in circumstances including tumour growth may well be potentially suc-
cessful aim in the treatment of some cancers.     
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    Chapter 21   
 GAX and HOXA5                     

    Abstract     GAX is a homeobox gene, also known as MEOX-2, which inhibits 
angiogenesis in vascular endothelial cells (EC). The GAX gene is originally derived 
from embryonic mesoderm and muscle precursors, however, its expression in adults 
is mostly restricted to the cardiovascular system and kidneys. Increased knowledge 
of the mechanism of the GAX gene in angiogenesis through recent studies has been 
a contributing factor to uncovering the enigma of Alzheimer’s disease and discover-
ing treatment options for Human Hepatocellular Carcinoma. HOXA5 is another 
gene where through gaining suffi cient knowledge on its function in angiogenesis, 
may be manipulated for therapeutic treatment options in lung disease, coronary 
heart disease and breast cancer. The physiology of the HOXA5 have been found to 
reiterate that of GAX. HOXA5 is a contributing factor in human lung development 
it may also play specifi c roles in vasculogenesis and angiogenesis of the developing 
organs. HOXA5 also plays a signifi cant role in the formation of tumours and vascu-
lar integrity. Understanding the mechanisms of these genes in angiogenesis is cru-
cial as angiogenesis is a signifi cant physiological process inherently linked with the 
progression of human conditions.  

  Keywords     GAX and HOXA5   •   Angiogenesis   •   Normal physiology   •   Disease   • 
  Malignancy  

21.1             GAX 

 GAX is a homeobox gene, also known as MEOX-2, which inhibits angiogenesis in 
vascular endothelial cells (EC). Vascular endothelial cells are cells that are essential 
for the proper functioning of angiogenesis (Chen and Gorski  2008 ). In a healthy 
individual, there is a balance of proangiogenic and antiangiogenic factors estab-
lished by various cells in order to maintain homeostasis of blood vessels (Nishida 
et al.  2006 ). This precise balance is a key determinant of whether or not the vascular 
endothelial cells will respond in a proangiogenic manner to a variety of physiologic 
signals. Under specifi c circumstances such as menstrual cycles, wound repair, 
embryogenesis and organogenesis, Proangiogenic factors and vascular endothelial 
growth factors (VEGF) bind to cell surface receptors. This ultimately leads to the 
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attachment of transcription factors, stimulating genes whose regulation is crucial 
for the proangiogenic phenotype (Hillen and Griffi oen  2007 ). 

21.1.1     GAX in Normal Physiology 

 The GAX gene is originally derived from embryonic mesoderm and muscle precur-
sors, however, its expression in adults is mostly restricted to the cardiovascular 
system and kidneys. Studies have shown that within the vascular smooth muscle 
cells, GAX expression is down-regulated by mitogen (proangiogenic or pro- 
infl ammatory) factors and up-regulated by growth-arrested signals (Patel et al. 
 2005 ). 

 GAX exhibits two main mechanisms in vascular endothelial cells. First, GAX 
inhibits the proliferation of ECs, whereby this mechanism is carried out by the up- 
regulation of a cyclin-dependent kinase inhibitor, p21 or CDK-interacting protein 1 
(p21WAF1/CIP1) (Chen et al.  2007 ). This is achieved through binding to the pro-
moter and the enhancer of p21WAF1/CIP1. In mitosis, GAX expression arrests the 
G 1  cell cycle and stops the movement of vascular smooth muscle cells (Charron 
et al.  2006 ). GAX expression has been proven to inhibit proliferative stenosis of the 
arterial lumen proceeding injury (Ferguson and Patterson  2003 ). The second GAX 
mechanism is where GAX expression down-regulates a number of nuclear factors 
such as κB (NF-κB), while inhibiting the angiogenic infl uence of NF-κB and their 
action of activation in vascular cells (Chen et al.  2010 ). Such mechanisms of GAX 
reiterate the signifi cance of GAX as an angiogenic phenotype inhibitor (Chen et al. 
 2007 ;  2010 ). 

 The angiogenic phenotype has been revealed to be potentially regulated by a 
class of short, single stranded noncoding micro RNAs (miRNAs). Here, they inhibit 
protein expressions in many human diseases including cancer, cardiovascular dis-
ease, psoriasis and neurodegenerative disorders (Dong et al.  2013 ). It is theorised 
that some microRNAs take part in modulating angiogenesis (Wang and Olson 
 2009 ). For example, miR-221 inhibits the proliferation and migration of the vascu-
lar endothelial cell, while miR-130a plays an important role in regulating GAX and 
HOXA5. The angiogenic phenotype is stimulated through the down-regulation of 
both homeobox genes miR-221 and miR-130a (Chen and Gorski  2008 ; Chen et al. 
 2010 ). 

 MicroRNA (miR-130a) is a proangiogenic phenotype regulator, thus embodying 
the ability to regulate GAX activity in vascular endothelial cells (Chen and Gorski 
 2008 ). Two miR-130a targeting sites were discovered on the 280-base pair frag-
ments from the  GAX  3′-untranslated region (3′-UTR), where these targeting sites 
are essential in the quick down-regulation of GAX expression in the presence of 
proangiogenic factors. This same 280-base pair sequence forces miR-130a expres-
sion whilst simultaneously blocking GAX expression (Chen and Gorski  2008 ). 
However, miR-130a functions in a reciprocal conduct in the vascular endothelial 
cells: it is up-regulated by mitogens and proangiogenic factors. In addition, 
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 miR- 130a also seems to down-regulate other homeobox genes, including HOXA5, 
to keep ECs in the resting, quiescent state (Chen and Gorski  2008 ).  

21.1.2     GAX in Disease 

 Current research has shown a potential to utilise GAX gene as a target for therapeu-
tic methods to treat Alzheimer’s disease, a leading causation of dementia in the 
middle or old aged population (Wu et al.  2005 ). Alzheimer’s patients present symp-
toms such as confusion, mood swings, language diffi culties, short-term memory 
loss, and compromised sustainability of a range of neurovascular functions (Wu 
et al.  2005 ). 

 As a neurodegenerative disorder, the cause and progression of the disease is 
poorly understood, thus the currently available treatments are only capable of 
supressing some of the symptoms. However, by saying that, studies have proven 
that Alzheimer’s disease is characterised by insuffi cient angiogenesis. Data reveals 
that GAX, present in the human brain endothelial cells (BECs) in Alzheimer’s, has 
relatively low gene expression of vascular restriction, therefore mediating atypical 
angiogenesis. GAX also triggers the AFX-1-dependent pro-apoptotic pathway 
while simultaneously restraining the expression of the LRP clearance receptor for 
Aβ at blood brain barrier (BBB) (Deane and Zlokovic  2007 ). This close linkage of 
GAX and Alzheimer’s disease paves a pathway for future treatments of Alzheimer’s 
disease. With the knowledge currently held, it is believed that by promoting angio-
genesis and vascular remodelling through restoring GAX expression, AFX- 
mediated apoptosis will be terminated. In vitro, partial deletion of the GAX gene 
was performed on mice. As a result, the mice experienced apoptosis, vessel malfor-
mation and regression due to their compromised pro-angiogenic ability. This ulti-
mately led to brain capillary density and CBF reduction. Another pathological 
phenotype is found in the blood brain barrier, where there is very minimal clearance 
capability due to the drop of LRP levels, resulting in the accumulation of Aβ. Both 
of these phenomenon are commonly present in patients with Alzheimer’s disease 
(Wu et al.  2005 ; Deane and Zlokovic  2007 ). 

 With the current available knowledge and technology we are not able to cure the 
disease. However, we believed that with progressing research and clinical studies, 
the use of GAX may be anticipated as therapeutic target to stop or reverse the prog-
ress of Alzheimer’s disease.  

21.1.3     GAX in Malignancy 

 GAX expression has been hypothesised to be up-regulated by miR-221, where this 
is achieved by acting on multiple ZEB2 binding sites, and mediating the down- 
regulation of GAX (Chen et al.  2010 ). Laboratory studies have also shown that by 
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down-regulating ZEB2, GAX becomes up-regulated. From this observation, it can 
be concluded that ZEB2 acts as a direct molecular target for miR-221 in the anti- 
angiogenic therapy of cancer and other pathophysiology driven by excessive angio-
genesis (Chen et al.  2010 ). 

 GAX has a postulated role in regulating vascular endothelium cells during angio-
genesis. There is also a great potential for GAX to be the molecular target in future 
antiangiogenic cancer therapy. However, it is practically very diffi cult to target 
GAX therapeutically due to the fact that it is antiangiogenic and is also a transcrip-
tion factor. Nevertheless, recent studies have shown a new possibility to target fac-
tors that down-regulate GAX, such as ZEB2 and microRNA-221 (Chen et al.  2010 ). 

 As evident in the research regarding GAX in normal physiology, microRNAs 
harness a close relationship with the development of cancers. One example is the 
close relationship between tumourigenesis in hepatocellular carcinoma (HCC) and 
the overexpression of microRNA-301a (miR-301a). miRNAs are non-coding RNA 
with a small number of nucleotides that control gene expression at the post- 
transcriptional level (Zhou et al.  2012 ). 

 Hepatocellular carcinoma, also known as malignant hematoma, has a third- 
highest cancer-related death rate globally (Buendia and Neuveut  2015 ). Patients 
with HCC may present with symptoms as small as abdominal pain, loss of appetite, 
yellow-coloured skin and blood clotting abnormalities. Current treatments depend 
on the size and staging of the tumour, hence surgery may be performed if the tumour 
shows no evidence of metastasis. In addition, prior to the surgery, chemotherapy is 
prescribed to reduce the size of the tumour. Radiation therapy may also be useful, 
however, there is no effective agent for therapeutic treatment for HCC (Buendia and 
Neuveut  2015 ). 

 Studies have revealed that high expression levels of miRNA-301 have been 
detected in patients with HCC (Zhou et al.  2012 ). Even though there is very mini-
mal knowledge on the biological behaviour and mechanisms of miR301a, we know 
that GAX is negatively regulated by miR-201a, and is believed to take part in the 
complex NF-kB signalling pathway through its expression. This makes microRNA 
a potential diagnostic marker, which can be used in prospective therapeutic method 
for HCC. Also, GAX expression can be used clinically to manipulate miRNA-301 
behaviours and to elevate NF-kB activity (Zhou et al.  2012 ).   

21.2     HOXA5 

21.2.1     HOXA5 in Normal Physiology 

 Exploring HOXA5, the physiology have been found to reiterate that of GAX. The 
stimulation or inhibition of angiogenesis is regulated and controlled by specifi c 
microRNAs (miRNAs). In angiogenesis, there are two groups of miRNA: those that 
promote angiogenesis and those that suppress it, hence referred to as pro-angiogenic 
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and anti-angiogenic, respectively. miR-221 is a highly expressed anti-angiogenic 
miRNA found in endothelial cells, known to decrease endothelial cell proliferation, 
migration and wound healing. On the other hand, pro-angiogenic miRNAs exhibits 
the opposite effect as evident in the mechanisms of miR-130a (Mujahid et al.  2013 ). 
It has been shown that miR-130a inhibits the homeobox proteins GAX and HOXA5 
whilst simultaneously promotes endothelial cell proliferation and migration. Forced 
expression of miR-130a thus inhibits HOXA5 expression, and it is triggered when 
there is a need for angiogenesis to occur (Mujahid et al.  2013 ).  

21.2.2     HOXA5 in Disease 

 HOXA5 is a contributing factor in human lung development and disease, where 
studies of various organs reveal that HOXA5 may play specifi c roles in vasculogen-
esis and angiogenesis of the developing lung (Kachgal et al.  2012 ; Silfa-Mazara 
et al.  2014 ). In the study conducted by Sana Mujahid on the regulation of lung 
development by miRNAs and HOX genes, it has been found that reduced airway 
branching was related to a disorganized vascular network due to either increased 
miR-221 or decreased miR-130a levels. Here, HOXA5 displayed angiostatic or 
anti-angiogenic effects. Any minor changes in the cellular expression of HOXA5 
can lead to signifi cant downstream changes in gene regulation and ultimately leads 
to angiogenesis (Mujahid et al.  2013 ). HOXA5 prevents several pro-angiogenic 
substance expression through inhibiting vessel branching. Thus, modifi ed HOXA5 
cellular distribution alters the hierarchy of HOX regulation in lung mesenchyme 
and results in the arrest of microvascular and airway branch development of lungs 
(Mujahid et al.  2013 ). 

 The inhibition of HOXA5 expression is advantageous and a key factor which 
infl uences coronary heart disease once it is rapidly initiated in response to hypoxic 
or ischemic conditions (Gaur et al.  1995 ). Coronary heart disease is a condition 
where the coronary arteries are constricted due to fatty deposits, resulting in 
decreased blood fl ow reaching the myocardium. Cases have been observed where 
new blood vessels have been formed naturally through the inhibition of HOXA5 
and selectively triggering other angiogenic cytokines, producing collateral circula-
tion and a fl ow of supplements through the occluded artery (Gaur et al.  1995 ,  2001 ; 
Jakob et al.  2012 ). This spontaneous process is being studied in order to apply stim-
ulated angiogenesis to treat blocked vessels (Jakob et al.  2012 ).  

21.2.3     HOXA5 in Malignancy 

 Angiogenesis is critical for the growth, invasion, and metastasis of human tumours. 
Studies reveal that HOXA5 play a signifi cant role in the formation of tumours in the 
human breast (Mielnicki et al.  2001 ; Boucherat et al.  2009 ). HOXA5 is absent in the 
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microvessels of invasive ductal breast carcinomas. According to studies performed 
by Zhu on HOXA5 expression and inhibition of the growth of experimental heman-
giomas in the brain, the loss of HOXA5 may lead to vascular instability (Zhu et al. 
 2009 ). Quiescent vessels maintain normal HOXA5 levels but activated tumour ves-
sels and proliferating infantile hemangiomas lack the transcription factor (Zhu et al. 
 2009 ). Hemangiomas are benign tumours of the vascular endothelium linked with 
increased activities of angiogenic factors. A disruption in the balance between pro-
angiogenic and anti-angiogenic miRNAs may contribute to haemangioma forma-
tion. In the same study by Zhu, the growth of cutaneous hemangiomas was blocked 
by the re-expression of HOXA5 in haemangioma-derived endothelial cells. 
Permeability of endothelial cells was reduced and adherence to junctions were also 
stabilized. The study concluded that HOXA5 plays central role in coordinating a 
stable vascular phenotype (Zhu et al.  2009 ). 

 Currently, studies are being undertaken to investigate the role of miR-130a and 
thus HOXA5 in the regulation of branching morphogenesis, and how they may 
contribute in the development of many other organs through mediating vascular 
changes. miR-130a may represent a promising target for anti-angiogenic target of 
cancer (Chen and Gorski  2008 ). The therapeutic expression of HOXA5 is being 
further researched to inhibit cancer through genetic engineering. HOX gene prod-
ucts are highly conserved DNA-binding transcription factors that are capable of 
both activating and repressing gene expression (Volpe et al.  2008 ). Subtle changes 
in HOX cellular expression patterns lead to dramatic tissue development or abnor-
malities. Studies are being performed in order to discover the mechanism by which 
HOX genes alter the vasculature and also the effects of oxygen on miRNA levels, 
hence on the levels of HOX genes (Volpe et al.  2008 ). 

 Thus, through the observation of these genes, conclusive evidence can be gath-
ered to advocate the potential of manipulating these genes in the therapeutic indus-
try to either stimulate or inhibit angiogenesis, in our favour, to discover treatment 
options for various cancers and diseases. Understanding the mechanisms of these 
genes in angiogenesis is crucial as angiogenesis is a signifi cant physiological pro-
cess inherently linked with the progression of human conditions.      
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    Chapter 22   
 Heparanase                     

    Abstract     Heparanase is multifunctional endoglycosidase expressed by platelets, 
leukocytes and capillary endothelium. Heparanase degrades Heparan Sulfate, one 
of the proteoglycan constituents of extracellular matrix (ECM). Little is known 
about physiological function of heparanase, however, heparanase expression or 
activity was found for hair growth, tissue regeneration, wound healing, embryonic 
and placenta development. Heparanase plays critical roll in many diseases to bring 
about abnormal function in physiological condition such as infl ammation, kidney 
disease and thrombosis. Recently heparanase was found a critical role player in the 
pathophysiology of type I diabetes. Heparanase in malignancy is well characterized 
for its role in angiogenesis, metastasis and tumour growth. Heparanase degrades HS 
and subendothelial basement membrane facilitating endothelial cell invasion into 
ECM facilitating invasion and metastasis. By cleaving HS proteoglycan, by-product 
such as VEGF, bFGF from ECM and basement membrane is released. This induces 
new blood vessels to form, enhance tumour growth and metastasis.  

  Keywords     Heparanase   •   Angiogenesis   •   Normal physiology   •   Disease   •   Malignancy  

22.1             Heparanase 

 Heparanase is multifunctional endoglycosidase expressed by platelets, leukocytes 
and capillary endothelium that degrade Heparan Sulfate (HS), which is complex 
saccharide that is one of the proteoglycan constituents of extracellular matrix 
(ECM), and also found on cell surface (Nasser  2008 ; Ginath et al.  2014 ). Little is 
known about physiological function of heparanase that is yet to be investigated, 
however, heparanase expression or activity was found for HS turn over, hair growth, 
tissue regeneration, wound healing, embryonic development and human placenta 
(Malgouries et al.  2008 ; Chan et al.  2009 ; Fux et al.  2009 ; Coulson-Thomas et al. 
 2014 ; Ginath et al.  2014 ).  
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22.2     Heparanase in Normal Physiology 

 Animal study shown that heparanase expression increased in anagen hair follicles, 
moreover accelerated with overexpression of Heparanase and decreased in catagen 
follicles (Malgouries et al.  2008 ; Coulson-Thomas et al.  2014 ). Heparanase is also 
expressed in skin and the wound granulation tissue, result in keratinocyte migration 
and wound closure observed in vitro. Moreover, topical application of heparanase 
accelerated wound healing (Zcharia et al.  2005 ).  

22.3     Heparanase in Disease 

 Heparanase itself does not cause any diseases, however, it plays critical roll in many 
diseases to bring about abnormal function in physiological condition such as infl am-
mation, kidney disease, type I diabetes and thrombosis (van den Hoven et al.  2007 ; 
Fux et al.  2009 ; Favaro et al.  2010 ). 

 Remodeling of HS by heparanase may affect in different aspect of infl ammation 
since HS controls infl ammatory responses with multiple roles including sequester 
chemo/cytokines in ECM or activation of innate immune system by interaction with 
toll-like receptors (Fux et al.  2009 ; Goldberg et al.  2013 ). Anti-infl ammatory 
responses were demonstrated with heparanase inhibiting substances such as heparin 
(Goldberg et al.  2013 ). In acute infl ammatory response, neutrophils play important 
effector roles. The heparanase on neutrophils were reported as degradation of endo-
thelial glycocalyx in sepsis-associated lung injury (Fux et al.  2009 ). In both animal 
and human studies, consistent with HS in glycocalyx structure facilitate neutrophil 
adhesion molecules (Goldberg et al.  2013 ). Also, heparanase knockout mice and 
mice treated with inhibitor demonstrated endothelial hyperpermeability with facili-
tation of neutrophil recruitment. On the other hand, transgenic mice that overex-
press heparanase demonstrated reduction in neutrophil recruitment and neutrophil 
adhesion molecule on endothelial surface (Goldberg et al.  2013 ). 

 If the acute infl ammation not resolved, infi ltration of the neutrophil changes to 
macrophages, dominant player in chronic infl ammation. Activated macrophage 
induces heparanase expression with tumour necrotic factor alpha dependent mecha-
nism and increases post-translational modifi cation of cathepsin L (Goldberg et al. 
 2013 ). Cathepsin L is protease that is found in lysosome that activates heparanase. 

 Heparanase serves role in glomerular diseases, its expression is associated in loss 
of HS in basement membrane of glomerulus. Transgenic mice with overexpressing 
heparanase developed proteinuria, which suggest that HS on basement membrane 
have role of charge-selecting permeability in such way that reduced interaction of 
HS and the basement membrane or release the fragment from the HS or intracellular 
signaling through binding to glomeruli (van den Hoven et al.  2007 ). 

 Heparanase also plays in thrombosis after vascular injury followed by stent treat-
ment. The anticoagulant property of the HS is from interaction between HS and 
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Antithrombin-3 (AT-3), inhibit cascade of thrombin and factor Xa. This mechanism 
is analogue to mechanism of heparin. However, overexpression of heparanase in 
simple endothelial injury does not increase risk of thrombosis but in stent-induced 
fl ow disturbance (Baker et al.  2012 ). 

 Recent study have identifi ed new roles in type I diabetes, HS in the basement 
membrane of islets in pancreas acts as barrier to leukocyte invasion, also increased 
in expression in HS in the islet of Langham in beta cell producing insulin is critical 
for cell survival, thus provide protecting the cells in pancreas from the reactive oxy-
gen species (ROS) damage (Parish et al.  2001 ). Moreover, heparanase induces self 
reactive T cell and other infl ammatory cells to degrade intracellular HS, which 
make beta cell prone to damage from ROS and lead to cell death. In animal study in 
mice, the incidence of the induced type I diabetes signifi cantly reduced after admin-
istering heparanase inhibitor, PI-88, which preserves HS in beta cell and reduced 
infl ammation in pancreas (Parish et al.  2001 ; Nasser  2008 ).  

22.4     Heparanase in Malignancy 

 Although only little is known about physiology in normal cell, pathophysiology of 
heparanase in angiogenesis, metastasis and tumour growth is well known. 
Heparanase degrades HS and subendothelial basement membrane facilitating endo-
thelial cell invasion into ECM facilitating invasion and metastasis (Vlodavsky et al. 
 1999 ; Vlodavsky et al.  2002 ). Metastatic potential correlates the expression of hepa-
ranase (Parish et al.  2013 ). In severe metastatic cancer, heparanase could be detected 
in urine. Heparanase potentially can cross glomeruli basement membrane and 
degrade HS in the kidney and destroying the function of selective permeability 
(Vlodavsky et al.  2002 ; van den Hoven et al.  2007 ). It also produces indirect angio-
genic effects by cleaving HS and release growth factors as by-product such as 
VEGF, bFGF from ECM and basement membrane (Vlodavsky et al.  2002 ). 
Immunohistological stain found that increased expression of the heparanase in 
proximal area of tumour in colon, pancreas and breast carcinoma (Vlodavsky et al. 
 1999 ). This induces new blood vessels to form, enhance tumour growth and metas-
tasis (Vlodavsky et al.  1999 ,  2002 ). 

 Extracellular heparanase can also interact with cellular receptor which lead to 
pro-angiogenic effects by upregulating VEGF, HGF and stimulating Akt, P13K and 
p38 MAP kinase signaling pathway result in endothelial cell migration (Parish et al. 
 2013 ). In result, at certain stage of angiogenesis would be heparanase dependent 
therefore, this can be targeted for anti-cancer drug. 

 Direct role of the Heparanase in the metastatic tumour is through providing con-
version of non-metastatic T-cell (non heparanase activity) into metastatic behaviour 
(Express heparanase activity) (Vlodavsky et al.  2002 ). In animal studies, mortality 
of the mice was increased after injecting heparanase overexpressing cell subcutane-
ously compared to inoculation of lymphoma (Vlodavsky et al.  2002 ). Moreover, 
survival year after operation was inversely correlated to lower in survived years in 
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heparanase-positive malignancy compared to higher in survived years in heparanase- 
negative malignancy (Vlodavsky et al.  2002 ). 

 Angiogenesis is the process of generating new capillary blood vessels from pre- 
existing vessels. Heparanase cleaves HS which is complex saccharide proteoglycan 
constituents of extracellular matrix. By cleaving HS proteoglycan, by-product such 
as VEGF, bFGF from ECM and basement membrane is released. This induces new 
blood vessels to form, enhance tumour growth and metastasis. Also, extracellular 
heparanase can also interact with cellular receptor which lead to pro-angiogenic 
effects by upregulating VEGF, HGF. Moreover, cleaving HS in ECM provides 
space for new blood vessel to form.     
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    Chapter 23   
 Hepatocyte Growth Factor                     

    Abstract     Hepatocyte Growth Factor (HGF) is a gene primarily involved in the 
regulation of cell growth, motility and morphogenesis. Specifi cally, this growth fac-
tor acts upon cells of both epithelial and endothelial origin, in addition to haemopoi-
etic stem cells. Typically, its function is achieved through a mechanism in which 
HGF binds to its corresponding membrane receptor, c-Met or MET, thus triggering 
the activation of Tyrosine Kinase signalling cascade. This cascade is collectively 
known as the process of “invasive growth” and gives rise to a sequence of biological 
responses essential to carry out its function. These responses facilitate cell growth 
and proliferation, which are essential for embryonic development and wound heal-
ing. In addition; the stimulatory effects of HGF on the processes of mitogenesis, cell 
motility and matrix invasion provide the cytokine with an imperative role in angio-
genesis. HGF exerts a marked effect in cell growth, motility and morphogenesis. It 
demonstrates regulation of angiogenesis through the stimulation of mitogenesis, 
cell motility and matrix invasion. The presence of angiogenesis in tumour forma-
tion, growth and metastasis provide malignant tissue with suffi cient nutrient supply 
to maintain its function.  

  Keywords     Hepatocyte growth factor   •   HGF   •   Angiogenesis   •   Normal physiology   • 
  Disease   •   Malignancy  

23.1             Hepatocyte Growth Factor 

 Hepatocyte Growth Factor (HGF) is a gene primarily involved in the regulation of 
cell growth, motility and morphogenesis (Blumenschein et al.  2012 ). Specifi cally, 
this growth factor acts upon cells of both epithelial and endothelial origin, in addi-
tion to haemopoietic stem cells. 

 Typically, its function is achieved through a mechanism in which HGF binds to 
its corresponding membrane receptor, c-Met or MET, thus triggering the activation 
of Tyrosine Kinase signalling cascade (Nakamura and Mizuno  2010 ). This cascade 
is collectively known as the process of “invasive growth” and gives rise to a sequence 
of biological responses essential to carry out its function. These responses facilitate 
cell growth and proliferation, which are essential for embryonic development and 
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wound healing (Trusolino et al.  2000 ). In addition; the stimulatory effects of HGF 
on the processes of mitogenesis, cell motility and matrix invasion provide the cyto-
kine with an imperative role in angiogenesis (Lemmon and Schlessinger  2010 ). 

 HGF was initially discovered in rat hepatocytes as a mitogen or ‘mitosis- inducing 
substance’ in 1984. Conversely, the c-Met receptor was recognised as a proto- 
oncogene in the mid 1980s, with the ability to induce malignant formation in the 
human cell line, if mutated. HGF is formed in embryonic organs from stromal cells 
and is secreted strictly by mesenchymal cells as a single, inactive polypeptide whilst 
MET is produced by parenchymal cells (Nakamura and Mizuno  2010 ). Serine pro-
teases slice the polypeptide into an alpha and beta chain. A disulphide bridge bond-
ing these chains will produce an active heterodimer (Lemmon and Schlessinger 
 2010 ).  

23.2     The Role of HGF Gene in Normal Physiology 

 HGF has potent mitotic and angiogenic infl uence under normal physiological con-
ditions. The action of HGF in the body is most predominantly regulated through any 
direct activity of vascular endothelial cells. These may include any stimulation due 
to cell proliferation, migration, invasion or the formation of protease. Cancers of 
invasive nature in the human body, had revealed over-expression of the HGF gene 
in comparison to tumours of benign or non-invasive nature (Rosen et al.  1997 ). The 
Von Willebrand factor is a blood glycoprotein associated with hemostasis, and typi-
cally marks the presence of vascular endothelial cells (Zanetta et al.  2000 ). In cer-
tain studies the level of Von Willebrand factor positively correlated to that of HGF 
in invasive breast carcinoma and thus, demonstrates the angiogenic infl uence of 
HGF, particularly under diseased condition (Rosen et al.  1997 ). 

 In foetal development, the neutralisation of the growth factor or destruction of its 
receptor may have devastating physiological effects including hypoplasia of the 
developing organs. Thus, proper regulation of HGF and MET is vital for organ 
growth and development. HGF has the capacity to aid in the regeneration of dam-
aged liver, kidney and lung tissue. Moreover, the gene wields protective function 
over the heart and brain, both epithelial and non-epithelial organs, through anti- 
infl ammatory and anti-apoptotic signalling (Nakamura and Mizuno  2010 ). Studies 
depicting the effects of HGF production have been established using mice as sub-
jects. It had been delineated that the implementation of the anti-HGF antibody had 
accelerated the destruction of tissue in the test rodents. Furthermore, levels of HGF 
in blood plasma have been shown to vastly increase during periods of organ disease, 
and as such, inadequate release or production of HGF will lead to organ failure, 
whilst its presence is required for the minimisation of disease (Ueda et al.  2000 ).  

23 Hepatocyte Growth Factor
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23.3     The Role of HGF Gene in Disease and Malignancy 

 Cancer may be most commonly defi ned as uncontrolled cell division, leading to 
tumour formation and the destruction of healthy tissue in the body. The incidence of 
cancer is becoming increasingly prominent in today’s society with estimates of 
12.7 million new cases and 7.6 million deaths in just 27 types of tumours in 2008 
(Mizuno and Nakamura  2013 ). 

 In cancer cells, the abnormal activation of the c-Met receptor by HGF stimulates 
both tumour growth and angiogenesis. The formation of new blood vessels enables 
the supply of nutrients to the tumour cell, enabling its growth and the potential to 
metastasise to other healthy, functioning organs. Under normal conditions, MET 
can be expressed by stem and progenitor cells (Mazzone and Comoglio  2006 ). This 
typically facilitates the generation of new tissues in an embryo or the regeneration 
of damaged tissue in adulthood, by invasive growth of these stem cells. It has been 
suggested that the ability of regular stem cells to express the c-Met receptor can be 
inhibited by the action of cancerous stem cells. Thus, malignancies are enabled to 
persist and further metastasise. Numerous lines of  in-vitro  studies have widely 
implicated HGF in the scattering and migration of cancerous cells (Ding et al. 
 2003 ). 

 The production and expression of HGF and MET in malignant tissues occur in 
stromal and cancer cells respectively. It has been determined that the mutation of 
c-Met is highly correlated to the incidence of familial renal carcinoma, among other 
forms of sporadic malignancies. Irrespective to the effect of the MET receptor in 
cancerous tissue, stromal cell secretion of HGF has also been linked as a prevalent 
factor in invasive tumour growth. HGF is necessary in the infi ltration of neighbour-
ing tissues in malignant cells, including vascular beds across the basement mem-
brane (Mizuno and Nakamura  2013 ). The events which induce tumour growth and 
metastasis involving the HGF-MET complex are as follows. For the spread of 
malignant tissue to occur the tumour cells must fi rst dissociate. Cell to cell adhesion 
is maintained by substances known as Cadherins and intracellular Catenin mole-
cules (Ding et al.  2003 ). HGF enables cluster cells to disperse into single cells by 
endocytosis of E-cadherin. This substance is removed from the cell surface and 
transported to the cytoplasm, leading to its down-regulation, and in-turn, the loss of 
cell to cell adhesion. Once the tumor cells have dissociated, they require motility to 
further complete metastasis. The role of HGF in this component includes the 
‘nuclear localisation’ of β-catenin. This substance is a transcription factor for genes 
and plays a vital role in cell motility. In order for cancer cells to be able to invade 
adjacent cells, they must fi rst have the capacity to cross the basement membrane 
lying between the epithelium and submucosa. To achieve this, the basement mem-
brane must be broken down. HGF plays a role in this phase by two mechanisms. the 
fi rst involves the phosphorylation of ‘Focal Adhesion Kinase’ (FAK) whilst the 
second includes the up-regulation of several forms of MMP (Mizuno and Nakamura 
 2013 ). FAK is a gene that induces intracellular signal transduction pathways, which 
essentially enhance the dissociation of cell contacts with the extracellular matrix, 
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thus promoting cell motility and migration (Mazzone and Comoglio  2006 ). 
Collectively, the phosphorylation and up-regulation of FAK and MMP respectively, 
are necessary components in the metastatic and invasive process of cancer forma-
tion (Mizuno and Nakamura  2013 ). 

 The HGF-MET complex is required for remote metastasis. HGF triggers the 
formation of vascular beds and promotes chemokine-induced homing, in addition to 
protecting cancer cells from apoptosis due to inadequate cell-matrix interactions. 
As previously stated angiogenesis plays a vital role in the spread of primary tumours 
to auxiliary organs. Angiogenesis is induced and enhances through the regulation of 
growth, motility and morphogenesis of endothelial cells, as achieved by HGF. This 
cytokine enhances the contact between the tumour and endothelial cell via the FAK 
mechanism previously described (Jiang et al.  1999 ). Furthermore, HGF is respon-
sible for the down-regulation of ‘Occludin’, a molecule responsible for cell to cell 
adhesion, thus enabling cell motility. In turn, cancer vessels have a decreased resis-
tance allowing endothelial cells to be invaded by malignant tissue (Mizuno and 
Nakamura  2013 ). 

 In numerous studies the presence of HGF has shown high prevalence in a vast 
array of cancers. In Hepatocellular Carcinoma (HCC), HGF had revealed immense 
over-expression in the microenvironment comparative to levels in the healthy adult 
liver. The expression of transgenic HGF in mice had enabled the acceleration of 
chemically induced hepatocarcinogenesis, thus suggestive of the oncogenic infl u-
ence of HGF. However, the severity of this growth factor in human cases of HCC is 
yet to be determined (Goyal et al.  2013 ). 

 The presence of HGF in head and neck Squamous Cell Carcinoma was also 
identifi ed with a signifi cant increase of its levels in this tissue in comparison to nor-
mal mucosal tissue. This fi nding was also indicative of a poorly differentiated 
tumour type as well as a decrease in the chance of survival (Uchida et al.  2001 ). 

 Both HGF and c-Met are found to be over-expressed in a high majority of 
Papillary Thyroid Carcinomas (PTC). Its overexpression is highly correlated to 
metastasis, as well as recurrence, particularly in children and young adults suffering 
from the disease. It was found that in response to HGF, tumours in the thyroid 
showed increased motility and invasiveness, an increase in chemokine production, 
and fi nally the induction of dendritic cells and new blood vessels (Koo et al.  2014 ). 

 As previously suggested, angiogenesis plays a predominant role in the mainte-
nance and metastasis of tumour cells, supplying them with the nutrients essential for 
their survival and growth. As angiogenesis can be triggered by the stimulation of the 
HGF-MET complex, its inhibition may prove as a therapeutic treatment against 
malignancies. HGF is the only known ligand to the c-Met receptor, thus their bind-
ing inhibits further MET activity. As such, HGF inhibitors may be used to obstruct 
HGF from binding to c-Met (Bottaro et al.  1991 ). Three such types of HGF inhibi-
tors are in existence and have been trialled, including truncated or shortened HGF, 
anti-HGF neutralising antibodies, and an uncleaved form of HGF. Certain studies 
have suggested that at least three neutralising anti-HGF antibodies are required to 
prevent the MET associated activation of the Tyrosine Kinase mechanism, as 
deduced from the testing of different HGF epitopes. However, in more recent 
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 studies, human monoclonal antibodies have been found with the ability to individu-
ally bind and neutralise human HGF, which in effect, has lead to tumour degenera-
tion in mouse subjects. At present, two of the anti-HGF antibodies are available for 
clinical trialling including AVEO (AV299) and AMGEN (AMG102) (Burgess et al. 
 2006 ). Uncleavable HGF carries a single amino-acid substitution, which disables 
the potential for the HGF molecule to mature. The substance is able to bind to c-Met 
with a high affi nity that blocks the matured HGF from binding, and thus inhibits the 
biological activity of MET. If uncleaved HGF is expressed either locally or systemi-
cally, malignant growth and metastasis may be inhibited (Mazzone et al.  2004 ). 

 As a growth factor, HGF contains regenerative properties which enable its role in 
the development, maintenance, and repair of tissues. Studies have demonstrated that 
the employment of exogenous HGF has supplied several organs in the body such as 
the brain, liver, and heart with positive and regenerative infl uence. 

 In Japan, a group of researchers had gathered evidence regarding the infl uence of 
HGF after transient middle cerebral artery occlusion. HGF had shown to decrease 
the size of infarct by signifi cant measures, as well as reduce the number of TUNEL- 
positive cells. In addition, HGF was successful in reducing the production of glial 
scar tissue and its thickness, as well as heightening synaptogenesis and angiogene-
sis (Shang et al.  2011 ). 

 Another study had explored a method in which bone marrow stromal stem cells 
(BMSC) could be altered to form cardiomyocyte-like cells, by action of HGF. In 
this study, HGF was an essential component in the formation of cardiomyocyte-like 
cells, and these cells were utilised in the treatment of ischemic heart disease (Wen 
et al.  2010 ). 

 Myositis is an uncommon disease in which generally affects the muscles causing 
weakness in limbs as well as muscle swelling, pain and infl ammation (Shang et al. 
 2011 ). Research has suggested that HGF is a factor present during muscle regenera-
tion. In cultured myoblasts, it was determined that the addition of HGF had height-
ened the expression of the regulatory factors required for muscle regeneration, and 
thus had positive effects when given to patients suffering from myositis (Sugiura 
et al.  2010 ). 

 Conclusively, HGF exerts a marked effect in cell growth, motility and morpho-
genesis. It demonstrates regulation of angiogenesis through the stimulation of mito-
genesis, cell motility and matrix invasion. The presence of angiogenesis in tumour 
formation, growth and metastasis provide malignant tissue with suffi cient nutrient 
supply to maintain its function. In effect, the presence of HGF-inhibitors may be 
used to block the HGF-MET mediated pathway for angiogenesis. Studies have 
demonstrated the high prevalence of HGF in cancerous tissue however the full 
extent of its infl uence in the body in both healthy and diseased tissue remains 
unclear. Its regenerative properties in tissues and organs provide the growth factor 
with great potential of therapeutic use in today’s society. In effect, these genes pro-
vide discernible effects on the process of angiogenesis and its role in tumour forma-
tion, and hence, manipulation of these genes may 1 day pave a therapeutic resolution 
to a myriad and malignancies and disease.     

23.3 The Role of HGF Gene in Disease and Malignancy
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    Chapter 24   
 HIF-1α                     

    Abstract     Angiogenesis is regulated by the oxygen demand in local tissue, with the 
hypoxia-inducible factor-1 (HIF-1) being the primary factor mediating this response. 
HIF-1 is a transcriptional activator which is active in hypoxic environments. It is 
composed of two subunits, HIF-1α and HIF-1β. Under normal conditions, HIF-1α 
protein is constantly synthesized and degraded, a protective mechanism to help our 
body respond rapidly to hypoxic stress. In hypoxia, HIF-1α degradation is inhibited, 
this leads to the accumulation HIF-1α. The HIF complex then binds to hypoxia 
response elements resulting rapid increase in oxygen supply. For long-term adapta-
tion, HIF pathway stimulates angiogenesis by regulating several pro-angiogenic 
genes such as angiopoietin-1, angiopoietin-2, Tie2, vascular endothelial growth fac-
tor (VEGF), platelet-derived growth factor (PDGF), basic fi broblast growth factor 
(bFGF) and monocyte chemoattractant protein-1 (MCP-1). HIF-1α expression in 
cancer is linked with unfavourable prognosis which is mainly due to therapeutic 
resistance. There is a hypothesis that increased levels of HIF-1α has a selective 
advantage for tumor survival. This makes the HIF angiogenic pathway an attractive 
target for cancer therapies as it regulates several pro-angiogenic pathways.  

  Keywords     HIF-1α   •   Angiogenesis   •   Normal physiology   •   Disease   •   Malignancy  

24.1             HIF-1α 

 Angiogenesis means the formation of new blood vessels which is a vital process in 
life, as it re-establishes a dense microvascular network for oxygen and nutrients in 
the case of tissue injury (Ahluwalia and Tarnawski  2012 ). Angiogenesis is regulated 
by the oxygen demand in local tissue, with the hypoxia-inducible factor-1 (HIF-1) 
being the primary factor mediating this response (Ke and Costa  2006 ). As the name 
suggests, HIF-1 is a transcriptional activator which is active in hypoxic environ-
ments. It is composed of two subunits, HIF-1α and HIF-1β. HIF-1β is being con-
stantly synthesized and maintained at a steady level regardless of the environment 
while HIF-1α level is oxygen dependent. Under normal conditions, HIF-1α protein 
is constantly synthesized and degraded, a protective mechanism to help our body 
respond rapidly to hypoxic stress (Wang and Semenza  1993 ). In hypoxia, HIF-1α 
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degradation is inhibited, this leads to the accumulation HIF-1α. HIF-1α is then 
transported from the cytoplasm into the nucleus and here in the nucleus, HIF-1α 
forms a dimer with HIF-1β which results in the transcriptionally active HIF com-
plex (Hirota and Semenza  2006 ). The HIF complex then binds to hypoxia response 
elements (HREs) inside the targeted genes, activating transcription with help from 
transcriptional co-activators p300 and CBP. The result of this is a rapid increase in 
oxygen supply through the increased activity of the enzyme inducible nitric oxide 
synthase. This helps to relax vascular smooth muscle cells which lead to increased 
blood fl ow to the hypoxic tissues. In addition, oxygen demand is also decreased to 
provide short term relief by increasing the utilization of the glycolysis pathway, 
decreasing cell proliferation and inhibition of mitochondrial respiration (Krock 
et al.  2011 ). For long-term adaptation, the HIF pathway stimulates angiogenesis by 
regulating several pro-angiogenic genes. These include “angiopoietin-1, angiopoi-
etin-2, Tie2, vascular endothelial growth factor (VEGF), platelet-derived growth 
factor (PDGF), basic fi broblast growth factor (bFGF) and monocyte chemoattrac-
tant protein-1 (MCP-1)” (Hirota and Semenza  2006 ). The net effect is an increase in 
 permeability of the blood vessels , proliferation of  endothelial cell , migration, 
adhesion,  formation of tubes  (Krock et al.  2011 ). This achieves in creating denser 
vascularity and therefore helps diminish hypoxic stress in the area. Hence, with 
HIF-1’s comprehensive involvement in angiogenesis, it’s not surprising that HIF-1 
has an important role in embryonic development and cancer development.  

24.2     HIF-1α in Normal Physiology 

 Embryonic development is a complex process with a huge demand on oxygen and 
nutrient supply. The process is complicated not only by the relatively poor levels of 
oxygen in the uterine environment, the rapidly proliferating tissues also needs a 
good oxygen delivery system to necessitate the nutrients and energy required for 
organ development (Krock et al.  2011 ). In the early phases of embryogenesis, the 
oxygenation of the embryo can be achieved with simple diffusion, but when the 
diffusion limit is reached, an oxygen delivery system is vital to meet the increasing 
demand. HIF-1 is therefore important in embryonic development, where it coordi-
nates vasculogenesis and forms the primitive vascular system (Wang and Semenza 
 1993 ). The necessity of this system has been proved in mice trials, where knockout 
of either HIF-1α or HIF-1β lead to abnormal vascular development, including vas-
cular regression and extensive endothelial cell death, leading to lethality in mice 
(Semenza  2000 ). After this primitive vascular system is formed, outgrowths of 
endothelial cells form from existing vessels in a process called sprouting angiogen-
esis. VEGF is the main regulator of this process with hypoxia being the principle 
factor for its expression (Hirota and Semenza  2006 ).  
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24.3     HIF-1α in Disease 

 Another important role of HIF is its involvement in ischemic, hypoxic and infl am-
matory conditions (Semenza  2000 ). Increased levels of HIF-1α have been found in 
areas of organ and tissue damage, including patients with acute coronary artery 
occlusion and also in animal models of myocardial or cerebral ischemia (Ke and 
Costa  2006 ). In this case, we aim to promote HIF-1 activity to increase VEGF 
expression and formation of new blood vessels in tissue suffering from ischemia 
rather than inhibiting HIF-1 in cancer therapies (Sumbayev et al.  2010 ). This is 
especially important for organs such as the heart and brain, where ischemia can 
cause irreversible damage. A study on transgenic mice overexpressing HIF-1α has 
been conducted, showing a marked increase in vascularity without unwanted side 
effects such as oedema, infl ammation or vascular leakage (Ke and Costa  2006 ). If 
the regulation of the HIF pathway can be refi ned, this can confer a major advantage 
to the treatment of many ischemic vascular diseases, such as myocardial infarction 
and atherosclerosis where the growth of collaterals can be stimulated to bypass 
stenotic vessels (Hirota and Semenza  2006 ). However, caution should be taken 
before applying this to clinical circumstances, as agents that promote angiogenesis 
can be benefi cial for ischemic vascular diseases but induce undesirable side effects 
to patients having an occult carcinoma (Ahluwalia and Tarnawski  2012 ). Hence, 
much work remains before these therapeutic interventions can be applied to human 
subjects in clinical settings.  

24.4     HIF-1α in Malignancy 

 Cancer development also relies on angiogenesis, as the growing size of the tumor 
creates an increasingly hypoxic interior. Without angiogenesis, the tumor will be 
depleted of oxygen and nutrients and hence inhibit future growth (Semenza  2000 ). 
This clues the overexpression of HIF-1α in cancer (Lai et al.  2014 ), where several 
genetic alterations block the degradation of HIF-1α (Ke and Costa  2006 ). Yet, 
despite active angiogenesis, many hypoxic domains are created as the vessels 
formed are leaky, irregular and poorly functioned which ultimately leads to HIF-1α 
stabilization. HIF-1α expression is linked with unfavourable prognosis in cancer 
which is mainly due to therapeutic resistance. Oxygen is required for the cell toxic-
ity effects of radiation therapy to take place as most of the tumor is a hypoxic envi-
ronment; the cytotoxic effect of radiation therapy is greatly reduced. Hypoxic 
environment in the tumor also leads to poor drug delivery which inhibits the effects 
of chemotherapy. These 2 effects combined together will lead to a poor prognosis 
in cancer (Krock et al.  2011 ). A hypothesis suggests increased levels of HIF-1α to 
have a selective advantage for tumor survival. This is demonstrated in immunohis-
tochemical analysis, where the level of HIF-1α protein increases accordingly with 
benign tumours, primary malignant tumours and tumor metastases (Ke and Costa 
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 2006 ). Moreover, several studies also show correlation between increased HIF-1α 
with patient mortality and treatment resistance, which in conclusion, makes HIF-1 
a promising target for new cancer therapeutics (Semenza  2000 ). 

 Many cancer treatments aim at depriving the tumor of oxygen and nutrients but 
lacks in fi nding a target that can simultaneously block multiple pro-angiogenic 
pathways. A VEGF inhibitor which has been previously approved by the Food and 
Drug Administration (FDA) was recently disapproved, as studies suggest that agents 
which only target single anti-angiogenic pathway can actually advance tumourigen-
esis (Krock et al.  2011 ). Hypoxia can encourage the migration and invasive activi-
ties of tumor cells, not to mention the cytotoxic effects resulting from anti-angiogenic 
therapies. Moreover, tumours cells can evade mono-therapy anti- angiogenic treat-
ments by activating other pro-angiogenic pathways (Wang and Semenza  1993 ). 
This makes the HIF angiogenic pathway an attractive target for cancer therapies as 
it regulates several pro-angiogenic pathways.     
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    Chapter 25   
 Insulin Like Growth Factor (IGF)                     

    Abstract     Insulin growth factors are well known for their mitogenic and angiogenic 
properties. They have profound infl uence on the growth and metastasis of tumour 
by affecting their cell proliferation, angiogenesis, survival and motility, as well as 
through synergism with other growth factors. Insulin-like growth factor (IGF) mol-
ecules form part of an axis, which includes (IGF-I and IGF-II), the two cell surface 
receptors (IGF-IR and IGF-IIR), a family of IGF binding proteins (IGFBP-1 to 
IGFBP-6), and proteases. IGF-I has been known to shape the cochlea, whereas 
IGF-II is required for the development of vital organs such as brain and liver. In 
malignant lesion, it has been reported that hypoxic regions inside tumours could 
induce IGF expression and IGF induces the expression of hypoxia-inducible factor 
alpha which upregulates the expression of VEGF, the key mediator of angiogenesis. 
IGFs themselves are angiogenic by promoting endothelial migration, differentiation 
and survival. High levels of circulating IGF has also been linked to increased risk of 
a variety of cancers including prostate, breast, colorectal, and lung cancers.  

  Keywords     Insulin like growth factor   •   IGF   •   Angiogenesis   •   Normal physiology   • 
  Disease   •   Malignancy  

25.1             Insulin Like Growth Factor (IGF) 

 Insulin like growth factors (IGFs) are well known for their mitogenic and angio-
genic properties. They have profound infl uence on the growth and metastasis of 
tumour by affecting their cell proliferation, angiogenesis, survival and motility, as 
well as through synergism with other growth factors. Insulin-like growth factor 
(IGF) molecules form part of an axis, which includes (IGF-I and IGF-II), the two 
cell surface receptors (IGF-IR and IGF-IIR), a family of IGF binding proteins 
(IGFBP-1 to IGFBP-6), and proteases (Stoeltzing et al.  2003 ; Tuomisto et al.  2004 ). 
The focus will primarily be IGF-I and IGF-II. Other components of the axis will 
also be touched upon in the role they play in physiologic and tumor angiogenesis; 
and tumours progression including dissemination and metastasis. 

 IGF-I has been known to shape the cochlea, whereas IGF-II is required for the 
development of vital organs such as brain and liver (Pan and Kastin  2000 ; Welch 
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and Dawes  2007 ). Studies reported stunted growth in mice with global knockout of 
 IGF-I  gene (Bach Leon et al.  2013 ). It has been documented that hypoxic regions 
inside tumours could also induce IGF expression and IGF induces the expression of 
hypoxia-inducible factor alpha which upregulates the expression of VEGF, the key 
mediator of angiogenesis (Clayton et al.  2011 ). In addition, IGFs themselves are 
angiogenic by promoting endothelial migration, differentiation and survival 
(Shigematsu et al.  1999 ; Lee et al.  2000 ; Grulich-Henn et al.  2002 ). It has also been 
suggested that IGF-I promotes metastasis of breast carcinoma cells by promoting 
expression of MMP signals (Mira et al.  1999 ; Zhang et al.  2004 ). Further, high 
levels of circulating IGF has been linked to increased risk of a variety of cancers 
including prostate, breast, colorectal, and lung cancers (Firth and Baxter  2002 ; 
Roddam et al.  2008 ; Chen et al.  2009 ; Key et al.  2010 ; Rinaldi et al.  2010 ). It is also 
evident that tumour cells in renal cell carcinoma and colorectal cancer with high 
level expression of IGF receptors seem to be more resistant to chemotherapy (Yuen 
et al.  2009 ).  

25.2     Insulin Like Growth Factor (IGF) in Normal 
Physiology 

 IGF systems have been found to utilize multiple mechanisms aiding in inducing 
angiogenesis. The majority of IGF-I activity was reportedly mediated by the IGF-I 
receptor (IGF-IR), which was found to bind IGF-I with a 3 times higher affi nity than 
IGF-II (Bach Leon et al.  2013 ). The signalling cascade, which is activated upon by 
receptor binding to IGF molecule includes the RAS proteins/mitogen-activated pro-
tein kinase (MAPK) pathway to initiate mitogenesis, and phosphoinositide 3-kinase 
(PI-3 K)/protein kinase B (Akt) to inhibit apoptosis (Bach Leon et al.  2013 ). IGF-I 
and IGF-II can be associated with the migration and morpho-differentiation of 
endothelial cells through binding to the sub endothelial extra cellular matrix (ECM) 
and stabilizing the endothelial cells. This was confi rmed by studies using the vascu-
lar endothelial IGF receptor knockout (VENIFARKO), which showed signifi cant 
reduction in retinal angiogenesis, compared to control mice. Studies showed IGF 
systems are also able to interact with EGFR to induce angiogenesis (Samani et al. 
 2007 ). 

 Insulin-like Growth Factor 1 (IGF-1), formerly called Sulfation factor or 
Somatomedin C, is a peptide hormone fi rst identifi ed in 1957 by Salmon and 
Daughaday due to its capacity to stimulate cartilage proteoglycan sulfation in rats 
(Pescovitz and Eugster  2004 ). The gene is present on chromosome 12 and is closely 
related to insulin as it has a similar molecular structure with 70-amino-acid poly-
peptides. It is produced in all tissue types but primarily in the liver under the infl u-
ence of Growth Hormone (GH), from where it can then be transported to other 
tissues (Pescovitz and Eugster  2004 ). Thus, IGF-1 can be classifi ed as a traditional 
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endocrine hormone or a local growth factor due to its autocrine and paracrine 
growth stimulation (Jameson and De Groot  2010 ). 

 There are low levels of serum IGF-1 during embryonic growth but increases 
gradually from birth till puberty, then surges during puberty and declines with 
increasing age (Chong et al.  2007 ). Thus, the hormone is responsible for determin-
ing height and muscle growth during puberty and insuffi cient IGF-1 production can 
cause dwarfi sm. Furthermore, IGF-1 regulates cell proliferation, apoptosis, survival 
and repair due to its pro-mitogenic nature (Chong et al.  2007 ) and helps to repair 
brain, heart, muscle and nerve cells. It promotes growth of new motor neurons, col-
lagen formation, connective tissue production, and cartilage repair. The hormone 
can also stimulate muscle regeneration to counteract muscle loss by activating 
human stem cells and, hence, increasing the number and size of cells (Pescovitz and 
Eugster  2004 ). Under normal cellular regulation, IGF-1 also aids in body fat reduc-
tion as it stops insulin from moving glucose through the body, forcing the use of 
body fat as the primary energy source.  

25.3     Insulin Like Growth Factor (IGF) in Disease 

 Many studies have been conducted regarding angiogenesis in a variety of organs 
and conditions. Dobrucki et al. investigated how IGF-1 induces angiogenesis in 
infarcted rat hearts (Dobrucki et al.  2010 ). Their study used adeno-associated virus 
(AAV) as a vector to transfer  IGF-I  gene and control AAV encoding β-galactosidase 
(AAV- lacZ )  in vivo  and was over-expressed in a time dependent manner. AAV- 
 IGF- I  system provided sustained IGF expression, associated with increased angio-
genic activities. To determine the results, immunohistochemical analysis showed 
that there was a signifi cant increase in angiogenic factors and subsequent increased 
capillary density in the hearts of rats infected with AAV- IGF-I  compared to control. 
 In vitro  analyses were done on various angiogenic factors where as  in vivo  micro 
SPECT-CT imaging was conducted targeting αv integrin, which increases during 
angiogenesis. IGF-I considerably increased capillary number compared to control, 
representing angiogenesis. The study used αv integrin molecules as markers to dif-
ferentiate between mature and newly formed capillaries. Four weeks later, these 
markers were signifi cantly increased in comparison to control group (Dobrucki 
et al.  2010 ). 

 Another study showed that a combination of high glucose (hyperglycaemia) and 
high serum IGF-1 levels stimulate endothelial cell migration and tubular formation 
(Shigematsu et al.  1999 ). Thus, IGF-1 plays a role in angiogenesis in people with 
diabetic complications (Shigematsu et al.  1999 ). 

 Lopez et al. studied angiogenic mechanisms in the brain, as a result of traumatic 
brain injury or otherwise promoted by the actions of IGF-I. The study also showed 
that retinal neovascularization was infl uenced by IGF-I (Lopez-Lopez et al.  2004 ). 
It was found that vessel growth decreased in mice with low serum levels of IGF. This 
was further confi rmed by IGF-I injections and observing an increase in vasculature. 
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It was also found that IGF-I levels increased around the brain’s traumatic lesion. 
The increase in vascular density was preceded by an increase in VEGF, both in liver 
IGF-I defi cient (LID) and control group with normal IGF-I levels. This concluded 
that IGF-I may play part in the induction of VEGF. They utilized mice with liver 
 IGF-I  gene disrupted, resulting in 60 % decreased serum levels in the body except 
the brain, where IGF-I levels remained normal. IGF-I was shown to be associated 
with development of tubular structures on collagen, deemed prerequisites for angio-
genesis; whereas these tubular structures remained absent from control group with 
normal IGF-I (Lopez-Lopez et al.  2004 ). 

 Synthetic IGF-1 has been developed for therapeutic use such as in growth disor-
ders however medical supervision is needed due to its potential side effects, such as 
headache, vomiting, hypoglycaemia and oedema. The heart swelling side effect in 
particular can lead to higher blood pressure and perhaps even failure. Also, long- 
term trials of IGF-1 treatments have resulted in a build-up of tolerance to the hor-
mone due to development of an anti-IGF-1 antibody serum concentration (Pescovitz 
and Eugster  2004 ).  

25.4     Insulin Like Growth Factor (IGF) in Malignancy 

 Many studies concluded that IGF is responsible for the promotion, survival, prolif-
eration, and invasion of many cancer cells (Sachdev and Yee  2001 ). Tumor associ-
ated angiogenesis is promoted by hypoxic manner in which VEGF synthesis plays 
a key role; IGF was shown to have a positive infl uence on VEGF and VEGFR levels 
(Samani et al.  2007 ). 

 Tissue hypoxia plays an important part in the angiogenic process. Studies showed 
that Hypoxia and IGF systems work reciprocally in inducing angiogenesis (Samani 
et al.  2007 ). Hypoxia has been shown to induce  IGF-I  gene expression in the heart 
and lungs, and that of  IGF-II  gene in human hepatocellular carcinoma HepG2 cell 
line. IGF-I, however, can recruit the hypoxia-inducible factor 1-alpha (HIF-1α) 
which can in turn induce other tumor-derived angiogenic factors such as VEGF 
(Lopez-Lopez et al.  2004 ). This is done using various mechanisms, one of which 
IGF-I could utilize MAPK and PI-3 K pathways to directly induce HIF-1α protein 
synthesis, which would then cause the synthesis of IGF-II, IGFBP-2 and IGFBP-3 
(Bach Leon et al.  2013 ). IGF -II was also found to play a signifi cant role in rhabdo-
myosarcoma (RMS) angiogenesis by inducing synthesis of VEGF which is the cen-
tral mediator of angiogenesis (Bach Leon et al.  2013 ). 

 IGF axis also includes a family of insulin like growth factors binding proteins 
(IGFBP). These proteins have been shown to inhibit IGF by binding it as a result of 
their higher affi nity than the IGF receptors (IGF-IR and IGF-IIR). IGFBP-6 was 
found to work in an independent manner to IGF; it inhibited angiogenesis while still 
promoting cancer cell migration (Beattie et al.  2006 ). 

 Metastasis of tumor cells can be a result of angiogenesis. Factors that limit the 
rate of metastasis are tumor induced angiogenesis, degradation of extra cellular 
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matrix (ECM), cell movement through tissue barriers, including entry/exit into and 
from blood vessels; and survival and proliferation within foreign microenviron-
ments. Metastasis of tumor cells to secondary sites has low viability at foreign 
microenvironment. Tumor cells sometimes manage to survive at a foreign location 
due to complementation of their properties and favourable growth conditions pres-
ent at the new microenvironment (Samani et al.  2007 ). 

 Studies found that  IGF-I  is expressed in various target organs such as lungs and 
colon of mice as a major liver metastasis-promoting factor (Moromisato et al. 
 1996 ); whereas colorectal carcinoma patients showed increased IGF-II and IGF-IR 
activities.  IGF-I  gene is highly expressed in the liver, which is the main area of 
metastasis from colon cancer (Reinmuth et al.  2002 ). 

 Protease of matrix metalloproteinase (MMP) family has been implicated to cause 
tumor invasion in malignant progression and metastasis. Various components of 
IGF system have been reported in various studies to be able to regulate MMP mol-
ecules and thus promote tumor invasion (Samani et al.  2007 ). IGF-IR has been 
reported to promote the synthesis of MMP-2, leading to tumor invasion  in vitro . 
This was revealed by regulating  IGF-IR  expression which resulted in direct regula-
tion of MMP-2 (Samani et al.  2007 ). IGF has also been shown to indirectly increase 
cell migration in breast carcinoma by regulating the production of MMP-9 (Samani 
et al.  2007 ). 

 Numerous studies have been conducted targeting the IGF axis for therapeutics 
and to fi ght malignancies. Research on lung cancer has focused on  IGFBP-6  expres-
sion, which increases by infl uence from SEMA3B, a tumor suppressor that com-
petes with VEGF, increasing the anti proliferative effects of IGFBP-6 (Bach Leon 
et al.  2013 ). IGF receptors have been targeted by monoclonal antibodies and small 
tyrosine kinase inhibitors (TKI) which bind IGF receptors and prevent their cou-
pling to IGF molecules. A major barrier to these studies however is the toxicity that 
has been reported in some cases, especially in patients with hyperglycaemia, as a 
major side effect for TKI targeting; whereas GH hyper secretion and insulin resis-
tance is a major issue with approaches that used antibodies (Bach Leon et al.  2013 ). 

 Due to its potent ability to inhibit apoptosis, over-expression of IGF-1 or its 
receptor can enhance tumour formation (Jameson and De Groot  2010 ). High IGF-1 
levels are usually associated with increased GH production (Pescovitz and Eugster 
 2004 ). This is normal during pregnancy and puberty. However, if the phenomenon 
occurs at other times, it is indicative of pituitary tumours and can also increase risks 
of developing cancer due to increased cell proliferation and survival. In older peo-
ple, there is a much greater chance of cancer-causing genetic mutations occurring in 
rapidly dividing cells Furthermore, the growth of those mutated cells is stimulated 
by IGF-1, thus worsening the condition (Pescovitz and Eugster  2004 ). On the other 
hand, low IGF-1 concentrations indicate a defi ciency of or insensitivity to GH, and 
such individuals appear to be at less risk of developing cancer (Jameson and De 
Groot  2010 ). If the defi ciency happens during childhood, it can cause short stature 
(Laron syndrome) and delayed development. Studies have also shown that deletion 
of the IGF-1 receptor results in animals growing to a maximum of 40 % of their 
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normal size and presenting with neural, skin and bone defects (Jameson and De 
Groot  2010 ). 

 IGF-1 works by activating its membrane-anchored receptor (IGF-1R), causing a 
signal transduction cascade (Oh et al.  2002 ). It is this gene expression profi le that is 
associated with increased risk of cancer progression, especially those related to 
angiogenesis. Abnormal growth, resulting in various cancers of breast, lungs or 
prostate, may also be attributed to serum IGF-1 that stays in the body for too long. 
This is due to tumour cell growth promotion and apoptosis inhibition, leading to 
cancer invasion and metastasis (Oh et al.  2002 ). 

 In the case of breast cancer, IGF-1 promotes malignant transformation of normal 
breast cells, maintains the malignant phenotype, increases metastatic potential, 
resists apoptosis and resists cytotoxic drugs (Chong et al.  2007 ). AKT, also known 
as Protein Kinase B, is a nuclear messenger that is phosphorylated and activated in 
the signal transduction pathway of IGF-1 and is responsible for regulating angio-
genesis by stimulating the factors HIF-1α and VEGF (Vascular Endothelial Growth 
Factor), the latter being a potent vascular mitogen (Oh et al.  2002 ). Some studies 
also suggest that IGF-1 and oestrogen are cofactors in the same pathway that con-
tribute to breast cancer development, especially since oestrogen sensitizes cells to 
the mitogenic effect of IGF-1 (Chong et al.  2007 ). 

 Other IGF-1-induced genes involved in neovascularisation that promote angio-
genesis include cyclooxygenase 2, uPA/uPAR, Fibroblast Growth Factor receptor, 
transferrin, angiopoietin-1, matrix metalloproteinase-1, metalloproteinase-2, inter-
leukin B1 and ephrin B2 receptor (Oh et al.  2002 ). Some of these genes stimulate 
blood vessel maturation and sprouting while others allow the proliferation and 
migration of new blood vessels. IGF-1 also suppresses genes that inhibit angiogen-
esis, including plasminogen activator inhibitor-1 and 2 (PAI-1 and PAI-2), tissue 
inhibitor of matrix metalloproteinase-1 and 2 (TIMP1 and TIMP2) and protease 
inhibitor-1 (Oh et al.  2002 ). 

 Research shows that disruption of IGF-1R or its signal transduction pathway 
may be the key to cancer intervention to inhibit whole classes of angiogenesis 
genes, instead of targeting a single gene product (Oh et al.  2002 ). A study in mice 
shows that a decrease in serum IGF-1 actually slowed tumourigenesis and inhibi-
tion of IGF-1R also suppressed breast cancer metastases (Oh et al.  2002 ). 
Consequently, low IGF-1 levels are associated with decreased cancer risk. 

 Therefore, IGF-1 is an important regulator of growth and development in humans 
and other animals by mediating cell proliferation, apoptosis and survival. As a 
result, a defi ciency of IGF-1 in the plasma can lead to problems with stature and 
development. In contrast, its over-expression can potentiate the risk of tumour 
development and progression by inhibiting apoptosis, stimulating cell proliferation 
and inducing the formation of angiogenic peptides. 

 The IGF and its signalling pathways are, therefore, a possible target for cancer 
therapy as it plays a pivotal role in the proliferation and progression of tumour cells 
(Zhang et al.  2004 ). Indeed, several drug candidates are showing high anti- neoplastic 
activity in vivo both as single agents and in conjunction with other currently 
approved agents (Goya et al.  2004 ; Haluska et al.  2006 ; Ji et al.  2007 ; Rowinsky 
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et al.  2007 ). Animal models and preliminary clinical trials had suggested that mono-
clonal antibodies against IGF-I receptors including AMG479 and fi gitumumab are 
showing potential effi cacy against certain cancers and sarcomas (Cohen et al.  2005 ; 
Wu et al.  2006 ; Tolcher et al.  2009 ). 

 It is notable that IGFs are regulated by at least six members of the insulin-like 
growth factor binding protein (IGFBP) family and they have been starting to attract 
interest in the recent years. Several studies have shown that certain members of the 
IGFBP family including IGFBP-5 and IGFBP-7 are able to modulate tumour angio-
genesis through different mechanisms (Rho et al.  2008 ; Tamura et al.  2009 ). 
IGFBP-5 was found to downregulate the expressions of phosphorylated protein 
kinase B and phosphorylated endothelial NO synthase which are both stimulated by 
VEGF during angiogenesis (Rho et al.  2008 ). IGFBP-7 was shown to inhibit angio-
genesis by mainly interfering with VEGF mRNA expression but also with the sig-
nalling pathways (Tamura et al.  2009 ). 

 It is clearly evident that many anti-angiogenic agents alone or in combination 
with conventional therapies have shown effi cacy and the potential to be used as 
anti-cancer therapy based on preclinical trials. The common strategies used include 
interference with angiogenic ligands, receptors or downstream signalling, upregu-
lating endogenous inhibitors or directly targeting tumour vasculature. However, 
much more research are needed to establish accurately the effi cacy of these agents 
as in the previous preclinical studies, the effect of drug was measured over too short 
a time and using tumour regression instead of eradication as an endpoint, which 
permits recurrence. In addition, the site where tumours are grown and the prolifera-
tion rate of the cells in most preclinical trials are not typical of human cancers and 
studies are needed in slow-growing spontaneous tumours. Furthermore, due to the 
heterogeneity of the expression of vascular markers in tumour vasculature, a cock-
tail therapy combining multiple anti-angiogenic agents might be needed and the 
long-term side effects of most of them in normal tissues and physiological angio-
genesis are largely unknown (Nagy et al.  2009 ,  2010 ). 

 More recently, there have been interest in the possibility of stimulating angio-
genesis and inducing new vascular growth and formation of collateral vessels for 
treatment of ischaemic heart diseases (Tabibiazar and Rockson  2001 ). Research in 
this fi eld is still principally in the animal models and is focusing on the more well- 
known and direct angiogenic factors such as fi broblast growth factor-1 and VEGF.     
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    Chapter 26   
 Integrins                     

    Abstract     A component of the molecular system controlling angiogenesis is the 
need for endothelial cells to infi ltrate, proliferate and avoid cell death through apop-
tosis. Integrin are the main receptors that enable endothelial cells to relate with their 
extracellular surroundings; and relations enabled by integrin have a crucial part in 
ensuring that cells migrate, proliferate and do not die. Endothelial cells show many 
integrin on the cell surface according to where they are located and the condition in 
which they are upregulated. Integrins are heterodimeric transmembrane receptors, 
which consist of α and β subunit. A variety of different subunit pairings make up a 
family of integrins. These receptors bind extracellular matrix (ECM) proteins or 
ligands, and their subunit combination gives specifi city of binding to a specifi c 
ECM protein, or a range of ECM proteins. The αv integrins, involved in the growth 
and survival of newly forming vessels from pre-existing vessels (angiogenesis). 
Integrins αvβ3 and αvβ5 promote distinct pathways of angiogenesis by interacting 
with various factors and, depending on the interaction, have pro- or anti-angiogenic 
effects. Integrin α5 leads to the formation of a fi bronectin receptor and involved in 
wound contraction within granulation tissue and in neoplastic situation leads to up- 
regulation of α5β1 integrin receptors which in turn involves in activation, adhesion 
and angiogenic cells proliferation of blood vessels. Integrin β5 is activated after 
activation of VEGF and it encourages the movement of cells and infi ltration of tis-
sue. Integrin β8 is part of the integrin beta chain family, which encodes for a single- 
pass type I membrane protein. Integrin β8 plays a key role in regulating vascular 
homeostasis and correlates with the process of angiogenesis. The future of therapies 
targeting integrin could diminish cancer cell progression and their invasiveness in 
addition to modulation of neovascularization and angiogenesis.  

  Keywords     Angiogenesis   •   Integrin   •   Integrin αvβ3   •   Integrin αvβ5   •   Integrin α5   • 
  Integrin β5   •   Integrin β8   •   Normal physiology   •   Disease   •   Malignancy  
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26.1             Integrins 

 Angiogenesis is infl uenced by many factors, one of which is integrins. Integrins are 
heterodimeric transmembrane receptors, which consist of α and β subunit (Robinson 
and Hodivala-Dilke  2011 ; Weis and Cheresh  2011 ). A component of the molecular 
system controlling angiogenesis is the need for endothelial cells to infi ltrate, prolif-
erate and avoid cell death through apoptosis (Stupack and Cheresh  2004 ). Integrin 
are the main receptors that enable endothelial cells to relate with their extracellular 
surroundings; and relations enabled by integrin have a crucial part in ensuring that 
cells migrate, proliferate and do not die (Stupack and Cheresh  2004 ). Changes in the 
action of integrin, the presence of binding molecules and the structures of these 
binding molecules or ions affect blood vessel cells as they grow or restore the vas-
culature (Stupack and Cheresh  2004 ). Endothelial cells show many integrin on the 
cell surface according to where they are located and the condition in which they are 
upregulated. 

 A variety of different subunit pairings make up a family of integrins (Weis and 
Cheresh  2011 ). These receptors bind extracellular matrix (ECM) proteins or ligands, 
and their subunit combination gives specifi city of binding to a specifi c ECM pro-
tein, or a range of ECM proteins (Weis and Cheresh  2011 ). These receptor-ligand 
interactions mediate the transmission of extracellular signals across the plasma 
membrane, which links up to the intracellular signalling machinery via their ‘cyto-
plasmic tails’ (Robinson and Hodivala-Dilke  2011 ). This transmission of informa-
tion across the plasma membrane is bidirectional and these receptors also respond 
to intracellular stimuli, and can undergo conformational changes that affects how 
their ‘extracellular heads’ interact with the environment surrounding the cell 
(Robinson and Hodivala-Dilke  2011 ). 

 The αv integrins, which represent a subgroup of integrins that bind to ECM pro-
teins consisting of the arginine-glycine-aspartic acid (RGD) sequence, have been 
found to be over-expressed on the surface of endothelial cells (EC) involved in the 
growth and survival of newly forming vessels from pre-existing vessels (angiogen-
esis) (Weis and Cheresh  2011 ). Although their exact role remains unclear despite 
numerous studies, they have been identifi ed as playing a key role in vascular remod-
elling associated with angiogenesis in development, wound repair, and in the inva-
sive potential of cancer cells; and blocking the function of these αv integrins by 
inhibiting the binding of the ligand, can produce an anti-angiogenic effect (van der 
Flier et al.  2010 ; Robinson and Hodivala-Dilke  2011 ). 

 Integrins αvβ3 and αvβ5 have been observed to promote distinct pathways of 
angiogenesis by interacting with various factors and, depending on the interaction, 
have pro- or anti-angiogenic effects (Robinson and Hodivala-Dilke  2011 ; Weis and 
Cheresh  2011 ). Most of the research has been conducted on integrin-αvβ3, which in 
1994, was discovered to be over-expressed (the expression is mediated by transcrip-
tional activator, Hox D3) on the vasculature EC associated with angiogenesis in 
remodelling and cancer (in stark contrast to that of quiescent EC); and thus has 
become a drug target with the aim to inhibit the ability of tumours to establish their 
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own blood supply via angiogenesis (Robinson and Hodivala-Dilke  2011 ; Weis and 
Cheresh  2011 ). 

 Another gene in these series is integrin alpha 5 (ITGA5) different from integrin 
αv and encodes for the integrin alpha 5 (Integrin α5) chain that ultimately leads to 
the formation of a fi bronectin receptor, which plays an important role in endothelial 
cell adhesion and hence, angiogenesis (Hsia et al.  2014 ). Once Integrin α5 is trans-
lated by a ribosome, posttranslational modifi cations yield different isoforms of the 
integrin, or simply different versions of that specifi c integrin protein (Hsia et al. 
 2014 ). 

 Integrin beta 5 (ITG β5 or ITGB5) is expressed on angiogenic cells. ITGβ5 is a 
receptor for vitronectin and fi bronectin molecules (Stupack and Cheresh  2004 ). ITG 
β5 can relate with attachment molecules L1-CAM or angiopoietin-1 on the exterior 
surface of cells (Stupack and Cheresh  2004 ). 

 The integrin beta 8 (Integrin β8 or ITGB8) gene, located on the cytogenetic band 
7p21.1 of the human chromosome, is responsible for the coding and synthesis of the 
integrin beta-8 protein. As its name suggests, this gene is part of the integrin beta 
chain family, which encodes for a single-pass type I membrane protein. It plays a 
key role in regulating vascular homeostasis in brain development (Mobley et al. 
 2009 ). This directly correlates with the process of angiogenesis (Wang and Olson 
 2009 ).  

26.2     Integrins in Normal Physiology 

 Integrin-αvβ3 is a receptor for a range of ligands with a arginine-glycine-aspartic 
acid, RGD sequence, including but not limited to fi bronectin, fi brinogen, vitronectin 
and collagens, while integrin-αvβ5 appears to preferentially bind vitronectin (Weis 
and Cheresh  2011 ). 

 The integrin-ligand interaction regulates endothelial cell adhesion, proliferation, 
migration and survival by triggering intra-cellular signalling pathways through the 
recruitment and activation of specifi c kinases and signalling intermediates (Weis 
and Cheresh  2011 ). Integrin αvβ3 is involved in inducing angiogenesis via tumour 
necrosis factor α (TNF-α) or fi broblast growth factor (FGF), and more specifi cally, 
involves p21-activated kinase (PAK) (Weis and Cheresh  2011 ). Integrin αvβ5 is 
involved in inducing angiogenesis via (VEGF) triggering focal adhesion kinase 
(FAK) and Src kinase, or transforming growth factor α (TGF-α) (Weis and Cheresh 
 2011 ). This αvβ5 pathway also leads to activation of Raf on serines 338/339 which 
results in trans-location of mitochondrial in Raf-1 and MEK1-independent endothe-
lial cell protection from the inherent pathway of programmed cell death triggered by 
stress or DNA damage (Weis and Cheresh  2011 ). In contrast, the αvβ3 pathway 
stimulates Raf on tyrosines 340/341 and MEK1-dependent protection from exter-
nally mediated cell death which is triggered by binding of receptor to pro-apoptotic 
ligands including TNF-α and Fas (Weis and Cheresh  2011 ). The difference in the 
signalling pathways which require the function of these two αv integrins, 
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 demonstrates the complexity of these receptor-ligand interactions, and gives an 
indication as to how their expression can drive certain cellular behaviours in angio-
genesis (Weis and Cheresh  2011 ). 

 In regards to angiogenesis, the isoform of Integrin Alpha 5 (the protein encoded 
by ITGA5) that is of importance in the Beta 1 isoform (α5β1) (Boudreau and Varner 
 2004 ). α5β1 integrin is used in normal cells as a receptor for the ligand fi bronectin. 
One of the roles of α5β1 in normal cells is that it induces cellular changes and pro-
tein expression within the cell that increases the adhesion of a cell to the surround-
ing extracellular matrix. 

 ITG β5 is activated after activation of VEGF and it encourages the movement of 
cells and infi ltration of tissue (Stupack and Cheresh  2004 ). This progression is pro-
moted by the cytokine-induced attraction of FAK to the cytoplasm end of ITG β5 
(Stupack and Cheresh  2004 ). Overexpression of ITG β5 has been shown to promote 
new blood vessel formation in vivo. ITG β5 combines with VEGF to work on endo-
thelial cells involved in angiogenesis in vivo (Stupack and Cheresh  2004 ). A com-
bination of VEGF and VEGFR2 upregulates ITG β5. Opposition of ITG β5 
antagonises angiogenesis, which is activated by VEGF (Stupack and Cheresh  2004 ). 
Studies have shown that the excessive expression of ITG β5 in mice results in its 
phosphorylation and increases in the paracrine properties of cells involved in angio-
genesis through Src Kinase mediated activation of signal transducer and activator of 
transcription 3 (STAT3) (Leifheit-Nestler et al.  2010 ). Circulating angiogenic cells 
in vivo and in vitro have greater angiogenic abilities when ITG β5 expression is 
excessive (Leifheit-Nestler et al.  2010 ). Through 3D spheroid assays it was observed 
that ITG β5 overexpression increased the number of circulating angiogenic cells 
moving through the human umbilical vein endothelial cell (HUVEC) branches 
(Leifheit-Nestler et al.  2010 ). Spheroids that had HUVECs and CACs expressing 
ITG β5 made a greater number and longer branches than the ones consisting of 
CACs, HUVEC and no ITG β5 (Leifheit-Nestler et al.  2010 ). The effects of ITG 
β5 in excessive expression in blood vessel formation include paracrine systems 
(Leifheit-Nestler et al.  2010 ). 

 The function of integrin β8  in vivo  is the essential development of the vertebrate 
vascular network required for embryonic survival (Zhu et al.  2002 ). Expression of 
the β8 mRNA occurs in the adult brain, kidney and placenta but is mostly localised 
to the neuroepithelial cells in the brain synapses (Lakhe-Reddy et al.  2014 ). 
Experimentation upon integrin β8- defi cient mice revealed that the absence of β8 
subunit led to fatal defects in vascular development (Zhang et al.  2012 ). As a result 
of inadequate vascularisation of the placenta and yolk sac, 65 % of integrin 
β8-defi cient embryos died mid-gestation and those that survived died shortly after 
birth due to extensive intra-cerebral haemorrhage (Zhu et al.  2002 ). It has been pro-
posed that despite the presence of vascular endothelial growth factor (VEGF) and 
its receptors, which are crucial for early endothelial cell differentiation and for 
angiogenesis, integrin beta-8 is a necessary component as it signals for the appropri-
ate patterning of the embryonic brain vascular network (Zhu et al.  2002 ). Analysis 
of brain tissue found within integrin β8 defi cient mice shows that capillaries are 
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formed with abnormally patterned hyper-proliferative endothelial cells and the dis-
organization of neuroepithelial cells (Zhu et al.  2002 ).  

26.3     Integrins in Disease 

 In physiological or pathological angiogenesis, the progress of vascular remodelling 
is determined by a balance of pro- and anti-angiogenic factors (Weis and Cheresh 
 2011 ). While the integrin-ligand interaction mediates a signalling pathway and pro-
motes cell adhesion, proliferation, migration and survival, this is suppressed when 
binding to a soluble fragment occurs (Weis and Cheresh  2011 ). 

 It has been suggested that αvβ3 and αvβ5 integrins have a differing role in blood 
vessel formation during development to that in adulthood (Serini et al.  2006 ; van der 
Flier et al.  2010 ). Activation of αvβ3 and αvβ5 integrins by insoluble ligands such 
as fi bronectin and vitronectin respectively, is required for VEGF-dependent neo- 
vascularisation in the adult organism, but not in the embryo (Serini et al.  2006 ). It 
has been observed that the blocking of αvβ3 and αvβ5 integrins can inhibit angio-
genesis in arthritis and ischaemic retinopathy in adults, however mice embryos 
lacking αvβ3 and/or αvβ5 can not only continue to develop normally in terms of 
vascular angiogenesis (lethality of embryos did in most cases occur at a certain 
point) but can show increased pathological angiogenesis (Serini et al.  2006 ). 
Another study had similar fi ndings, however it appeared that the embryonic lethality 
that occurred in the majority around mid-gestation in those lacking αv integrins 
(and/or α5 integrins), arose from defects in the heart and great vessels (van der Flier 
et al.  2010 ). 

 Therefore, although αv integrins are implicated in both physiological and patho-
logical angiogenesis, their involvement appears to not be essential, and their exact 
roles remain uncertain in both development and disease (Serini et al.  2006 ; van der 
Flier et al.  2010 ; Robinson and Hodivala-Dilke  2011 ). 

 In addition to developmental blood vessel formation, angiogenesis is an impor-
tant part of wound healing, as it is crucial for the damaged capillaries to be replaced 
and the supply of oxygen and nutrients to be restored to injured tissue (Greaves 
et al.  2013 ). 

 The structure and composition of ECM alters signifi cantly during wound healing 
(Greaves et al.  2013 ). Consequently its effect on angiogenesis is variable depending 
on the protein constituents at any one time, in addition to other factors (Greaves 
et al.  2013 ). Blood vessel ‘sprouts’ invade the wound together with fi broblast in- 
growth in response to pro-angiogenic factors including αvβ3 related FGF and αvβ5 
related VEGF, as well as angiogenin, released by infi ltrating macrophages and kera-
tinocytes (Greaves et al.  2013 ). If this fails to occur, a delay in wound healing results 
(Greaves et al.  2013 ). 

 Integrin-αvβ3 has been identifi ed as a key angiogenic marker on the vasculature 
EC in human granulation tissue, as it is absent in uninjured tissue (Greaves et al. 
 2013 ). The blocking of αvβ3 expression in wound granulation tissue has been found 
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to suppress neo-angiogenesis induced by αvβ3 related FGF and TNF-α (Maquart 
and Monboisse  2014 ). 

 Furthermore, in a study investigating the ability of human microvascular EC to 
form capillary-like structures in vitro, the addition of αvβ3 related FGF and/or αvβ5 
related VEGF with αvβ3 related TNF-α, resulted in tubule outgrowth, with addition 
of all three factors leading to increased effects (Greaves et al.  2013 ). Furthermore, a 
hypoxic environment increased the tube formation to an even greater extent (Greaves 
et al.  2013 ). 

 In a non-neoplastic cell, this is of vital importance in wound healing. One of the 
primary steps in wound healing is the contraction of the wound, once granulation 
tissue has been formed. Fibroblasts in the granulation tissue area secrete proteases 
that are enzymes that break down proteins (Rosenberg  2001 ). Matrix 
Metalloproteinases are the proteases responsible for the fragmentation of fi bronec-
tin. Fragmentation of the fi bronectin exposes a site that is complementary to the 
α5β1 integrin receptor. Once this occurs, the cell synthesises proteins that cause it 
to become more adhesive. (Rosenberg  2001 ). This adhesion is what results in the 
vigorous contraction of the surrounding cells, and hence the overall contraction of 
the granulation tissue. The exact mechanism of how this occurs is poorly under-
stood, however it is known that the cell produces transmembrane proteins which 
link up to adjacent cells making the adhesion between successive cells stronger. 
This process is highly regulated in normal tissue, as well as areas of granulation 
tissue as proteases required by fi broblasts are required to create the appropriate 
ligand for the α5β1 integrin receptor, and hence the initiation of this process 
(Boudreau and Varner  2004 ; Hsia et al.  2014 ; Rosenberg  2001 ). 

 A study has suggested that different variants of ITG β5 and AGFG1 genes are 
associated in the modulation of airway hyper responsiveness. This condition is a 
characteristic of asthma in which there is an increased contraction of the smooth 
muscles in the airways (Himes et al.  2013 ). However, it was noted that more studies 
are required to confi rm these fi ndings (Himes et al.  2013 ). Another study was con-
structed to investigate the association between different genotypes of ITG β5 and 
liver fi brosis. It was revealed that this association is considered as a false positive 
result and the role of ITG β5 in liver fi brosis is not well defi ned. Moreover, it has 
been proved that there is no correlation between the histological stages of liver 
fi brosis and different alleles of ITG β5 (Grünhage et al.  2011 ). There is a contro-
versy about the role of ITG β5 in causing an increase in the susceptibility to adeno-
virus infections (Kasuga et al.  2009 ). Few studies have stated that there is a 
correlation between ITG β5 and higher adenovirus susceptibility, while others stud-
ies shown that there is no signifi cant infl uence between different genotypes of this 
gene and the latent adenovirus infection (Kasuga et al.  2009 ). The impact of ITG β5 
on wound healing was suggested in a number of fi ndings (Garlet et al.  2012 ). One 
particular study revealed a fi vefold or more increase in ITG β5 in periapical granu-
lomas along with the increase of other genes such as SERPINE1, TIMP1, COL1A1, 
COL5A1, VTN, CTGF, FGF7, TGFB1, TNF, CXCL11 and ITGA4 (Garlet et al. 
 2012 ). The study has shown that identifi cation of the genes involved in the progres-
sion of these periapical lesions can be used to make a more accurate diagnosis, and 
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to formulate a more appropriate treatment which can lead to an increase in the suc-
cess rate of endodontic treatment (Garlet et al.  2012 ). 

 Integrin β8 prevents oxygen-glucose deprivation-induced neuronal apoptosis 
(Zhang et al.  2012 ). Inhibition of integrin β8, established by the use of lentiviral 
vector-mediated β8 RNAi, results in down regulation of vascular endothelial growth 
factor (VEGF) (Zhang et al.  2012 ). VEGF is a signal protein responsible for stimu-
lating angiogenesis. In the absence of β8 subunit in the integrin heterodimeric com-
plex of integrin ανβ8, brain vascular abnormalities results. This is termed 
hypoxic-ischaemic brain injury, which leads to neurological dysfunction in new-
borns (Zhang et al.  2012 ). Integrin β8 is also an essential mediator in brain recovery 
after such injury. Neurogenesis and neurovascular physiology is essential for the 
healing process but such processes are inhibited in the absence of integrin β8. 
Moreover, integrin β8 expressed on glial cells regulate vascular development that is 
angiogenesis, by indirectly monitoring the release of secreted factors such as VEGF 
(Zhang et al.  2012 ). 

 Integrin β8 is essential in the management of neurovascular physiology (Mobley 
et al.  2009 ). Removal of the integrin β8 in the perivascular neural cells results in an 
inability to regulate the active phases of blood vessel growth, leading to widespread 
issues in neurovascular homeostasis. A null integrin β8 adult mice exhibits increased 
numbers of intracerebral blood vessels as well as increased perivascular astroglio-
sis. The mechanism by which integrin β8 functions occurs through activation of 
latent forms of TGFβ3 secreted from cells at extracellular matrix (ECM)- bound 
complexes. Neural vascular cell adhesion and communication is absent in null inte-
grin β8 mice due to diminished integrin-mediated activation of TGFβs (Mobley 
et al.  2009 ). The process of angiogenesis terminates by day 30 post-natal. This 
coincides with lowered neurovascular pathologies of the brain as integrin β8 in adult 
neural progenitor cells continue to promote interactions in blood vessels of neuro-
vascular niches (Mobley et al.  2009 ).  

26.4     Integrins in Malignancy 

 In cancer, the integrin-ligand mediated signalling pathways are similar to those in 
vascular development, physiological angiogenesis, and pathological vascular hyper- 
proliferation; yet are found in tumour-associated fi broblasts and infl ammatory cells, 
and are exploited to allow for the survival and spread of tumour cells by manipulat-
ing the host microenvironment (Weis and Cheresh  2011 ). The integrin-ligand inter-
action which inhibits cells from proliferating and migrating beyond the normal 
boundaries can also enable cells to survive and migrate within an abnormal environ-
ment on receiving new signals from the extracellular environment, or in response to 
intracellular reprogramming (Weis and Cheresh  2011 ). 

 The expression of αvβ3 integrin by tumour cells has been linked to primary 
tumour growth and metastatic potential through the promotion of anchorage- 
independent growth and increased transendothelial migration (Weis and Cheresh 
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 2011 ). This αvβ3 expression is seen in approximately half of patients with pancre-
atic cancer and positively correlated with lymph node metastasis, breast tumours, 
and to an even greater extent in breast cancer lymph node metastases (Weis and 
Cheresh  2011 ). These fi ndings have indicated the therapeutic use of blocking 
αvβ3 in the suppression of such tumours (Weis and Cheresh  2011 ). In αvβ5 integrin 
expression, the tumour cells require cytokine or growth factor to stimulate migra-
tion and invasion (Weis and Cheresh  2011 ). 

 However, the αvβ3 integrin has been found to have either pro- or anti-angiogenic 
effects on tumour-associated angiogenesis depending on what it interacts with in the 
angiogenic pathway, thus suggesting that a multi-target approach may be required 
in therapeutic management (Robinson and Hodivala-Dilke  2011 ; Weis and Cheresh 
 2011 ). Furthermore, different responses have been seen in different types of tumours 
(Robinson and Hodivala-Dilke  2011 ; Weis and Cheresh  2011 ). 

 Other suggestion linking integrin-5 and integrin-3 with pathological angiogene-
sis have been conducted (Reynolds et al.  2002 ). These studies have illustrated that 
the inhibition of Integrin 5 and integrin 3 function leads to a decrease in neovascu-
larization and tumour growth (Reynolds et al.  2002 ). Interestingly it was observed 
that even when cells were lacking these two genes, pathological angiogenesis and 
tumour growth continued (Reynolds et al.  2002 ). However, further studies are 
required to confi rm the effectiveness of integrin antagonists which can be used as 
anti-angiogenic therapy (Reynolds et al.  2002 ). In addition, changes in the ITGB-5 
gene along with other genes is associated with autosomal dominant osteoporosis 
type II which is a rare heritable bone disorder characterised by high bone mass and 
decrease in the osteoclastic activity (Coudert et al.  2014 ). 

 In neoplastic cells, α5β1 integrin receptors are not activated by fi bronectin frag-
ments as in non-neoplastic cells, however more α5β1 integrin receptors are created 
in cells that express a neoplastic nature. A transcription factor named Hox D3 in 
neoplastic cells is implicated to over express α5β1 integrin receptors (Boudreau and 
Varner  2004 ). Transcription factors can either block or promote transcription, and 
hence they can either up-regulate or down-regulate the expression of a specifi c pro-
tein (Walter et al.  2013 ; Wang et al.  2013 ; Xuan et al.  2013 ; Zhang et al.  2008 ). 

 Research gathered from studies that examined the relationship between Hox D3 
and α5β1 integrin expression clearly demonstrate a link between the two (Boudreau 
and Varner  2004 ). What is less understood is why neoplastic cells have an abundant 
supply of the Hox D3 transcription factor. It is hypothesised that an error in the 
regulation of the Hox D3 transcription factor results in its over activation. This 
results in it binding to the promoter region of the α5β1 integrin gene and results in 
the over expression of the gene’s protein product (Boudreau and Varner  2004 ). 

 Since the neoplastic cells now have more α5β1 integrin receptors, the mechanism 
for production of adhesive molecules of the cell are more easily activated. Since 
α5β1 integrin receptors are usually found in endothelial cells, the resulting adhesion 
of endothelial cells leads to the proliferation of blood vessels, and therefore an 
increase in angiogenesis. 

 It has been shown that ITG β5 is overexpressed in colorectal adenocarcinoma 
and it correlates with the presence of malignant neoplasia (mucinous type) (Denadai 

26 Integrins



177

et al.  2013 ). Tahira et al suggested that ITG β5 is overexpressed in pancreatic cancer 
(Tahira et al.  2011 ). ITG β5 has also been reported as a potential biomarker in lung 
cancer and it’s currently the target for an inhibitor drug that is undergoing clinical 
trials (Tahira et al.  2011 ). A more recent study published in June 2013, investigated 
the signalling pathways and the role of ITG β5 in breast cancer (Bianchi-Smiraglia 
et al.  2013 ). It has been shown that ITG β5 is upregulated in breast carcinoma and it 
mediates Src FAK (focal adhesion kinase) and MEK ERK signalling pathways 
(Bianchi-Smiraglia et al.  2013 ). These two pathways work independently and are 
involved in the tumorigenic activity of cancer cells (Bianchi-Smiraglia et al.  2013 ). 
This same study has shown that ITG β5 has a role in breast cancer angiogenesis and 
it also facilitates cancer cells’ migration (Bianchi-Smiraglia et al.  2013 ). Moreover, 
ITG β5 depletion from metastatic breast cancer cells resulted in the hindrance of 
tumorigenic activity in vitro and in mouse model (Bianchi-Smiraglia et al.  2013 ). It 
has been suggested that ITG β5 contributes to tumour angiogenesis and resistance 
to chemotherapy and radiation (Maubant et al.  2002 ; Hood et al.  2003 ). In conclu-
sion, these few publications in the literature about the role of ITG β5 in cancer 
provide novel insights into its function in cancer. Tumour growth and angiogenesis 
are facilitated by ITG β5 through matrix adhesions or through its signalling path-
ways (Bianchi-Smiraglia et al.  2013 ). Future therapeutic strategies could be achieved 
by inhibiting the link between ITG β5 and its signalling events or by disabling those 
two pathways (Bianchi-Smiraglia et al.  2013 ). The reason why integrins are attrac-
tive therapeutic targets is because of their elevated levels in certain aggressive types 
of tumours (Hood et al.  2003 ). Thus, ITG β5 can be considered as a potential thera-
peutic target (Maubant et al.  2002 ). Further studies are required to investigate the 
role of integrins as potential biomarkers that could possibly determine the extent of 
certain types of cancer (Maubant et al.  2002 ). 

 Integrin β8 is also responsible for the vascular integrity and regulating angiogen-
esis in tumour cells. Suppression of integrin β8 expression, prompted by the injec-
tion of microRNA, miR-93, promotes tumour growth and angiogenesis (Fang et al. 
 2011 ). Comparison of the tumour development and growth within the control group 
of mice and mice injected with miR-93 shows a larger tumour size and a less abun-
dant amount of fragmented nuclei in the miR-93 tumours. An abundance of con-
densed and fragmented nuclei leads to severe cell death. Hence, it has been suggested 
that miR-93, to a certain extent, increases the survival rates of cancer cells. 
Dissection of the mock and miR-93 tumours revealed an abundance of blood vessels 
in the miR-93 tumours compared to the mock tumours. Additionally, the blood ves-
sels were more scattered and showed signs of better health, with improved endothe-
lial cell growth. Through the use of computational analysis, there is a direct 
correlation between integrin- β8 and miR-93 (Fang et al.  2011 ). The larger number 
of proteins associated with cell growth and tumour formation are targets of miR-93. 
Integrin β8 contains 3′-untranslated region (3′UTR), a target sequence for miR-93. 
Anti-integrin β8 antibody was used to probe the tumour sections, indicating that 
integrin β8 levels are signifi cantly lower in miR-93 tumours than mock tumours. 
Hence, integrin β8 expression is suppressed in miR-93 tumour cells. Repression of 
this gene, visible in the observation of the mock and miR-93 tumours, reveals that 
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integrin β8 protein directly correlates with the dead sections of the tumours. Down 
regulation of integrin β8 via miR-93 injections promoted tumour cell survival. 
Integrin β8 is responsible not only for the normal vascular physiology of the brain 
but also for regulating angiogenesis in tumour cells. Integrin β8 expression is linked 
with nuclear condensation and promotion of cell death. Hence, integrin β8 is a nega-
tive regulator of cell proliferation, where lowered activity of this gene favours endo-
thelial cell growth and angiogenesis of tumour cells (Fang et al.  2011 ). 

 In another study the role of integrin β8 in angiogenesis regulation of Glioblastoma 
multiforme (GBM) has been tested (Tchaicha et al.  2011 ). Glioblastoma multiforme 
is an invasive brain tumour that is well known for its highly vascularised and haem-
orrhagic features. The study revealed that integrin β8 is not only essential for regula-
tion of angiogenesis but it is also moderating the invasiveness of tumour cells. It was 
concluded that future therapies through integrin β8 could diminish cell progression 
and invasion in addition to moderation of angiogenesis (Tchaicha et al.  2011 ). 

 Therefore, the normal expression of integrin β8 gene is essential for the produc-
tion of integrin β8 protein which functions as a mediator and regulator of angiogen-
esis. Mutated individuals that lack the gene or contain abnormalities that prevent 
normal functioning of the gene, experience vascular pathologies localised in the 
brain. Suppression of the ITGB8 gene expression can be achieved via administra-
tion of other factors such as miR-93, which can be used in the treatment of aggra-
vated stages of tumour growth. Such is possible due to its impact on the activity of 
integrin β8, which regulates angiogenesis. Repressed integrin β8 results in excessive 
vascularisation of tumour leading to cell proliferation and malignancy. Further 
research into this gene is necessary in improving modern scientists’ understanding 
of the neurovascular mechanisms of the human body and can pave way for the 
establishment of treatment and prevention of pathologies associated with angiogen-
esis and tumour growth.     
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    Chapter 27   
 Interleukins                     

    Abstract     Interleukin are integral part of the immune system and are secreted by 
leukocytes to clear wound of infection and foreign bodies in order to initiate healing 
process. Some examples of Interleukins are IL-1, 6, 8, 15 and 17. These Interleukins 
are responsible for signalling to attract phagocytes and other repair cells to the site 
of infection or injury through a number of processes but one of their key roles is in 
angiogenesis. Interleukins can either promote or inhibit angiogenesis. The 
Interleukin-1 (IL-1) family contains pro-infl ammatory cytokines that function to 
protect infl ammatory responses. Interleukin-1 has an infl uence on angiogenesis 
under normal and malignant conditions. Interleukin-6 (IL-6) has been demonstrated 
to induce VEGF expression and thus promote angiogenesis. Interleukin-8 (IL-8) 
plays a role in stimulating angiogenesis leading to wound repair. It has also been 
suggested to directly correlate with the extent of local growth and distal metastasis 
of cancer cells. Interleukin-15 (IL-15) may be inherently involved in the immune 
system and the anti-tumour response, emerging evidences are suggesting that IL-15 
may also have pro-tumour properties through stimulation of the production of pro- 
angiogenic factors such as VEGF and interleukin 17 (IL-17). IL-17 has been linked 
to both stimulation and inhibition of angiogenesis. However, a stronger correlation 
to the stimulation of angiogenesis under malignant conditions has been shown. It is 
noteworthy to know the role of cytokines in angiogenesis during normal situation or 
tumour progression as the ability to manipulate vascular formation is an area of 
interest for therapeutic considerations.  

  Keywords     Interleukin   •   IL-1   •   IL-6   •   IL-8   •   IL-15   •   IL-17   •   Angiogenesis   •   Normal 
physiology   •   Disease   •   Malignancy  

27.1             Interleukins 

 Several factors and biochemical agents have been implicated in the development 
and regulation of angiogenesis. Oxygen has been considered a master signal mole-
cule in the growth regulation of vasculature (Ferrara  1999 ). Because it cannot be 
stored in cells in large quantity like other metabolites so cells/tissues with high 
metabolic rates have higher O 2  demand. Therefore, it is tempting to speculate that 
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actively dividing tumour cells and heavily exercising muscle tissues may face 
hypoxic/ischaemic conditions triggering development and proliferation of blood 
vessels. Several studies have demonstrated that hypoxia/ischemia regulates pro- 
angiogenic factors such as vascular endothelial growth factor (VEGF-A), VEGFR2, 
Angipoietin-1 (Ang-1), Angipoietin-2 (Ang-2) and their Tie 2 receptor (Ferrara 
 1999 ; Rissanen et al.  2002 ). Recent study has shown that O 2  starved cells produce a 
transcription factor, hypoxia inducible factor (HIF1) which in turn induces VEGF 
expression in hypoxic tissues (Semenza  2009 ). VEGF expression is also stimulated 
by cytokines such as interleukin1 (IL1) providing an evidence for involvement of 
immune system in the regulation of angiogenesis during trauma, wound healing 
after surgery and tumour growth (Salven  2002 ). 

 Interleukin are integral part of the immune system and are secreted by leukocytes 
to clear wound of infection and foreign bodies in order to initiate healing process. 
Some examples of Interleukins are IL-1, 6, 8, 15 and 17. These Interleukins are 
responsible for signalling to attract phagocytes and other repair cells to the site of 
infection or injury through a number of processes but one of their key roles is in 
angiogenesis. Interleukins can either promote or inhibit angiogenesis.  

27.2     Interleukin-1 in Normal Physiology, Disease 
and Malignancy 

 There are eleven members of the interleukin-1 (IL-1) family, and the genes encod-
ing this group are clustered in a 400 kb region of chromosome 2 (Sims and Smith 
 2010 ). IL-1 members mediate biological responses through binding to receptors 
with specifi c sub-units (i.e. IL-1 receptor type 1) and a Toll/IL-1 domain, which 
then activates the nuclear-factor κB and mitogen-activated protein kinase (MAPK) 
pathway (Sims and Smith  2010 ). 

 The IL-1 family contains pro-infl ammatory cytokines that function to protect 
infl ammatory responses (Matsuo et al.  2009 ). There are two agonistic IL-1 proteins, 
IL-1α and IL-1β, which may play important roles in tumour metastasis and angio-
genesis (Voronov et al.  2003 ). IL-1β is thought to be more important for the ability 
of tumours to initiate and complete angiogenesis, as it operates in the tumour micro- 
environment to activate nearby cells in the stroma (Voronov et al.  2003 ). IL-1β may 
stimulate angiogenesis through causing an up-regulation of vascular endothelial 
growth factor (VEGF), as is the case when nucleus pulposus cells are exposed to 
IL-1β (Lee et al.  2011 ). IL-1α is largely associated within the cell, and has been 
suggested to be not as important in angiogenesis (Voronov et al.  2003 ). Further 
studies indicate that it is the IL-1β that induce the production of VEGF by the endo-
thelial cells which results in infl ammation and thus angiogenesis (Carmi et al. 
 2013 ). It is also observed in this study that through the inhibition of IL-1β, by 
recombinant VEGF through rIL-1β, the infl ammatory response is reduced thereby, 
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reducing tumour growth. However, in the study, inhibition of tumour growth is only 
observed for a short period as angiogenesis leads to the recurrence of the tumour. 

 However, research has demonstrated that IL-1α may be produced by tumour 
cells (Ma et al.  2008 ), IL-1α RNA may be expressed more greatly in cancerous tis-
sue at risk of metastasis (Matsuo et al.  2009 ), and VEGF secretion may be regulated 
by IL-1α (Ma et al.  2008 ). Interleukin-1 has an infl uence on angiogenesis under 
normal and malignant conditions. This is achieved through interaction with other 
cytokines and infl ammatory cells migration to the site of infection/injury by altering 
the adhesion molecule expressed on the endothelial cells and infl ammatory cells 
(Voronov et al.  2003 ). As indicated IL-1β can induce the production of VEGF by 
the endothelial cells which results in infl ammation and thus angiogenesis (Carmi 
et al.  2013 ). It is also observed in this study that through the inhibition of IL-1β, by 
recombinant VEGF through rIL-1β, the infl ammatory response is reduced thereby, 
reducing tumour growth. However, in the study, inhibition of tumour growth is only 
observed for a short period as angiogenesis leads to the recurrence of the tumour 
(Carmi et al.  2013 ).  

27.3     Interleukin 6 in Normal Physiology, Disease 
and Malignancy 

 The nine members of the interleukin-6 (IL-6) family of cytokines bind to a receptor 
complex, which includes IL-6 receptor-α and gp130 receptor subunits and signal 
transducers (Lee et al.  2011 ), to mediate their biological activities in homeostasis 
and the immune response. Under physiological conditions, the levels of IL-6 pro-
tein are practically undetectable due to tightly regulated IL-6 expression (Chalaris 
et al.  2011 ). 

 IL-6 has also been demonstrated to induce VEGF expression and thus promote 
angiogenesis (Cohen et al.  1996 ). IL-6 has purported roles in infl ammatory pro-
cesses seen in myocardial infarction, autoimmune disorders and cancer (Hsu et al. 
 2011 ). This may be because the protein has been shown to be synthesised by mac-
rophages, neutrophils, fi broblasts and endothelial cells, particularly when stimu-
lated by infl ammation (Nibali et al.  2012 ). IL-6 could potentially be a key regulator 
in metastatic spread of cancer through its positive effects on angiogenesis. A study 
by Hsu and authors demonstrated that IL-6 in colorectal cancer promoted tumour 
angiogenesis and invasiveness through the PI3K ⁄AKT and MAPK pathways, as 
well as enhancing the expression of MMP-2 and MMP-9 (Hsu et al.  2011 ). 

 Interleukin-6 (Il-6) is also linked to the inhibition of angiogenesis where the 
endothelial cell proliferation and VEGF are inhibited (Hatzi et al.  2002 ). This is 
shown through xenograft of tumours expressing IL-6 in mice resulting in reduced 
vascularisation. In this study, it is suggested that a correlation exits between onco-
genes, such as N-Myc, and IL-6 where angiogenesis is enhanced through the down 
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regulation of IL-6 and the endothelial cells become insensitive to IL-6. This 
enhances the malignancy of the tumour caused by the oncogene N-Myc.  

27.4     Interleukin 8 in Normal Physiology, Disease 
and Malignancy 

 Interleukin 8 (IL-8) is a small protein that is secreted from a range of nucleated 
cells, with monocytes and macrophages being the principal producers (Apostolakis 
et al.  2009 ). IL-8 is primarily responsible for the recruitment of monocytes and 
neutrophils to an infl ammatory site by establishing a chemokine gradient 
(Apostolakis et al.  2009 ). IL-8 binds to two cell surface G-protein-coupled recep-
tors, CXCR1 and CXCR2, to mediate its biological effects (Apostolakis et al.  2009 ). 

 IL-8 may also be inherently involved in the angiogenic process through its action 
on endothelial cells to induce their division and replication (Ning et al.  2011 ). IL-8 
expression has been found in a vast number of cancers, including acute myeloge-
nous leukaemia, B-cell chronic lymphocytic leukaemia, brain tumours, breast can-
cer, colon cancer, cervical cancer, gastric cancer, Hodgkin’s disease, lung cancer, 
melanoma, mesothelioma, ovarian cancer, pituitary adenomas, prostate cancer, 
renal cell carcinoma, and thyroid tumours (Xie  2001 ). Many of these cancer types 
express IL-8 at a level much higher than in normal tissue (Weidner et al.  1991 ), 
which is enhanced further by hypoxic conditions (Xie  2001 ). The overexpression of 
IL-8 has been previously shown to induce an increased, VEGF-independent, angio-
genic response in tumour xenograph models, where tumours were of an increased 
size with a much greater microvascular density (Ning et al.  2011 ). IL-8 expression 
has also been suggested to directly correlate with the extent of local growth and 
distal metastasis of cancer cells (Xie  2001 ). Indeed, these results indicate that IL-8 
is strongly associated with angiogenesis and subsequent metastatic spread of can-
cer, and that a future avenue of treatment may be to block IL-8 receptors or decrease 
the production of this cytokine through mRNA manipulation.  

27.5     Interleukin 15 in Normal Physiology, Disease 
and Malignancy 

 Interleukin 15 (IL-15) has been mapped to the chromosome 4 region q25–35, and 
the mature protein is largely produced by dendritic cells, monocytes, macrophages 
and stromal cells (Jakobisiak et al.  2011 ). IL-15 seems to stimulate biological activ-
ity mostly through juxtacrine signalling (Jakobisiak et al.  2011 ). IL-15 has been 
purported to stimulate the development and activity of memory CD8+ T cells and 
Natural Killer cells (Jakobisiak et al.  2011 ). Interleukin-15 (IL-15) is also another 
cytokine that induces angiogenesis in both healthy and malignant subjects. IL-15 
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has been shown to promote angiogenesis when introduced subcutaneously into 
mice where it results in vascularisation of Matrigel plugs (Angiolillo et al.  1997 ). 
Despite the angiogenic effect  in vivo  the mechanisms are unknown as experiments 
to stimulate endothelial cell proliferation  in vitro  did not occur as expected. 
However, further studies are able to determine the link between angiogenesis and 
IL-15 through immunostaining specimens of colon cancer from a large sample of 
patients (Kuniyasu et al.  2005 ). Additionally, the introduction of human colon can-
cer cells in nude mice resulted in the hyperplasia of the surrounding mucosa and 
also the expression of IL-15 receptors in the rat’s intestinal epithelial cells. On treat-
ment with IL-15, these cells show an increase in VEGF and other growth factors 
that are linked to angiogenesis. This confi rms the angiogenic effect  in vivo  where 
IL-15 can be linked to increasing tumour growth and progression of colon cancer 
(Kuniyasu et al.  2005 ). 

 IL-15 may be inherently involved in the immune system and the anti-tumour 
response (Jakobisiak et al.  2011 ). It has been suggested that treatment aimed at 
enhancing the activity of IL-15 may assist the immune system in overcoming carci-
noma invasion (Jakobisiak et al.  2011 ). However, evidence has emerged recently 
that IL-15 may also have pro-tumour properties. In a study by Badoual and col-
leagues, there was a correlation between high intra-tumoural IL-15 concentrations 
and poor clinical outcomes in head and neck cancer patients (Badoual et al.  2008 ). 
It has been hypothesised that this is because IL-15 may stimulate the production of 
pro-angiogenic factors such as VEGF and interleukin 17 (IL-17) (Tartour et al. 
 2011 ).  

27.6     Interleukin 17 in Normal Physiology, Disease 
and Malignancy 

 IL-17 is produced by Th17 CD4+ helper T cells (Pickens et al.  2010 ), and induces 
the induction of TNFα, IL-1, and IL-6, as well as chemokines IL-8 and monocyte 
chemoattractant protein1 (MCP1) in various cell types (Maione et al.  2009 ). 

 Interleukin-17 (IL-17) has been linked to both stimulation and inhibition of 
angiogenesis. However, a stronger correlation to the stimulation of angiogenesis 
under malignant conditions has been shown (Yang et al.  2014 ). IL-17 has been 
shown to not only aid in angiogenesis and metastasis through the stimulation of 
VEGF but also to be capable of negating the effects of anti-vascular endothelial 
growth factor (anti-VEGF) chemotherapy. This is supported by the fi nding that by 
inhibiting IL-17, anti-VEGF chemotherapy is successful in reducing malignant 
tumour growth. Further studies have also shown that IL-17 plays an important role 
in chronic infl ammation through stimulating pro-infl ammatory cytokines that main-
tain the infl ammatory environment. This effect is particularly important as pro- 
infl ammatory cytokines have been shown to play a role in angiogenesis and thus 
stimulate growth of tumours (Voronov et al.  2003 ). 

27.6 Interleukin 17 in Normal Physiology, Disease and Malignancy
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 Extensive documents demonstrated the major role of IL-17 in angiogenesis in a 
number of settings. IL-17 producing cells have been demonstrated in prostate can-
cer, non-small-cell lung carcinoma, hepatocellular carcinoma, breast cancer, ovar-
ian cancer, and colorectal cancer (Liu et al.  2011 ). Angiogenesis has been shown to 
proceed following the delivery of IL-17 to tumour vascular beds (Pasche et al. 
 2012 ) and when levels of IL-17 increase in a model of arthritis (Pickens et al.  2010 ). 
A study by Wakita and authors also echoed these fi ndings, showing that the growth 
of tumour cells was signifi cantly reduced in IL-17 negative mutants, presumably 
due to a lack of blood supply from reduced angiogenesis (Wakita et al.  2010 ). IL-17 
may promote angiogenesis indirectly through stimulating the production of VEGF 
(Liu et al.  2011 ), and encouraging endothelial cell migration and cord formation by 
the actions of VEGF (Numasaki et al.  2003 ).     
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    Chapter 28   
 Insulin Receptor Substrate (IRS-1)                     

    Abstract     Insulin receptor substrate (IRS-1) is an adapter signalling protein which 
lacks intrinsic kinase activity. IRS-1 was isolated as an insulin receptor substrate but 
over time various studies have shown that it is capable of working in a range of 
growth hormone and cytokine receptor signalling cascades. The process that 
involves IRS-1 consists of recruiting various proteins to its receptors and then acti-
vating intracellular signalling cascades that facilitate responses at a cellular level to 
insulin. Studies have shown that IGF-I is capable of expressing a range of genes, 
including the encoding of VEGF and activates the formation of capillaries. 
Considering the described role of IRS-1 in angiogenesis, it seems that numerous 
papers have argued that IRS-1 is important in angiogenesis. Variety of methods 
showed that inhibition of IRS-1 results in down regulation or inhibition of angio-
genesis. There are also fi ndings with regards to the IRS-1 role in lymphangiogene-
sis. Future research question about angiogenic role of IRS-1 is whether lymphatic 
endothelial cells are more vulnerable to IRS-1 than blood endothelial cells.  

  Keywords     Insulin receptor substrate   •   IRS-1   •   Angiogenesis   •   Normal physiology   
•   Disease   •   Malignancy  

28.1             Insulin Receptor Substrate (IRS-1) 

 Through energy storage and consumption insulin regulates metabolic pathways and 
controls cell growth. Once ligand binding has occurred the insulin receptor kinase 
is stimulated, this leads to the phosphorylation of intracellular proteins in particular 
IRS-1 (Cheatham and Kahn  1995 ). Insulin receptor substrate (IRS-1) is an adapter 
signalling protein which lacks intrinsic kinase activity. IRS-1 was isolated as an 
insulin receptor substrate but over time various studies have shown that it is capable 
of working in a range of growth hormone and cytokine receptor signalling cascades. 
The process that involves IRS-1 consists of recruiting various proteins to its recep-
tors and then activating intracellular signalling cascades that facilitate responses at 
a cellular level to insulin. IRS-1 was the fi rst insulin receptor substrate to be cloned 
and therefore serves as an example standard of docking proteins (Saad et al.  1993 ).  
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28.2     Insulin Receptor Substrate (IRS-1) in Normal 
Physiology 

 The role of IRS-1 in angiogenesis comes from the previous evidence that insulin 
and IGF systems have been associated with one another in a range of vascular dis-
eases. This includes angiogenesis (Delafontaine  2000 ). In endothelial cells IRS-1 is 
overexpressed when placed in neo-vascular conditions (Jiang et al.  2003 ). In addi-
tion, numerous studies have hypothesised the possibility that IRS-1 can be studied 
as a target in regulation angiogenesis. This particularly included mediations by 
hypoxia, insulin and infl ammation (Andrieu-Soler et al.  2005 ). 

 Studies conducted by Zelzer et al. ( 1998 ) have shown that IGF-I is capable of 
expressing a range of genes, including the encoding of VEGF (Vascular endothelial 
growth factor). VEGF is an angiogenic factor which activates the formation of cap-
illaries. This results in a mitogenic cascade that is isolated to endothelial cells. In 
addition to this IGF-I is a potent mitogen that causes tumour growth and endorses 
the altered phenotype (Macaulay  1992 ; Baserga  1995 ).  

28.3     Insulin Receptor Substrate (IRS-1) in Disease 
and Malignancy 

 A number of studies have explored the role of IRS-1 in hemangiogenesis. A study 
conducted by Jiang et al. ( 2003 ) found that IRS-1 decreased the amount of corneal 
neovascularization. This therefore created new pathways for treatment of ocular 
neo-vascular processes. In this study it was observed that down regulation of IRS-1 
would cause the suppression of IL-1β expression in treated corneas. The importance 
of using IL-1β in this study was that it is a vital factor in the expression of infl am-
matory angiogenesis. This study paves way for the possibility of using Aganirsen in 
neovascularization treatment. This is because Aganirsen activity stops the produc-
tion of IRS-1 and therefore causes an upstream inhibition of the neovascularization 
pathway (BenEzra et al.  1997 ; Moore et al.  2002 ; Voronov et al.  2003 ). Another 
study in relation to the role of IRS-1 in hemangiogenesis showed that in human 
endothelial cells IRS-1 expression is up regulated with regards to capillary forma-
tion (Al-Mahmood et al.  2009 ). Furthermore this study established that inhibition of 
IRS-1 by an Antisense Oligonucleotide will cause the inhibition of angiogenesis. 
This once again supports the previous evidence that IRS-1 plays a vital role in 
angiogenesis. The study conducted by Jiang et al. ( 2003 ) found that IRS-1 as part of 
angiogenesis shows hyperoxia induced retinal angiogenesis in mice. This therefore 
means that IRS-1 can play a role in dealing with vascular problems that are related 
to diabetes in particular through the hemangiogenesis pathway (Jiang et al.  2003 ). 

 With regards to lymphangiogenesis, there has been little research looking into 
the role IRS-1 plays in this process. Lymphangiogenesis is the formation of lym-
phatic vessels from pre-existing lymphatic vessels. However one recent study has 
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concluded that IRS-1 is able to interact with integrins, multifunctional proteins also 
involved in lymphangiogenesis (Avraamides et al.  2008 ). In addition to this study, a 
study conducted by Hos et al. ( 2011 ) explored the role of IRS-1 in corneal lymphan-
giogenesis. Hos et al. ( 2011 ) concluded that IRS-1 signalling plays a role in devel-
oping new lymphatic vessels. Furthermore they found that the blockage of IRS-1 
expression through the use of Aganirsen inhibits lymphangiogenesis and corneal 
hemangiogenesis. To understand the signifi cance of IRSA-1 signalling, in this study 
the authors used corneal neovascularization assay as well as an established model 
for analysis of infl ammatory corneal hemangiogenesis and lymphangiogenesis 
(Cursiefen et al.  2004 ). Once the suture was placed the authors saw a reduction in 
infl ammatory corneal neovascularization. Another interesting fi nding from this 
study was that with IRS-1 blockage, this incidentally impairs lymphangiogenesis. 
This occurred due to a reduction in growth factor expression. Therefore this study 
concluded that IRS-1 is part of the molecular pathway that leads to lymphangiogen-
esis. This study concluded that it was not only hemangiogenesis that IRS-1 plays a 
role in but also in lymphangiogenesis. 

 To summarise the role of IRS-1 with regards to angiogenesis, it seems that IRS-1 
does indeed play a role in angiogenesis. Numerous papers have argued that IRS-1 is 
important in angiogenesis. This has been done through a variety of methods but the 
majority of conclusions have all been consistent. The inhibition of IRS-1 results in 
down regulation or inhibition of angiogenesis. As IRS-1’s role in lymphangiogen-
esis is under researched more studies will need to be done to establish a scientifi -
cally accepted opinion. Therefore more investigation is required to analyse whether 
there is a possibility that not only does IRS-1 play a role in lymphangiogenesis; but 
also whether lymphatic endothelial cells are more vulnerable to IRS-1 blocking 
than blood endothelial cells.     
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    Chapter 29   
 Iron-Sulfur Clusters (ISCU)                     

    Abstract     Iron-sulphur cluster assembly enzyme, ISCU, is a protein coding gene 
which is engaged in repression of mitochondrial metabolism. In human, the two 
isoforms of ISCU exist as iron-sulphur (Fe-S) cluster scaffold protein, ISCU1 and 
ISCU2. ISCU1 is located in cytosol while ISCU2 presents in mitochondria. ISCU1 
and ISCU2 promote the assembly of iron-sulphur clusters, which is involved in 
redox reactions, electron transport, and other cellular processes such as catalysis, 
transcription, respiration, DNA repair, iron metabolism and heme biosynthesis. In 
normoxia, formation of iron-sulfur clusters result in the respiration of mitochondria. 
ISCU potential role in therapy selection of cancer is explored as it was discovered 
that miR-210 is closely linked to tumour growth initiation. This is evidenced by the 
higher amounts of miR-210 found in cancer stricken individuals that may reveal the 
metabolic state of their primary cancer. Thus, ISCU down regulation pathway may 
be the ‘next therapeutic approach of synthetic lethality’ for individuals found with 
high miR-210 levels. So drugs that effect ISCU’s DNA damage repaired composing 
of helicases Rad3 or Fanconi anaemia can be used together with PARP or glycolysis 
inhibitors and glutaminolysis.  

  Keywords     Iron-sulphur cluster assembly enzyme   •   ISCU   •   Angiogenesis   •   Normal 
physiology   •   Disease   •   Malignancy  

29.1             Iron-Sulfur Clusters (ISCU) 

 Iron-sulphur cluster assembly enzyme, ISCU, is a protein coding gene which is 
engaged in repression of mitochondrial metabolism (Huang et al.  2010 ). In human, 
the two isoforms of ISCU exist as iron-sulphur (Fe-S) cluster scaffold protein, 
ISCU1 and ISCU2. ISCU1 is located in cytosol while ISCU2 presents in mitochon-
dria. ISCU1 and ISCU2 promote the assembly of iron-sulphur clusters, which is 
involved in redox reactions, electron transport, and other cellular processes such as 
catalysis, transcription, respiration, DNA repair, iron metabolism and heme biosyn-
thesis. In particular, mitochondrial aconitase in tricarboxylic acid (TCA) cycle and 
the mitochondrial respiratory complexes (Complexes 1, 2, and 3) demand iron- 
sulphur clusters for energy production and the respiration of mitochondria.,  



194

29.2     ISCU in Normal Physiology 

 ISCU are included into enzymes controlling mitochondrial respiration and the man-
ufacture of energy. Examples of these enzymes include aconitase (key player in 
tricarboxylic acid-TCA cycle) and the mitochondrial respiratory complexes (impor-
tant in electron transport) (Chan et al.  2009 ). In normoxia, ISCU1 and ISCU2 stim-
ulate iron-sulfur cluster formation, which promotes aconitase activity of TCA cycle 
and mitochondrial electron transport, resulting in the respiration of mitochondria 
(Chan et al.  2009 ). ISCU1 are necessary scaffolding proteins that work together 
with a variety of evolutionarily conserved assembly and carry factors to manufac-
ture [4Fe-4S] and [2Fe-2S] iron-sulfur clusters. These prosthetic groups encourage 
electron transport and mitochondrial oxidation-reduction activities necessary for 
various cellular activities, varying from ribosome biogenesis, purine catabolism, 
heme biosynthesis, DNA repair, to iron metabolism. 

 The role of ISCU 1 is closely related to mir-210 microRNA (miR-210), which 
regulates the expression levels of ISCU. Several events happen at the miR-210/
ISCU1 pathway, where the up regulation of miR-210 leads to down regulation of 
ISCU.  

29.3     ISCU in Disease 

 Mutation of iron-sulphur cluster has signifi cant effects on the activities of iron- 
sulphur enzymes, including aconitase and succinate dehydrogenase as well as con-
trolling the cellular iron homeostasis, resulting in defi ciency of irons in cytosol or 
unnecessary accumulation of iron in mitochondria. Defective iron-sulphur cluster 
biosynthesis can not only develop Friedreich’s ataxia where the myocytes and sen-
sory neurons are damaged, causing heart problems and afferent impairments, but 
also cause glutaredoxin 5 defi ciency which shows clinical symptoms of anaemia 
(Ye and Rouault  2010 ). One of the well known diseases caused by defi ciency of the 
ISCU gene is myopathy (Kollberg et al.  2011 ; Crooks et al.  2014 ). The disease is 
generally inherited recessively and develops in childhood (Kollberg et al.  2009 ). 
Specifi cally, intronic IVS5+382 G > C mutation in ISCU affects decreased iron- 
sulphur cluster protein formation and myopathy with exercise intolerance. This 
mutation reduces ISCU protein level in muscle tissue by formation of truncated 
protein due to abnormally spliced mRNA (Larsson  2012 ). Clinical symptoms of 
myopathy are dyspnoea, myoglobinuria, muscle fatigue, increase in heart rate, and 
cardiac palpitations. Myopathy patients demonstrate overloads of iron in muscle 
fi bres and the defi ciency of histochemical succinate dehydrogenase. Although 
myopathy is not progressive, severe metabolic acidosis, rhabdomolysis and wide-
spread of muscle weakness can occur. Even though effective iron-sulphur cluster 
defi ciency myopathy treatment has not developed, yet, successful in vitro studies 
have conducted on patients’ fi broblast samples. RNA regulating therapy with 
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antisense oligonucleotides which blocks the site of splicing, inducing normal ISCU 
mRNA splice, was performed. In conclusion, stimulation of normal ISCU mRNA 
splicing by blocking the site of splice indicates a therapeutic probability. Another 
research on Duchenne muscular dystrophy treatment with antisense oligonucle-
otides also supports the accessibility of antisense-therapy on muscle tissue (Kollberg 
et al.  2011 ). VEGF proteins are indicative of angiogenesis related gene expression, 
as it is associated with new capillary formation. Since it is found in higher amounts 
in vastus lateralis and gastrocnemius biopsy protein extracts in ISCU myopathy suf-
fers. Thus, it is obvious that ISCU myopathy, resulting from ISCU defi ciency 
involves angiogenesis mechanism (Crooks et al.  2014 ). 

 Hypoxia inducible factor 1α (HIF-1α) induces hypoxia, causing biological pro-
cesses including angiogenesis, glycolysis, and pH regulation. Reactive oxygen spe-
cies (ROS) are produced by mitochondria in hypoxia, arbitrated by electron transport 
continuing in hypoxic condition. This free radical which promotes HIF and enhanced 
growth in vivo is toxic. In specifi c, to protect from the toxic effect, HIF-1α induces 
miR-210 in hypoxia. miR-210 is one of the microRNAs which control gene expres-
sion by stimulating its degradation or inhibiting target transcription (Favaro et al. 
 2010 ). During hypoxia and after the release of HIF1α, ISCU down regulation were 
observed (Favaro et al.  2010 ). 

 In hypoxic conditions, repression of ISCU1 would lead to various events. It was 
also shown that ISCU2 is a predicted target of miR-210, regulating ROS production 
level in hypoxia. With suppression of ISCU, it inhibits the activity of Krebs cycle 
and the function of mitochondrial, providing an increased free radical production. 
This escalated ROS increase HIF-1α expression, which lead to transcription of HIF 
response element, those element encodes proteins that increase chances of cell sur-
vival under hypoxia, inducing VEGF-dependant angiogenesis, glycolysis switch 
and stimulation of the iron uptake needed for the growth of the cells (Favaro et al. 
 2010 ). This is also believed to mediate cancer cell growth in vivo through the mech-
anism of the HIF dependent (Devlin et al.  2011 ).  

29.4     ISCU in Malignancy 

 Hypoxia is a symptom of low oxygen level in body due to inadequate blood supply. 
Many cancer cells are hypoxic because of the growth of tumour, depriving blood 
supply from other cells and consuming oxygen for angiogenesis. Therefore, hypoxia 
is a physiological factor between normal and cancer cells. The initiation of the 
Pasteur effect: stability distortion of Fe-S cluster (evidenced by electron paramag-
netic resonance spectroscopy) leads to repression in the electron transport chain, 
which corrects the mismatch with reduced oxygen tension, leading to an increase in 
ATP and induction of mitochondrial biogenesis repression through induction of 
most glycolytic enzymes (pyruvate dehydrogenase kinase) (Devlin et al.  2011 ). 
This ultimately leads to a from mitochondrial oxidative phosphorylation to high 
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glycolytic metabolic shift in tumours phenotype. And this would be favourable to 
tumor growth and angiogenesis (Devlin et al.  2011 ). 

 During normoxia, repression of ISCU1, ISCU2 and the biogenesis of the iron 
clusters causes increased toxic ROS and apoptosis due to imbalance between the 
concentration of oxygen and electron transport. On the other hand, miR-210 reduces 
the gap between the concentration of oxygen and electron transport by decreasing 
ROS production as a homeostatic mechanism during hypoxia. This represents that 
miR-210 is maladaptive in normoxia, resulting in homeostatic imbalance between 
oxygen concentration and electron transport, yet, it is adaptive during hypoxia 
because of the mechanism of the homeostatic correction of reducing the imbalance 
(Chan et al.  2009 ). Given miR-210 adaptive role, repression of ISCU would lead to 
the homeostatic reaction mechanism to the hypoxic conditions. With the release of 
HIF-1α would be a primary rise in mitochondrial reactive oxygen species (ROS). 
This ROS released acts as O2 sensors and initiate HIF to kick-start the Pasteur 
effect. When Pasteur effect has corrected the inconsistency, there will be a second-
ary decrease in ROS. This reduces the likelihood of apoptosis while maximizing the 
manufacture of energy in hypoxic cells and enables effective tumor growth in vivo 
through a HIF dependent process, ultimately extending the expectancy of tumour 
cells. Thus, down regulation of ISCU encourages angiogenesis in hyper- proliferative 
disorders and cancer by providing conditions advantageous to tumor growth (Favaro 
et al.  2010 ). 

 Down regulation of ISCU would also lead to a decreased level of the iron-sulfur- 
containing protein succinate dehydrogenase B (SDHB). Head and neck paragan-
gliomas (HNPGLs) are rare tumours of the parasympathetic nervous systems and 
are related to paragangliomas of the sympathetic nervous system. Where there is 
30–45 % familial due to mutations in genes encoding subunits such as SDHB. Thus 
ISCU plays a role in malignancies such as HNPLGLs through the HIF-1α/miRNA-
 210/ISCU mechanism (Merlo et al.  2012 ). The down regulation of ISCU would 
lead to a decreased aconitase enzyme activity as it converts to iron-responsive 
element- binding protein (IRP1) that controls the stability and translation of mRNA 
for transferrin and ferritin. This results in modifi cation of iron metabolism and more 
absorption, which are necessary for tumour growth. This relationship between 
ISCU/miRNA-210 and tumour growth is evidence by the positive correlation 
between miRNA-210 overexpression in various hypoxic related diseases such as 
solid tumours and to adverse clinical outcomes in breast cancer, renal clear cell 
carcinomas, pancreatic cancer patients and in chronic hypoxia that is a key player in 
pulmonary hypertension (Ivan et al.  2014 ). 

 ISCU role in mitochondrial respiration is further explored in the area of cell 
therapy. Today it is widely known that bone marrow mesenchymal stem cells 
(MSCs) in stem cell therapy hold future possibilities in improving cardiac function 
in cardiac diseases. Thus, better understanding of ISCU’s role in mitochondrial res-
piration would contribute in helping to resolve the current impediment of poor sur-
vival of implanted MSCs. This is because the expression miRNA-210 induced by 
hypoxia/SD may be involved in protecting MSCs against apoptosis. The up regula-
tion of miRNA results in a shift to glycolysis and decrease FLASH/capase-8 
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 associated protein-2 expression, thereby enhancing MSC survival without protect-
ing mitochondria. However, miR-210 overexpression was still unable to rescue 
mitochondrial membrane potential under hypoxia/SD treatment. This was due to 
ISCU down regulation that resulted in mitochondrial dysfunction (Nie et al.  2011 ). 

 Moreover, HIF-1α/miR-210 pathway can cause glycolytic pathway instead of 
respiration and assist the survival of the cancerous cells. It is expected that miR-210 
supports tumour cells to adapt to hypoxic condition. In addition, the elevated 
expression of miR-210 in breast cancer, diffuse large B cell lymphoma, and pancre-
atic cancer represents that miR-210 helps tumour cells to grow (Chen et al.  2010 ). 
Furthermore, reduced Fe-S clusters due to ISCU inhibition causes the loss of aconi-
tase, increasing uptake of iron, which is the crucial condition of cancer growth 
(Favaro et al.  2010 ). 

 Suppression of ISCU indicates possible therapeutic approach of synthetic lethal-
ity could be utilised in combination with PARP inhibitors, or glycolysis and gluta-
minolysis suppressors for the high miR-210 level patients (Chan et al.  2009 ; Favaro 
et al.  2010 ). Thus better understanding of the role and mechanism of ISCU may 
enable us to fi nd solutions or alternatives to curb the effects of ISCU effects in nor-
mal physiology.     
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    Chapter 30   
 MDM4                     

    Abstract     The role that MDM4 plays in angiogenesis in tumor growth and meta-
static spread is an important area of medical research and has major implications 
clinically. The MDM4 gene and its corresponding MDM4 protein play an important 
role in tumor angiogenesis primarily through its role in down regulating the P53 
protein. MDM4 is a nuclear protein-encoding gene, resulting in a protein that is 490 
amino acids in length. The protein encoded by MDM4 has a ring fi nger domain at 
the C-terminus and possesses a p53-binding domain at the N-terminus. MDM4’s 
p53 binding domain plays an important role in the proliferation of some tumours 
and cancerous growths. MDM4 protein acts as an oncogene, inhibiting p53 activity 
by binding its transcriptional activation domain. MDM4 inhibits and regulates the 
transcriptional activity of P53. It has been shown that when healthy cells experience 
DNA damage, MDM4 contributes signifi cantly to P53 stabilization and activation. 
In acute hypoxia it has been shown that P53 promotes the expression of 
VEGF. However, in tissues undergoing sustained hypoxia, as would occur in the 
cells of a rapidly growing tumor, it has been shown that P53 down regulates the 
VEGF pathway. MDM4 in conjunction with MDM2, therefore, are likely to pro-
mote tumor angiogenesis by inhibiting P53. The vital role of MDM4 in tumor 
development has become important area in medical research for its interaction with 
P53.  

  Keywords     MDM4   •   Angiogenesis   •   Normal physiology   •   Disease   •   Malignancy  

30.1             MDM4 

 The role that MDM4 plays in angiogenesis in tumor growth and metastatic spread 
is an important area of medical research and has major implications clinically (Salvi 
et al.  2014 ). The MDM4 gene and its corresponding MDM4 protein play an impor-
tant role in tumor angiogenesis primarily through its role in down regulating the P53 
protein. MDM4 is a nuclear protein-encoding gene, resulting in a protein that is 490 
amino acids in length (Zhao et al.  2014 ). The protein encoded by MDM4 has a ring 
fi nger domain at the C-terminus and possesses a p53-binding domain at the 
N-terminus. MDM4’s p53 binding domain plays an important role in the 
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proliferation of some tumours and cancerous growths. MDM4 protein acts as an 
oncogene, inhibiting p53 activity by binding its transcriptional activation domain 
hence named also as p53 regulator. (Zhao et al.  2014 ).  

30.2     MDM4 in Normal Physiology 

 MDM4 and MDM2 both inhibit the transcription activity of P53 (Perry  2010 ). 
However MDM4 and MDM2 both exhibit distinct but complimentary inhibition of 
P53 with MDM4 mainly regulating P53 activity while MDM2 is involved in the 
regulation of P53 stability (Toledo and Wahl  2007 ). MDM2 acts as an E3 ubiquitin 
ligase in which the ubiqitination of P53 is catalysed. Conversely, MDM4 does not 
cause degradation to P53. P53 is inhibited by MDM4 through MDM4 binding and 
masking its transcriptional activation domain (Pei et al.  2012 ). Additionally MDM4 
and MDM2 can work in combination by the formation of heterodimers inducing the 
ubiquitination of P53 (Perry  2010 ). It has been shown that when healthy cells expe-
rience DNA damage, MDM2 is involved in the degradation of itself and MDM4 
thereby contributing signifi cantly to P53 stabilization and activation (Toledo and 
Wahl  2007 ).  

30.3     MDM4 in Malignancy 

 The importance of p53 in tumour suppression is unequivocal (Bieging et al.  2014 ). 
P53 is a powerful tumor suppressor which helps regulate the cell cycle, apoptosis, 
DNA repair, cellular metabolism, innate immunity as well as angiogenesis (Perry 
 2010 ). P53 is also important in most cellular stress responses such as hypoxia, 
where it positively or negatively regulates the expression of numerous target genes 
involved in vital cellular processes including cell proliferation and angiogenesis 
(Farhang Ghahremani et al.  2013 ). 

 P53 is the most frequently inactivated tumor suppressor gene in human cancer 
(Assadian et al.  2012 ). P53 inactivation plays a vital role in almost all human can-
cers. In approximately 50 % of neoplasia the tumor suppressor function of P53 is 
inactivated by mutation or deletion of its geneTP53 (Perry  2010 ). In the other 50 % 
of cancers the TP53 gene remains active but the tumor suppression function of P53 
is compromised. Multiple mechanisms play a role in this down-regulation but 
MDM4 and its close analogue MDM2 both play vital roles (Perry  2010 ). 

 P53 has been shown in a number of studies to have the ability to limit angiogen-
esis and that its actions can actually induce tumor dormancy (Assadian et al.  2012 ). 
Furthermore P53 inactivation increases microvessel density in tumours (Assadian 
et al.  2012 ). P53 has also been shown to induce production of antiangiogenic factors 
derived from collagen such as endostatin and tumstatin and arrestin (Assadian et al. 
 2012 ). 

30 MDM4
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 MDM4 plays an important role in modulating angiogenesis of tumours through 
its role in inhibiting P53 activity. Studies have shown that p53 inhibition enables 
tumours to be more vascularised and hence more aggressive (Bieging et al.  2014 ). 
P53 has been shown in a number of studies to have the ability to limit angiogenesis 
and that its actions can actually induce tumor dormancy (Assadian et al.  2012 ). 
Furthermore P53 inactivation increases microvessel density in tumours (Assadian 
et al.  2012 ). P53 controls angiogenesis through a number of pathways; inducing the 
production of anti-angiogenic factors such as arrestin, endostatin and tumstatin 
(Assadian et al.  2012 ). P53 also inhibits the production of angiogenic factors such 
as VEGF. 

 VEGF is essential for solid tumor development (Biderman et al.  2012 ). It is the 
key mediator of angiogenesis in tumours but the exact action of tumor suppressors 
such as P53, and hence MDM4 proteins in inhibiting VEGF are not fully under-
stood (Zdravkovic et al.  2014 ; Farhang Ghahremani et al.  2013 ). VEGF plays a 
number of roles in the various steps of tumor angiogenesis thereby providing 
tumours with increased oxygen and nutrients. This may play a key role in driving 
tumor metastasis (Farhang Ghahremani et al.  2013 ). Farhang Ghahremani et al. 
described VEGF as ‘an essential modulator of angiogenesis during both physiologi-
cal and pathological hypoxia’. P53 is also a key component of cellular response to 
hypoxia (Farhang Ghahremani et al.  2013 ). P53 can positively or negatively regu-
late the expression of a number of genes within the cell (Farhang Ghahremani et al. 
 2013 ). 

 In acute hypoxia it has been shown that P53 actually promotes the expression of 
VEGF. However, in tissues undergoing sustained hypoxia, as would occur in the 
cells of a rapidly growing tumor, it has been shown that P53 down regulates the 
VEGF pathway via the retinoblastoma pathway in a P21 dependant manner (Farhang 
Ghahremani et al.  2013 ). MDM4 in conjunction with MDM2, therefore, are likely 
to promote tumor angiogenesis by inhibiting P53. P53 inhibits angiogenesis directly 
by the stimulating the production of arresten by the tumor cells. This signifi cantly 
inhibited angiogenesis and limited tumor growth in vivo. Arrestin levels in human 
prostate tumors directly correlates with P53 levels (Assadian et al.  2012 ). MDM4 
prevents the production of arrestin through its inhibition of P53 (Assadian et al. 
 2012 ). 

 Because of its vital role in tumor development, MDM4 has become important in 
medical research aimed at blocking its interaction with P53. There are a number of 
MDM2-P53 inhibitors with six molecules undergoing current clinical trials (Perry 
 2010 ). MDM4 inhibitors are proving more diffi cult to develop (Zak et al.  2013 ). 
Because MDM4 and MDM2 work in conjunction future molecules may work by 
targeting both proteins (Zak et al.  2013 ). More research still needs to be done on 
how to limit MDM4’s binding with p53, which ultimately leads to angiogenesis and 
tumor growth. 

 It is clear that angiogenesis plays a crucial role in tumor development and growth. 
Although in some cases not fully understood, certain genes play a role in the regula-
tion of angiogenesis. MDM4 directly or indirectly stimulates angiogenesis in  certain 
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tumor types. For this reason, ground-breaking research into gene modulation is tak-
ing place in the hopes of limiting or in some cases ceasing tumor development.     
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    Chapter 31   
 Matrix Metalloproteinase 2 (MMP2)                     

    Abstract     Matrix Metalloproteinases (MMPs) are a family of glycoprotein 
enzymes, which are zinc-dependent endoproteinases. These degradative enzymes 
digest the blood-vessel walls to allow endothelial cells to escape and migrate toward 
the site of the angiogenic stimuli. MMPs play a role in angiogenesis in many differ-
ent ways; endothelial cell migration caused by surrounding tissues by interrupting 
ECM barriers, release of angiogenic factors, such as fi broblast growth factor-2 or 
vascular endothelial growth factor. MMP-2, also known as Gelatinase-A, is type IV 
collagenase which can not only break down type IV collagen of the basal laminae 
but also other areas of non-helical collagen and proteins such as Fibronectin, 
Laminin, Natural Insoluble Elastin, Aggregan, and Vitronectin. Many different cell 
types express MMP-2, such as fi broblasts, keratinocytes, endothelial cells, chondro-
cytes and monocytes. MMP-2 is known to contribute in various diseases, such as 
atherosclerosis and skeletal disorder. MMP2 can regulate pathological growth in 
vasculature and plays a role in angiogenesis of variety of diseases by releasing 
angiogenic factors and assisting in cell migration and cell adhesion. Further, MMP-2 
can be a potential cause in initial tumor formation by altering ECM, which provides 
optimal environment for tumor growth. Hence, understanding the pathological and 
physiological aspects of MMP-2 remains crucial in order to develop therapeutic 
interventions.  

  Keywords     Matrix metalloproteinase 2   •   MMP2   •   Angiogenesis   •   Normal physiol-
ogy   •   Disease   •   Malignancy  

31.1             Matrix Metalloproteinase 2 (MMP2) 

 Under normal physiological conditions, angiogenesis is a slow process. It affords 
diffusion exchange of nutrients and metabolites within tissues. Angiogenesis pri-
marily occurs during embryonic development, wound healing and in response to 
ovulation (Carmeliet  2003 ). It is well described that vascular system and capillaries 
grow and relapse in healthy tissues on functional demands (Carmeliet  2003 ; 
Folkman  2007 ). In shortage of oxygen, the cell releases molecules, which induce 
proliferation of endothelial and infl ammatory cells. During their migration, 
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infl ammatory cells secrete proangiogenic factors such as Vascular Endothelial 
Growth Factors (VEGF) (Rundhaug  2005 ). These factors bind to endothelial cell 
surface receptors of local pre-existing blood vessels, which cause them to differenti-
ate and secrete Matrix Metalloproteases (MMP). These degradative enzymes digest 
the blood-vessel walls to allow endothelial cells to escape and migrate toward the 
site of the angiogenic stimuli. At the same time, protein fragments released through 
blood vessel wall digestion, enhance the migratory and proliferative activity of 
endothelial cells (Folkman  2007 ). Endothelial cells continue to sprout and anasto-
mose until stable blood vessels are formed. These newly formed vessels are rein-
forced through the action of specialized muscle cells called pericytes, at which point 
blood fl ow is initiated. This type of angiogenesis is known as ‘Sprouting angiogen-
esis’ as blood vessels are formed in portions of tissues previously devoid of any 
vasculature (Kurz et al.  2003 ).  

31.2     MMP-2 in Normal Physiology 

 Matrix Metalloproteinases (MMPs) are a family of glycoprotein enzymes, which 
are zinc-dependent endoproteinases (Bellafi ore et al.  2013 ). In human MMP family, 
there are at least 24 different vertebrae MMPs found so far which are able to break 
down various extracellular matrix (ECM) components (Clements et al.  2003 ). This 
property enables MMPs not only to affect cellular events, such as cell proliferation, 
migration and adhesion but also many signifi cant physiological processes like 
angiogenesis, bone development and wound healing (Clements et al.  2003 ). MMPs 
are synthesized as zymogens and activated via cleavage of signal peptide (Clements 
et al.  2003 ). These enzymes are then led to secretory pathway from the cell and this 
restricts their catalytic activity to the extracellular space (Clements et al.  2003 ). 

 It is well known that there is a signifi cant link between MMPs and angiogenesis, 
in both pathological and physiological conditions, such as tumours and ovarian 
cycle (Corry  2004 ). MMPs play a role in angiogenesis in many different ways; 
endothelial cell migration caused by surrounding tissues by interrupting ECM bar-
riers, release of angiogenic factors, such as fi broblast growth factor-2 or vascular 
endothelial growth factor (Corry  2004 ). The breakdown products of ECM create 
integrin-binding sites, which stimulate integrin intracellular signalling (Fanjul- 
Fernández et al.  2010 ). MMP-2, also known as Gelatinase-A, is type IV collagenase 
which can not only break down type IV collagen of the basal laminae but also other 
areas of non-helical collagen and proteins such as Fibronectin, Laminin, Natural 
Insoluble Elastin, Aggregan, and Vitronectin (Fanjul-Fernández et al.  2010 ). Many 
different cell types express MMP-2, such as fi broblasts, keratinocytes, endothelial 
cells, chondrocytes and monocytes (Bellafi ore et al.  2013 ). MMP-2 can induce inte-
grin signalling which enables survival and proliferation of endothelial cells (Fanjul- 
Fernández et al.  2010 ). However, it can also disturb angiogenesis by releasing 
angiogenesis inhibitors, such as Endostatin and Tumstatin (Fanjul-Fernández et al. 
 2010 ). 
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 MMPs can modify the cells ability to proliferate, survive or differentiate changes 
by acting on the ECM. MMP-2 or Gelatinase A plays a signifi cant role in the break-
down of ECM in normal physiological events. 

 MMP-2 contributes in activation of mitotic cell division, activity of vascular 
smooth muscle cells and airway smooth muscle cells (Gormus et al.  2011 ). 
Furthermore, MMP-2 plays a role in tissue morphogenesis by affecting cell organ-
isation. MMP-2, which is secreted by adipocytes, also plays a role in islet morpho-
genesis by migration and association into islets (Gormus et al.  2011 ). It was 
discussed that activation of MMP-2 differentiated embryonic pancreatic epithelial 
cells and established clusters that have characteristics of islets of Langerhans. When 
the activity of MMP-2 was inhibited, islet cells differentiated, however did not 
migrate and associated into islets, obliterating islet morphogenesis (Gormus et al. 
 2011 ). 

 In addition, MMP-2 is involved in infl ammatory responses. MMP-2 can act 
either as pro-infl ammatory or anti-infl ammatory by splitting infl ammatory mediator 
(Clements et al.  2003 ). This eventually leads to a regulated infl ammatory response. 
One experiment (Inoue et al.  2006 ) showed that in mice with asthma, eosinophils 
ended up accumulating in the interstitium, instead of migrating into the airways, 
which put animals at risk of suffocation. Furthermore, MMP-2 interrupts lethal 
asphyxiation by building chemostatic gradient that is needed to clear infl ammatory 
cells in lungs (Kuzuya  2006 ). MMPs may also contribute in modulation of biologi-
cally active molecules. For example, MMP-2 can cleave and activate insulin-like 
growth factors and latent TGF-β, which is a protein that regulate proliferation, dif-
ferentiation of cells, and thereby, activate them (Clements et al.  2003 ). Furthermore, 
it is also suggested that essential steps in the epithelial-mesenchymal transformation 
are triggered by MMP-2 (Murillo et al.  2009 ).  

31.3     MMP-2 in Disease 

 MMP-2 is known to contribute in various diseases, such as atherosclerosis and skel-
etal disorder. It has been proposed that MMP-2 plays a critical role in destabilisa-
tion of atherosclerotic plaque (Bellafi ore et al.  2013 ). A few studies have revealed 
that there was an overexpression and enzymatically activation of MMP-2 and 
MMP-9 in human atheroma. Moreover, increased number of MMP-2 has also been 
detected in plaques with extensive remodelling, which increases the risk of plaque 
rupture (Page-McCaw et al.  2007 ). Indeed, MMP-2 has been associated with coro-
nary heart disease, which might have been caused by activity of MMP-2 on fi brous 
cap thickness and the initial plaque formation (Shah and Galis  2001 ). In fact, it has 
been shown that removal of MMP-2 or MMP-9 tends to reduce the plaque forma-
tion and decrease incidence of cardiac fi brosis after experimental myocardial infarc-
tion (Raffetto et al.  2007 ). 

 Mutations in MMP-2 have been found in three different skeletal disorders, such 
as Osteolysis Syndrome which is caused by progressive resorption of bone 
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(Bellafi ore et al.  2013 ). The absence of MMP-2 activity seems to be the common 
cause in osteolysis, since no MMP-2 activity could be detected in serum and fi bro-
blasts from patients with mutations in this gene (Bellafi ore et al.  2013 ). Additionally 
Inoue et al. suggested that poor MMP-2 activity interrupts osteocyte networks and 
decreased bone density (Rundhaug  2005 ). In fact, mice with a defi ciency in MMP-2 
tended to develop more severe arthritis than control animals with normal levels 
(Tutton et al.  2003 ). 

 According to Gormus et al., MMP-2 seems to play a role in acceleration of 
matrix turnover in venous leg ulcers (Vu  2000 ). In another study, it was stated that 
venous dilation, chronic venous insuffi ciency and varicose veins can be caused by 
MMP-2. In fact, higher number of MMP-2 mRNA expression was found in patients 
with varicose veins and coronary artery disease (Vu  2000 ).  

31.4     MMP-2 in Malignancy 

 Up-regulation of several MMPs is found in higher levels in many different types of 
human cancer than in normal tissue or benign adenomas (Fanjul-Fernández et al. 
 2010 ). Early regulation of MMPs which might have been caused by the tumor cells 
or surrounding stromal cells, assist in alteration of ECM and releasing ECM and 
membrane growth factors, which establish an optimal environment for the initial 
tumor formation (Fanjul-Fernández et al.  2010 ). With time, as tumor grows, proan-
giogenic factors eventually become dominant over angiogenic inhibitors (Zheng 
et al.  2000 ). MMP-2 has been associated with the stimulation of angiogenic shift in 
different model systems. Further regulation of MMP expression, particularly 
MMP-2 and MMP-9, which can break down basement membrane components, per-
mit the invasion of tumor cells into the adjacent stroma and to degrade the basement 
membranes in capillaries and lymphatic vessels, and this leads to the invasion of 
tumor cells into the circulation (Fanjul-Fernández et al.  2010 ). Furthermore, it has 
been proposed that MMPs in body fl uids tend to contribute to the malignant tumor 
invasion (Zheng et al.  2000 ). A few studies indicate that MMP-2 expression is able 
to predict invasion, metastasis, and relapse in urothelial and prostate cancer patients. 
For this reason, MMP-2 could be used in diagnosis of malignant tumor and metas-
tasis that contribute to the breakdown of type IV collagen of extracellular matrix 
and basal membranes (Zheng et al.  2000 ). This explains the role of MMP-2 in the 
migration of malignant cells during pathological progression. It has been assumed 
that MMP-2 is a potential indicator in the progression of tumor and diagnosis of a 
few different kinds of malignancies, such as lung cancer and gastric cancer (Zheng 
et al.  2000 ). 

 Angiogenesis is initially the growth and remodelling process of the primitive 
vascular system to form a complex vascular network in foetal development. 
Reparative angiogenesis or pathological angiogenesis proceeds after birth as in the 
case of wound healing. Pathological angiogenesis, as suggested by the name, leads 
to a negative effect on the body as it assists in the growth of tumours and drives 
metastasis. 
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 Various proteins including MMP2 can regulate this pathological growth in vas-
culature. It was shown that MMP-2 plays a role in angiogenesis and a variety of 
diseases by releasing angiogenic factors and assisting in cell migration and cell 
adhesion. Further, MMP-2 can be a potential cause in initial tumor formation by 
altering ECM, which provides optimal environment for tumor growth. Hence, 
understanding the pathological and physiological aspects of MMP-2 remains cru-
cial in order to develop therapeutic interventions.     
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Chapter 32
Monobutyrin

Abstract Monobutyrin, also known as 1-butyrylglycerol, is a monoglyceride of 
butyric acid. The chiral, non-protein, small lipid molecule was first recognised as a 
regulator of angiogenesis in 1990 when a chicken embryo chorioallantoic mem-
brane assay was used to demonstrate its ability to stimulate angiogenesis. The 
results from the study strongly indicated that monobutyrin was a major regulatory 
molecule of angiogenesis involved in the normal development of cells and tissues. 
The expansion of adipose tissue in adults is similar to the growth of a tumour or 
neoplasm, where rapid growth gives rise to hypoxia, which induces angiogenesis, 
and consequently promotes further tissue growth. Adipose tissue that has been 
newly formed will require continued angiogenesis for additional growth. 
Monobutyrin acts as a messenger for the paracrine interactions between adipocytes 
and endothelial cells that mediate this coordinated growth. Although angiogenesis 
in adipose tissue is carefully balanced during a state of tissue homeostasis, a neo-
plasm or lesion beginning in adipose tissue, such as in the mammary gland, will 
exploit the microvasculature for its own local growth and metastasis. The therapeu-
tic benefits of monobutyrin have been examined in nutritional studies. As the knowl-
edge surrounding monobutyrin develops, so will the information on the potential 
angiogenic inhibitors as a therapeutic option for treatment and prevention of obesity 
and its associated disorders.

Keywords Monobutyrin • Angiogenesis • Normal physiology • Disease •
Malignancy

32.1  Monobutyrin

Monobutyrin, also known as 1-butyrylglycerol, is a monoglyceride of butyric acid. 
The chiral, non-protein, small lipid molecule was first recognised as a regulator of 
angiogenesis in 1990 when a chicken embryo chorioallantoic membrane assay was 
used to demonstrate its ability to stimulate angiogenesis at doses as low as 20 pg. 
The results from the study strongly indicated that monobutyrin was a major regula-
tory molecule of angiogenesis involved in the normal development of cells and tis-
sues (Dobson et al. 1990).
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32.2  Monobutyrin in Normal Physiology

Monobutyrin is synthesised and secreted by adipocytes after differentiation from 
3T3-F442A preadipocytes. This differentiation-dependent characteristic of mono-
butyrin synthesis was discovered when adipocytes were compared with preadipo-
cytes in early labelling studies that employed the use of various radiochemical 
precursors, such as [14C]acetate (Wilkison and Spiegelman 1993). Whilst the spe-
cific biosynthetic pathway of monobutyrin has been difficult to ascertain, it has been 
shown that diacylglycerol can stimulate the synthesis of the short-chain monoacyl-
glycerol fromanadipocyteparticulate fractionbyactingasasubstrate.Diacylglycerol
undergoes acylation with butyryl-CoA to form a triacylglycerol intermediate that is 
then hydrolysed by long-chain fatty acyl-specific enzymes called lipases. During
this hydrolysis reaction, the lipase enzyme selectively cleaves off the two remaining 
long-chain fatty acyl groups to produce monobutyrin. This acyltransferase activity 
is present in several cell types, although at much lower degrees than in adipocytes. 
The enzymatic activity responsible for the synthesis of monobutyrin have been 
found to occur at high levels in adipocytes and at either indiscernible or relatively 
low levels in cells of other tissue types. In adipocytes, it occurs in two distinct steps 
that are highly dependent on the differentiation process (Wilkison et al. 1991). 
During differentiation, levels of monobutyrin multiply by approximately 200-fold
and are responsible for a large portion of the overall angiogenic activity (Dobson
et al. 1990). A study conducted by the American Society for Biochemistry and 
Microbiology also suggested monobutyrin production may also be dependent on 
hormones to a certain extent, as the addition of epinephrine to adipose tissue 
increased the amount of monobutyrin secreted by tenfold (Wilkison and Spiegelman 
1993).

32.3  Monobutyrin in Disease

The secretion of monobutyrin, which is tightly coupled to the differentiation pro-
cess, has shown to be detectable only from adipocytes from studies involving analy-
sis of various cultured cell types, including tumour cells (Wilkison and Spiegelman 
1993). Studies comparing liver, muscle and adipose tissue showed that only adipose 
was able to induce its own neovascularisation (Dobson et al. 1990). This is evident 
in situations where wound healing and revascularisation of ischemic myocardium 
are promoted by fat tissue and the ability of its cells to stimulate angiogenesis (Liu 
and Meydani 2003). The capacity of adipose tissue to grow throughout an individu-
al’s life is dependent on this ability to secrete angiogenic stimulators, such as mono-
butyrin, that promote the formation of new blood vessels. Monobutyrin acts as a 
messenger for the paracrine interactions between adipocytes and endothelial cells 
that mediate this coordinated growth (Cao 2007). The relatively low levels of mono-
butyrin that were able to stimulate angiogenesis in the chicken embryo 
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chorioallantoic membrane assay suggest that the molecule works by means of an 
intracellular or cell surface receptor-mediated mechanism (Dobson et al. 1990).

The expansion of adipose tissue in adults is similar to the growth of a tumour or 
neoplasm, where rapid growth gives rise to hypoxia, which induces angiogenesis, 
and consequently promotes further tissue growth (Rutkowski et al. 2009). In recent 
studies, obesity, a result of excessive expansion of adipose tissue, has been regarded 
as an endocrine tumour because of the ability of adipose tissue to secrete angiogenic 
factors, such as monobutyrin, that facilitate the tissue expansion. Angiogenesis is a 
necessary event in adipose tissue expansion as it counteracts the hypoxia that arises 
(Dizdar and Alyamac 2004). The expansion of adipose tissue can result in drastic 
consequences on health, including cancer, diabetes and cardiovascular disease 
(Rutkowski et al. 2009). Adipose secretory products, such as monobutyrin, contrib-
ute to this expansion process, ensuring that the adipose tissue is highly vascularised 
with each adipocyte receiving nourishment from an extensive capillary network 
(Cao 2007). The extensive vasculature of adipose tissue allows for efficient circula-
tion of blood that fuels adipose tissue function and transports monobutyrin, along 
with other factors secreted by adipocytes, for further angiogenesis and tissue growth 
(Rutkowski et al. 2009). This is especially significant during embryonic develop-
ment, where adipogenesis and angiogenesis are temporally and spatially coupled 
(Cao 2007). Adipose tissue that has been newly formed will require continued 
angiogenesis for additional growth (Rutkowski et al. 2009).

32.4  Monobutyrin in Cancer

Although angiogenesis in adipose tissue is carefully balanced during a state of tis-
sue homeostasis, a neoplasm or lesion beginning in adipose tissue, such as in the 
mammary gland, will exploit the microvasculature for its own local growth and 
metastasis. Breast cancer is one example of a neoplasm infiltrating a region that is 
rich in adipose tissue. Once transformed ductal epithelial cells have invaded the 
adipose-rich mammary stromal compartment, angiogenic stimulators such as mono-
butyrin will operate in conjunction with tumour-derived factors to fulfil the circula-
tory needs of the invading lesion (Rutkowski et al. 2009).

The understanding surrounding monobutyrin and its use is still very much in the 
early stages. This is due to improve as increasing studies regarding the regulation of 
adipose tissue mass via vasculature are undertaken with the purified synthetic com-
pound, which has shown to have a biological activity profile identical to its 
adipocyte- derived counterpart in terms of its ability to stimulate vascular endothe-
lial cell motility in vitro and angiogenesis in vivo without posing a direct effect on 
endothelial cell growth (Dobson et al. 1990). The therapeutic benefits of monobu-
tyrin have also been examined in nutritional studies, which have demonstrated its 
effectiveness as a dietary energy source, food preservative and solubilising agent 
(Dobson et al. 1990). As the knowledge surrounding monobutyrin develops, so will 
the information on the potential angiogenic inhibitors as a therapeutic option for 
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treatment and prevention of obesity and its associated disorders (Cao 2007). So far, 
studies exploring the concept of systemic treatment with angiogenic inhibitors have 
managed to achieve weight reduction and adipose tissue reduction in obese mouse 
(Dizdar and Alyamac 2004).

References

Cao Y (2007) Angiogenesis modulates adipogenesis and obesity. J Clin Invest 117(9):2362–2368. 
doi:10.1172/jci32239

Dizdar O, Alyamac E (2004) Obesity: an endocrine tumor? Med Hypotheses 63(5):790–792.
doi:10.1016/j.mehy.2004.01.046

Dobson DE, Kambe A, Block E, Dion T, Lu H, Castellot JJ Jr, Spiegelman BM (1990) 1-Butyryl-
glycerol: a novel angiogenesis factor secreted by differentiating adipocytes. Cell 
61(2):223–230

Liu L, Meydani M (2003) Angiogenesis inhibitors may regulate adiposity. Nutr Rev
61(11):384–387

Rutkowski JM, Davis KE, Scherer PE (2009) Mechanisms of obesity and related pathologies:
the macro- and microcirculation of adipose tissue. FEBS J 276(20):5738–5746.
doi:10.1111/j.1742-4658.2009.07303.x

Wilkison WO, Spiegelman BM (1993) Biosynthesis of the vasoactive lipid monobutyrin. Central 
role of diacylglycerol. J Biol Chem 268(4):2844–2849

Wilkison WO, Choy L, Spiegelman BM (1991) Biosynthetic regulation of monobutyrin, an 
adipocyte-secreted lipid with angiogenic activity. J Biol Chem 266(25):16886–16891

32 Monobutyrin

http://dx.doi.org/10.1172/jci32239
http://dx.doi.org/10.1016/j.mehy.2004.01.046
http://dx.doi.org/10.1111/j.1742-4658.2009.07303.x


213© Springer International Publishing Switzerland 2016 
A. Salajegheh, Angiogenesis in Health, Disease and Malignancy, 
DOI 10.1007/978-3-319-28140-7_33

    Chapter 33   
 Neutrophil Activating Protein-2 (NAP-2)                     

    Abstract     Neutrophil activating protein-2 (NAP-2) is a potent chemoattractant and 
activator of neutrophils, stimulating degranulation, and release of infl ammatory 
mediators and degradative enzymes, such as serine proteases and lysozymes, how-
ever, NAP-2 has also been shown to stimulate a number of other cellular processes, 
including mitosis, extracellular matrix production, and angiogenesis, making it a 
novel target for cancer treatment strategies due to its angiogenic and mitotic roles. 
NAP-2 has been shown to induce endothelial cell proliferation and chemotaxis 
(required for angiogenesis)  in vitro , and angiogenesis  in vivo , in the absence of any 
preceding infl ammation, indicating that its role in neutrophil chemoattraction and 
activation is distinct from its potential physiological angiogenic role. Whilst neo-
vascularisation is important for the growth of the tumour, the formation of new 
blood vessels is also critical to the process of invasion and metastasis of tumour 
cells, as the new blood vessel provide a way for the cancer cells to enter the circula-
tion and travel around the body. Majority of the pro-cancerous effects of NAP-2 
have been well documented to occur as a result of its interaction with its primary 
receptor. It is clear that NAP-2 has a role in the growth, survival, invasion and 
metastasis of various cancer subtypes, but the exact function of NAP-2 in cancer 
still remains broad and indistinct, however, angiogenesis has been consistently 
associated with NAP-2 in tumorigenesis.  

  Keywords     Neutrophil activating protein-2   •   NAP-2   •   Angiogenesis   •   Normal phys-
iology   •   Disease   •   Malignancy  

33.1             Neutrophil Activating Protein-2 (NAP-2) 

 Neutrophil activating protein-2 (NAP-2), also known as CXCL7, belongs to the 
CXC family of chemokines (Grepin et al.  2014 ). CXCL7 is produced when a pro-
tein secreted by platelets, named platelet basic (PBP) protein, is cleaved by cathep-
sin- G at a tyrosine-alanine bond situated 24 amino acid residues from the N-terminus, 
however, other studies have shown that NAP-2 may be produced via cleavage of 
connective tissue- activating peptide III (CTAP-III), which is also a product of dif-
ferential cleavage of PBP (Cohen et al.  1992 ; Belperio et al.  2000 ). 
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 Being of the chemokine family, NAP-2 is a potent chemoattractant and activator 
of neutrophils, stimulating degranulation, and release of infl ammatory mediators 
and degradative enzymes, such as serine proteases and lysozymes, however, NAP-2 
has also been shown to stimulate a number of other cellular processes, including 
mitosis, extracellular matrix production, and angiogenesis, making it a novel target 
for cancer treatment strategies due to its angiogenic and mitotic roles (Cohen et al. 
 1992 ; Witko-Sarsat et al.  2000 ; Russo et al.  2014 ). NAP-2 stimulates these pro-
cesses via binding to the chemokine receptor CXCR2, which is present on a number 
of cell types, including polymorphonuclear leukocytes, epithelial cells, endothelial 
cells, and fi broblasts (Russo et al.  2014 ).  

33.2     Neutrophil Activating Protein-2 (NAP-2) in Normal 
Physiology 

 NAP-2 is produced by a variety of cells, including platelets, activated endothelial 
cells and by leukocytes (Belperio et al.  2000 ). Interestingly, research has shown that 
the production of NAP-2 occurs to a large degree in areas of high neutrophil num-
bers due to the presence of a surface bound cathepsin-G-like enzyme, which can 
generate a positive feedback cycle by cleaving more CTAP-III to NAP-2, attracting 
more neutrophils to the site, and so on (Cohen et al.  1992 ; Belperio et al.  2000 ). 

 Many of the known physiological and pathological processes (including tumori-
genesis) involving angiogenesis tend to show leukocytic infi ltrates, that is, involving 
the presence of neutrophils amongst other infl ammatory cells (Tazzyman et al. 
 2009 ). Wound healing, infl ammatory conditions (such as rheumatoid arthritis) and 
malignant cancers are all inherently intertwined with neovascularisation, and tend 
to exhibit chemokine profi les that attract various types of leukocytes, the presence 
of which may lead to the production of high amounts of NAP-2, which in in turn 
may be a key player in the induction of angiogenesis associated with these condi-
tions (Tazzyman et al.  2009 ; Witko-Sarsat et al.  2000 ). 

 Angiogenesis is a critical process essential to various physiological processes, of 
which numerous chemokines, including NAP-2, stimulate and promote (Gillitzer 
and Goebeler  2001 ). NAP-2 has been shown to induce endothelial cell proliferation 
and chemotaxis (required for angiogenesis)  in vitro , and angiogenesis  in vivo , in the 
absence of any preceding infl ammation, indicating that its role in neutrophil che-
moattraction and activation is distinct from its potential physiological angiogenic 
role, however, very little published data implicates NAP-2 in physiological angio-
genesis, focusing more on its role in pathological angiogenesis (Belperio et al. 
 2000 ). Despite this, it is entirely possible that NAP-2 plays a role in angiogenesis 
within a normal physiological context.  
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33.3     Neutrophil Activating Protein-2 (NAP-2) in Disease 

 Angiogenesis is a tightly regulated process, seldom seen in normal adult tissues, 
with little evidence showing it to be frequently involved with infl ammation, how-
ever, some research has shown that angiogenesis accompanies some chronic infl am-
matory conditions, such as infl ammatory bowel disease, prolonging and intensifying 
the infl ammatory process (Granger and Senchenkova  2010 ). One well characterised 
process known to involve an intimate link between angiogenesis and infl ammation 
is the physiological process of cutaneous wound healing (Gillitzer and Goebeler 
 2001 ). 

 When there is a break in the skin, formation of a platelet plug and blood clot 
forms, acting to stop the bleeding, which is followed by an acute infl ammatory 
response characterised by a neutrophil rich exudate. Aggregated platelets in the 
blood clot release a variety of growth factors to initiate the process of healing, 
including PBP, which is subsequently cleaved to CTAP-III, and then to NAP-2 by 
neutrophils around the clot, leading to attraction of more neutrophils via its stimula-
tion of CXCR2 (Gillitzer and Goebeler  2001 ). Angiogenesis and the formation of 
new blood vessels is a hallmark process involved in the formation of granulation 
tissue during the process of wound repair, and despite the known proangiogenic 
properties of NAP-2, very little published data is available to show a direct involve-
ment of NAP-2 in the process of angiogenesis in wound healing, despite its known 
role in the acute infl ammatory response of wound healing described prior (Gillitzer 
and Goebeler  2001 ; Granger and Senchenkova  2010 ). It is fairly reasonable to 
assume that NAP-2 has a role amongst the various other proangiogenic factors in 
the initiation of angiogenesis during wound healing, as it has been shown to induce 
a potent angiogenic response in a chick embryo membrane which was saturated in 
NAP-2 (Powell and Mousa  2007 ). Thus further research into NAP-2’s role in physi-
ological angiogenesis is required before any concrete conclusions can be made as to 
its potential role in this scope, but despite this, the knowledge of NAP-2’s proangio-
genic activity means there is promise of fi nding a more intricate involvement of the 
chemokine in physiological angiogenic processes. 

 Angiogenesis has been linked to a variety of pathological conditions, in particu-
lar, those involving chronic infl ammatory responses, with studies suggesting that 
angiogenesis and chronic infl ammation may even be co-dependent in certain cir-
cumstances (Jackson et al.  1997 ). The basis of this pairing is due to the fact that 
various infl ammatory mediators can both directly and indirectly promote angiogen-
esis, with angiogenesis thus contributing to and maintaining the pathological infl am-
matory state, delivering more infl ammatory cells to the diseased tissue (Jackson 
et al.  1997 ; Szekanecz et al.  2009 ). 

 Rheumatoid arthritis is a chronic infl ammatory disease characterised by exten-
sive angiogenesis in the infl amed Synovium (Szekanecz et al.  2009 ). The chemo-
kine profi le of serum derived from joints affected by rheumatoid arthritis contains a 
large variety of proinfl ammatory and proangiogenic cytokines, including NAP-2, 
which is consistently recognised in such profi les (Jackson et al.  1997 ; Szekanecz 
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et al.  2009 ). NAP-2 has become a potential novel target for rheumatoid arthritis 
therapy due to its consistent presence in rheumatoid arthritis and known proangio-
genic function (Szekanecz et al.  2009 ; Jorgensen  2000 ; Nataraj et al.  2013 ). 

 Chemokine induced angiogenesis has also been linked to fi broproliferative dis-
orders (Belperio et al.  2005 ; Strieter et al.  2004b ). Various studies have described 
the presence of high levels of NAP-2 in tissue samples from lung transplant patients 
suffering from a chronic infl ammatory fi broproliferative complication of the sur-
gery, called bronchiolitis obliterans, in comparison to tissue samples from healthy 
lung transplant patients. In addition, the corresponding receptor of NAP-2, CXCR2, 
was found to be expressed in higher levels on endothelium surrounding sites of 
bronchiolitis obliterans. In the same study, the use of an anti-CXCR2 antibody sig-
nifi cantly reduced angiogenic activity in bronchiolitis obliterans, whilst another 
antibody raised against the receptor of the powerful angiogenic factor, vascular 
endothelial growth factor (VEGF), showed little signifi cant effects at reducing 
angiogenesis in bronchiolitis obliterans, indicating a critical role of NAP-2 and the 
CXCR2/CXCR ligand axis in angiogenesis and the pathogenesis of this fi broprolif-
erative lung disorder (Belperio et al.  2005 ). 

 There is undeniable evidence of a role of NAP-2, amongst other chemokines, in 
the pathogenesis of various chronic infl ammatory conditions, which are intimately 
intertwined with the process of angiogenesis. Based on this knowledge and the 
results of studies such as the aforementioned, there is huge potential for the use of 
novel treatments targeting NAP-2 in an effort to treat these chronic debilitating con-
ditions. However, whilst the literature shows a direct link between angiogenesis and 
NAP-2 in such infl ammatory diseases, the degree to which NAP-2 induces angio-
genesis in these conditions, amongst its various other infl ammatory roles, is still 
vague, as these chemokine receptors are highly promiscuous, meaning defi nite 
localisation and determination of particular ligand driven responses with CXCR2 
activation is not as simple as showing a decrease in angiogenic activity when there 
is high NAP-2 levels in infl amed tissues along with CXCR2 inhibition (Belperio 
et al.  2005 ). Rather, this tends to only show that inhibition of a highly promiscuous 
chemokine receptor acts to reduce angiogenesis in these diseases, however, that 
receptor could be activated by a number of proangiogenic factors known to interact 
with CXCR2 in the process of angiogenesis (for example, IL-8, CXCL2, CXCL6, 
CXCL5 etc.), which are also found in high levels in the same conditions (Tazzyman 
et al.  2009 ; Nataraj et al.  2013 ; Belperio et al.  2000 ,  2005 ). The wide ligand range 
of these chemokine receptors thus make the determination of the degree to which 
NAP-2 induces angiogenesis in the aforementioned conditions diffi cult, however, 
results are promising, but further research and more conclusive evidence is required 
if NAP-2 is to become a reliable drug target for the treatment of such disorders in 
the future.  
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33.4     Neutrophil Activating Protein-2 (NAP-2) in Malignancy 

 Contrary to the role of NAP-2 in normal physiological angiogenesis and pathology 
based angiogenesis, there is a large amount of clear experimental evidence that 
implicates various CXC chemokines, including NAP-2, in angiogenic events that 
are critical for the growth, invasion and metastasis of neoplastic masses (Strieter 
et al.  2004b ). Studies have even shown that tumours are unable to grow beyond 
2–3 mm (Witko-Sarsat et al.  2000 ) without developing a consistent bloody supply 
through angiogenesis (Tazzyman et al.  2009 ). Furthermore, studies have shown that 
tumour cells may promote the formation of neutrophilic infi ltrates, which may pro-
mote angiogenesis via a mechanism associated with the release of a proangiogenic 
cytokine like NAP-2 (Tazzyman et al.  2009 ; Cohen et al.  1992 ). 

 The importance of angiogenesis in the growth of tumours is well documented, 
with various studies showing inhibition of angiogenesis reduces tumour cell mass, 
with preclinical trials using the endogenous anti-angiogenic molecule endostatin to 
treat certain tumours showing a generalised reduction in both the mass of the 
tumours treated, as well as a reduction in neovascularisation associated with the 
tumour (Folkman  2002 ). Conversely, NAP-2 has been shown to play a key role in 
the growth of tumours, particularly in the growth and survival of clear cell renal cell 
carcinoma (ccRCC), most likely due to its proangiogenic role. Overexpression of 
NAP-2 acted to accelerate ccRCC development, whilst the use of anti-NAP-2 anti-
bodies greatly reduced the growth of ccRCC in nude mice models. Interestingly, in 
the same study, the ccRCC were shown to normally secrete low amounts of NAP-2, 
however, production of IL-1β by the ccRCC acted to positively feedback and 
increase the amount of NAP-2 production, further promoting its own growth (Grepin 
et al.  2014 ). 

 Whilst neovascularisation is important for the growth of the tumour, the forma-
tion of new blood vessels is also critical to the process of invasion and metastasis of 
tumour cells, as the new blood vessel provide a way for the cancer cells to enter the 
circulation and travel around the body, where they deposit at distant sites forming 
secondary tumours (Folkman  2002 ; Tang et al.  2008 ). The receptor for NAP-2, 
CXCR2, has been shown to be the primary receptor that drives angiogenesis and 
subsequent metastatic potential, with both  in-vitro  and  in-vivo  studies using 
CXCR2−/− mice lung cancer models showing a reduction in angiogenesis and 
metastasis in comparison to CXCR2+/+ models. However, as mentioned previously, 
CXCR2 also interacts with various other proangiogenic CXC chemokines, thus it 
cannot be undeniably assumed that it is NAP-2 which is promoting metastasis in 
these models by inducing tumour angiogenesis, but more likely synergistic effect of 
various proangiogeneic cytokines (Strieter et al.  2004a ). 

 Interestingly, NAP-2’s angiogenic role may not be the only process by which it 
could promote tumour invasion and metastasis, with some studies in breast cancer 
cell lines showing that NAP-2 has heparanase activity, allowing it to degrade hepa-
rin sulphate in the extracellular matrix (ECM) which allows tumour cells to move 
through the ECM and basement membrane to invade local tissues, as well as to 
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intravasate into blood vessels and metastasise around the body (Tang et al.  2008 ; 
Hoogewerf et al.  1995 ). Along with this, premalignant cells transfected with NAP-2 
also showed higher levels of NAP-2 secretion and invasiveness than non-transfected 
counterparts (Hoogewerf et al.  1995 ). This shows that NAP-2 indeed plays a role in 
tumour growth and metastasis, however, whether its pro-cancerous effect is due to 
increased angiogenesis or ECM destruction is still not clear, but it is more than 
likely a mixture of both would account for NAP-2’s pro-cancerous effects, which 
makes inhibition of NAP-2 function an interesting molecular target for future breast 
cancer treatment (Hoogewerf et al.  1995 ). 

 There has also been evidence showing that NAP-2 levels may actually decrease 
in some cancers (Matsubara et al.  2011 ). One study showed that there was an overall 
reduction in serum NAP-2 levels in patients with pancreatic adenocarcinoma com-
pared to normal healthy subjects, however, histologically, pancreatic adenocarci-
noma is consistently characterised by hypovascularisation, explaining the decreased 
circulating NAP-2 levels, however, this also shows that the proangiogenic role of 
NAP-2 is not universally seen across all cancer subtypes, and hence future use of 
anti-NAP-2 drugs to treat cancer may only be suitable in certain cases (Matsubara 
et al.  2011 ; Miura et al.  2006 ). From results of studies like this, it has been sug-
gested that NAP-2 may actually be able to be used diagnostically as a biomarker for 
early detection of pancreatic adenocarcinoma, promoting a better prognosis 
(Matsubara et al.  2011 ). 

 Majority of the pro-cancerous effects of NAP-2 have been well documented to 
occur as a result of its interaction with its primary receptor, CXCR2 (Nataraj et al. 
 2013 ; Belperio et al.  2005 ; Belperio et al.  2000 ). However, a very recent study 
investigated the molecular mechanisms by which NAP-2 induces breast cancer cell 
growth and metastasis, and found co-localisation of NAP-2 and the growth factor 
receptor EGFR, and it was subsequently suggested that interaction of NAP-2 with 
EGFR, rather than CXCR2, promoted angiogenesis and induced cell cycle progres-
sion in breast cancer cells, leading to their growth and subsequent metastasis, mak-
ing inhibition of not only the NAP-2/CXCR2 axis, but the NAP-2/EGFR axis as 
well, a promising novel target for the treatment of breast cancer cells (Salazar et al. 
 2014 ). 

 It is undeniably clear that NAP-2 has a role in the growth, survival, invasion and 
metastasis of various cancer subtypes, but the exact function of NAP-2 in cancer 
still remains broad and indistinct, however, angiogenesis has been consistently 
associated with NAP-2 in tumorigenesis (Grepin et al.  2014 ; Tazzyman et al.  2009 ; 
Strieter et al.  2004a ; Folkman  2002 ). With continuing research into the molecular 
mechanisms and effects of NAP-2 in malignancy, there is almost certainly the 
potential for NAP-2 to become an effective drug target to reduce the incidence and 
morbidity associated with cancer.     
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    Chapter 34   
 p27kip1 and p57Kip2 (CDKN1B 
and CDKN1C)                     

    Abstract     Under normal circumstances, the progression of the cell cycle is con-
trolled by the activation of cyclin-dependent kinases (CDKs) and the regulatory 
subunits called cyclins in eukaryotic cells. p27Kip1 encodes the cyclin-dependent 
kinase inhibitors (CDKIs) in Cip/Kip family. These CDKIs bind to CDKs, thus 
terminating cell cycle. nuclear p27kip1 protein content is high in tissues that are not 
expected to or have already undergone mitotic divisions and expression is lower in 
tissues that are expected to undergo proliferation such as basal layer of oral mucosa 
and skin or germinal centres of normal lymph nodes. p57Kip2 protein together with 
CDK interacting proteins (CIP) also belongs to the CIP/KIP family of cyclin depen-
dent kinase inhibitors. p57Kip2 is the least studied protein within the family, but 
research has shown that it plays a key role in the regulation of the cell cycle. p57Kip2 
believed to have an anti-oncogenic role involved in the regulation of several hall-
marks for tumor growth including apoptosis, cell differentiation and proliferation, 
control of tissue invasion and metastasis and angiogenesis. Down regulation of 
p57Kip2 is commonly associated and inversely correlated with the proliferation of 
many malignancies. To date, there are few studies linking p57Kip2 and angiogene-
sis. Reports have noted an increase in the expression of vascular endothelial growth 
factor (VEGF), an angiogenesis promoting factor in the absence of p57Kip2.  

  Keywords     p27kip1   •   p57Kip2   •   CDKN1B   •   CDKN1C   •   Angiogenesis   •   Normal 
physiology   •   Disease   •   Tumour   •   Malignancy  

34.1             p27kip1 and p57Kip2 (CDKN1B and CDKN1C) 

 Under normal circumstances, the progression of the cell cycle is controlled by the 
activation of cyclin-dependent kinases (CDKs) and the regulatory subunits called 
cyclins in eukaryotic cells (Besson et al.  2004 ). 

 The p27kip1 gene, formally CDKN1B, is located on chromosome 12p13 (Ponce- 
Castaneda et al.  1995 ) and exhibits characteristics of “natively unfolded,” “intrinsi-
cally disordered” or “intrinsically unstructured” proteins (Ponce-Castaneda et al. 
 1995 ). This characteristic allows for a large number of possible conformations and 
therefore interactions with many targets comprising both nucleic acids and proteins. 
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The aforementioned functionality is enhanced as a result of p27kip1’s ability to 
transform from its’ disordered state to a well-defi ned conformations with high affi n-
ity for that target. In short, due to the absence of a pre-existing folding, p27kip1 can 
interact with a number of targets (Borriello et al.  2007 ). 

 p57Kip2, also known as CDKN1C, is a maternally imprinted gene located on the 
chromosomal locus 11p15.5 (Herceg and Ushijima  2009 ). This protein together 
with CDK interacting proteins (CIP) belongs to the CIP/KIP family of cyclin depen-
dent kinase inhibitors. It is the least studied protein within the family (Pateras et al. 
 2009 ), but research has shown that it plays a key role in the regulation of the cell 
cycle. The unique role of this protein in embryonic development has been exten-
sively studied and is commonly implicated in Beckwith-Wiedemann syndrome 
(BWS) and sporadic cancers (Pateras et al.  2009 ). The down-regulation of this pro-
tein is frequently connected with many common human malignancies illustrating its 
antioncogeneic role. The tumor suppressor capabilities of this protein are now being 
explored where its reactivation is seen to have therapeutic potential.  

34.2     p27kip1 and p57Kip2 in Normal Physiology 

 p27Kip1 encodes the cyclin-dependent kinase inhibitors (CDKIs) in Cip/Kip fam-
ily. This CDKIs binds to CDKs, thus terminating cell cycle. To understand p27Kip1 
role in cellular proliferation we require a few details about mitotic cell division. In 
order for the endothelial cells to proliferate mitotically they must leave their idle 
state (G0) and re-enter the cell cycle. When p27 is expressed in cell, CDKIs bind to 
CDKs and prevent the transition between G1 and S phases of the cell cycle (Besson 
et al.  2006 ). Once the progression of the cell cycle is interrupted, cells can no longer 
undergo proliferation. This ultimately stops angiogenesis since endothelial cell pro-
liferation is a prerequisite of angiogenesis (Folkman  1971 ). Therefore, tissues can 
control the degree of angiogenesis by regulating the expression of p27 gene. As is 
to be expected, nuclear p27kip1 protein content is high in tissues that are not 
expected to or have already undergone mitotic divisions. Examples of such include 
epithelial tissues of the breast, lung, prostate, ovaries, and lymphocytes of the blood 
and lymph nodes (Slingerland and Pagano  2000 ). As an extension, p27kip1 expres-
sion is also lower in tissues that are expected to undergo proliferation: basal layer of 
oral mucosa and skin, germinal centres of normal lymph nodes and the tonsils 
(Slingerland and Pagano  2000 ). 

 CKIs are found to be involved in the negative regulation of the G1 phase of the 
cell cycle. Progression of the cell cycle is governed by a group of cyclins and cyclin- 
dependent kinase (CDK) complexes. CDK complexes are regulated at a number of 
different points by various numbers of guiding processes, including CKI binding. 
CKI binding will negatively regulate the progression forward through the cell cycle. 
This negative regulation by CKIs (including p57Kip2) illustrates their antionco-
genic role.  

34 p27kip1 and p57Kip2 (CDKN1B and CDKN1C)
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34.3     p27kip1 and p57Kip2 in Disease and Malignancy 

 With respect to cancer, p27kip1 is known primarily as a tumor-suppressor gene 
through its inhibition of the progression of cell cycle. However, it is not a typical 
tumour-suppressor gene; The absence of normal tumor-suppressor gene in a cell is 
responsible for tumour formation or progression (Besson et al.  2007 ). Hence its 
deletion from the genome would terminate tumourigenesis and cancer would not be 
developed. Also, studies have never been found that p27 gene to be mutated in 
tumours, for reasons unknown (Besson et al.  2004 ). Instead, it is always either the 
expression of p27 are either down-regulated, or the gene is excluded from the 
nucleus of the tumor cells (Besson et al.  2004 ). It is therefore not surprising that 
defi ciency in p27Kip1 is often linked to cancer cells frequently, and this is in close 
association with elevated tumour aggression and a poor prognosis (Slingerland and 
Pagano  2000 ). Cases of these malignancies can be seen in brain tumours, adenocar-
cinomas, and lymphoproliferative neoplasms. Study done by Chien et al. ( 2007 ) 
have shown that the p27Kip1 knockout mice displayed spleen and thymus hyperpla-
sia (Chien et al.  2007 ). They also exhibited spontaneous tumours in their pars inter-
media, the barrier between the posterior and anterior lobes of the pituitary gland. 
The presence of haemorrhage in these pituitary tumours means that the tumours 
could maintain its vascular density. The newly capillaries formed may have abnor-
mal structure and function, hence the haemorrhage (Chien et al.  2007 ). This proves 
that in the absence of p27Kip1 protein, angiogenesis was stimulated in these 
tumours at a rate that is proportional to its growing mass (Chien et al.  2007 ). The 
decrease in nuclear expression of p27kip1 in tumor cells may result from the com-
bination of accelerated rates of degradation and nuclear export. However, little is 
known about the specifi c pathways of degradation and nuclear export (Besson et al. 
 2006 ). 

 As mentioned earlier, p27Kip1 modifi es its folding upon binding to its target. 
Concordantly it is not surprising to see different properties when p27Kip1 enters a 
different cellular environment. Once p27Kip1 leaves the nucleus and enters the 
cytoplasm, p27Kip1 exerts other functions. p27Kip1 has the ability to control cell 
motility and cell migration by inhibition of Ras homolog gene family member A 
(RhoA) activity (Kimura et al.  1996 ). RhoA stimulates the formation of actin stress 
fi bers and focal adhesions. It is also responsible for cell motility by controlling 
actin-myosin contractility to drive the translocation and the retraction of the cell 
(Kimura et al.  1996 ). Studies have shown that cells with engineered deletion of the 
p27kip1 gene have no reaction in reorganizing their actin cytoskeleton and focal 
adhesion in response to growth factors, whereas their control group did (Besson 
et al.  2004 ). The presence of p27Kip1 is necessary in cell migration and once it 
leaves its nuclear environment, it promotes angiogenesis and therefore tumor pro-
gression and invasiveness. 

 This contradiction of p27Kip1 being a tumor-suppressor gene or oncogene is 
shown in many studies in regards to p27Kip1 activity in human patients and geneti-
cally engineered animals. A low level of p27Kip1 is often found in human cancers, 
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but rarely the homozygous loss of p27Kip1 (Sicinski et al.  2007 ). Also, mice with 
p27kip1 haplo-insuffi ciency were showed increased susceptibility to malignant 
tumour induction by chemical carcinogens and radiation when compared to p27kip1 
knockout mice (Slingerland and Pagano  2000 ). The results suggest that the exis-
tence of p27Kip1 allele alone contributes tumourigenesis, even when the gene is not 
expressed. The protein acts as a tumour suppressor in the nucleus whereas in the 
dominant cytosolic oncogene with possibly metastatic potential (Sicinski et al. 
 2007 ). This explains the unusual role of p27Kip1 in regulation in cancer. 

 Studies performed with embryonic mice have illustrated the key role played by 
p57Kip2 protein in the regulation of growth, particularly in early organogenesis 
(Beretta et al.  2005 ). Its ubiquitous distribution through the entire embryo has been 
noted, with decreasing concentrations as the growth progresses. When protein dos-
ages were manipulated there were notable changes to the phenotypes expressed, 
hence highlighting the importance of the proteins expression. 

 Consequently, a twofold expression lead to embryonic growth retardation due to 
premature cell cycle arrest causing 10–30 % reductions in the weight of the embryo 
and embryonic lethality (Andrews et al.  2007 ). Those mice lacking p57Kip2 pre-
sented with severe developmental abnormalities, often leading to post-natal mortal-
ity. Targeted disruptions showed “limb shortening due to incomplete endochrondral 
ossifi cation, cleft palates, gastrointestinal tract defects, adrenal cortex enlargements, 
renal medullary dysplasia and increased body weight” (Pateras et al.  2009 ). Many 
of these phenotypes have been implicated in patients with Beckwith-Weidemann 
syndrome, suggesting the loss of the protein plays a role in the disorders progres-
sion (Zhang et al.  1997 ). Current results suggest normal embryonic growth is highly 
sensitivity to the expression of p57Kip2 at appropriate dosages. 

 p57Kip2 believed to have an anti-oncogenic role involved in the regulation of 
several hallmarks for tumor growth including apoptosis, cell differentiation and pro-
liferation, control of tissue invasion and metastasis and angiogenesis (Kavanagh and 
Joseph  2011 ). The regulatory role of this protein in controlling cell differentiation is 
well established and its down regulation has been associated with many common 
human malignancies including “adrenal, head and neck, gastrointestinal, urothelial 
and lung carcinomas” (Larson et al.  2008 ). Associations have also been made with 
gestational trophoblastic diseases as well as Wilms tumour and Beckwith- 
Wiedemann syndrome (Larson et al.  2008 ). The reduction of the protein in cancers 
is believed to be caused by the methylation of the CDKN1C gene and lowered 
expression, however post-transcriptional adaptations have been described in some 
instances. A second mechanism leading to the diminished protein concentrations is 
due to increase in protein metabolism by Skp2 (S-phase kinas-associated protein 2) 
(Kavanagh and Joseph  2011 ). Overexpression of this protein has been implicated in 
several cancers, however the importance p57Kip2 degradation mediated by Skp2 is 
not fully understood and is still being investigated (Kavanagh and Joseph  2011 ). 

 As mentioned, the down-regulation of p57Kip2 is often associated with 
Beckwith-Wiedemann syndrome (BWS). BWS is a developmental disorder com-
monly implicated with the down regulation of p57Kip2. It is a heterogeneous dis-
ease where most patients present with “macrosomia, macroglossia, omphalocoele 
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and a predisposition for paediatric tumours” (Pateras et al.  2009 ). The lack of 
p57Kip2 in combination with overexpression of insulin-like growth factors-II 
(IGF2) produces phenotypes indicative of the overgrowth syndrome. Data has sug-
gested that the effect of increased IGF2 in BWS is, in part, mediated by decreased 
expression of p57Kip2 (Grandjean et al.  2000 ). This highlights the signifi cant role 
of p57Kip2 as an indirect suppressant of some pathological conditions. 

 Studies have explored the effect of p57Kip2 in Wilms tumor, where reduced 
expression of the protein is often implicated. Research has shown that the transcrip-
tion of the protein comes predominantly from the maternal allele and loss of the 
maternal allele or abnormal imprinting reduces its expression (Hatada et al.  1996 ). 

 Interestingly, other studies have explored the increases in immunostaining of 
p57Kip2 in oesophageal squamous cell carcinomas and positive relationships with 
Ki-67 (a protein that is strictly related to cell proliferation) (Scholzen and Gerdes 
 2000 ) and cyclin E (forms complex with CDK2, playing a critical role in transition 
from G1 to S phase of cell cycle). These relationships suggest limitation to increased 
proliferation via the activation of feedback mechanisms. In the same form, it was 
found that p57Kip2 levels increased in colorectal carcinogenesis when progressing 
from normal mucosa to adenomas and ultimately the levels were down regulated in 
primary carcinomas. Poor prognosis was often shown in patients presenting with 
complete loss of p57Kip2 (Li et al.  2003 ). Furthermore, down regulation is com-
monly associated and inversely correlated with the proliferation of many malignan-
cies including “non-small cell lung carcinoma, pancreatic adenocarcinoma, 
hepatocellular carcinoma, extrahepatic bile duct carcinoma and intrahepatic cholan-
giocellular carcinoma” (Kavanagh and Joseph  2011 ). 

 Although correlations have been made between p57Kip2 down regulation and 
the aggressiveness of tumor progression, little has been done to explore the direct 
mechanisms of action, particularly in the fi eld of angiogenesis. Indirectly, this pro-
tein can be associated with tumor vascularisation. The stimulatory effect of the pro-
teins down-regulation on tumorigenesis ultimately leads to vascular proliferation as 
the tumour proceeds in its malignancy. 

 Most of the studies relating angiogenesis and p27Kip1 are done on its effects on 
tumourigenesis and thus leads to cancer development. Little has shown how 
p27Kip1 expression causes diseases in relation to angiogenesis. However, the role 
of p27Kip1 in disease can be demonstrated in atherosclerosis. Studies have shown 
that p27Kip1 expression is inversely correlated with vascular cell proliferation in 
human atherosclerotic tissue. The down-regulation of p27Kip1 at the injury site 
contributes to atherosclerosis and restenosis after coronary intervention (Breitenstein 
et al.  2013 ) through the CDK activation mechanism mentioned above. CDKs are not 
inactivated by the binding of CKDIs, leading to the progression of cell cycle, which 
in turn increases proliferation and migration of endothelial and vascular smooth 
muscle cells. The resulting angiogenesis stimulates the development of atheroscle-
rotic lesions that ultimately leads to atherosclerosis (Papetti and Herman  2002 ). 

 Studies suggest the key to treatment of cancer and atherosclerosis is to restore the 
function of p27kip1, possibly by gene therapy. However, one should not overlook 
the possibility of overexpressing a therapeutic gene and causing undesirable 
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 systemic effects. More studies and development are needed to perfect the current 
vectors and/or gene delivery strategies (Goukassian et al.  2001 ). 

 To date, there are few studies linking p57Kip2 and angiogenesis. Reports have 
noted an increase in the expression of vascular endothelial growth factor (VEGF), 
an angiogenesis promoting factor, in the placenta of mice carrying p57Kip2 null 
embryos as compared to those carrying wild type (Matsuura et al.  2002 ). A relation-
ship has been suggested between the expression of VEGF and the decreased expres-
sion of p57Kip2, however this has not been largely explored. Of the few studies 
performed, null expression of p57Kip2 showed a signifi cant increase in VEGF pro-
tein levels, particularly the VEGF164 isoform that has shown more potent induction 
of tumorigenesis than other isoforms (Matsuura et al.  2002 ). However, the relation-
ship was unrelated to tumor growth. The loss of p57Kip2 expression caused insuf-
fi cient trophoblastic proliferation and invasion into the placental bed leading to poor 
perfusion of the placenta and fetoplacental unit VEGF expression within the pla-
centa increased in concentration due to the hypoxic conditions (Matsuura et al. 
 2002 ). 

 Considering the relationships found between the down-regulation of p57Kip2 
and common human malignancies, the protein offers great potential as a tumour 
suppressor candidate. Explorations into p57Kip2 reactivation as a potential thera-
peutic strategy for cancer are being made (Kavanagh and Joseph  2011 ). 
De-methylating agents are currently being examined to treat those patients with 
CDKN1C silencing by promotor methylations. These forms of silencing are com-
monly reported and de-methylation of the protein offers an avenue for re-expression 
or even over-expression to re-harness the proteins tumour suppressor capabilities 
(Kavanagh and Joseph  2011 ). Other mechanisms to stimulate the up-regulation of 
this protein based on the types of mutation or alterations causing the deregulation 
are also being examined.     
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    Chapter 35   
 Platelet-Derived Endothelial Cell Growth 
Factor (PDGF)                     

    Abstract     Platelet-derived endothelial cell growth factor (PDGF) is a large family 
of polypeptide chain and can be categorized in 4 groups (PDGF-A, B, C and D). 
PDGF-A, B and C isoforms were found as early as 1970s whereas PDGF-D has 
fi rstly been found and identifi ed as highly related to VEGF. PDGF and VEGF may 
not only have similar functions but also have its own specifi c purposes. PDGF is a 
potent mitogen for mesenchymal origin cells, including glial cells and smooth mus-
cle cells. PDGF-A and -D were localized within the endothelial cells, immune cells 
and myofi broblasts following MI. These signifi cant fi ndings suggest pivotal role of 
PDGFs during the repair process. The synergistic ability of PDGFs with VEGFs has 
been discussed and in fact there are presence of other “angiogenic synergism” dis-
covered in other diseases. The main mechanism of PDGF involved in tumor angio-
genesis can be mainly summarized in matrix metalloproteinases (MMPs) and 
VEGF. Currently, the rationale behind clinical trials are using combined treatments, 
which would involve targeting the formation of new vessels via the inhibition of 
PDGFR and VEGFR signaling, hence suppressing the tumor cell proliferation, sur-
vival and migration. Future researches on the mechanism of PDGF gene expression 
and larger clinical trials will be benefi cial to all specialties and provide more prom-
ising outcome.  

  Keywords     Platelet-derived endothelial cell growth factor   •   PDGF   •   Angiogenesis   • 
  Normal physiology   •   Disease   •   Malignancy   

35.1             Platelet-Derived Endothelial Cell Growth Factor 
(PDGF) 

 Platelet-derived endothelial cell growth factor (PDGF) is a large family of polypep-
tide chain and can be categorized in four groups (PDGF-A, B, C and D). It is pre-
sented in disulphate-bonded dimer (4 homodimer and 1 heterodimer types) (Wang 
et al.  2010 ). 

 Dr. Moein Amin contributed equally with Dr. Ali Salajegheh. 
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 PDGF is one of the angiogenic growth factors released from human dentine 
matrix for wound healing and tissue regeneration activity in both hard and soft tis-
sue (Roberts-Clark and Smith  2000 ; Derringer and Linden  2004 ; Rasubala et al. 
 2003 ; Tran-Hung et al.  2008 ). In the 1980s, Lynch et al. ( 1987 ) was the fi rst to 
investigate the PDGF expression with tissue regeneration and found PDGF pro-
motes tissue regeneration. During the wound healing process for bone tissue, PDGF 
expression was only detected in the early and mid stages of the healing process, and 
its expression was responsible for the primitive mesenchymal cell proliferation and 
migration (Rasubala et al.  2003 ). During the process of mechanically injured dental 
pulp tissue healing, signifi cant amount of PDGF was secreted by pulp cells and 
shown to promote angiogenesis before mineralisation of reparative dentine occurs 
(Tran-Hung et al.  2008 ). Several researches regarding osseointegration and wound 
healing were conducted after understanding the mechanisms of tissue regeneration 
by PDGF expression.  

35.2     PDGF in Normal Physiology 

 PDGF-A, B and C isoforms were found as early as 1970s in the past 10 years. 
PDGF-D has fi rstly been found and identifi ed as highly related to VEGF (Andrae 
et al.  2008 ). The most possible explanation is the two proteins may not only have 
similar functions but also have its own specifi c purposes. PDGF is a potent mitogen 
for mesenchymal origin cells, including glial cells and smooth muscle cells. In 
humans, the PDGF signaling network consists of four ligands, PDGFA-δ, and two 
receptors of PDGFR- α, and PDGFR- β (Matsui et al.  1988 ).  

35.3     PDGF in Disease 

 The interaction between the isoforms of PDGF and their receptors has been identi-
fi ed and many studies reveal crucial roles of PDGFRs for down-stream signaling 
pathways, which are important for vascular remodeling and angiogenesis after inju-
ries (Wang et al.  2012 ; Andrae et al.  2008 ; Li et al.  2003 ; Moriya et al.  2014 ). 

 In Myocardial Infarction (MI), cardiac remodeling process occurs in the infarcted 
myocardium (Khurana et al.  2005 ). During this repair, angiogenesis plays a huge 
role in the formation of new blood vessels (Raines  2004 ). Zhao et al. ( 2011 ) showed 
that in both early and late stages of MI, signifi cant increase in the expression levels 
of PDGFR isoforms (PDGFR-α and -β) were detected in infarcted myocardium of 
rats in comparison to control. Furthermore, increased expression levels of PDGF-A 
and –D were localized within the endothelial cells, immune cells and myofi bro-
blasts following MI. These signifi cant fi ndings suggest pivotal role of PDGFs dur-
ing the repair process of MI and serve as potent inducers of angiogenesis. In addition 
to this, another study by Wang et al. ( 2012 ) investigated the effects of over- expressing 
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PDGFR-β signaling following vascular injury using mice spleen-derived EPCs. The 
results demonstrated strong correlation between PDGF-β over-expression increased 
activity of EPCs via PI3K/Akt pathway, which is a down stream of PDGF-β 
 signaling responsible for endothelial cell activation. Consequently, PDGFs are 
essential for promoting angiogenesis in response to injuries (Wang et al.  2012 ; 
Khurana et al.  2005 ; Raines  2004 ; Andrae et al.  2008 ). 

 However, this repair process can be a negative mechanism in other diseases. 
Such pathological angiogenesis is prominent in chronic liver diseases such as 
Cirrhosis (Fernandez et al.  2009 ). Intrahepatic vascular remodeling driven by PDGF 
and other growth factors such as VEGF, FGFs and TGF-β1 have been shown cause 
increased hepatic pressure, also known as portal hypertension, hence leading to 
permanent liver failure (Floege et al.  2008 ; Fernandez et al.  2009 ; Carmeliet  2000 ). 
Studies have indicated that VEGF may be a potent angiogenic factor leading to 
portal hypertension seen in animal models (Floege et al.  2008 ; Cao et al.  2010 ; 
Fernandez et al.  2004 ,  2005 ). Furthermore, it has been suggested PDGF may have a 
synergistic role together with VEGF in promoting angiogenesis. This postulation 
was confi rmed by Fernandez et al. ( 2007 ), who showed signifi cant reduction in the 
neovascularization activity in portal hypertensive rats following co-administration 
of rapamycin (VEGF signaling inhibitor) and Gleevec (PDGF signaling inhibitor). 
Moreover, human clinical trials have shown dramatic decrease in the risk of portal 
hypertension and other complications under combined drug treatments (Fernandez 
et al.  2009 ). Therefore, these fi ndings suggest possible interplay between pro- 
angiogenic factors and that process of vessel growth can cause adverse effects as 
seen in Cirrhosis. 

 The synergistic ability of PDGFs with VEGFs has been discussed and in fact 
there are presence of other “angiogenic synergism” discovered in other diseases. 
Cao et al. ( 2003 ) reported that the combination of PDGF-B with FGF-2 synergisti-
cally induced angiogenesis in ischaemic hind limb of rabbits that improved stability 
and functioning of limbs. Similarly, as a follow up study to this, Li et al. ( 2010 ) 
demonstrated synergistic effects of PDGF-B with FGF-2 by intramuscular injection 
of DNA plasmid, which resulted in greater capillary growth and also muscle repair 
in ischaemic hind limb of rabbits. Thus, these fi ndings provide advancement in the 
future therapeutics.  

35.4     PDGF in Malignancy 

 The main mechanism of PDGF involved in tumor angiogenesis can be mainly sum-
marized in matrix metalloproteinases (MMPs) and VEGF. The inhibition of 
PDGF-D can simultaneously down-regulate the angiogenesis via MMP9 and 
MMP2, and also partially inhibit the VEGF-regulated angiogenesis in gastric can-
cer (Zhao et al.  2010 ). Hsu and his colleagues summarized the current clinical trial 
in the head and neck squamous cell carcinoma (HNSCC) (Hsu et al.  2014 ). 
Currently, the rationale behind clinical trials are using combined treatments, which 
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would involve targeting the formation of new vessels via the inhibition of PDGFR 
and VEGFR signaling, hence suppressing the tumor cell proliferation, survival and 
migration. 

 In the RNA level, miR-29b has been reported to regulate the microenvironment 
genes-PDGF, VEGF and MMP9 that are highly related to the angiogenesis and 
promoted the metastasis in the later process (Chou et al.  2013 ). In 2011, Zhang and 
colleagues proposed that miR-9 interacted with the 3′-UTR of PDGFR-β and this 
led to the overexpression of miR-9 and caused the GBM cell line-U87 cell and car-
diomyocytes (Zhang et al.  2011 ). Furthermore, miR-146a was found to promote the 
angiogenic activities on HUVECs cell and hepatocellular carcinoma (HCC) cell 
co-culture via breast cancer 1 (BRCA1) and the PDGFR-A signalling (Zhu et al. 
 2013 ). Although Shao et al. tried to use the microRNA (miR) array to screen the 
PDGF induction in the glioblastoma and ovarian cancer, they found that PDGF can 
induce miR-146b to regulate not only the activation of Akt via PDGF-AA and 
Mitogen-Activated Protein Kinase (MAPK) via PDGF-BB, but also regulate epi-
dermal growth factor receptor (EGFR) signalling. Despite this fi nding, there is still 
no evidence suggesting direct link to angiogenesis (Shao et al.  2011 ). 

 During early embryonic development, PDGF acts as a key regulator for tooth 
cusp and palate developments. Decreased levels of PDGF expression can disturb 
greatly in the extracellular matrix formation and the organisation of odontoblasts 
can ultimately induce defects in tooth development, and cleft palate in craniofacial 
development (Xu et al.  2005 ). 

 In the review by Kiagler et al. ( 2011 ) it was suggested that the use of growth fac-
tors such as recombinant human platelet-derived growth factor-BB (rhPDGF) pro-
motes periodontal and pre-implant healing with more predictable outcome. The use 
of PDGF-BB in re-implantation of avulsed tooth can reduce occurrence of ankylosis 
and root resorption (Noda et al.  2012 ). Furthermore, the use of PDGF and insulin- 
like growth factor-1 (IGF-1) has shown improved osseointegration and bone remod-
eling on the titanium surface of implants (Ortolani et al.  2014 ). As a result, future 
researches on the mechanism of PDGF gene expression and larger clinical trials will 
be benefi cial to all specialties and provide more promising outcome.     
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    Chapter 36   
 Prolyl Hydroxylase Domain-2 (PHD-2)                     

    Abstract     Angiogenesis has long been considered as an important aspect for cancer 
therapy. Tumor angiogenesis, the pathological process that induced by solid tumours 
includes one important process: neovascularization. This process forms new blood 
vessels by the mobilization and recruitment of bone marrow-derived cells. Previous 
studies have shown that Hypoxia-inducible factors (HIF) positively correlated with 
tumor growth and HIF are key regulators of oxygen homeostasis and are composed 
of an oxygen-labile α subunit and a constitutive β subunit. Prolyl hydroxylase 
domain (PHD) proteins, which control oxygen-dependent degradation HIF, include 
PHD3, PHD2, and PHD1. PHD enzymes are inhibited during hypoxic conditions, 
allowing for HIF accumulation and subsequent induction of angiogenesis. PHD-2 is 
believed to be the key propyl hydroxylase in controlling HIF-1α during hypoxia 
(Kant et al. 2013). Under normoxic conditions, molecular oxygen, 2-oxoglutarate, 
iron ions (Fe2+) and ascorbic acid are required to fully activate these enzymes. 
Additionally, HIF-1 inactivates PHD-2 in a negative feedback manner. Although 
PHD-2 is inactive during hypoxia, PHD-2 levels are also increased by hypoxia, 
which provides a HIF-1-dependent auto-regulating mechanism. Suppression of 
HIF-1α by Methylselenocysteine (MSC) can be achieved through stabilization of 
PHD2 and PHD3 although uncertainty about their side effects of this method 
demands more work before therapeutic interventions can be applied in clinical 
cases.  

  Keywords     Prolyl hydroxylase domain   •   PHD-2   •   Angiogenesis   •   Normal physiol-
ogy   •   Disease   •   Malignancy  

36.1             Prolyl Hydroxylase Domain-2 (PHD-2) 

 Angiogenesis has long been considered as an important aspect for cancer therapy. 
Tumor angiogenesis, the pathological process that induced by solid tumours 
includes one important process: neovascularization. This process forms new blood 
vessels by the mobilization and recruitment of bone marrow-derived cells. Previous 
studies have shown that Hypoxia-inducible factors (HIF) positively correlated with 
tumor growth and HIF are key regulators of oxygen homeostasis and are composed 
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of an oxygen-labile α subunit and a constitutive β subunit (Berra et al.  2003 ). Prolyl 
hydroxylase domain (PHD) proteins, which control oxygen-dependent degradation 
HIF, include PHD3, PHD2, and PHD1 (Duan et al.  2011 ). The aim of this chapter 
is to discuss the relationship among HIF, PHD-2 and angiogenesis in malignant 
situation as well as the strategies to treat the tumor.  

36.2     Prolyl Hydroxylase Domain-2 (PHD-2) in Normal 
Physiology 

 Exposure of a cell or tissue to inadequate oxygen levels causes hypoxia and results 
in cellular changes in gene expression. Hypoxia is also associated with pathological 
events such as solid tumours and ischemic disease (Madanecki et al.  2013 ). Prolyl- 
4- hydroxylase domain (PHDs) family is one of the most important regulatory fac-
tors in hypoxic stress. PHD-2 plays a critical role in making cells and tissues adapt 
to the low oxygen environment and PHD-2 also acts as an important factor in oxy-
gen homeostasis. PHD-2 is one of three prolyl hydroxylases originally identifi ed as 
negative regulators of HIF. It is the key oxygen sensor because PHD-2 results in 
stabilization of HIF-1α (Duan et al.  2011 ).  

36.3     Prolyl Hydroxylase Domain-2 (PHD-2) in Disease 

 PHD-2 regulates the stability and transcriptional activity of the hypoxia-inducible 
factor 1 (HIF-1), which is the key factor in response to hypoxic stress. Moreover, 
through the regulation of PHD-2 on HIF-1, it plays an important role in the post- 
ischemic neovascularization (Jia et al.  2014 ). Furthermore, PHD-2 also regulates 
other ways that positively regulate angiogenesis factors HIF-1 under hypoxic condi-
tion. Based on these facts, PHD-2 has been considered as a potential therapeutic 
target in treating tumours (Bottsford-Miller et al.  2012 ). 

 PHD enzymes are inhibited during hypoxic conditions, allowing for HIF accu-
mulation and subsequent induction of angiogenesis. PHD-2 is believed to be the key 
propyl hydroxylase in controlling HIF-1α during hypoxia (Kant et al.  2013 ). Under 
normoxic conditions, molecular oxygen, 2-oxoglutarate, iron ions (Fe2+) and 
ascorbic acid are required to fully activate these enzymes. Additionally, HIF-1 inac-
tivates PHD-2 in a negative feedback manner. Although PHD-2 is inactive during 
hypoxia, PHD-2 levels are also increased by hypoxia, which provides a HIF-1- 
dependent auto-regulating mechanism (Bottsford-Miller et al.  2012 ). PHD-2 siRNA 
treatment not only improves the fi broblast proliferation, but also enhances the 
expression of HIF-1. These effects may affect the diabetic wound healing in positive 
way (Jia et al.  2014 ).  
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36.4     Prolyl Hydroxylase Domain-2 (PHD-2) in Malignancy 

 More than 80 % of renal cell carcinomas are infl uenced by clear cell renal cell car-
cinoma (ccRCC). When ccRCC deactivates Von-Hippel-Lindau (VHL), expression 
of HIF-α, which is involved in tumor Angiogenesis, is affected (Bottsford-Miller 
et al.  2012 ). Researchers hypothesized that deregulation of PHD-2 might be used 
for treating several kinds of tumor that have high level of HIF, which accelerates the 
growth of tumor angiogenesis. They fi rstly investigated the mRNA and protein level 
of PHD2; they found it decreased in several types of tumor. Secondly, they used 
medication to limit the level of PHD-2 and found that tumor progression in these 
cases was increased. Finally, they used the same medication to inhibit the level of 
HIF and found that the tumor growth did not reduce, thus the researchers thought 
tumor suppressor function of PHD2 is HIF-independent. They suggest that low inci-
dence of PHD-2 (32 %), undetectable PHD-3 and high incidence of HIF-α (92 %) 
are expressed by ccRCC in head & neck and colon cancers (Madanecki et al.  2013 ). 
This study highlights the importance of controlling tumor angiogenesis by limiting 
the level of HIF with the help of PHD-2. 

 Moreover, reports have also demonstrated that suppression of HIF-1α by 
Methylselenocysteine (MSC) can be achieved through stabilization of PHD2/3 and 
chemotherapy when combined with therapeutic synergy. This research started by 
investigating the level of PHDs and HIF-α in selected human cancers, the mecha-
nism of HIF-α limitation by MSC, and documenting antitumor action of MSC 
against ccRCC xenografts (Kant et al.  2013 ). And it is the fi rst time to discover that 
MSC is a highly effi cient suppressor for controlling HIF-α in ccRCC tumours. MSC 
does not limit the synthesis of HIF-1α protein, but accelerates the degradation of 
HIF. The treatment of MSC on HIF-1α is connected with important antitumor action 
which is against ccRCC xenograft (Madanecki et al.  2013 ). 

 The researchers have proposed different molecular mechanisms for increasing 
the level of the HIF-1α system in tumorigenesis and they suggest that its opposite 
regulation may be useful for tumor treatment. Bordoli demonstrates that the lower-
ing the level of PHD2 will result in accelerating the growth of tumor in a carcinoma 
and there are clinical examples of breast cancer showing that the time which patient 
can survive with low-level PHD2 will be much shorter (Kant et al.  2013 ). It is 
reported that if PHD2 is absent, the number in amphiregulin will be increased and 
its levels will go down when level of PHD2 is normal. Amphiregulin is regulated 
specifi cally by HIF-2, not HIF-1, which is an angiogenesis-related antibody 
(Chintala et al.  2012 ). Accordingly, it has been suggested that in breast cancer and 
other related cancers, PHD2 is a potential tumor inhibitor (Vogel et al.  2010 ). The 
researchers have also demonstrated the infl uence which PHDs have on human 
colorectal cancer (CRC) as tumor suppressors (Chintala et al.  2012 ). A clinical 
research has shown that the low level of PHD2 in CRC will result in poor survival 
of HIF-1α especially in early stage tumours (Madanecki et al.  2013 ). The progres-
sion of these tumours is inhibited for the reason that they grow their vascular supply 
too fast and then they will become hypoxic. Therefore, it is suggested by  researchers 
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that PHD2 is good target for therapeutic control as lacking PHD2 will cause increase 
of HIF-1α, which promotes the growth of angiogenesis in these tumours in mutant 
mice (Robinson et al.  2008 ). 

 Additionally, PHD-2 also is related to m iR-200b, miR-200c  and  miR-429, which  
increase during ischemic preconditioning. These miRNAs target PHD-2 in order to 
lead to the accumulation of HIF-1α and induction of angiogenesis (Madanecki et al. 
 2013 ). However, a recent study demonstrates that the angiogenic response is sup-
pressed by miR-200b, which overexpresses in human microvascular endothelial 
cells (HMECs). In HMECs, miR-200b levels are suppressed by hypoxia, and the 
direct target for this miRNA is Ets-1mRNA, which is a critical angiogenesis related 
transcription factor. Thus, hypoxia-induced miR-200b inhibition allows Ets-1 accu-
mulation to promote angiogenesis (Verma  2012 ). 

 Results show that how HIF-α in human ccRCC is affected by PHD2/3 in stable 
expression. What is more, lowering HIF-1α by MSC is fulfi lled by regulating the 
level of PHD2 and there is another pathway called “VHL independent” which is 
unique for controlling HIF-α. The results present us with the basic information for 
connect currently used agents with MSC for treating cancer. However, because of 
uncertain side effects of the treating methods, more work is needed before therapeu-
tic interventions can be applied in clinical cases.     
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    Chapter 37   
 Phosphatidylinositol-4, 5-Bisphosphate 
3-Kinase (PIK3Ca)                     

    Abstract     PIK3Ca (phosphatidylinositol-4, 5-bisphosphate 3-kinase) gene belongs 
to the family of genes, Phosphoinositide 3-kinase. PIK3Ca is composed of a 
110 kDa catalytic subunit and an 85 kDa regulatory subunit, located in the cyto-
plasm and the catalytic subunit uses ATP to phosphorylate phosphatidylinositols. 
PIK3Ca is responsible for the action of PI3K. The mutation in the PIK3Ca gene 
causes the megalencephaly-capillary malformation syndrome (MCAP) character-
ized by overgrowth of brain tissue (megalencephaly) and abnormalities caused by 
enlarged small blood vessels in the skin. PIK3Ca mutations have been also strongly 
linked to a congenital lipoma known as CLOVES (congenital lipomatous over-
growth, vascular malformations, epidermal nevi and skeletal/spinal abnormalities) 
syndrome. It has been found that PI3KCa is oncogenic and is involved particularly 
in cervical, breast and colon cancers. Additionally, it was indicated that oncogenic 
PI3KCa is involved in about 30 % of all breast and colon cancers and less frequent 
in cancers of the stomach, brain, liver and ovaries. Expression of PIK3Ca is posi-
tively correlated with the expression of vascular endothelial growth factor (VEGF). 
It has been shown that PIK3Ca inhibitor decreased both inducible and constitutive 
expression of the hypoxia-inducible factor-1α (HIF1α) and revoked VEGF up- 
regulation by starvation of glucose. PIK3Ca does promote angiogenesis and endorse 
angiogenesis; perhaps the importance of this gene in cell proliferation and survival 
is part of the future of anti-cancer treatments.  

  Keywords     Phosphatidylinositol-4   •   5-bisphosphate 3-kinase   •   PIK3Ca   • 
  Angiogenesis   •   Normal physiology   •   Disease   •   Malignancy  

37.1             Phosphatidylinositol-4, 5-Bisphosphate 3-Kinase 
(PIK3Ca) 

 PIK3Ca (phosphatidylinositol-4, 5-bisphosphate 3-kinase) gene belongs to the fam-
ily of genes, Phosphoinositide 3-kinase (Karakas et al.  2006 ). PIK3Ca gene is 
responsible for the production of p110α protein which is a subunit of an enzyme 
called phosphatidylinositol 3-kinase (PI3K). PIK3Ca is composed of a 110 kDa 
catalytic subunit and an 85 kDa regulatory subunit. The catalytic subunit uses ATP 
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to phosphorylate phosphatidylinositols (PtdIns), PTdIns4P and PtdIns (4,5) P2 
(Karakas et al.  2006 ). p110α, located in the cytoplasm, is responsible for the action 
of PI3K. PIK3Ca’s cytogenic location is 3q26.3 (chromosome 3, (q) arm). PIK3Ca 
is widely expressed (German et al.  2013 ).  

37.2     PIK3Ca in Normal Physiology 

 Being a kinase, PI3K adds a phosphate groups to other proteins (phosphorylation). 
Specifi cally, PI3K phosphorylates certain signaling molecules responsible for the 
transmission of additional reactions that occur within particular cells (German et al. 
 2013 ). In particular, PI3K plays an important role in cell activities such as cell pro-
liferation (division and growth), migration, protein production, transport and sur-
vival. Furthermore, the gene may be implicated in the regulation of different 
hormones and play a role in adipocyte maturation (Ma et al.  2000 ). Studies have 
correlated the involvement of PIK3Ca to certain diseases and even cancers (German 
et al.  2013 ).  

37.3     PIK3Ca in Disease 

 A disease of note that is highly interrelated to the gene PIK3Ca is megalencephaly- 
capillary malformation syndrome (MCAP) (Mirzaa et al.  1993 ). It is the mutation in 
the PIK3Ca gene, which causes the most interest with this disease, of which, there 
have been 15 mutations linked to MCAP (Docker et al.  2014 ). MCAP is character-
ized by overgrowth of brain tissue (megalencephaly) and abnormalities caused by 
enlarged small blood vessels in the skin (malformed capillaries – pink/red spots on 
the skin, particularly on the face). Other abnormalities associated with MCAP 
included excess fl uid within the brain, brain structure abnormalities, intellectual 
disabilities, seizures, weak muscle tone, speech delays and diffi culty eating (Mirzaa 
et al.  2013 ). The majority of mutations of the PIK3Ca gene implicated in MCAP 
involve a change in an amino acid of the protein p110α (Mirzaa et al.  2013 ). Again, 
an altered p110α is produced that makes PI3K unusually active. Just like in the case 
of cancer, unregulated signals are now produced causing the cells affected, to con-
tinuously divide and growth. This uncontrolled growth is a characteristic of 
MCAP. Despite PI3K’s strong link to cancer development, those with MCAP don’t 
appear to have an increased chance of developing cancer (Docker et al.  2014 ). 

 PIK3Ca mutations have been strongly linked to CLOVES (congenital lipoma-
tous overgrowth, vascular malformations, epidermal nevi and skeletal/spinal abnor-
malities) syndrome. CLOVES syndrome has recently been depicted as an overgrowth 
syndrome with complex vascular anomalies, which very much links to PIK3Ca 
(responsible often for overgrowth and excessive proliferation) (Mirzaa et al.  1993 ). 
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 Other such diseases that are a result of mosaic mutations of the PIK3Ca gene 
include hemimegalencephaly and fi broapidose hyperplasia. Hemimegalencephaly 
characterized by the overgrowth of one side of the brain and is known to cause sei-
zures and intellectual disability. Fibroapidose Hyperplasia also is characterized by 
overgrowth but of fi brous and fatty tissues in various regions of the body (Mirzaa 
et al.  1993 ). Despite the involvement of PIK3Ca in these diseases, it is unknown 
whether these disorders have an elevated risk of developing cancer.  

37.4     PIK3Ca in Malignancy 

 PI3KCa mutations are often involved in various types of cancer (notably breast, 
colon and cervical but also involved in brain, lung, stomach) (German et al.  2013 ). 
The PI3KCa mutations correlated to cancer are somatic, heterozygous point muta-
tions – acquired during one’s lifetime (not inherited) and present only in tumour 
cells (Mirzaa et al.  1993 ). PIK3Ca-associated overgrowth is established in a person 
with a mutation in allele of PIK3Ca – usually in affected tissues. PIK3Ca mutations 
are known to appear postzygotic (therefore, mosaic), meaning more than one tissue 
may need to be tested (Mirzaa et al.  1993 ). The mutations of the PIK3Ca gene 
implicated in cancer development involve a change in an amino acid of the protein 
p110α. Altered p110α is produced that makes PI3K unusually active causing unreg-
ulated signals leading to continuous cell division and growth. This uncontrolled 
proliferation of cells is a characteristic of cancer development (Mirzaa et al.  1993 ). 
Furthermore, when expressed in normal cells, these mutations allow anchorage- 
independent growth, which is a characteristic commonly associated with cancer 
development. Of note recently, it has been found that PI3KCa is oncogenic and is 
involved particularly in cervical, breast and colon cancers (Mirzaa et al.  1993 ). A 
recent study indicated that that oncogenic PI3KCa is involved in about 30 % of all 
breast and colon cancers and less frequent in cancers of the stomach, brain, liver and 
ovaries (Bader et al.  2006 ). As studies have conclusively correlated the involvement 
of the gene PIK3Ca and its implication in cancer, efforts are now directed toward 
the production of molecules that successfully inhibit the activity of PI3K (Bader 
et al.  2006 ; German et al.  2013 ; Karakas et al.  2006 ). Of note, PTEN, a well-known 
tumour suppressor that counteracts the action of PI3K by focusing on dephosphory-
lation of phosphoinositide-3, 4,5-triphosphate (PIP3). Therefore, treatment with 
drugs that act to inhibit p110α’s activity would possibly be effi cient in patients 
whose tumors carry genetic alterations at PTEN (Chow and Baker  2006 ). 

 In relation to the gene’s angiogenic infl uences, an  in vitro  study, positively cor-
related PIK3Ca with the expression of Vascular Endothelial Growth Factor (VEGF) 
in ovarian cancer cells, at both mRNA and protein levels (Zhang et al.  2003 ). 
PIK3Ca amplifi cation in ovarian cells leads to increased PI3k activity, which affects 
the expression of HIF-1α (an upstream regulator of VEGF). Another study, where 
staining was involved showed microvascular development was much more pro-
nounced in tumours with high p110α compared to tumours with low p110α levels. 

37.4 PIK3Ca in Malignancy
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Furthermore, an in vitro study positively correlated the expression of PIK3Ca with 
the expression of VEGF in ovarian cancer cells, whereas the phosphatidylinositol 
3-kinase inhibitor, Ly294002, decreased both inducible and constitutive expression 
of the hypoxia-inducible factor-1α (HIF1α) at both protein and mRNA levels and 
revoked VEGF up-regulation by starvation of glucose (Zhang et al.  2003 ). Moreover, 
Ly294002 inhibited cell proliferation and induced marked apoptosis in ovarian can-
cer cells (Zhang et al.  2003 ). Collectively, the statements provided strongly specifi es 
that PIK3Ca supports ovarian cancer cell growth through pathways affecting prolif-
eration, angiogenesis and apoptosis. Therefore, it can be concluded that PIK3Ca 
does promote angiogenesis. As PIK3Ca has been linked and successfully deter-
mined that it does endorse angiogenesis, perhaps this gene is important in cell pro-
liferation and survival (Zhang et al.  2003 ). 

 In conclusion, PIK3Ca has been seen to cause many diseases including various 
cancers and diseases, specifi cally those that involve overgrowth of various body tis-
sues. PIK3Ca has also been successfully linked with angiogenesis (Jiang et al. 
 2000 ).     
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    Chapter 38   
 PIK3R2 (p85β) – Phosphatidylinositol 
3-Kinase β-Subunit                     

    Abstract     PIK3R2 is the gene that codes for the β-subunit (85 kDa) of the lipid 
kinase enzyme, Phosphatidylinositol 3-kinase, also known as PI3K, in the human 
body. More commonly referred to as p85β, it forms a regulatory subunit component 
of the heterodimeric PI3K enzyme complex with a larger p110 α-catalytic subunit. 
Phosphorylation of phosphatidylinositol directed by the PI3K enzyme gives rise to 
average levels of PIP3, or 3-polyphosphoinositides, at cell membrane surfaces. In 
particular, the p85β-subunit interacts with Macrophage-colony stimulating factors, 
PIK3CD, Cbl genes, Epidermal growth factors, FYN, and HER2/neu. PIK3R2 have 
been primarily studied for its impact on various cellular signalling pathways, includ-
ing Insulin-signalling, PI3K-AKT signalling Pathway, EGF/PDGF, and also the 
mTOR signaling pathways. PI3K/AKT pathway hyperactivation in cancer reduces 
PIK3R2-mediated apoptosis and stimulates increased VEGF release and conse-
quently initiate cell migration and angiogenesis. Mutation of PIK3R2 and its iso-
forms in the PIK3 family has been associated with anti-cancer drug resistance 
development in recent studies. miRNA-126 represses PIK3R2 which is acting as 
negative-regulators in the pathway of angiogenesis. Therefore, PIK3R2 and the role 
of miR-126 is potentially useful therapeutic tool that could be applied in addition to 
conventional anticancer treatment in different malignancies.  

  Keywords     PIK3R2   •   p85β   •   Phosphatidylinositol 3-kinase β-subunit   •   Angiogenesis   
•   Normal physiology   •   Disease   •   Malignancy  

38.1             PIK3R2 (p85β) – Phosphatidylinositol 3-Kinase 
β-Subunit 

 PIK3R2 is the gene that codes for the β-subunit (85 kDa) of the lipid kinase enzyme, 
Phosphatidylinositol 3-kinase, also known as PI3K, in the human body. More com-
monly referred to as p85β, it forms a regulatory subunit component of the heterodi-
meric PI3K enzyme complex with a larger p110 α-catalytic subunit (Kok et al. 
 2009 ; Fruman  2010 ). Phosphorylation of phosphatidylinositol directed by the PI3K 
enzyme gives rise to average levels of PIP3, or 3-polyphosphoinositides, at cell 
membrane surfaces, leading to generation of 2 nd  messengers which are essential in 
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interaction with several cellular growth factors and receptors. This ultimately 
enhances cell migration and eventual cell death, or apoptosis, via the PI3K/Akt 
pathway (Fruman  2010 ; Kok et al.  2009 ). Akt is a protein kinase B that intricately 
interacts with PI3K enzymes. This pathway is essential in normal development of 
blood vessels and intubation during embryogenic development, as embryos that 
have dead kinase p110A subunits in the PI3K complex demonstrate defects in vas-
culature (Graupera et al.  2008 ).  

38.2     PIK3R2 (p85β) – Phosphatidylinositol 3-Kinase 
β-Subunit in Normal Physiology 

 In particular, the p85β-subunit interacts with Macrophage-colony stimulating fac-
tors, PIK3CD, Cbl genes, Epidermal growth factors, FYN, and HER2/neu (Graupera 
et al.  2008 ). It is located on the long q-arm of chromosome #19 in between positions 
13.2 & 13.4, and gene expression patterns for PIK3R2 have been till date primarily 
studied in murigenic models, rats, and humans (Volinia et al.  1992 ) for its impact 
on various cellular signalling pathways, including Insulin-signalling, PI3K-AKT 
signalling Pathway, EGF/PDGF, and also the mTOR (Mammalian target of rapamy-
cin) signaling pathway. However, in the majority of tissues, p85α-subunit, an iso-
form of p85β was found expressed at a higher level, than the latter (Volinia et al. 
 1992 ).  

38.3     PIK3R2 (p85β) – Phosphatidylinositol 3-Kinase 
β-Subunit in Disease 

 The p85β-subunit has also been studied previously for its potential to attenuate the 
infl uenza A virus and form the basis for a useful new strategy against viruses (Shin 
et al.  2007 ). PCR profi ling revealed that the human p85β-subunit has Src-homology 
3, SH3, and an iSH2 coiled-coil kind domain structure with conformational inter- 
helical region plasticity, both of which are able to bind with the infl uenza A virus, 
through the nonstructural protein 1, NS1, receptor that is present on their surfaces. 
Heterologous over-expression of the SH3-domain showed successfully reduced 
Infl uenza A replication and reduced phosphorylation of Akt in infected cells, via 
down-regulation of the PI3K/Akt pathway (Shin et al.  2007 ). 

 Use of baculovirus vectors in insects allowed expression and isolation of the two 
PI3K subunits. In addition, mutated expression of the p85 protein in embryonic 
fi broblasts of chickens was found to fi rst induce oncogenic proliferation and trans-
formations. P85-mediated tumor cell proliferation has also been demonstrated to be 
inhibited by in vivo delivery of P-1257, phosphopeptide 1257 (Graupera et al.  2008 ).  
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38.4     PIK3R2 (p85β) – Phosphatidylinositol 3-Kinase 
β-Subunit in Malignancy 

 In colon and breast carcinomas, genetically altered and decreased p85β ubiquitous 
expression has been directly correlated with decreased activation of the PI3K path-
way, aiding in cell growth, proliferation and tumor progression by inhibiting apop-
tosis (in vivo). Hence, suppressed expression of the PIK3R2 gene and p85 β-subunit 
via mutation represents key molecular strategies of cancers for progression (Zhou 
et al.  2014 ). Besides PIK3R2, cancer pathogenesis is linked to activation via growth 
factor receptors of the majority of Class I – PI3K p85-type subunits that are regula-
tory in function, including PIK3R1, PIK3R2, and even PIK3R3. These genes code 
for p85α, p55α, p50α, p85B, and p55γ respectively (Zhou et al.  2014 ). 

 The p85 β -subunit and its isoforms have been indicated for function in the 
pathogenesis & progression of cancers of the human breast too (Zhou et al.  2014 ). 
In a recent study, immune-histochemical stains to p85β of more than a 100 breast 
cancer samples revealed high expression of the mutated p85 protein (non-apoptosis- 
inducing) to be signifi cantly correlated with advanced tumor grade, metastases, vas-
cular invasion, and even recurrence, leading to shorter survival times. However, 
p85β signifi cance as one of the prognostic markers in breast cancer protein expres-
sion is yet to be fully understood. In the PI3K signaling pathway, other components 
have also been shown to effect in tumor progression, including those of the thyroid, 
lung, breast, ovarian, and glioblastoma (Zhou et al.  2014 ). 

 Furthermore, megaloencephaly, molymicrogyria, polydactyly, hydrocephalus 
syndrome, or MPPH, is a syndrome characterized by the above four conditions 
occurring in unison in the affected patient. It has been found to be linked to higher 
PIK3R2 expression (Riviere et al.  2012 ). MPPH is a disorder concerned with spo-
radic overgrowth and signifi cant expansion in brain size, together with recurrent 
germline mutations of PIK3R2. To be noted is the remarkable phenotypical similar-
ity between this condition and the capillary-malformation syndrome that is associ-
ated with megalo-encephaly, demonstrating the pro-angiogenic effects of PIK3R2 
(Riviere et al.  2012 ). 

 Hence, several recent studies have distinctly identifi ed the mutated PIK3R2 
gene’s overexpression of the p85B regulatory subunit as being closely linked to 
multiple kinds of tumor progression, determining it also to be a potential therapeutic 
target for restriction of tumoregenic developments in the human body (Kok et al. 
 2009 ; Fruman  2010 ). 

 The primary apoptotic (cell-death inducing) function of PIK3R2 encoded p85B 
is via the PKI3/Akt pathway. PI3K/AKT/MTOR is a pathway of intrinsic intracel-
lular signalling that is central to apoptosis induction. In this pathway, essentially 
PI3K is responsible for activating AKT (protein B kinase specifi c to serine/threo-
nine), which in turn activates mTOR (mammalian target of rapamycin, a protein 
kinase family member, and a serine/threonine protein kinase) (Riviere et al.  2012 ). 
In this pathway, a number of other signalling and control factors are involved, 
particularly PDK1 (Phosphoinositide dependent kinase 1) and PTEN (Bhatt and 

38.4 PIK3R2 (p85β) – Phosphatidylinositol 3-Kinase β-Subunit in Malignancy



248

Damania  2013 ). Activation of this pathway can lead to hypertrophy in the muscles 
and cancers when apoptosis is inhibited (via PIK3R2 targeting), hence inducing 
cell proliferation (Riviere et al.  2012 ). 

 The PIP3 produced at plasma membranes activates other seine/threonine type 
kinases, such as  PDKI  and also AKT. Simultaneously, PI3K’s apoptotic action is 
endogenously opposed by a phosphatase which is encoded for by the PTEN gene. 
This reduces activated AKT levels (Romano  2013 ). AKT is responsible for control 
of protein synthesis and also cell growth, leading to eventual mTOR phosphoryla-
tion. The PI3K/Akt also partly mediates (via downregulation) the effect of VEGF- 
induced (vascular-endothelial growth-factor) angiogenesis on endothelial cells by 
binding with receptor tyrosine-kinases (Romano  2013 ). 

 In spite of its isoform p85α being characterized as a colon and ovarian tumor 
causing oncogene more than a decade ago (Romano  2013 ), potential for cancer due 
to mutations in p85β are only recently coming into focus (Cheung et al.  2011 ). In a 
study on endometrial cancer cases, PI3K pathway mutations leading to hyper- 
activation of the PI3K pathway occurred in more than 80 % of cases, with PIK3R1 
(coding for p85α) occurring at high-frequency, and PIK3R2 (p85B) also frequently 
being mutated. This comes in spite of PIK3R2 not being offi cially recognized as a 
cancer-causing gene till this point (Cheung et al.  2011 ). Furthermore, the PI3K/Akt 
pathway has also been proven to play a central role in promoting angiogenesis and 
cancer progression when hyper-activated (Romano  2013 ). Activation of the PI3K 
pathway will typically occur via the PTEN molecule (phosphatase-and-tensin 
homolog) leading to protein loss, increased expression of growth factor-receptors 
(such as epidermal growth-factor EGF receptor), or via mutations in the RAS path-
way. Loss of PTEN may be caused by promoter methylation, genetic mutation, and 
even protein breakdown. This has been found in at least 20 % of hyperplasias in 
endometrial regions. PTEN signaling inactivation is able to negatively regulate 
PI3K pathways and provide suffi cient drive to murigenic models in tumorigenesis 
(Cheung et al.  2011 ). 

 PI3K/AKT pathway hyperactivation in cells of cancer reduced PIK3R2-mediated 
apoptosis and also stimulated increased VEGF release, which is quite important for 
cell migration and angiogenesis. Continued activation of endothelial AKT1 (13) has 
also been shown to stimulate structural angiopoeitins (Cortes et al.  2012 ) and release 
of nitric oxide, both of which are stimulatory angiogenic factor with up-modulated 
expression in the hyperactive PI3K/AKt pathway (Romano  2013 ). 

 Associated PI3K pathway protein-coding genes found mutated in endometrial 
cancers in high frequencies were AKT1, fi broblast growth-factor receptor 2, and 
also PIK3CA. The PI3K pathway has also been found to interact in a bidirectional 
manner with the MAPK (mitogen-activated protein-kinase) and the Ras pathway, 
both of which have been profi led for their central roles in carcinogenesis when dys-
functional (Cortes et al.  2012 ). This interaction suggests the PI3K pathway is helped 
or inhibited by the RAS/MAPK system in determining fi nal functional outcomes in 
terms of angiogenesis. Hence, optimal cancer therapy targeting the PI3K pathway 
may require special classifi cation of those patients likely to be benefi ted from 

38 PIK3R2 (p85β) – Phosphatidylinositol 3-Kinase β-Subunit



249

 combinatorial & rational therapy, which lies in targeting both the RAS and the 
PI3K/Akt signaling pathways simultaneously (Cortes et al.  2012 ). 

 MiRNA-126 is a variant microRNA highly expressed in vascular endothelial 
cells that has been shown to have a pro-angiogenic effect in both cultured (in vitro) 
endothelial cells and in vivo angiogenesis (ischemia-induced) (Zhu et al.  2011 ). 
Endothelial cells are key apparatus in the vascular intima, where growth modulation 
plays a pivotal role in angiogenesis, tumor growth, and ultimate vasculogenesis. 
MicroRNAs, 21–23 nucleotides in length, are non-protein coding RNAs with high 
levels of conservation, and they are responsible for targeting the 3′-UTR of mRNAs 
in order to regulate gene expression at a post-transcriptional level via inhibition or 
stimulation of mRNA degradation (Cortes et al.  2012 ). miRNA-126 also promotes 
angiogenesis by aiding the transition of endothelial cells in the vascular intima into 
mesenchymal cells (Zhu et al.  2011 ). 

 MiRNA-126 represses PIK3R2 as well as SPRED1 (sprout-related protein 1), 
both of which are acting as negative-regulators in the pathway of angiogenesis. This 
endothelial-specifi c (intron-derived) microRNA is coded for by the EGF-like 
domain 7, EGFL-7 (Cortes et al.  2012 ). It has also been demonstrated via Luciferase 
reporter assays, Western blots, and gene-knockout experiments conducted in bone 
marrows (mice) to directly target endothelial responses with VEGFA, hence pro-
moting angiogenesis (Zhu et al.  2011 ). The above study hence establishes that 
miRNA-126 plays a central role in tumourogenesis through regulation of various 
components in the VEGF/PI3K/AKT signaling pathways, especially the PIK3 
enzyme that is partially coded for by the gene of interest, PIK3R2 (Zhu et al.  2011 ). 

 Low expression of miRNA-126 was associated with poor prognosis for cases of 
colorectal cancer, involving distant metastases and poor survival periods (Liu et al. 
 2014 ). miRNA-126 functions as a tumor-suppressor by targeting the CXCR4 pro-
tein, central in colorectal cancer. Also, experiments that restored MiR-126 expres-
sion to normal levels in lung cancer cells were found to down-regulate VEGF, 
inhibiting the growth of cancer cell lines both  in vivo  and  in vitro , demonstrating 
that the restoration of miR-126 expression is a potential therapeutic target in anti- 
cancer drugs positively regulating the p85β-subunit activity and, hence, inhibiting 
tumor progression via increased apoptosis (Liu et al.  2014 ). 

 Mutation of PIK3R2 and its isoforms in the PIK3 family has been associated 
with anti-cancer drug resistance development in recent studies (Courtney et al. 
 2010 ). The effect is suspected to be mediated via drug-induced reprogramming of 
the tyrosine kinase receptor as an after effect of targeted combination therapy or 
mono-targeted anti-cancer therapy .  For example, resistance to Tamoxifen, a com-
monly used breast cancer therapy drug, was demonstrated in TamR cells along with 
high levels of expression of MAPK1 (tyrosine-phosphorylated), PIK3R2 and also 
SHC1, demonstrating involvement of the PI3K/AKT signaling and Ras/MAPK 
pathways in Tamoxifen-resistant phenotypes (Browne et al.  2013 ). Integrative anal-
ysis (genomic) of the PI3K family of lipid kinases has also established PIK3R1, a 
Class I sister of the PIK3R2 gene, as a potential target in therapy of epithelial ovar-
ian cancers, with PIK3R3 being signifi cantly up-regulated in liver, breast, ovarian, 
and even prostate cancers (Browne et al.  2013 ). 
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 Several components of the PI3K/Akt signaling pathway are currently the target 
of anti-angiogenic therapeutic drug development initiative, including PIK3R2. For 
example, a PI3K/mTOR inhibitor currently being studied is XL765 (SAR245409). 
Dose-dependently, this drug was successful in demonstrating anti-angiogenic prop-
erties, along with pro-apoptotic and anti-proliferative effects in nude mice models 
(Yu et al.  2014 ). Agents of this nature typically aim to decrease VEGF levels in 
secretion and repress angiogenesis. Upregulation of PIK3R2’s non-mutated form 
can also trigger increased apoptosis and prevent tumourogenesis. Hence, the PI3K 
pathway plays a central role in both normal tissue and targeted therapeutics to the 
angiogenic pathways. In particular, drug therapy compounds for breast cancer and 
endometrial endometreoid cancer (EEC) that may target the down-regulation of 
PIK3R2 gene’s expression via up-regulation of miRNA-126 are of interest 
(Graupera et al.  2008 ). EEC is one of the most prevalent kinds of malignancies of 
the gynaecological system and also the 4th most common type of cancer found 
occurring amongst females in Western countries. It has limited treatment choices in 
metastatic EEC with poor outcomes at present, presenting an urgent need for devel-
opment of an effective and novel therapy compound, possibly targeting non-mutated 
PIK3R2 upregulation in the PI3K/Akt and PTEN loss pathway as a primary option 
(Yu et al.  2014 ).     
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    Chapter 39   
 Platelet-Activating Factor                     

    Abstract     Platelet-activating factor (PAF) is a phospholipid produced by a variety 
of cells including platelets, endothelial cells, neutrophils, monocytes and macro-
phages. It has a wide range of potent biological activities including wound healing, 
physiological infl ammation, apoptosis, angiogenesis, reproduction and long-term 
potentiation. This factor through modulation of intracellular pathways, can mediate 
various disease and malignancy processes. A wide range of pathological processes 
are affected by PAF including multiple sclerosis, CNS ischemia, meningitis, 
encephalitis, epilepsy and panic disorders, cardiac anaphylaxis, reperfusion injury 
and myocardial infarction, bronchial asthma, allergic rhinitis and pulmonary 
oedema, ulcers, acute pancreatitis and infl ammatory bowel disease and many oth-
ers. PAF can affect tumour development in several ways. Activated endothelium or 
cancer cells themselves may be the source of PAF production in the tumour micro-
environment as well as expressing PAF receptor on their membranes. Several PAF- 
specifi c antagonists have been shown to be able to inhibit the malignant processes 
of cancer cells and further research in this fi eld could develop novel cancer 
therapeutics.  

  Keywords     Platelet-activating factor   •   PAF   •   Angiogenesis   •   Normal physiology   • 
  Disease   •   Malignancy   

39.1             Platelet-Activating Factor 

 Platelet-activating factor (PAF) is the trivial name for a phospholipid, 1-O-alkyl-2-
acetyl- sn-glycero-3-phosphocholine. PAF is produced by a variety of cells includ-
ing platelets, endothelial cells, neutrophils, monocytes and macrophages. It has a 
wide range of potent biological activities including wound healing, physiological 
infl ammation, apoptosis, angiogenesis, reproduction and long-term potentiation.  
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39.2     Platelet-Activating Factor in Normal Physiology 

 The platelet-activating factor (PAF) can be synthesized through two different path-
ways. The remodelling pathway (the main pathway) involves substitution of an ace-
tyl residue for the long-chain fatty acyl residue of cellular phospholipids. The de 
novo pathway parallels phospholipid synthesis, in which a phosphocholine function 
is transferred to alkyl acetyl glycerol (Prescott et al.  2000 ). PAF is synthesised on 
demand and in response to specifi c stimuli. The enzymatic production of PAF seems 
to be regulated by changes in levels of intracellular Ca2+ (Baker and Chang  1997 ). 

 The primary role of PAF in normal physiology seems to be to mediate intercel-
lular interactions. It binds to receptors on the plasma membranes of other cells, 
activating them and causing a change in their phenotypes (Prescott et al.  2000 ). 
Various mechanisms regulate the PAF intercellular-signalling system, including 
tightly controlled synthesis, biologic availability of PAF, expression of the PAFR 
on specifi c cells, desensitization of the receptor and rapid degradation of PAF by 
extracellular and intracellular acetyl-hydrolases (Arai et al.  2002 ). 

 PAF and PAF-like lipids (PAF-LL) have the ability to induce PAF signalling 
cascade by binding to a 7 transmembrane G-protein coupled receptor, the PAF 
receptor (PAFR) on the target cells of many physiological systems including infl am-
matory, immune and haemostatic systems (Yost et al.  2010 ). Through a Gq-linked 
mechanism, activation of PAFR initiates hydrolysis of PIP2 to produce IP3 and 
DAG, leading to transient elevation of cytosolic Ca2+ released from intracellular 
stores and activation of PKC (Honda et al.  2002 ). There is also evidence that part of 
the response to PAF is sensitive to pertussis toxin, suggesting that PAFR may also 
be Gi-linked. Signalling through Gi inhibits the conversion of ATP to cAMP by 
adenylate cyclase, preventing the activation of PKA and downstream signalling 
events (Lad et al.  1985 ). 

 The PAFR is constitutively present on platelets, leukocytes and endothelial cells 
and further expression may be induced by infl ammatory cytokines. Ligand binding 
promotes the activation and aggregation of platelets and leukocytes, promotes leu-
kocyte adherence, motility, chemotaxis, invasion, and ROS generation (Brock 
 2012 ). Many of these effects involve activation of p38 and ERK1/2 MAP kinases. 
PAF induces the expression of numerous genes, including COX-2, iNOS, IL-6, 
MT1-MMP, MMP-9, and TIMP-2 (Brock  2012 ). Downstream effects of PAF 
include activation of endothelial cells, promotion of endothelial cell migration, and 
stimulation of wound healing and angiogenesis (Stafforini et al.  2003 ). 

 Role of PAF in angiogenesis has been shown in various studies. PAF directly 
stimulates the in vitro migration of endothelial cells, enhances vascular permeabil-
ity, and promotes in vivo angiogenesis (Camussi et al.  1995 ; Montrucchio et al. 
 1994 ). PAF also contributes to angiogenesis by promoting the synthesis of angio-
genic cytokines such as VEGF, tumour necrosis factor-alpha, and hepatocyte 
growth factor (Montrucchio et al.  1994 ; Camussi et al.  1997 ; He et al.  2009 ).  
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39.3     Platelet-Activating Factor in Disease 

 Infl ammation is a necessary bodily process needed for various physiological 
responses. However excessive infl ammation can often result in injury to tissues. 
Since PAF is one of the most potent infl ammatory mediators (see earlier discus-
sion), it is not surprising that it has been implicated in many pathologies. 

 A wide range of pathological processes are affected by PAF. Some of the pathol-
ogies in various bodily systems include nervous system (e.g. multiple sclerosis, 
CNS ischemia, meningitis, encephalitis, epilepsy and panic disorders), cardiovascu-
lar system (e.g. cardiac anaphylaxis, reperfusion injury and myocardial infarction), 
respiratory system (e.g. bronchial asthma, allergic rhinitis and pulmonary edema), 
gastrointestinal system (e.g. ulcers, acute pancreatitis and infl ammatory bowel dis-
ease), urogenital system (e.g. renal ischemia) and many others (e.g. rheumatoid 
arthritis, sepsis, thrombosis and osteoporosis) (Nitoda et al.  2012 ). The role of PAF 
in regards to some of these pathologies will be discussed below. 

 In bronchial asthma PAF contributes to airway hypersensitivity (Ishii and 
Shimizu  2000 ). PAF is capable of stimulating eosinophil transmigration across 
endothelial barriers (Casale et al.  1993 ) and can activate eosinophils and neutro-
phils to release granule constituents and to generate superoxide anions (Zoratti et al. 
 1991 ). Furthermore it induces production of LTC4 (Bruynzeel et al.  1986 ) leading 
to bronchial spasm and increases the expression of matrix metalloproteinase-9 
which may be actively involved in PAF-induced remodelling in human bronchial 
epithelial cells (Shan et al.  1999 ). 

 PAF has been associated with acute pancreatitis. It promotes leukocyte adhesion, 
chemotaxis and degranulation which prolongs the infl ammatory response. 
Furthermore PAF upregulates adhesion molecules and leukocyte-endothelial cell 
interactions which can eventually lead to endothelial barrier dysfunction and bacte-
rial translocation. Finally PAF has been associated with acinar cell necrosis and 
apoptosis by prolonging the infl ammatory response and delaying neutrophil apop-
tosis (Liu and Xia  2006 ). 

 Shock syndrome is one of the cardiovascular pathologies studied involving 
PAF. PAF has been shown to be involved in the hemoconcentration and the 
increased systemic vascular permeability seen in immune complex-induced shock. 
Furthermore PAF has been suggested as the most proximal mediator in the cytokine 
cascade seen in septic shock. Downstream effects may include promotion of factors 
such as TNF-alpha which has been shown to have negative ionotropic effect. PAF 
has also been shown to be involved in mediating the effects of endotoxins leading 
to injury in various tissues such as cardiac, pulmonary and renal tissues (Montrucchio 
et al.  2000 ). 

 The role of PAF in modulating angiogenesis can be seen in a range of pathologi-
cal conditions. For example PAF has been associated with corneal neovasculariza-
tion and its downstream destructive effects (Ma et al.  2004 ). PAF has been shown 
to stimulate the expression of VEGF mRNA and protein as well as increased expres-
sion of its receptors fl t-1 and KDR in endothelial cells of vascularized corneas 

39.3 Platelet-Activating Factor in Disease



256

(Philipp et al.  2000 ). Furthermore PAF has been shown to be involved in the patho-
logical neovascularization, exudate accumulation and subretinal fi brosis leading to 
age related macular degeneration (Zhang et al.  2013 ). 

 Therapeutic effects of PAF antagonists further support the role of this mediator 
in pathophysiology of disease. PAF antagonists have shown benefi cial effects on 
the manifestations of acute pancreatitis (Liu and Xia  2006 ), promote corneal wound 
healing and preventing corneal ulcerations (Nitoda et al.  2012 ), delaying effects of 
age related macular disease (Nitoda et al.  2012 ; Zhang et al.  2013 ) and reduce the 
autoimmune damage in conditions such as multiple sclerosis, rheumatoid arthritis 
and infl ammatory bowel disease (Edwards and Constantinescu  2009 ).  

39.4     Platelet-Activating Factor in Malignancy 

 In regard to malignancy it has been shown that PAF can affect tumour development 
in several ways. Several studies have indicated that activated endothelium and/or 
cancer cells themselves may be the source of PAF production in the tumour micro-
environment as well as expressing PAF receptor on their membranes (Montrucchio 
et al.  1998 ; Ishii et al.  1997 ; Camussi et al.  1995 ; Sobhani et al.  1996 ). Production 
of PAF in these cells can be induced by various cytokines such as VEGF, FGF and 
TNF-α (Bussolati et al.  2000 ; Fallani et al.  2002 ). In human leukocytes interaction 
of CD40 with soluble CD154 or with CD154 expressed on the membrane of leuko-
cytes (CD154-transfected J558 cells) or of activated platelets, may stimulate the 
synthesis of PAF. This mechanism of PAF production may be involved in some 
cancers which have elevated levels of CD154 (Bussolati et al.  2002 ). 

 Recent studies have shown that PAF expression correlates with malignancy of 
various tumours. In breast cancer cells, cells that express higher ability to synthesise 
and release PAF where found to be more malignant with higher metastatic ability 
than cells that did not. These cells were also found to be expressing more PAF 
receptor on their membranes (Bussolati et al.  2000 ). In colon cancer, analysing 
blood samples from patients revealed elevated levels of both PAF-AH and PLA2 
(precursors of PAF) compared to healthy individuals (Denizot et al.  2004 ). Also a 
signifi cant increase in PAF levels were observed in colon cancer metastases sam-
ples as compared to non-metastatic cells (Denizot et al.  2005 ; Denizot et al.  2003 ). 
In hepatocellular carcinoma, elevated levels of PAF and PAFR transcripts 1 and 2 
were found in carcinoma specimens as compared with non-tumor tissues (Mathonnet 
et al.  2006 ). In oesophageal squamous cell carcinoma (ESCC), tumor cell lines 
expressed more PAFR, compared with controls. Furthermore PAFR levels were 
positively correlated with ESCC clinical stages with PAFR promoting the malig-
nant development of ESCC in vitro and in vivo (Chen et al.  2015 ). 

 PAF stimulates the production of infl ammatory cytokines TNF-α, VEGF, FGF 
and IL-1 which possess metastatic-enhancing properties through activation of 
NF-kB pathway (Heon Seo et al.  2006 ; Ko et al.  2002 ). Furthermore it upregulates 
the production of adhesion factors (e.g. VCAM-1 and E-Selectin) and thereby 
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increasing the ability of cancer cells to attach to endothelium and invade (Im et al. 
 1996 ). Therefore it can be concluded that presence of PAF in tumor microenviron-
ment promotes processes such as angiogenesis and metastasis through enhancing 
the role of cytokines. The ability of cancer cells to produce PAF and to express 
PAF-receptor on their membrane provides them with the autonomy to trigger such 
processes associated with higher malignancy. 

 It is important to note that in some cancers, PAF has been shown to have benefi -
cial effects. In these studies the presence of PAF-receptor enhance cancer cell apop-
tosis by the activation of NF-kB (Li et al.  2003 ; Darst et al.  2004 ). This is due to the 
dual action of NF-kB pathway implicated in both malignancy and apoptosis through 
immune response (Shishodia and Aggarwal  2004 ). 

 In terms of therapeutics, several PAF-specifi c antagonists have been shown to be 
able to inhibit the above malignant processes of cancer cells  in vitro  and  in vivo  
(Bussolati et al.  2000 ; Im et al.  1996 ; Mannori et al.  1997 ,  2000 ; Brizzi et al.  1999 ). 
Further research is needed in this fi eld to develop novel cancer therapeutics. 

 Platelet-activating factor (PAF), a bioactive phospholipid synthesized and 
secreted by a variety of cells. It mediates many physiological responses such as 
microcirculatory disturbance and infl ammation through intracellular pathways act-
ing on PAF receptor which is a G protein coupled receptor. PAF is catabolized by 
PAF-acetylhydrolase and disturbances in its synthesis or degradation can lead to 
pathology. PAF has been shown to be involved in many disease states involving 
cardiovascular, respiratory, gastrointestinal, infl ammatory and central nervous sys-
tems through its central role in regulating infl ammation and angiogenesis. 
Angiogenic role of PAF has also been widely implicated in various cancers modu-
lating the ability of the cancer cells to invade and metastasise. It is therefore evident 
that PAF antagonists may be used as a possible therapeutic agent in an attempt to 
suppress the aforementioned adverse effects.     
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    Chapter 40   
 Placenta Growth Factor (PlGF)                     

    Abstract     PlGF, also called PGF, is a gene encoding placenta growth factor (PlGF) 
protein, which belongs to VEGF family. This protein was fi rst discovered from 
human placenta where it is highly expressed to promote placenta growth, thus pro-
viding its name –placenta growth factor and later identifi ed to be expressed in many 
other organs like the heart, brain, thyroid, and skeletal muscle. There are four iso-
forms of PlGF protein made from alternative splicing of PlGF gene from chromo-
some 14. PlGF protein may bind to vascular endothelial receptor-1 (VEGFR-1) on 
monocytes and endothelial cells and stimulates migration of these cells, and thus 
improves the activity of VEGF, an important protein for human angiogenesis for 
enhancing vascular permeability, which is one of the main steps for angiogenesis. 
Because of PlGF potential for promoting angiogenesis, it is suggested that it may be 
used in skin repair. PlGF is involved in angiogenesis and growth of several kinds of 
tumours and its blockage inhibited the formation of new vessels at healthy cells 
around tumours although it did not necessarily result in prevention of primary tumor 
growth. A treatment with anti-PlGF and anti-VEGF-A antibodies showed similar 
effi ciency against tumor angiogenesis with that with only anti-VEGF-A antibodies. 
This suggests that the roles of PlGF in tumor angiogenesis might not be as signifi -
cant as it is believed.  

  Keywords     Placenta growth factor   •   PlGF   •   Angiogenesis   •   Normal physiology   • 
  Disease   •   Malignancy  

40.1             Placenta Growth Factor (PlGF) 

 PlGF, also called PGF, is a gene which encodes for placenta growth factor (PlGF) 
protein, which belongs to VEGF family. This protein was fi rst discovered from 
human placenta where it is highly expressed to promote placenta growth, thus pro-
viding its name –placenta growth factor (Maglione et al.  1991 ). Later, this gene was 
found to be expressed in many other organs like the heart, brain, thyroid, and skel-
etal muscle. As a result, it was suggested that PlGF also has roles other than promot-
ing placenta growth (Persico et al.  1999 ). There are four isoforms of PlGF protein 
made from alternative splicing of PlGF gene from chromosome 14. PlGF proteins 
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form two disulfi de bonds with each other to form homodimers, but according to 
in vitro study, their effi ciency for improving vascular permeability and cell division 
is lower than monodimers of vascular endothelial growth factor (VEGF) (Park et al. 
 1994 ).  

40.2     Placenta Growth Factor (PlGF) in Normal Physiology 

 PlGF protein may bind to vascular endothelial receptor-1 (VEGFR-1) on monocytes 
and endothelial cells (De Falco et al.  2002 ). This stimulates migration of these cells, 
and thus improves the activity of VEGF, an important protein for human angiogen-
esis for enhancing vascular permeability, which is one of the main steps for angio-
genesis. Also, PlGF may bind to VEGF-A to form PlGF/VEGF-A heterodimers. 
Just like VEGF-A homodimers, PlGF/VEGF heterodimers bind to VEGFR-2 and 
enhances cell division of vascular endothelial cells, thus promoting angiogenesis. 
The effi ciency of PlGF/VEGF-A heterodimers for angiogenesis is similar to that of 
VEGF-A homodimers (DiSalvo et al.  1995 ).  

40.3     Placenta Growth Factor (PlGF) in Disease 

 Like many other genes, PlGF plays important roles in development of diseases –
especially in angiogenesis of diseases because of its roles mentioned above. In rheu-
matoid arthritis, an autoimmune disease which primarily damages synovial joints, it 
is suggested that new blood formation is associated with synovial cells hyperplasia, 
vessel proliferation and mononuclear cell infi ltration (Rooney et al.  1988 ). 
Therefore, angiogenesis is highly likely to be correlated with synovial infl ammation 
in rheumatoid arthritis. Recently, it has been suggested that PlGF is upregulated in 
lining of hyperplastic synovium and synovial fl uid of rheumatoid arthritis patients 
(Yoo et al.  2009 ), and PlGF promotes angiogenesis there. As a result, many new 
sub-lining blood vessels are found in pannus –an abnormal fi brovascular tissue in 
rheumatoid arthritis. These blood vessels are used for carrying infl ammatory cells 
to infl ammatory sites and providing nutrients and oxygen to infl amed tissues, thus 
maintaining chronic infl ammation during rheumatoid arthritis. Also, angiogenesis 
increases endothelial surface area and this enhances production of cytokines, adhe-
sion molecules, and other infl ammatory stimuli, which contribute to maintenance of 
infl ammation as well. Furthermore, angiogenesis in synovial membrane makes it 
easier for the tissue helping the active infi ltration of synovial membrane to invade 
into cartilage, thus helping erosion and destruction of cartilage (Marrelli et al. 
 2011 ). 

 PlGF also promotes angiogenesis in eye disease, which is proven by the result 
that PlGF-defi cient mice and those treated with 5D11D4, anti-PlGF antibody, 
showed less total vessel area, vessel density and macrophage infi ltration in eyes 
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(Van de Veire et al.  2010 ). Ocular angiogenesis is one of the main causes for severe 
loss of vision because increased vascular permeability from ocular angiogenesis 
may lead to retina oedema and vascular fragility, which may cause haemorrhage 
(Rajappa et al.  2010 ). 

 PlGF also works in development of atherosclerosis –a chronic infl ammatory dis-
ease where arteries of various diameters are blocked by lipid plaques. In early stage 
of atherosclerosis, PlGF is upregulated in atherosclerotic lesions and usually found 
at the shoulders of atherosclerotic plaque (Roncal et al.  2010 ), implying its involve-
ment in development of atherosclerosis. In fact, PlGF is important in atherosclerotic 
intimal thickening and macrophage infi ltration in early atherosclerotic lesions 
(Khurana et al.  2005 ). Macrophages play several roles in development of athero-
sclerosis, and in relation to angiogenesis, they produce many potent angiogenic 
cytokines and growth factors like VEGF, which are known to induce angiogenesis 
(Ono et al.  1999 ). Also, it is suggested from the experiment with ApoE-defi cient 
mice that PlGF knockout reduced the number of macrophages in atherosclerotic 
plaques in ApoE-defi cient mice, compared to those without PlGF knockout 
(Khurana et al.  2005 ). Apolipoprotein E (ApoE) defi ciency causes lipoprotein accu-
mulation, and therefore increases plasma cholesterol level, but is not involved in 
atherosclerotic angiogenesis or macrophage infi ltration (Curtiss  2000 ). Therefore, it 
is shown that PlGF contributes to angiogenesis of early atherosclerosis –and thus its 
development– indirectly by promoting macrophage infi ltration, rather than by 
inducing angiogenesis directly. 

 Angiogenesis promoted by PlGF, however, is not important just in development 
of diseases; on the contrary, it may contribute to treatment of diseases as well –for 
example, of atherosclerosis. In the late stage of this disease, angiogenesis plays 
opposite roles in relation to the disease, compared to its earlier stage, where angio-
genesis contributes to its development. Arteries are blocked by thickened plaque 
during late atherosclerosis, so oxygenated blood fl ow is interrupted, and therefore 
vessel walls suffer from hypoxia –lack of oxygen supply, and hypoxia enhances 
PlGF expression in fi broblasts (Green et al.  2001 ). As a result, more blood vessels 
are built, so artery blockage is reduced and blood fl ow is recovered. In other words, 
PlGF may contribute to development or treatment of atherosclerosis, depending on 
the progress of the disease. Therefore, it may be necessary to check the progress 
level of disease fi rst, when deciding whether to use PlGF for its treatment or not. 

 In myocardial ischemia, PlGF contributes to the treatment in a similar way as in 
atherosclerosis. In this disease, coronary arteries are partially or completely blocked, 
and therefore blood fl ow and oxygen supply to heart muscle is reduced. During 
myocardial ischemia, myocardium suffers from hypoxia, which enhances PlGF 
expression in myocardium (Torry et al.  2009 ). As a result, more coronary arteries 
are created, so blood fl ow to heart is recovered. 

 Because of potential for promoting angiogenesis, it is suggested that PlGF may 
be used in skin repair. Mice whose PlGF was over-expressed due to keratin 14 pro-
moter, which promotes PlGF activity, expressed hyperaemic skin with vessels of 
increased number and permeability. Wound healing rate was enhanced for these 
mice, compared to the control group (Odorisio et al.  2002 ). This is because new 
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blood vessels enhance delivery of oxygen and nutrients necessary for cell metabo-
lism, and fi broblasts which can now migrate through larger pathway produce new 
extracellular matrix necessary for cell growth (Tonnesen et al.  2000 ).  

40.4     Placenta Growth Factor (PlGF) in Malignancy 

 PlGF is involved in angiogenesis and growth of several kinds of tumours. PlGF 
blockage delayed formation of skin papillomas, which are benign epithelial tumours, 
and their associated neovessels. Also, PlGF blockage inhibited the formation of 
neovessels at healthy cells around tumours. Likewise, in hepatocellular carcinoma 
(HCC), PlGF blockage decreased tumor vessel abnormalization (Van de Veire et al. 
 2010 ). PlGF induces angiogenesis in HCC and excessive production of angiogenic 
molecules render tumor vessels abnormal (De Bock et al.  2011 ). Then, vessel 
abnormalization blocks oxygen delivery to tissues and causes hypoxia, and this 
results in invasion, metastasis and malignancy (Van de Veire et al.  2010 ). PlGF is 
involved in angiogenesis, metastasis and tumor growth in colorectal cancer as well 
(Wei et al.  2005 ). Also, small-cell lung cancer (SCLC) patients showed increased 
PlGF level, indicating that PlGF level is related to brain metastasis as well (Li et al. 
 2013 ). 

 However, PlGF blockage does not necessarily result in prevention of primary 
tumor growth. On the contrary, the treatment with anti-PlGF and anti-VEGF-A anti-
bodies showed similar effi ciency against tumor angiogenesis with that with only 
anti-VEGF-A antibodies (Bais et al.  2010 ). Also, inhibition of PlGF did not affect 
growth of several kinds of tumours like pancreatic tumor (Van de Veire et al.  2010 ). 

 In terms of tumor, PlGF may have an advantage over VEGF. The over-expression 
of PlGF gene in tumours increased the number of PlGF homodimers and PlGF/
VEGF-A heterodimers but decreased VEGF-A homodimers. Tumours with PlGF 
over-expression showed similar vessel permeability but lower vessel density and 
larger vessel diameter. PlGF over-expression inhibited tumor growth in orthotopic 
tumor of mice (Xu et al.  2006 ), probably because its infl uence on tumor angiogen-
esis was not as great as that of VEGF. This shows that the roles of PlGF in tumor 
angiogenesis may not be as signifi cant as many scientists have believed.     
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    Chapter 41   
 Preproendothelin-1 (PreproET-1)                     

    Abstract     The Preproendothelin-1 (PreproET-1) gene is located on chromosome 6. 
Physiologically it is induced by thrombin, which then further is synthesized into 
ET-1 by endothelin-converting enzyme (ECE)-1. After synthesize, the secreted 
ET-1 from the endothelial cell disperses to the vascular smooth muscle and plays a 
paracrine or autocrine action. Smooth muscle tissues in the stomach, duodenum, 
colon, trachea, and uterus are affected by ET-1. The endothelin has also been shown 
to stimulate the proliferation of vascular smooth muscle cells along with Fibroblasts. 
With about 100 times more effect on vasculature than noradrenaline, endothelins 
are considered one of the most potent and long-lasting vasoconstrictor in human 
body. Endothelin-1 has been shown to directly act on endothelial cells receptor, 
which then modulates neovascularization, proliferation, migration, invasion, prote-
ase production and morphogenesis, and also stimulates neovascularization in vivo, 
thus promoting angiogenesis and metastasis through tumor growth.  

  Keywords     Preproendothelin-1   •   PreproET-1   •   Endothelin   •   ET-1   •   Angiogenesis   • 
  Normal physiology   •   Disease   •   Malignancy  

41.1             Preproendothelin-1 (PreproET-1) 

 The Preproendothelin-1 also known as the preproET-1 gene is located on chromo-
some 6 and in its mature peptide form it is coded by the second exon (Levin and 
Nadler  1998 ). Physiologically preproET-1 gene is induced by thrombin, which then 
further is synthesized into ET-1. This synthesis happens through the enzyme 
endothelin- converting enzyme (ECE)-1 (Marsen et al.  1995 ). This synthesis occurs 
on the level of gene transcription which product is referred to as preproET-1 with 
212 amino acid (Kohan and Barton  2014 ). PreproET-1 cleaves to ET-1, which then 
further divides into a biologically active ET-1 and C-terminal fragment. After syn-
thesize the secreted ET-1 from the endothelial cell disperses to the vascular smooth 
muscle, which suggests a paracrine or autocrine mechanism of action (Kohan and 
Barton  2014 ).  
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41.2     Preproendothelin-1 (PreproET-1) in Normal Physiology 

 There are a number of actions that endothelin has in the body. There are smooth 
muscle tissues that are affected which include: stomach, duodenum, colon, trachea, 
and uterus, which contracts in response to treatment with ET. In human myometrial 
smooth muscle cells, ET-1 causes an increase in the intracellular calcium and the 
myosin light chain phosphorylation. The ET has also been shown to stimulate the 
proliferation of vascular smooth muscle cells along with Fibroblasts. In the sympa-
thetic nerve terminals the ET elicits norepinephrine release (Casey et al.  1991 ). 
Furthermore Endothelins are involved in the functioning of nervous, cardiovascular, 
renal, respiratory, endocrine and gastrointestinal systems within the body (Mayes 
 2003 ). Endothelins are one of the most potent and long-lasting vasoconstrictor 
known and is about 100 times more potent than noradrenaline (Barton  2010 ).  

41.3     Preproendothelin-1 (PreproET-1) in Disease 

 ET-1 is very signifi cant in wound healing in fact endothelin helps to control the 
immune function and infl ammation (Barton  2010 ; Li et al.  2012 ). In hepatic injury 
for example a wound healing response of the ET-1 causes the Stellate Cells to pro-
liferate, contract, and collagen production to occur (Rockey et al.  1998 ). In regards 
to the infl ammatory response these processes are not fully understood but there are 
studies that have shown that ET-1 is involved in the stress-triggered ACS (Acute 
Coronary Syndrome) that provides evidence with regards to this pathway (Fernandez 
et al.  2010 ). 

 As a cognate receptor to ET-1, preproET-1 has been attributing to many diseases 
like bronchoconstriction, carcinogenesis, fi brosis, pulmonary hypertension and 
heart failure (Mayes  2003 ).  

41.4     Preproendothelin-1 (PreproET-1) in Malignancy 

 One of the important controllers of vascular growth, infl ammation and vascular 
tone is endothelin family and their associated receptors (Irani et al.  2014 ). Numerous 
controlling roles in different malignancies have been described for this family of 
endothelins including cancer development, progression, angiogenesis, stromal reac-
tion, epithelial mesenchymal transitions, apoptosis, invasion, metastases and drug 
resistance (Irani et al.  2014 ). 

 Research has shown that Endothelin-1 directly acts on endothelial cells receptor, 
which modulates neovascularization, proliferation, migration, invasion, protease 
production and morphogenesis, and also stimulates neovascularization in vivo, thus 
promoting angiogenesis and metastasis through tumor growth (Bagnato and Spinella 
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 2003 ; Grant et al.  2003 ; Wu et al.  2014 ). This is further confi rmed as there have 
been studies showing increased plasma levels of ET-1 in patients with solid tumours, 
including hepatocellular, gastric and prostate cancer (Wu et al.  2014 ; Loizidou 
 2008 ). As Endothelin mediates pathways of cancer growth and progression it can 
also be a possible target for cancer therapeutics as well. 

 Further dissemination of ET-1 according to scientists as it relates to angiogenesis 
is that there are small molecule inhibitors of the Endothelin receptor that exist which 
the Endothelin axis which could be blocked therefore improving the antitumor 
treatment and inhibit neovascularization and tumor cell growth (Salani et al.  2000 ; 
Bagnato and Spinella  2003 ; Zubar  2005 ). 

 As stated previously the ET-1 activates the autocrine and paracrine signaling 
which intern modulates cell proliferation, apoptosis, migration, epithelial-t- 
mesenchyme transition, chemo-resistance and neovascularization, which provides 
good logic into targeting ET1 receptors in cancer treatment (Rosano et al.  2013 ). 

 Despite promising outcome in inhibition of endothelin axis in cell lines and 
xenografts have been demonstrated, limited information are available in its clinical 
trial application and specifi cally any signifi cant survival benefi t (Irani et al.  2014 ). 
The potential of targeting both cancer cells and vasculature around them through 
endothelins is an important and promising approach for therapeutic strategies and 
demands further scientifi c investigation and exploration.     
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    Chapter 42   
 Proliferin                     

    Abstract     The formation of new blood vessels (angiogenesis/neovascularisation) is 
essential during growth and development of mammalian organisms to provide nutri-
ents and regulatory signals for the said growth and development of the foetus. In 
many mammalian species, the placenta is the site of synthesis of growth hormone 
related proteins. Analysis of two such proteins, proliferin (PLF) and proliferin- 
related protein reveal their potent regulation of mammalian angiogenesis or neovas-
cularisation. The embryonic functions currently known of this family include 
stimulation of uterine cell proliferation and development of placental capillary net-
work thus vascularisation of the placenta. Researchers demonstrated the profound 
effect of PLF’s in wound healing and the hair follicle cycle as a growth factor and/
or angiogenesis inducer. Thus it would seem that the PLF gene, which previously 
had only been seen to be expressed by the placenta and damaged tissue, can be 
reactivated by tumour cells to secure a nutrients source and a mode of metastasis. 
The discovery that tumour cells use PLF to regulate angiogenesis provides an attrac-
tive anti-tumour therapy pathway. By disrupting angiogenesis by interfering with 
PLF secretion, tumour metastasis may be prevented.  

  Keywords     Proliferin   •   Angiogenesis   •   Normal physiology   •   Disease   •   Malignancy  

42.1             Proliferin 

 The formation of new blood vessels (angiogenesis/neovascularisation) is essential 
during growth and development of mammalian organisms to provide nutrients and 
regulatory signals for the said growth and development of the foetus. In many mam-
malian species, the placenta is the site of synthesis of growth hormone related pro-
teins. Analysis of two such proteins, proliferin (PLF) and proliferin-related protein 
reveal their potent regulation of mammalian angiogenesis or neovascularisation. 
Proliferin belongs to the prolactin/growth hormone/placental lactogen family of 
polypeptide hormones. It is synthesised in placental trophoblast giant cells and 
found specifi cally on chromosome 13 and 23 of the genomes of species that express 
PLF (Yang et al.  2011 ).  
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42.2     Proliferin in Normal Physiology 

 The embryonic functions currently known of this family include stimulation of uter-
ine cell proliferation and development of placental capillary network thus vasculari-
sation of the placenta. PLF’s have been identifi ed to bind to the mannose-6-phosphate 
(IGF II/M6P) receptor of endothelial cells and stimulate their migration via the 
mitogen-activated protein kinase-dependent pathway, thus neovascularisation 
in vivo (Jackson and Linzer  1997 ; Fang et al.  1999 ). Studies by Fang et al. have 
shown a direct correlation between the amount of PLF detected in gestational mice 
and the degree of vascularisation of the placenta. Specifi cally, this study identifi es 
MRP4, a sub type of the proliferin family as being located within the placenta for 
the longest duration during gestation and thus this protein is considered as the main 
activator of angiogenesis (Fang et al.  1999 ). Another study by Xinhai Yang et al. 
evaluated not only the specifi c effects of PLF on vascularisation of the placenta but 
also its interactions with various proteins and molecules. The study identifi ed that 
FGF2, a proangiogenic stimulator, along with others activate the STAT5 gene which 
in turn activates the expression of PLF which promotes endothelial cell migration, 
invasion and tube formation. Interestingly, the same researchers discovered that one 
of the roles of PLF was to activate STAT5. Thus it was concluded that STAT5 was 
involved in both the upstream and downstream interactions of PLF establishing a 
positive feedback loop that amplifi ed and sustained proangiogenic signals in the 
placenta. This discovered ‘redundancy’ of pathways to stimulate neovascularisation 
portrayed a biologically economic mechanism for integrating signals from several 
proangiogenic factors in the interest of rapidly and effi ciently forming new blood 
vessels (Yang et al.  2011 ). Besides its obvious role in vascularisation of the placenta 
during foetal development, PLF’s also contribute to other physiological functions in 
the mammalian body. For example, Tsuruta et al. have investigated and contributed 
to the vast publications on the effects of PLF’s on spermatogenesis (Tsuruta  2000 ).  

42.3     Proliferin in Disease 

 Fasset et al. demonstrated the profound effect of PLF’s in wound healing and the 
hair follicle cycle as a growth factor and/or angiogenesis inducer. The results of this 
study indicated that the nutritional and structural components required by repairing 
tissue induce the wounded tissue to re-activate expression of the PLF gene and pro-
duce the PLF protein. PLF in turn stimulated angiogenesis and thus provided the 
circulatory route for nutrients, structural components and immune cells to infi ltrate 
the region of damage (Fassett  2001 ). In addition, research by Dowdy Jackson et al. 
has identifi ed it to play a key role in directly stimulating angiogenesis in the rat 
cornea (Jackson et al.  1994 ). At this point it is appropriate to distinguish proliferin 
from proliferin-related protein, which, as the aforementioned research has identi-
fi ed, has been found to be implemented in the inhibition of angiogenesis. 

42 Proliferin
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 Proliferin-related protein (PRP) is a potent placental anti-angiogenesis hormone. 
It belongs to the same family as proliferin with only minor amino acid sequence 
changes. The effects of proliferin-related protein are however completely opposite 
to proliferin. Research shows that proliferin-related protein inhibits angiogenesis as 
depicted in the picture above in which proliferin-related protein impregnated pellets 
were introduced into an endothelial cell medium and prevented the growth of new 
blood vessels (Jackson et al.  1994 ). 

 Another study shows that physiological placental expression of PRP occurs after 
complete angiogenesis has taken place (through the expression of PLF) in order to 
prevent the further migration of endothelial cells and the subsequent resealing of the 
newly created vessels (Bengtson and Linzer  2000 ).  

42.4     Proliferin and Malignancy 

 As of yet, only the physiologic roles of proliferin and proliferin related protein have 
been discussed. Of specifi c relevance to this collection is the current research into 
the effects of proliferin and proliferin-related protein on tumorigenesis and metasta-
sis. Major contributors in this fi eld are Toft et al. who discovered, through their 
experimentation on fi brosarcaomas, the direct correlation between the degree of cell 
transformation and tumorigenicity and the level of secreted PLF (Toft et al.  2001 ). 
Through isolation of RNA from mild fi bromatosis, aggressive fi bromatosis and 
fi brosarcoma-derived cell lines, Toft et al. identifi ed a direct correlation between the 
degree of transformation of the cells and the expression of the PLF gene. Research 
indicates that the secretion of PLF is greatest at the Fibrosarcoma stage, at which 
stage the tumour becomes highly angiogenic. In addition, researchers discovered 
that tumour cells that were cultured in an immunodepleted PLF medium showed a 
dramatic reduction in angiogenic behaviour (Toft et al.  2001 ). 

 Thus it would seem that the PLF gene, which previously had only been seen to 
be expressed by the placenta and damaged tissue, can be reactivated by tumour cells 
to secure a nutrients source and a mode of metastasis. The placenta has many prop-
erties similar to a tumour: both grow rapidly and generate a blood supply by secret-
ing PLF angiogenic factors, both escape immune responses, and both are invasive. 
It thus seems a logical mechanism for tumours to reactivate the genes that evolved 
to promote placental vascularisation. The discovery that tumour cells use PLF to 
regulate angiogenesis provides an attractive anti-tumour therapy pathway. By dis-
rupting angiogenesis by interfering with PLF secretion, tumour metastasis may be 
prevented. 

 In addition, a study was conducted to test the anti-angiogenic potential of 
proliferin- related protein (Toft et al.  2001 ). The cultured tumour cells were engi-
neered to express PRP. The results revealed that all cells expressing the PRP gene 
had markedly reduced tumour growth rates and were largely avascular. This con-
trasts to the control tumours grown, all of which were well developed and rich in 
blood vessels. 

42.4 Proliferin and Malignancy
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 These results were consistent with the theory that PRP prevented neovasculariza-
tion of tumors. The discovery of the anti-angiogenic potential of PRP poses interest-
ing questions for future research into the cancer-therapy potential of PRP in 
inhibiting angiogenesis by tumors (Bengtson and Linzer  2000 ).     
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    Chapter 43   
 Prostaglandins                     

    Abstract     Prostaglandins are lipid autacoid derived from arachidonic acid and 
helping in sustaining homeostatic functions and mediating pathogenic mechanisms, 
such as infl ammatory responses. PGE1 inhibits platelet aggression, it is a potent 
vasodilator, stimulates the intestinal and uterine smooth muscles, and is also found 
to be linked with the induction and enhancement of angiogenesis. In addition to 
PGE1 anti-infl ammatory effects with regards to the inhibition of neutrophil depen-
dent immune complex, PGE1 has a stimulatory interaction with VEGFs to promote 
angiogenesis. Prostaglandin E2 (PGE2) is one of the most commonly produced PGs 
in the body. It acts as a local messenger molecule; exerting itself both in an auto-
crine and paracrine fashion, and synthesized in the cancer epithelial cells, blood 
vessel endothelial, and immune cells. Prostaglandins play important role in pro- 
infl ammatory mediation; promoting tumor growth by inhibiting apoptosis, stimulat-
ing angiogenesis, cell invasion, and cell growth. However, the exact mechanism of 
just how they promote angiogenesis still remains largely unclear, as it is part of a 
multifactorial disease process.  

  Keywords     Prostaglandin E1   •   PGE1   •   Prostaglandin E1   •   PGE2   •   Angiogenesis   • 
  Normal physiology   •   Disease   •   Malignancy  

43.1             Prostaglandins 

 Prostaglandins are naturally occurring lipids that are derived from the breakdown of 
arachidonic acid through the action of cyclooxygenase (COX) isoenzymes (Zhang 
and Daaka  2011 ; Ricciotti and FitzGerald  2011 ). Their primary function is to main-
tain homeostasis within the body, and mediate pathogenic mechanisms such as the 
promotion and resolution of infl ammatory responses (Zhang and Daaka  2011 ; 
Ricciotti and FitzGerald  2011 ). Such examples include prostaglandin E1 (PGE1) 
and prostaglandin E2 (PGE2). 

 PGE1 inhibits platelet aggression, it is a potent vasodilator, stimulates the intes-
tinal and uterine smooth muscles, and is also found to be linked with the induction 
and enhancement of angiogenesis (Fan and Chapkin  1998 ). PGE1 is derived from 
dihomo-γ-linolenic acid (DGLA) via a cyclo-oxygenated reaction mediated by 
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COX-1/2 isoenzymes (Fan and Chapkin  1998 ). DGLA is a byproduct of gamma- 
linolenic acid (GLA), which is attainable from the diet. 

 Prostaglandin E2 (PGE2) is one of the most commonly produced PGs in the 
body (Ricciotti and FitzGerald  2011 ). It acts as a local messenger molecule; exert-
ing itself both in an autocrine and paracrine fashion, and synthesized in the cancer 
epithelial cells, blood vessel endothelial, and immune cells (Zhang and Daaka 
 2011 ). Under normal physiological conditions, PGE2 mediates many biological 
functions, such as immune response regulation, gastrointestinal systems, blood 
pressure and parts of the reproductive system. However, available evidence has sug-
gested the involvement of PGE2 in a wide range of pathological conditions, such as 
infl ammation (Zhang and Daaka  2011 ). Further studies have also shown associa-
tions between pro-infl ammatory PGE2 and angiogenesis; whereby it has an effect 
on cancer cell growth, survival, and migration as well as immune cell responses 
(Zhang and Daaka  2011 ).  

43.2     Prostaglandins in Normal Physiology 

 PGE1 is capable of binding onto prostacyclin receptors on platelets, via the 
Gs-protein coupled receptor; this enhances the activity of adenyl cyclase, leading to 
an increase in the intracellular concentration of cAMP. The elevated levels of cAMP 
in turn inhibit phospholipase C, causing a reduction of intracellular calcium mobili-
zation (from storage). As a result, inhibiting platelet aggregation induced by the 
P2Y1 receptor activation; which would normally increase calcium release resulting 
in platelet activation and aggregation (Ricciotti and FitzGerald  2011 ). 

 PGE1 is able to carry out the relaxation of smooth muscle cells (SMC) and cause 
vasodilation due to its interaction with a G-Protein coupled receptor (GPCR) which 
affects the activity of adenyl cyclase (AC) (Majed and Khalil  2012 ). PGE1 interacts 
with the G s  – protein receptor, stimulating the activity of AC, causing an increase in 
the intracellular cAMP levels. The increase in cAMP level leads to the expression 
of various genes via the protein kinase A (PKA) – mediated phosphorylation (Li 
et al.  2001 ). Examples of genes expressed include the genes for the enzymes lipase, 
glycogen synthase, and phosphorylase kinase. The increase in cAMP leads to the 
relaxation of the SMC, and thus vasodilation in smooth muscles. 

 PGE2 affects target cells by activating four G protein–coupled receptors (EP1, 
EP2, EP3, and EP4). The activation of each receptor leads to the production of GTP 
on the Gα subunits and subsequently, the dissociation of the Gα-GTP from the Gβϒ 
subunits (Zhang and Daaka  2011 ). With each EP subtype showing a distinct cellular 
localization within tissues (Ricciotti and FitzGerald  2011 ). The binding of PGE2 to 
the EP1 receptor induces the activation of PKC through the mobilization of intracel-
lular Ca 2+  ions. While the EP3 receptor inhibits the synthesis of camp, which thereby 
decreases activity of the cAMP-dependent protein kinase (PKA). Both EP2 and EP4 
receptors act by increasing the synthesis of cAMP and consequently, the activation 
of PKA. PGE2 converts the receptor subtype-specifi c signaling events, via the 
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 stimulation of these EP receptors, causing the transactivation of epidermal growth 
factor receptor and its multiple downstream effectors (Zhang and Daaka  2011 ).  

43.3     Prostaglandins in Disease 

 PGE1 produces anti-infl ammatory effects, it addresses the clinical signs of infl am-
matory which are caused by changes in vascular changes and cell recruitment, such 
as vasodilation and vascular permeability. Since PGE1 is a vasodilator, it helps to 
lower the temperature of the body by allowing for more heat to escape (release). 
Another anti-infl ammatory mechanism of PGE1 is that it is able to inhibit neutro-
phil dependent immune complex injuries by preventing formyl-methionyl-leucyl- 
phenylalanine- (FMLP) induced lysosomal enzyme release from polymorphonuclear 
leukocytes (PMNs) – resulting in the down regulation and modulation of cells 
related to the infl ammatory response, such as cytokines and interleukins related to 
the FMLP family (Arbour et al.  1996 ; Fantone et al.  1983 ). 

 Chronic infl ammation is a well-known risk factor for cancer, and is recognized 
as a critical mediator of angiogenesis (Wang et al.  2006 ; Zhang and Daaka  2011 ). 
During the process of infl ammation, PGE2 plays an important role in all processes 
leading to the classic signs of infl ammation such as heat, swelling, redness, and pain 
(Zhang and Daaka  2011 ). Pro-infl ammatory PGE2 plays a vital role in the process 
of angiogenesis through the activation of EP1 to EP4 receptors (Zhang and Daaka 
 2011 ). It is able to impact many steps involved in the infl ammatory process; such as 
infl ammatory mediators that can be both pro-infl ammatory and anti-infl ammatory. 
In some instances, due to a number of cascading events related to the presence of 
PGE2, this can promote tumor growth by inhibiting apoptosis, stimulating angio-
genesis, cell invasion, and cell growth (Wang et al.  2006 ). 

 Another cellular interaction PGE1 has is with vascular endothelial growth factor 
(VEGF), where it is found to induce its expression (Mehrabi et al.  2002 ). Research 
done by Mehrabi et al. ( 2002 ) provided evidence where PGE1 was able to induce 
the production of VEGF in human coronary artery SMC in vitro; where it has been 
shown that VEGF plays a role in angiogenesis (Reinmuth  2001 ). Mehrabi et al. 
( 2002 ) came to the conclusion that patients treated with PGE1 for chronic ischemic 
heart displayed enhanced levels of VEGF-capillaries compared to those without the 
PGE1 treatment. This meant that the treated patients displayed a high rate cardiac 
vascular proliferation than those who did not receive the treatment. It is due to these 
mechanisms and results that it is believed that PGE1 may be capable of having ben-
efi cial effects for patients with chronic ischemic heart disease. 

 Alprostadil is the drug form of PGE1, and can be used to relax the ductus arterio-
sus. This mechanism is very benefi cial for infants with congenital defects which 
restrict the systemic or pulmonary blood fl ow and who depend on a patent ductus 
arteriosus for suffi cient blood fl ow and oxygen perfusion. The down side of this 
drug is that it is rapidly metabolized by the body, approximately 80 % through the 
fi rst pass. Thus to treat infants with congenital cardiac defects, the drug should be 

43.3 Prostaglandins in Disease



278

administered intravenously to maximize the effects and minimize the dose of the 
drug. PGE1 is also able to treat erectile dysfunction by stimulating vasodilation of 
the cavernosal arteries and relaxation of the trabecular smooth muscles. This allows 
for the enlargement of the lacunar space and collection of blood in the area hence 
stimulating an erection (Ricciotti and FitzGerald  2011 ).  

43.4     Prostaglandins in Malignancy 

 Angiogenesis plays an important role in the growth, survival, migration, and forma-
tion of endothelial cells. In Angiogenesis, the regulatory mechanisms that are 
involved are mainly derived from the angiogenic inducer known as vascular endo-
thelial growth factor (VEGF) (Zhang and Daaka  2011 ). Evidence suggests that in 
angiogenesis, PGE2 may act on cancer cells, thereby prompting them to produce 
pro-angiogenic factors such as VEGF, basic fi broblast growth factor (BFGF), and 
the chemokine CXCL1 that, in turn, activate endothelial cells to promote angiogen-
esis (Zhang and Daaka  2011 ). PGE2 may also have a direct action on endothelial 
cells, and can promote their angiogenic response by increasing the expression of 
CXCR4, therefore increasing endothelial cell migration. 

 PGE2 and its receptors play a major role in progression of cancers. In cancer, it 
has been found that the over-expression of the enzyme in a variety of cell types pres-
ent in diseased organs, including tumors correlates with poor prognosis of the dis-
ease (Ricciotti and FitzGerald  2011 ). In particular, it was shown that PGE2 produced 
by the COX2 enzyme occurs in much higher concentrations when it is present in 
tumor cells than when compared with normal tissues (Greenhough et al.  2009 ). 
PGE2 has also been shown to inhibit the mechanism of apoptosis and induce cell 
proliferation by increasing epithelial cell migration and motility. This has been 
shown to correlate with the survival of tumour cells. Furthermore, via its effect on 
the immune system and infl ammation, it has adverse effects in relation to the elimi-
nation of tumors (Greenhough et al.  2009 ). 

 Quite a large body of evidence suggests that there is a link between PGE2 and the 
promotion of tumour growth. This is largely due to the stimulation of EP receptor 
signalling, leading to a cascade of downstream factors. Evidence suggests that it 
plays an important role in pro-infl ammatory mediation; promoting tumor growth by 
inhibiting apoptosis, stimulating angiogenesis, cell invasion, and cell growth (Zhang 
and Daaka  2011 ). PGE2 has also been shown to exert pro-oncogenic effects in 
colorectal neoplasia through the action of autocrine and paracrine growth factors 
(Finetti et al.  2008 ). An over-expression of the enzyme in a variety of cell types was 
also presented in diseased organs, including breast and colon tumors (Greenhough 
et al.  2009 ). The exact mechanism of just how PGE2 promotes angiogenesis how-
ever, still remains largely unclear, as it is a multifactorial disease. Further research 
is still required to further explore the area of cancer so that we may better under-
stand the disease. 
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 Prostaglandins play important role in pro-infl ammatory mediation; promoting 
tumor growth by inhibiting apoptosis, stimulating angiogenesis, cell invasion, and 
cell growth. However, the exact mechanism of just how they promote angiogenesis 
still remains largely unclear, as it is part of a multifactorial disease process.     
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    Chapter 44   
 ROS 1                     

    Abstract     Receptor tyrosine kinases (RTKs) play an important role in the process of 
signal transduction and cellular communication. A receptor tyrosine kinase,  ROS 1  has 
been shown as one of the last two remaining orphan receptor tyrosine kinases whose 
ligand has not completely identifi ed. In addition to being as a role player in epithelial 
cell differentiation,  ROS 1  can activate number of downstream signaling pathways 
related to cell survival, proliferation and angiogenesis. The aberrant expression of this 
gene as well as its mutant forms has been reported in the initiation and progression of 
variety of human cancers, including non–small cell lung cancer (NSCLC), glioblas-
toma, ovarian cancer and colorectal cancer. However, it has not been fully found the 
normal function of ROS kinase in different human body tissues so far. Recent insights 
have shed light onto ROS 1 signal transduction and its importance in cell development, 
diseases, clinical applications and treatment of substantial cancers.  

  Keywords     ROS 1   •   Angiogenesis   •   Normal physiology   •   Disease   •   Malignancy   

44.1             ROS1 

  ROS 1  gene is found on human chromosome 6 region 6q22 and it encodes for proto- 
oncogene tyrosine protein kinase ROS, which is an orphan kinase with unconfi rmed 
ligand and unclarifi ed functions (El-Deeb et al.  2011 ). Having a highly similar struc-
ture to receptor tyrosine kinase (RTK), ROS tyrosine kinase is believed to be closely 
related to RTK. Since ROS tyrosine kinase is similar to RTK, one believes that their 
functions are similar as well. Hence, it can be concluded the ROS tyrosine kinase 
behaves like a cell surface receptor for growth factors and hormones, regulates cell 
to cell communication, and is involved in signal transduction (El-Deeb et al.  2011 ). 

 ROS tyrosine kinase has binding sites that are similar to epidermal growth factor 
receptors, macrophage colony stimulating factor receptors, and HIR genes, indicat-
ing that ROS tyrosine kinase have comparable functions to those receptors. Hence, 
specifi cally, tyrosine kinase ROS is responsible for growth and maturation of cells 
(El-Deeb et al.  2011 ). 
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 Its gene expression pattern during embryonic development and post- development 
suggests its involvement in the maturation of organs. Chromosome 6 specifi es non- 
random chromosomal rearrangement in specifi c neoplasia in which over expression 
of mutated  ROS 1  gene leads to the development of malignancy that are commonly 
found in glioblastoma (El-Deeb et al.  2011 ).  

44.2     ROS 1 in Normal Physiology 

 Although the ligand for ROS1 tyrosine kinase receptor is unknown, the present 
discovery of activated ROS protein kinase shows downstream signaling pathways:

    (a)    Signal Transducers and Activators of Transcription 3 (STAT3)   
   (b)    PI3/KAKT/m-TOR cascade   
   (c)    RAS/MAPK/ERK pathways   
   (d)    VAV 3 proteins   
   (e)    SHP1 and 2     

 From the above pathways, over activation of STAT 3 and PI3/KAKT/m-TOR 
signaling cascade are heavily involved in angiogenesis related to oncogenesis. 

 Tyrosine-phosphorylated STAT3 protein is responsible for cytokine and growth 
factor induced gene expression which contributes to the survival, proliferation, and 
differentiation of cells. This includes oncogenesis as well (Chen and Han  2008 ). 
Cytoplasmic STAT3 protein undergoes transformation to homo- or hetero-dimer 
based transcription factors through extracellular ligand induced phosphorylation, 
allowing its translocation to nucleus followed by transcription of the targeted genes 
(Chen and Han  2008 ). Overall, ROS tyrosine kinase activates STAT3, increasing 
targeted DNA transcription. Activation of STAT3 causes immune-suppression and 
angiogenic promoting mechanism, both of which are commonly expressed in pri-
mary tumour development as they promote tumour survival (Chen and Han  2008 ).  

44.3     ROS 1 in Disease 

 STAT3, with its target gene transcription, is a regulator of the multistage and multi-
factorial stimulated angiogenesis in both pathological and physiological conditions 
(El-Deeb et al.  2011 ). Through the activation of angiogenic factors- including 
VEGF, bFGF, matrix metalloproteinase 2, and matrix metalloproteinase 9- angio-
genesis is controlled. This comprises the activation of endothelial cell proliferation 
and differential induction of endothelial stem cell tissue (Karar and Maity  2011 ). 
Mutated ROS 1 gene produces a constantly active ROS tyrosine kinase. Therefore, 
leading to a constant stimulation of STAT 3 pathways and thus, the upregulation of 
angiogenic factors. 
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 Angiogenesis supports tumour development by ensuring a constant supply of 
blood to the malignant cells. Furthermore, it can lead to metastasis as oncogenic 
cells can be transported to other parts of the body through the circulatory system 
(Yang et al.  2013 ). Apart from aiding tumour development through angiogenesis, 
STAT3 signaling pathway also enhances tumour development through the dysregu-
lation of Bcl-xL, Mcl-1, and Bcl 2 anti-apoptotic genes; activation of Cyclin D1 and 
Myc proteins which induce cellular proliferation; and suppression of both innate 
and adaptive immune expression (Karar and Maity  2011 ). 

 Uncontrolled STAT 3 signaling is due to three main reasons. Firstly, a mutated 
ROS1 gene will lead to the production of a mutated ROS tyrosine kinase, which will 
be constantly active and hence, will trigger STAT 3 signaling pathway continuously. 
Secondly, overstimulation of cytokines and growth factors. Lastly, the silencing of 
STAT3- inhibiting regulator. Over simulation of STAT3 pathway promotes tumour 
development (Zong et al.  1998 ; Nguyen et al.  2002 ). 

 PI3K is the key growth regulating cellular factor where its signaling cascade 
involves AKT kinase and mTOR; Both plays a part in controlling proliferation and 
differentiation of the cells and inhibition of physiological apoptosis. Recent studies 
identifi ed PI3K involvement in vasculature development during embryonic stage 
where defects in PI3K exhibit production of functionless vessels (El-Deeb et al. 
 2011 ). 

 PI3 pathways contribute to tumour development by its regulations on cell growth 
mainly via angiogenic control of AKT kinase. Angiogenesis in PI3K pathways is 
achieved through both direct and indirect hypoxic dependent mechanisms which 
mainly comprises of nitric oxide pathways, HIF 1, angiopoietin, and VEGF induc-
tion. Being the key regulator of angiogenesis, VEGF cascades its effect in the cell 
through PI3K pathway with mTOR as the mediator. Its intracellular effects include 
a positive feedback mechanism whereby more angiogenic factors such as VEGF 
and angiopoietin are induced (Yang et al.  2013 ). Thus, uncontrolled stimulation 
from PI3K enhances VEGF positive feedback without requiring extracellular VEGF 
signaling. Of all the ROS1 originated mutagenic proteins, FIG-ROS is specifi c for 
PI3K pathway activation which contributes to tumour formation (El-Deeb et al. 
 2011 ). This leads to the development of PI3K pathways inhibitor drugs which is 
meant to halt tumour development by inhibiting angiogenic effect from VEGF 
secretion on PI3K pathway (Karar and Maity  2011 ).  

44.4     ROS 1 and Malignancy 

 ROS1 gene is vulnerable to chromosomal mutation, bringing about the production 
of mutagenic fusion proteins. Current clinical investigation has identifi ed fi ve muta-
genic proteins: v-ROS, Mcf3, FIG-ROS, SLC 34A2-ROS and CD74, all of which 
induce uncontrolled frequent activation of its downstream signaling pathways 
(El-Deeb et al.  2011 ). Examples of ROS1 related cancer is glioblastoma and non- 
small cell lung cancer (Jun et al.  2012 ). 
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 Glioblastoma is a malignant brain tumour with high expression of mutated ROS1 
genes. It is characterized by chromosomal deletion of ROS1 at 6q21, which causes 
production of GOPC-ROS1 protein. High expression of GOPC-ROS1 protein cor-
relates to glioblastoma tumour formation (Ou et al.  2012 ). This mutation is expressed 
in 56 % of glioblastoma cell lines with contrasting minimal expression of ROS gene 
in functional brain cells (El-Deeb et al.  2011 ). Recent clinical investigations identi-
fi ed a link between FIG-ROS1, a mutated ROS1 gene, with glioblastoma cancer. 
FIG-ROS tumorigenicity is explored in an experiment and it was concluded that its 
tumorigenicity was credited to its promotion of anchorage independent growth of 
glioblastoma cells. In the experiment, the expression of FIG ROS1 in basal ganglia 
of mice led to the formation of astrocytomas. Ectopic ROS1 expression pattern 
exhibits low level in astrocytomas and a higher level in glioblastoma tumour. Hence, 
it is concluded that ROS1’s role in tumour advancement is through proliferation and 
not so much in initiation (El-Deeb et al.  2011 ). Researchers are currently focused on 
discovering the cause of FIG-ROS1 fusion and way to inhibit glioblastoma. 

 Overall, mutation of ROS1 gene leads to production of mutated ROS tyrosine 
kinase which constantly stimulates the pathways including STAT3 and PI3K path-
ways. As mentioned above, over stimulation of these pathways promote angiogen-
esis and thus, enhance tumour formation. Currently, Crizotinib is a drug given to 
treat ROS1 gene mutation. Being an anaplastic lymphoma kinase (ALK) inhibitor, 
it inhibits the proliferation of cells and arrest mitosis cell cycle at G1 phase by pre-
venting downstream signaling cascades. ROS tyrosine kinase shares some pathways 
with ALK. Hence, but blocking ALK pathways, a few pathways of ROS tyrosine 
kinase are also blocked, thereby inhibiting ROS tyrosine kinase’s effect on tumour 
development. Despite not knowing its mechanism of action fully, Crizotinib does 
induce tumour shrinkage in patients with ROS 1 gene rearrangements (Doebele and 
Camidge  2012 ). Further research includes determining Crizotinib’s mechanism of 
action and through this knowledge; more drugs can be developed to treat mutated 
ROS1 induced cancer.     
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    Chapter 45   
 SIRT1                     

    Abstract     SIRT1 belongs to the family of proteins called the Sirtuins and the mam-
malian equivalent of the yeast silent information regulator, sir2. SIRT1 has been 
implicated in a variety of cellular processes such as aging, transcription, neurode-
generation and apoptosis as it has been found to deacetylate the proteins involved 
these processes. The Sirtuin group of proteins help cells adapt against environmen-
tal stressors, such as DNA damage and replication stress which may arise from tis-
sue ischemia. SIRT1 deacetylates key signalling molecules that respond to these 
stress signals and are consequently involved in many cellular processes such as 
metabolism, survival, proliferation and apoptosis. Studies have shown that SIRT1 
gene was signifi cantly up regulated in leukaemia (AML), prostate, colon and skin 
cancers. Activation of SIRT1 by resveratrol that can be found in red wine was able 
to reduce signs of ageing. These signs include decreased infl ammation and apopto-
sis of the vascular system and increased aortic elasticity. SIRT1 has shown a prom-
ising role in the modulation of vascular disease as a regulator in vascular growth and 
homeostasis.  

  Keywords     SIRT1   •   Angiogenesis   •   Normal physiology   •   Disease   •   Malignancy  

45.1             SIRT1 

 SIRT1 belongs to the family of proteins called the Sirtuins and the mammalian 
equivalent of the yeast silent information regulator, sir2. SIRT1 has been implicated 
in a variety of cellular processes such as aging, transcription, neurodegeneration and 
apoptosis as it has been found to deacetylate the proteins involved these processes 
(Guarani and Potente  2010a ). It is a nicotinamide adenine dinucleotide (NAD+)-
dependent deacetylase and requires an NAD+ group when removing each acetyl 
(Ac) group from its protein substrate (Stünkel and Campbell  2011 ). As a result, 
NAD+ and its reduced form NADH are inhibitors of SIRT1 (Stünkel and Campbell 
 2011 ).  
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45.2     SIRT1 in Normal Physiology 

 The Sirtuin group of proteins help cells adapt against environmental stressors, such 
as DNA damage and replication stress which may arise from tissue ischemia. Within 
this group, the SIRT1 deacetylates key signalling molecules that respond to these 
stress signals and are consequently involved in many cellular processes such as 
metabolism, survival, proliferation and apoptosis. With regards to angiogenesis, 
SIRT1 acts as a metabolic sensor that adapts the growth of blood vessels to meta-
bolic tissue requirements (Guarani and Potente  2010b ). 

 In a cell and tissue-dependent context, SIRT1 is found in the nucleus and can 
shuttle to the cytoplasm (Guarani and Potente  2010b ; Stünkel and Campbell  2011 ). 
SIRT1 deacetylates by transferring the acetyl group of an acetylated protein sub-
strate to the ADP-ribose moiety of NAD+, which results in a deacetylated protein, 
2′-acetyl-ADP-ribose, and nicotinamide (NAM) (Guarani and Potente  2010b ). The 
deacetylase activity of SIRT1 is activated via NAD+, whereas NAM and NADH, the 
reduced form of NAD+, inhibits its catalytic activity. The physiological functions of 
SIRT1 are result from the adaptation of gene expression to the energetic state of the 
cell. This energetic state is monitored by the cell through its NAD+ levels (Guarani 
and Potente  2010b ). SIRT1 deacetylates histones, transcription factors and cofac-
tors and is consequently involved in the coordination of gene expression required 
for a range of processes such as cell survival, metabolism, proliferation and differ-
entiation. SIRT1 can also deacetylate non-histone substrates, such as p53 and fork-
head box class O (FOXO) which act as important downregulating effectors in the 
SIRT1 signaling circuitry that controls metabolism and response to stress (Guarani 
and Potente  2010b ; Stünkel and Campbell  2011 ). Evidence shows that vascular 
endothelium are important tissue targets for the biological functions of SIRT1 where 
it is prominently expressed in endothelial cells of growing blood vessel sprouts 
(Guarani and Potente  2010b ). Repressed SIRT1 activity in endothelial cells has 
been found to impair the ability of the cells to form new vessels in response to isch-
emic stress. SIRT1 binds and deacetylates FOXO1, an important negative regulator 
of angiogenesis resulting in the activation of angiogenic activity (Guarani and 
Potente  2010b ).  

45.3     SIRT1 in Disease 

 Several studies have linked SIRT1 with metabolism. Opposed to sir2, the yeast 
homolog of SIRT1, SIRT1 acts as a positive regulator of insulin. SIRT1 is down-
regulated in cells that have high insulin resistance and its activation increases and 
improves insulin sensitivity patients with type II diabetes mellitus (Sun et al.  2007 ; 
Kong et al.  2009 ). Pancreatic β cells are known to secrete insulin to promote glucose 
uptake and react to increased glucose levels in peripheral tissues. SIRT1 is expressed 
in pancreatic β cells and suppresses uncoupling protein 2 (UCP2), which in turn 
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uncouples respiration from ATP production in the mitochondria. SIRT1 indirectly 
activates two insulin transcription factors, NeuroD and MafA by forming a complex 
with the promyelocytic leukaemia protein (PML) and FOXO1; this may protect the 
pancreatic β cell pathway from oxidative damage. Therefore it can be indicated that 
SIRT1 acts as a positive regulator in the secretion of insulin by pancreatic β cells 
(Kong et al.  2009 ). 

 SIRT1 has been associated with DNA repair by deacetylation of Ku70, a repair 
protein. Overexpression of SIRT1 increases the DNA repair capacity that may have 
resulted from radiation. SIRT1 siRNA may also inhibit endogenous SIRT1 expres-
sion, thus decreasing its repair ability and regulating the overall process of DNA 
repair (Jeong et al.  2007 ). 

 SIRT1 has been shown to protect against cardiac hypertrophy, which is a major 
cause of heart failure. Cardiac hypertrophy decreases the ability of the heart to 
pump blood effectively and results in heart failure. Eventually, this leads to organ 
failure due to increased apoptosis. SIRT1 protects the primary cultured myocytes 
from apoptosis stimulated by activation of PARP-1 in a p35-dependent pathway. 
However, SIRT1 deacetylates the histone variant H2A.Z, which is a factor that 
induces cardiac hypertrophy (Chen et al.  2006 ). 

 SIRT1 also has protective factors in kidney diseases. SIRT1 responds to oxida-
tive stress via inhibition of p53 and reduces mesangial cell apoptosis as it prevents 
glomerular apoptosis in kidney disease (Kume et al.  2006 ,  2007 ). 

 SIRT1 also regulates transactivator of transcription (Tat) activity, a HIV-1 related 
protein that is required for the transcriptional activation of the provirus. Cessation 
of Tat activity compromises the replication of the HIV-1 virus. SIRT1 deacetylates 
Tat protein, thus activating it and HIV-1 viral transcription is consequently increased 
(Pagans et al.  2005 ).  

45.4     SIRT1 in Malignancy 

 A number of cancers have been associated with increased age. Genes that code for 
proteins that support tumour growth are known as “tumour promoters” whereas 
genes that code for proteins that inhibit tumour growth are known as “tumour sup-
pressors” (Fang and Nicholl  2011 ). The pathways of SIRT1 that serve to protect 
normal cells may be the cause that prevents apoptosis of cancer cells. Contradicting 
studies have associated SIRT1 as both a tumour suppressor and tumour promoter. 
This is discussed in the paragraphs below. 

 Studies have shown the SIRT1 gene to be signifi cantly up regulated in cancers 
such as acute myeloid leukaemia (AML), prostate, colon and skin cancer (Carafa 
et al.  2012 ). Overexpression of SIRT1 has also been shown in cutaneous squamous 
and basal cell carcinomas (Carafa et al.  2012 ). 

 Studies show evidence that SIRT1 may activate a tumour promoter and inactivate 
tumour suppressors. Hypermethylated in cancer 1 (HIC1) is a tumour suppressor 
that can be inactivated or deleted in some cancers (Fang and Nicholl  2011 ). HIC1 
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forms a regulatory feedback loop with the p53 and SIRT1. In the absence of HIC1, 
SIRT is activated and deacetylates p53, which acts as a tumour suppressor (Stünkel 
and Campbell  2011 ). 

 SIRT1 may also act as a tumour promoter via the stabilisation of the proto- 
oncogene protein, N-Myc. This protein induces SIRT1 transcription in neuroblas-
toma, thus enhancing the stability of N-Myc in a positive feedback loop (Fang and 
Nicholl  2011 ). SIRT1 induces the inactivation of MKP3 phosphatase resulting in 
increased ERK phosphorylation and subsequently N-Myc Ser62 phosphorylation. 
This has the effect of preventing the degradation of N-Myc (Fang and Nicholl  2011 ). 

 Overexpression of SIRT1 can inhibit the apoptosis of tumour cells and result in 
the ineffectiveness of some anti-cancer drugs (Pearson et al.  2008 ). Additionally, 
the overexpression of SIRT1 can inhibit p53-dependent cell-cycle arrest and apop-
tosis (Carafa et al.  2012 ). DNA damage causes SIRT1 to deacetylate p53, thereby 
inhibiting its functions and disrupting p53-dependent pathways. This has the effect 
of decreasing the cell’s ability to respond effectively to the damage and oxidative 
stress (Carafa et al.  2012 ). SIRT1 can also deacetylate forkhead box protein O mem-
bers, inhibiting FOXO-dependent transcription or apoptosis (Pearson et al.  2008 ). 
SIRT1 promotes angiogenesis as a result of deacetylation of FOXO1, via inhibition 
of senescence which promotes endothelial cell growth and vascular development 
(Pearson et al.  2008 ). 

 Tumour growth reduction is an effect of SIRT1’s ability to deacetylate β-caternin, 
a tumour promoting protein, and enhance cytoplasmic localization of the nuclear- 
localised oncogenic form of β-catenin (Altieri  2008 ). Overexpression of SIRT1 also 
decreases cell proliferation in colon cancer, which is promoted by active β-catenin 
(Fang and Nicholl  2011 ). 

 Studies show SIRT1 is down regulated in BRCA1-associated breast cancer, a 
mutant variant, and acts as a tumour suppressor by inhibiting Survivin, which is an 
important anti-apoptotic protein that is overexpressed in many cancers (Carafa et al. 
 2012 ; Fang and Nicholl  2011 ). 

 The equilibrium between SIRT1 as a tumour promoter and tumour suppressor 
greatly infl uences its role in oncogenesis. Therefore further studies should investi-
gate the development of anti-cancer drugs, which can simultaneously upregulate 
and downregulate SIRT1 activity. 

 SIRT1 is a nuclear protein that is primarily expressed in neurons. SIRT1 binds to 
and deacetylates a number of essential transcription factors (Donmez and Outeiro 
 2013 ). SIRT1 is involved indirectly via the FOXO transcription factors that are 
involved in different molecular pathways such as neuronal protection, stress resis-
tance and glucose production where NAD+, NADH and NAM regulate SIRT1 func-
tion (Donmez and Outeiro  2013 ). Energy depletion results in an increase of NAD 
levels and consequently activates SIRT1 deacetylation activity, which is NAD- 
dependent (Donmez and Outeiro  2013 ). The AMPK phosphorylates whilst SIRT1 
deacetylates thus activating PGC-1α, to stimulate fatty acid oxidation and mito-
chondrial biogenesis. SIRT1 activates AMPK activity, which then increases NAD 
levels (Donmez and Outeiro  2013 ). 
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 It has been shown that SIRT1 has an association with neurodegenerative diseases 
due to its involvement with gene expression (Donmez and Outeiro  2013 ). In cases 
where certain genes are repressed this could result in conditions that are age-related, 
such as cancer, heart disease, diabetes neurodegenerative diseases such as 
Alzheimer’s disease (Donmez and Outeiro  2013 ). 

 Neurodegenerative diseases have prevalence amongst the aging population. The 
aging process is associated with telomere shortening. SIRT1 is involved with telo-
mere function and maintenance in aging process (Carafa et al.  2012 ). SIRT1 pro-
motes replicative senescence in reaction to chronic oxidative stress through the 
overexpression of p19ARF which is a senescence regulator. This has the effect of 
positively regulating the tumour suppressor, p53, by inhibiting MDM2 mediates 
p53 degradation (Carafa et al.  2012 ). 

 Over expression of SIRT1 protects against Alzeheimer’s disease, Huntington’s 
disease and amyotrophic lateral sclerosis (ALS). Activation of SIRT1 also inhibits 
NFκB signalling and reduces cell death (Carafa et al.  2012 ). In Alzheimer’s disease 
studies, overexpression of SIRT1 in the brain has been found to reduce β-amyloid 
production and the formation of aggregates. On the other hand, inhibition of SIRT1 
activity results in the formation of β-amyloid aggregates in the brains of Alzheimer’s 
patients (Carafa et al.  2012 ). Additionally, calorie restriction results in an increase 
in NAD in cells. NAD converts glucose from food into energy. The decrease of calo-
ries increases NAD levels, which is required for SIRT1 activation and has been 
shown to reduce β-amyloid plaques (Donmez and Outeiro  2013 ). 

 SIRT1 has shown a promising role in the modulation of vascular disease. It is 
seen as a regulator in vascular growth and homeostasis. Current research shows 
SIRT1 to provide a therapeutic insight in the treatment of ischemic-induced vascu-
lar disease and blood vessel growth (Guarani and Potente  2010b ). Much of the 
pharmaceutical research has been invested into using small molecule activators of 
the SIRT1 to facilitate angiogenesis activity of atherosclerotic-disease vessels after 
ischemic damage via the activation of PARP-1 (Chen et al.  2006 ). A key study by 
Pearson et al. ( 2008 ) on mice showed an activator of SIRT1 called resveratrol (found 
in red wine) was able to reduce signs of ageing. These signs include decreased 
infl ammation and apoptosis of the vascular system and increased aortic elasticity 
(Pearson et al.  2008 ). Current studies indicate SIRT1 and its small molecule activa-
tors are possible targets for the treatment of the cardiovascular disease (Guarani and 
Potente  2010b ).     
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    Chapter 46   
 SMAD4 (Mothers Against Decepentaplegic 
Homolog 4)                     

    Abstract     The signifi cance of the SMAD4 gene is considerable in various aspects 
related to angiogenesis activation in normal physiology, cancer and disease and its 
infl uences have been extensively researched. The SMAD4 protein is coded by the 
SMAD4 gene and plays an essential role in the Transforming Growth Factor- β 
(TGF-β) signalling pathway. TGF-β genes have multitudinous effects on a wide 
range of biological activities including cell proliferation termination, encouraging 
cell differentiation and pattern forming during early vertebrate development. The 
SMAD4/TGF-β signaling pathway induces angiogenesis through inducing the 
expression of Vascular Endothelial Growth Factor (VEGF) and other proangiogenic 
factors. Upregulation of these proangiogenic factors hence will target the phospha-
tase and tensin homolog (PTEN) in endothelial cells which promotes endothelial 
cell migration (angiogenesis essentiality) and tube formation. The mechanisms and 
consequences involved in a mutation of SMAD4 mainly relates to its loss of func-
tion. Mutation in SMAD4 gene has been shown leading familial juvenile polyposis. 
Previous researches also showed that tumor growth and vascularization density 
could be markedly impaired by restoration of SMAD4. It is hypothesised that 
SMAD4, to a certain extent, controls an angiogenic switch with VEGF (pro- 
angiogenic) and TSP-1 (anti-angiogenic) as the main targets. Yet to confi rm, the 
mechanism of action in controling VEGF and TSP-1, this potential demands future 
research to develop a greater understanding of the SMAD4/TGF-β pathway.  

  Keywords     SMAD4   •   Angiogenesis   •   Normal physiology   •   Disease   •   Malignancy  

46.1             SMAD4 (Mothers Against Decepentaplegic Homolog 4) 

 The signifi cance of the SMAD4 gene is considerable in various aspects related to 
angiogenesis activation in normal physiology, cancer and disease and its infl uences 
have been extensively researched. The SMAD4 protein is coded by the SMAD4 
gene and plays an essential role in the Transforming Growth Factor- β (TGF-β) 
signalling pathway (Blobe et al.  2000 ). Binding of TGF-β onto TGF-β receptors 
leads to SMAD2 or SMAD3 combining with SMAD4 to form a transcription unit, 
which ultimately allows the external environment of the cell to control the 
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transcription of genes intracellularly (Blobe et al.  2000 ). Furthermore, TGF-β genes 
have multitudinous effects on a wide range of biological activities including cell 
proliferation termination, encouraging cell differentiation and pattern forming dur-
ing early vertebrate development (Blobe et al.  2000 ). In particular, the role of the 
SMAD4/TGF-β signaling pathway in the regulation of angiogenesis is of para-
mount interest when considering the effect of the SMAD4 gene in normal physiol-
ogy, cancer and disease.  

46.2     SMAD4 in Normal Physiology 

 The SMAD4/TGF-β signaling pathway induces angiogenesis through inducing the 
expression of Vascular Endothelial Growth Factor (VEGF) and other pro- angiogenic 
factors. Specifi cally, the SMAD4/TGF-β pathway up- regulates pro-angiogenic 
miRNA-29a which targets the phosphatase and tensin homolog (PTEN) in endothe-
lial cells (Ferrari et al.  2009 ). This leads to the activation of the AKT pathway which 
promotes endothelial cell migration (angiogenesis essentiality) and tube formation. 
Published articles have indicated that these mechanisms are involved  in vitro  and  in 
vivo  (Ferrari et al.  2009 ). Furthermore, the SMAD4/TGF-β signaling pathway 
encourages deposition of the extracellular matrix and induces apoptosis. The 
inducement of apoptosis is especially seen in angiogenesis whereby apoptosis of the 
endothelial cells lining the blood vessels occur, this process especially important for 
“pruning the forming of vascular network” (Geng et al.  2013 ). This is contrasted 
with the effects of VEGF which antagonizes apoptosis and protects the endothelial 
cells. A signifi cant imbalance or lack of SMAD4 proteins potentially results in the 
crippling of the apoptosis mechanism, therefore causing an increase in the develop-
ment of abnormal blood vessels (Geng et al.  2013 ). This was further substantiated 
in a study of SMAD4 absent mutant mice where results showed an unaffected, func-
tioning vasculogenesis mechanism and an affected, abnormal angiogenesis mecha-
nism where primary blood vessels failed to undergo remodeling or effi cient 
sprouting  in vivo  (Geng et al.  2013 ).  

46.3     SMAD4 in Disease 

 An example of a SMAD4 gene mutation, in this case leading to disease, is familial 
juvenile polyposis (O’Malley et al.  2012 ). The mutation involved in this disease is 
a germ line mutation, hence its classifi cation as a familial/inherited disease (autoso-
mal dominant). In familial juvenile polyposis, the SMAD4 gene mutation directly 
affects the coding of a protein that allows the environment of the cell to control the 
regulation of genes, in particular, genes that are involved in the growth and division 
of cells (O’Malley et al.  2012 ). This protein pathway is then disrupted and cells are 
then allowed to grow in an uncontrolled manner leading to polyp formation 
(O’Malley et al.  2012 ). These benign polyps develop in the gastrointestinal tract, 
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especially the large colon and can range from a few to hundreds of polyps. 
Furthermore, polyp formation can lead to gastrointestinal bleeding, anemia, abdom-
inal pain and diarrhoea. Approximately 10–50 % of individuals diagnosed with 
juvenile polyposis syndrome develop polyps that can become malignant and cancer-
ous. However, if juvenile polyps develop during infancy, children can develop 
protein- losing enteropathy which results in severe diarrhea, failure to gain weight or 
grow at a normal rate and general wasting of the muscles. Additionally, a study has 
found that mutations occurring in SMAD4 before codon 423 resulted in vascular 
malformations and was identifi ed within the stromal components of the polyps 
(O’Malley et al.  2012 ). 

 Most patients diagnosed with polyposis also present with hereditary hemorrhage 
telangiectasia; a disorder in the blood vessels characterized by high pressure blood 
in arteries moving directly into the veins rather than the capillaries (O’Malley et al. 
 2012 ). The SMAD4 protein is involved in making proteins that are found in blood 
vessel linings and interact with growth factors that control angiogenesis. A mutation 
results in a decrease in the amount of functional protein and this disrupts the devel-
opment of blood vessels, causing arteriovenous malformation. When this occurs 
near the skin, it is clinically observed as red markings known as telangiectases. The 
thinner- walled veins cannot adapt to the high blood pressure, leading to straining 
and expansion of the veins and compression or irritation of adjacent tissues and 
frequent episodes of haemorrhage. Thus, a range of diseases can manifest ranging 
from nose bleeds to hemorrhages in the brain, lover, lungs or other organs (O’Malley 
et al.  2012 ).  

46.4     SMAD4 in Malignancy 

 Other research indicates that the tumor suppressive effects of the SMAD4/TGF-β 
pathway to be context dependant (Zhang et al.  2010 ). For example, when the TGF-β 
pathway was found to be functional in the early stages of tumorigenesis (i.e. SMAD4 
not mutated), tumor growth was delayed. However, when SMAD4 was lost or 
mutated, the tumor cells became resistant to the SMAD4/TGF-β pathway and tumor 
growth promotion and metastasis was observed (Zhang et al.  2010 ). The mecha-
nisms and consequences involved in a mutation of SMAD4 mainly relates to its loss 
of function. In particular, this mutation leads to communication breakdown between 
the external and internal environment (nucleus) of the cell (Miyaki and Kuroki 
 2003 ). Therefore, “STOP” signals are not sent and received and the aforementioned 
functions of this pathway become severely affected. The effects of such mutations 
are evident in 55 % of all pancreatic adenocarcinomas where a mutation resulting in 
the interference of the SMAD4 homo-oligomer formation leads to an interference 
with the hetero-oligomer formation between SMAD2 and SMAD4 (Miyaki and 
Kuroki  2003 ). TGF-β production is also markedly increased in cancerous cells, pro-
moting tumor growth through angiogenesis and the stimulation of VEGF produc-
tion (Geng et al.  2013 ). Increased VEGF production results in an increase of nutrient 
and vasculature supply (essential for tumor progression) to tumorous tissues. 
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Extracellular matrix deposition activity is also signifi cantly increased, aiding the 
survival of endothelial cells and maintaining the vasculature to the tumorous cells 
(Geng et al.  2013 ). Other side effects involved with increased TGF-β production 
include suppression of anti-tumor immune response and stimulation of connective 
tissue formation around the tumour. As a consequence of SMAD4/TGF-β pathway 
mutations and a result of these effects, tumorous cells have an increased ability to 
become more invasive and metastasize to distant organs (Geng et al.  2013 ). 

 Further experiments have also been conducted investigating the effects of restor-
ing the SMAD4 gene into SMAD4 nulled cell lines  in vitro  and  in vivo  (Schwarte- 
Waldhoff et al.  2000 ). Interestingly, an angiogenic switch was observed in both 
(from pro-angiogenesis to anti-angiogenesis). As expected, the restoration of the 
SMAD4/TGF-β pathway in vitro resulted in re-established apoptosis activity and 
growth inhibition. However, this was not observed  in vivo  as sensitivity was not 
restored to the pathway, VEGF expression was down- regulated and TSP-1 expres-
sion was upregulated (Schwarte-Waldhoff et al.  2000 ). As a result, tumor growth 
was found to be signifi cantly retarded and vascularization density was markedly 
impaired in comparison to the original SMAD4 nulled cell lines. Thus, it is theo-
rized that SMAD4, to a certain extent, controls an angiogenic switch with VEGF 
(pro-angiogenic) and TSP-1 (anti-angiogenic) as the main targets. Although 
research is yet to confi rm how SMAD4 controls VEGF and TSP-1, there are many 
potential SMAD binding sites on VEGF and future research should be conducted in 
this area and direction to develop a greater understanding of the SMAD4/TGF-β 
pathway (Schwarte-Waldhoff et al.  2000 ).     
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    Chapter 47   
 Sprouty-Related, EVH1 Domain-Containing 
Protein 1 (SPRED-1)                     

    Abstract     The  SPRED-1  gene encodes  Sprouty-Related, EVH1 Domain-containing 
protein 1 (SPRED-1)  in humans. The gene is located on chromosome 15q13.2, con-
sisting of seven coding exons. The activity of  SPRED-1  is primarily regulated by 
tyrosine phosphorylation, facilitated by haemopoietic factors. Legius syndrome, an 
autosomal dominant condition, represents with changes in skin pigmentation, atten-
tion defi cit hyperactivity disorder (ADHD) or attention defi cit disorder (ADD) and 
it is believed to be related to germline mutations in the  SPRED-1  gene. Angiogenesis 
can be regulated by a variety of genes, one of which is the gene microRNA-126 
(miR-126).  SPRED-1  can block the effect of miR-126 in angiogenesis and capil-
larization in muscle tissue in patients with chronic obstructive pulmonary disease 
(COPD).  SPRED-1  plays a vital role in the tumorigenesis and metastasis of a stable 
tumour since it is an inhibitor of Ras-MAPK and RhoA cell signalling pathways. 
Through further investigation into the mechanism of  SPRED-1  expression, we may 
be able to better understand and treat the health concerns which its mutation 
imposes.  

  Keywords     Sprouty-related   •   EVH1 domain-containing protein 1   •   SPRED-1   • 
  Angiogenesis   •   Normal physiology   •   Disease   •   Malignancy  

47.1             Sprouty-Related, EVH1 Domain-Containing Protein 1 
(SPRED-1) 

 The  SPRED-1  gene encodes  Sprouty-Related, EVH1 Domain-containing protein 1 
(SPRED-1)  in humans. The gene is located on chromosome 15q13.2, consisting of 
seven coding exons. Mutations in the gene are said to cause Legius syndrome as 
well as a predisposition to childhood leukaemia.  SPRED-1  was recently discovered 
to be a negative Ras Mitogen Activated Protein Kinase (Ras-MAPK) pathway regu-
lator associated with a neurofi bromatosis 1 (NF-1)-like human syndrome (Phoenix 
and Temple  2010 ). It is a tumour suppressor and mainly distributes to the human 
brain. In addition, it is expressed in the colon, lung and foetal tissues (Brems et al. 
 2007 ). The activity of  SPRED-1  is primarily regulated by tyrosine phosphorylation, 
facilitated by haemopoietic factors (Zhang et al.  2013 ).  
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47.2     SPRED-1 in Disease 

 Legius syndrome, an autosomal dominant condition, is related to germline muta-
tions in the  SPRED-1  gene resulting in loss of function (Sumner et al.  2011 ). Legius 
syndrome is characterized by changes in skin pigmentation. Most individuals who 
are affected will most likely have several café-au-lait spots, which are fl at patches 
on the skin that are noticeably darker than the surrounding skin. These spots require 
germline  SPRED-1  mutations as well as a somatic wild-type  SPRED-1  allele, which 
shows that a full inactivation of  SPRED-1  is involved. Affected individuals may 
also present with freckles in the groin and armpit regions. Other symptoms associ-
ated with Legius syndrome include macrocephaly and unusual facial characteris-
tics. Individuals may also be diagnosed with learning diffi culties such as attention 
defi cit hyperactivity disorder (ADHD) or attention defi cit disorder (ADD) (Brems 
et al.  2007 ). A study showed that  SPRED-1  is also required for hippocampus- 
dependent learning and synaptic plasticity in mice (Denayer et al.  2008 ). It must be 
noted that many of the aforementioned symptoms may also occur in a similar disor-
der called NF-1. Therefore, it is particularly diffi cult to distinguish between the two 
in their earlier stages, making clinical diagnosis between Legius syndrome and 
NF-1 an emerging challenge. It is important to intricately distinguish between phe-
notypes of Legius syndrome and NF-1 since the prognoses of each disease are 
vastly different (Sumner et al.  2011 ). For example, those with Legius syndrome are 
not known to have an increased risk of tumours. 

 Angiogenesis can be regulated by a variety of genes, one of which is the gene 
MicroRNA-126 (miR-126). This however can be blocked by the expression of an 
inhibitor of angiogenesis, namely  SPRED-1  (Porlier et al.  2014 ). In a study, the 
expression of miR-126 was assessed in relation to capillarization in muscle tissue 
obtained from a needle biopsy in fi ve patients with mild chronic obstructive pulmo-
nary disease (COPD) as well as fi ve healthy controls of similar ages. It was hypoth-
esized that the expression of  SPRED-1  would be enhanced whereas miR-126 would 
be downregulated in COPD. Results showed that  SPRED-1  levels were enhanced 
by 2.1 fold while the number of capillaries tended to be reduced in mild COPD in 
comparison to the healthy controls. This study shows that there may be a role for 
 SPRED-1  in muscle capillarization in mild COPD, however further studies more 
specifi c to endothelial cells may be required in order to better understand the mech-
anisms behind muscle angiogenesis (Porlier et al.  2014 ). 

 The normal development, response to injury and prevention of tumour progres-
sion in healthy tissue requires tight regulation of vascular formation, maintenance 
and remodelling. It was found that increased  SPRED-1  expression led to inhibition 
of  VEGF  signalling in embryonic developmental stages in zebrafi sh, resulting in a 
loss of vascular integrity and haemorrhage (Fish et al.  2008 ). Since the inhibition of 
new vessels is directly related to an inhibition of tumour growth, increased levels of 
 SPRED-1  was detrimental to the expansion of tumour masses. 

 The  SPRED-1  gene produces  SPRED-1  protein which acts as a negative regula-
tor of the Ras-MAPK signalling pathway which regulates growth and tumour 
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 formation (McCubrey et al.  2007 ).  SPRED  proteins function downstream of Ras 
and are membrane-associated suppressors of Ras-MAPK activation (which is nor-
mally induced by growth factors).  SPRED-1  inhibits MAPK activation via the sup-
pression of Raf kinase activation. Studies suggest that most S PRED-1  germline 
gene mutations result in a “truncated protein” that is incapable of normal direct 
interaction with the Ras pathway (Brems et al.  2007 ; Sumner et al.  2011 ).  

47.3     SPRED-1 Role in Malignancy 

  SPRED-1  plays a vital role in the tumorigenesis and metastasis of a stable tumour 
since it is an inhibitor of Ras-MAPK and RhoA cell signalling pathways. Recent 
studies have found that the inactivation of  SPRED-1  may lead to survival time 
extension, proliferation and induction of angiogenesis of acute myeloid leukaemia 
(AML) cells. This strongly suggests that  SPRED-1  is related to leukaemogenesis. 
This is supported by recent studies which have shown that the expression level of 
 SPRED-1  was decreased in patients who were diagnosed with AML (Zhang et al. 
 2013 ). 

 It has also been suggested that the  SPRED-1  disorder causes a predisposition to 
leukaemia in children (Pasmant et al.  2009 ). All conditions are “secondary germline 
mutations” in genes consisting of encoding components of Ras-MAPK pathway. It 
is suggested that somatic mutations in genes may be linked to the pathogenesis of 
juvenile myelomonocytic leukaemia (JMML). Since  SPRED-1  negatively regulates 
Ras-MAPK signalling by suppressing Raf activation, a mutation in this gene could 
lead to an uncontrolled MAPK pathway, resulting in the uncontrolled growth of 
tumours. However, a more recent study has shown that there was an absence of the 
 SPRED-1  mutation in cases such as early childhood leukaemia including JMML, 
indicating that the relation between  SPRED-1  mutations and childhood myeloid 
malignancies requires further clarifi cation (Batz et al.  2010 ). This opposes the pre-
vious claim that a  SPRED-1  disorder may cause predisposition to leukaemia in 
children. 

 It can be seen that  SPRED-1  is an important gene with a fundamental role in the 
regulation of the Ras-MAPK pathway. Mutations in  SPRED-1  have been shown to 
cause disease as well as cancer through angiogenesis. Through further investigation 
into the mechanism of  SPRED-1  expression, we may be able to better understand 
and treat the health concerns which its mutation imposes.     
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    Chapter 48   
 Signal Transducer and Activator 
of Transcription of 5A and S3 
(STAT5 and STATS3)                     

    Abstract     STAT genes are named after their protein role as a signal transducer and 
activator of transcription. The STAT transcription factor family contributes to vari-
ous phases in cell differentiation, growth and survival, which are activated by JAK 
(Janus Kinase). The disorderly activated pathway, on the other hand, is found in 
primary tumours, which frequently leads to the increased lifespan of tumours, 
increased cases of angiogenesis and immunosuppression. STATS3 gene encodes the 
signal transducer and activator of transcription 3 protein from the transcription fac-
tor family and STAT5A and its protein known for its role as a signal transducer and 
activator of transcription of 5A, used for coding human proteins and is involved in 
ischemic heart disease, breast cancer, non-small-cell lung cancer. During embryo-
genesis process, STAT3 is shown needed for stem cells of embryo to renew itself in 
mouse during gastrulation and STAT5 and Prolactin (PRL) are working together in 
a positive autocrine feedback loop, which stimulate angiogenesis, whereby prolac-
tin is induced by the STAT5 signalling cascade. Besides VEGF, other proteins like 
MMP-9, MMP-2 (matrix metalloproteinase-2), and bFGF (basic fi broblast growth 
factor) all cause angiogenesis and these are regulated by STATS3. The activation of 
the STAT5 gene is frequently found in tumours and the angiogenesis process of a 
malignancy. Better understanding the role of these members of the STAT family 
specially related to their role in chemotherapeutic sensitivity is always a matter of 
interest in this fi eld.  

  Keywords     Signal transducer and activator of transcription   •   STAT5   •   STATS3   • 
  Normal physiology   •   Disease   •   Malignancy  

48.1             Signal Transducer and Activator of Transcription of 5A 
and S3 (STAT5 and STATS3) 

 STAT genes are named after their protein role as a signal transducer and activator of 
transcription. The STAT transcription factor family contributes to various phases in 
cell differentiation, growth and survival, which are activated by JAK (Janus Kinase) 
(Bratthauer et al.  2010 ). The disorderly activated pathway, on the other hand, is 
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found in primary tumours, which frequently leads to the increased lifespan of 
tumours, increased cases of angiogenesis and immunosuppression. 

 STATS3 gene encodes the signal transducer and activator of transcription 3 pro-
tein from the transcription factor family. A transcription factor is a protein, which 
anchors to DNA and affects the rate of transcription from DNA gene to mRNA 
molecule. STATS3 gene is located on the chromosome 17, cytogenetic location 
17q21.31. STAT5A and its protein known for its role as a signal transducer and 
activator of transcription of 5A, used for coding human proteins (Grimley et al. 
 1999 ). Its mechanisms are currently undergoing studies to determine its effects on 
ischemic heart disease, breast cancer, non-small cell lung cancer (Sanchez-Ceja 
et al.  2006 ; Peck et al.  2012 ; Yamaura et al.  2003 ). 

 As suggested by its name, the STAT5A gene embodies a dual function: signal 
transduction and the activation of transcription (Grimley et al.  1999 ). Belonging to 
the transcription factor STAT family, STAT5A is activated by and mediates cellular 
responses to cytokines, various cell ligands (IL2, IL3, IL7 GM-CSF), erythropoie-
tin, thrombopoietin, and growth factors (ERBB4 and cytokine KITLG/SCF) (Lin 
and Leonard  2000 ). It then becomes phosphorylated by the receptor-associated 
kinases to form a homodimer or heterodimer structure that translocates into the 
nucleus- in which they undertake the role to activate transcription (Lin and Leonard 
 2000 ). It also binds to the GAS element and activates PRL-induced transcription, 
while also carrying out the role of standardizing the expression of milk proteins in 
the process of lactation. Consisting of one SH2 domain, it is able to bind with 
NR3C1 and interacts with NCOA1, SOCS7 and ERBB4. STAT5A has been discov-
ered to be vital for tumorigenesis, and is independent of cell stimulus when it is 
activated in lymphoma and myeloma while linked with a TEL/JAK2 gene synthesis 
(Hodge et al.  2004 ; Nagy et al.  2006 ). Through experimentation of STAT5A on 
mice, it has been discovered that STAT5A advocates the anti-apoptotic functions in 
the cells (Debierre-Grockiego  2004 ).  

48.2     STATS3 and STAT5A in Normal Physiology 

 STATS3 protein is found in tissues throughout the body. It responses to cytokines 
and growth factors and trans-locate into the nucleus of the cell and acts as a tran-
scription activator. It is activated by a phosphorylation process on tyrosine 705. It 
functions as a key part in division, cell growth, cell movement and apoptosis. For 
example, it is responsible for the formation of cells specialized in bone modelling 
and absorption. In body immunity, STATS3 protein transmits signal in infl amma-
tion process. During embryogenesis process, STAT3 is shown needed for stem cells 
of embryo to renew itself in mouse during gastrulation (Takeda et al.  1997 ). 

 While the potent angiogenesis inducers and a range of downstream effector mol-
ecules that regulate angiogenesis have been found, the autocrine and paracrine sig-
nalling pathways are yet to be comprehendible. A 2013 study has established the 
involvement of STAT5 and Prolactin (PRL) in a positive autocrine feedback loop, 
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which stimulate angiogenesis, whereby prolactin is induced by the STAT5 signal-
ling cascade (Yang et al.  2013 ). Here, the constitutively active or dominant-negative 
mutant STAT5A genes in hCMED/D3 human brain endothelial cells were expressed, 
aiming to outline the signalling pathway that follows STAT5 in humans (Yang et al. 
 2013 ). Conditioned medium from CA-STAT5A, which overexpresses endothelial 
cells, is adequate to stimulate endothelial cell migration and the development of 
tubes (Yang et al.  2013 ). However, it was not found to be adequate for proliferation, 
which denotes that STAT 5A mediates the secretion of autocrine proangiogenic fac-
tors. As PRL may be an autocrine factor, CA-STAT5A expression induces PRL 
formation at protein and RNA levels, where STAT5A binds to PRL promoter areas, 
which indicates direct transcriptional regulation (Yang et al.  2013 ). 

 In the conditioned medium, PRL that has been induced by STAT5A is able to 
activate STAT5 which suggests there may be a positive feedback loop between 
STAT5 and PRL which stimulates angiogenesis. In addition, VEGF has been dis-
covered to be a strong proangiogenic factor, which is stimulated by STAT5A 
activation. 

 Local secretion of PRL through the pituitary gland has been theorized to under-
take roles as an autocrine/paracrine factor in the regulation of angiogenesis. PRL is 
mediated by the PRL receptor, whereby the STAT5 signalling cascade, along with 
other signalling pathways, is activated when ligands bond and receptor is dimerised. 
STAT5 activates the expression of several downstream genes, some of which are 
active in angiogenesis. STAT5 has been discovered to undertake a role in the STAT5- 
PRL- VEGF signalling cascade, which mediates growth factor-induced migration, 
invasion and tube formation of human brain endothelial cells (Yang et al.  2013 ). 
STAT5 is activated when PRL is bound to PRLR, which is indicative of an autocrine 
positive feedback loop. This is believed to accentuate and maintain angiogenic sig-
nalling. PRL signalling also brings about VEGF to be secreted, which is vital as a 
potent proangiogenic factor (Yang et al.  2013 ). 

 STAT5 is a vital transcription factor downstream of PRLR which facilitates 
numerous PRL activities, specifi cally in mammary gland development and breast 
cancer. In order to discriminate the development of abnormality, the role of prote-
ases including morphogenic proteins on STAT5 has been explored (Yang et al. 
 2009 ). Active STAT5A stimulates PRL to form in endothelial cells; STAT5-induced 
PRL is bioactive as it stimulates the phosphorylation of PRLR and ERK1/2, and 
also stimulates the phosphorylation of STAT5. This allows for the establishment of 
a positive feedback loop that may accentuate or sustain angiogenesis impartial to 
the original paracrine pro-angiogenic signal. Proteases including morphogenic pro-
tein may turn off this loop, where these proteases form full-length PRL to the anti-
angiogenic 16 kDa peptide (Yang et al.  2012 ). 

 A connection has been drawn between autocrine and paracrine PRL signalling 
breast carcinoma formation and development (Nitze et al.  2013 ). Here, PRLR 
expression has been found in tumour endothelial cells of breast carcinomas (Nitze 
et al.  2013 ). PRL has been found to be secreted by malignant glioma cells and pres-
ent in benign CNS tumours. PRL secreted by EC, as well as PRL from tumour cells 
may play a role in the complex signalling network that maintains tumour 
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 angiogenesis (Yang et al.  2013 ). The positive feedback loop that binds PRL and 
STAT5 seems to be an appealing target for therapeutic involvement, where studies 
have shown that STAT5 blockers or PRLR antagonists can be utilised to hinder the 
positive feedback loop (Yang and Friedl  2015 ).  

48.3     STATS3 and STAT5A in Disease 

 Defect in STAT3 gene can cause immunity diseases. STATS3 is required for the 
differentiation of T-helper cell TH17, which is indicated responsible for autoim-
mune disease (Yang et al.  2007 ). Rarely, Mutated STAT3 gene that loss its function 
causes Job syndrome or Hyperimmunoglobulin E syndrome, characterized by high 
level of IgE. Condition like this can be inherited too. A mutant gene from one parent 
is enough to cause this disease since the disease gene is autosomal dominant. Patient 
with this condition is highly susceptible to recurrent infections like pneumonia and 
skin eczema. In bone tissue, this can causes abnormalities like hyperextensibility, 
large range of joint movement, scoliosis, side to side curvature of spine, and osteo-
penia, weak bone density that can easily fractures. In teeth development, this can 
cause delay for deciduous teeth to fall out when the secondary dentition erupt (Levy 
and Loomis  2007 ). The rate of occurrence of this disease is one case per a million 
people, making it an extremely rare disease. 

 Presumptions for the involvement of STAT5A in angiogenesis signalling in isch-
emic heart disease can be made (Yamaura et al.  2003 ). The STAT transcription fac-
tor family is involved in various phases of differentiation, growth and survival in 
cells through the activation by JAK (Janus kinase). This rapid activation of JAK and 
STAT5A respectively occur during myocardial ischemia and reperfusion. In addi-
tion, laboratory research on a rat’s heart has proven that the rapid activation of the 
two signalling pathways (which involve the two components, JAK and STAT) result 
in ischemia (Yamaura et al.  2003 ). 

 Research conveyed by the American Heart Association has revealed that STAT5A 
contributes to ischemic preconditioning (Mascareno et al.  2001 ). It has been found 
that in ischemic heart conditions, the selectively activated STAT5A gene from the 
STAT signalling pathway is coupled with an elevation in the ANG mRNA level, 
facilitated whereby STATs bind to ANG promotor (Mascareno et al.  2001 ). STATs 
activation is blocked by losartan and AG490. After administering losartan, examin-
ing the STAT complex formation reveals the reduction of ANG mRNA which may 
contribute to cardio-protection in ischemic hearts (Mascareno et al.  2001 ). 

 In ischemic conditions, STAT5A plays a role in the myocardia through three 
ways (Mascareno et al.  2001 ). First, the activation of STATs and their binding to the 
St domain found in the ANG promoter is related to heart tissue RAS activation 
through the positive-feedback mechanism. Studies prove there is a clear link 
between the ANG mRNA level in ischemic heart and JAK2 activation. Second, 
losartan and AG490 inhibits the function of AT1 receptor, which leads to decreased 
ANG mRNA level. Furthermore, AG490 selective for JAK2 inhibition leads to the 
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improvement of the heart which implies JAK 2 activation contributes to ischemia 
(Mascareno et al.  2001 ). While much research regarding the mechanism of losartan 
is available, conclusive evidence on the infl uence of JAK2 activation has not yet 
been derived. RAS is an important activator which facilitates the cell death of car-
diomyocytes. Hence in order to mediate cardiomyocyte apoptotic induction, signal-
ling pathways that affect cell death converges on the STAT/JAK pathway to activate 
RAS. In addition to the STAT pathway, STAT5A plays a vital role in mediating 
mechanisms in ischemia. Further studies, however, are required for detailed mecha-
nisms for ischemic heart disease (El-Adawi et al.  2003 ).  

48.4     STATS3 and STAT5A in Malignancy 

 STATS 3 genes are related to cancer when it is constitutively activated, which means 
it produces STATS 3 protein continuously. This has proliferative and anti-apoptotic 
effects on cells (Klampfer  2006 ). Constitutive STAT3 activation usually indicates 
poor prognosis of various human cancers (Alvarez et al.  2006 ). STATS 3 protein 
promotes oncogenesis through various pathways. On one hand, it causes anti- 
apoptotic effect by deregulate genes that produce antiapoptotic proteins such as 
Bcl-xL, Mcl-1, and Bcl-2 (Yin et al.  2006 ). On the other hand, it causes proliferation 
of cells by deregulate genes that produce proliferation proteins like Cyclin D1 and 
Myc (Kusaba et al.  2006 ). 

 Upstream Kinases like Src, EGFR (epidermal growth factor receptor), CXCR2 
and KSHV-GPCR (Kaposi sarcoma herpes virus G-protein coupled receptor), all 
can cause constitute activation of STATS3 gene. EGCG from green tea has been 
shown to inhibit activation of EGFR. 

 The other way of STATS3 in promoting cancer development is through promot-
ing angiogenesis. This is achieved in 3 levels: by up-regulating the production of 
VEGF, by inducing endothelial cell proliferation, and by activating stem cell dif-
ferentiation into endothelial cells. VEGF is a short term for vascular endothelial 
growth factor. STATS3 acts either as a transcription activator directly on the gene 
that produces VEGF, or on genes that produce proteins such as VEcadherin which 
acts on VEGF. Indirectly it also signals a range of cancer cell cytokine/growth fac-
tors that induce VEGF production. Studies in cancers such as melanoma, pancreas, 
gastric, breast, head and neck cancer all show a rise of VEGF directly correlated to 
STATS3 activity (Chen and Han  2008 ). 

 Besides VEGF, other proteins like MMP-9, MMP-2 (matrix metalloproteinase-
 2), and bFGF (basic fi broblast growth factor) all cause angiogenesis and they are all 
regulated by STATS3 (Lee et al.  2012 ). However contradictory, perhaps due to its 
other role in apoptosis, STATS3 shows a role in tumor suppression in some new 
studies (Krock et al.  2011 ). In a journal on brain cancer, or tumor of glioblastoma in 
man, STATS3 demonstrated to have a dual part either oncogenic or tumor suppress-
ing relying upon the mutation situation of the tumor. The oncogenic pathway is 
called the LIFRbeta (leukaemia inhibiting factor receptor beta)-STAT3 signalling 
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pathway and the suppressive pathway is called the PTEN –Akt -FOXO axis. A 
direct link between the two has been portrayed (de la Iglesia et al.  2008 ). On top of 
this, two recent studies carried out on APC mutant mice in bowel carcinogenesis 
demonstrated that STATS3 possess an inhibitory role depended on neoplasm phase 
(Musteanu et al.  2010 ). 

 Angiogenesis in cancer, the activation of the STAT5 gene is frequently found in 
tumours (Buettner et al.  2002 ). The relation of STAT5 with angiogenesis is through 
several mechanisms and factors. Therefore, in order to increase chemotherapeutic 
sensitivity, STAT5a suppression has been investigated (Buettner et al.  2002 ). 

 STAT5A arbitrates the physiological effects of PRL and growth hormones pres-
ent in mammary glands (Peck et al.  2012 ). In breast cancer, low levels of nuclear 
localized and tyrosine phosphorylated STAT4A have been found to be linked with 
insuffi cient prognosis and an increased risk of antiestrogen therapy failure. An anal-
ysis of unknowing experiments treated with antiestrogen monotherapy showed that 
low levels of nuclear STAT5A are related to the risk of an undesirable result by at 
least four times. A study carried out on mice has revealed that the development and 
differentiation of normal mammary epithelial cells related to pregnancy needs 
STAT5A (Peck et al.  2012 ). 

 The relationship between STAT5A and cancer has been established through lab-
oratory researches and trials. Corresponding to the founding, the reduced STAT5A 
in a mouse mammary cells delayed the cancer progression. Moreover, the loss of 
STAT5A allele decreased the tumour incidence resulting in smaller tumours. In 
reducing STAT5A levels, apoptotic index in adenocarcinomas has increased with-
out affecting cell proliferation or differentiation. 

 Recent research targeted Genfi tinib as an effective inhibitor of STAT5a (Herbst 
et al.  2004 ). Also known as epidermal growth factor receptor (EGFR) inhibitor, the 
mechanism works by causing cell death through the blockage of mechanical signal-
ling within the cancer cells. The purpose of the drug is to treat non-small-cell lung 
cancer (NSCLC) that contains EGFR mutations on the surface of its cell. In many 
countries, approval has been made for the treatment targeting patients showing 
signs of advanced NSCLC as well as other types of solid tumours (Herbst et al. 
 2004 ).     
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    Chapter 49   
 SUFU                     

    Abstract     The SUFU gene, also known as the suppressor of fused homolog, is an 
important part of the sonic hedgehog-signaling pathway. The gene was fi rst located 
and found to be a suppressor in  Drosophilia melanogaster.  Hedgehog signaling 
plays a crucial regulating role in angiogenesis and Sonic Hedgehog one of the three 
genes in this pathway is controlled by several genes, with the SuFu gene being a 
major down regulator. Mutations with SuFu can cause, among many others, medul-
loblastoma or cancerous brain tumors, especially in children. It is hypothesized that 
in cancers, such as breast cancer and prostate cancer, the SuFu gene is affected by 
genetic lesions which causes activation of the SHH pathway. Therefore, SuFu func-
tions as a potent tumor suppressor gene. SHH increases the growth of blood vessels 
by increasing the angiogenic factors Ang-1 and Ang-2. Recent studies have noted 
SuFu to be a crucial player in the complex SHH pathway. Identifying and regulating 
microRNAs can be the next step towards targeting tumor angiogenesis and cell 
survival. Perhaps regulating the SHH signaling pathway could be another focal 
point in cancer research and treatment.  

  Keywords     Suppressor of fused homolog   •   SUFU   •   Normal physiology   •   Disease   • 
  Malignancy  

49.1             SUFU 

 The SUFU gene, also known as the suppressor of fused homolog, is an important 
part of the sonic hedgehog signaling pathway. The gene was fi rst located and found 
to be a suppressor in  Drosophilia melanogaster  (Cheng and Yue  2008 ). The SHH 
pathway is controlled by several genes, with the SuFu gene being a major down 
regulator. Mutations with this gene can cause, among many others, medulloblas-
toma or cancerous brain tumors, especially in children. The SuFu gene is comprised 
of 12 exons and can be found on chromosome 10 at 24.32, also described as 
10q24.32 (Collins and Winters  2014 ; Cheng and Yue  2008 ).  
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49.2     SUFU in Normal Physiology 

 In order to understand the role and regulatory characteristics of the SuFu gene, the 
Hedgehog pathway must fi rst be explored. Hedgehog signaling plays a crucial regu-
lating role in angiogenesis. Hedgehog pathway consists of three genes, namely, the 
Indian, Dessert and the Sonic, of which the Sonic Hedgehog is of the utmost impor-
tance (Cheng and Yue  2008 ). SHH is one of the main signaling pathways in mam-
mals, playing a vital role in the growth and development of mammals. Because it is 
involved in the cell differentiation of developing limbs, skin and vital organs such 
as the brain, any form of unusual activity along the signaling pathway can cause 
tumors (Cheng and Yue  2008 ). Even in adults, the importance of this pathway 
remains in the form of regulating the division of stem cells. An increase in activity 
of the SHH pathway is correlated with development of many common tumors found 
in humans. When the SHH pathway is activated, it causes destabilization of SuFu. 
In certain cancers, very little levels of SuFu are expressed due to the high cell turn-
over rate (Cheng and Yue  2008 ). It is hypothesized that in cancers, such as breast 
cancer and prostate cancer, the SuFu gene is affected by genetic lesions which 
causes activation of the SHH pathway (Cheng and Yue  2008 ). Hence, SuFu func-
tions as a potent tumor suppressor gene.  

49.3     SUFU in Disease 

 Studies have found that SHH increases the growth of blood vessels by increasing 
the angiogenic factors Ang-1 and Ang-2 (Lee et al.  2007b ). Therefore, it is critical 
that the SHH pathway is strictly down regulated and negatively controlled at mul-
tiple levels, along with genes like SuFu. 

 In order to express target genes, the regulation of the SuFu gene is closely con-
trolled by the SHH pathway. It was initially thought that SuFu function was opposed 
via phosphorylation by Fu kinase, however a direct link is yet to be demonstrated. 
In Drosophilia, over-expression of the hedgehog pathway was observed in instances 
of phosphorylation of SuFu. One study showed any defect in SuFu alleles compro-
mises the expression of the SuFu protein, which in turn leads to abnormalities in the 
developmental stage. A study on mice found that homozygous SuFu embryos died 
within 9.5 days due to developmental abnormalities, whereas heterozygous SuFu 
embryos survived and developed regularly (Cheng and Yue  2008 ). 

 The functional mechanisms of SuFu need to be addressed to get a proper scope 
of the gene. SuFu genes work in the SHH pathway via distinct mechanisms. SuFu 
has the ability to bind to GLI1, GLI2 and GLI3 proteins. It is theorized that GLI 
proteins are bound to SuFu in a head to tail orientation. GL1 is solely found in the 
nucleus, whereas SuFu can be found expressed in both the nucleus and the cyto-
plasm. However when they are both expressed together, SuFu brings the GLI1 into 
the cytoplasm, which forces the nucleus to limit its transcription activity. The 
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 cytoplasm anchoring model suggests that GLI1 is anchored to the cytoplasm with 
the help of SuFu. Likewise, SuFu plays a similar role in Drosophilia by halting 
nuclear processes. Thus, it was found that SuFu travels back and forth between the 
cytoplasm and nucleus in both Drosophilia and mammals. A second model of SuFu 
function in mammals suggests the SuFu gene holds the ability of repressing tran-
scription of GLIs. A study found that SuFu restricts GLI transcription by enlisting 
the help of the mSin3A HDAC corepressor complex. SuFu was also found to 
increase the ability of GLI1 to bind to DNA. Therefore, simply repressing the SuFu 
gene is enough to activate GLI transcription, alluding to its key role in the negative 
regulation of the SHH signaling pathway (Cheng and Yue  2008 ).  

49.4     SUFU in Malignancy 

 An abnormality in the angiogenic process leads to a number of problems, including 
cancer. MicroRNAs are a type of RNA, which inhibit the expression of genes and 
play a vital role in the development of cancer (Lee et al.  2007a ). Of notable interest 
is miR-378, as it increases tumor angiogenesis and growth and also enhances the 
survival of these cells, by decreasing the expression of tumor suppression genes like 
SuFu. A study testing human cell lines found that when SuFu expression levels 
were high, miR-378 expression levels were low, and when SuFu levels were low, 
miR-378 levels were high, showcasing that the two were negatively correlated. 
Because repression of SuFu can lead to rampant proliferation of cells, the inhibition 
of SuFu is essential in order for miR-378 to promote angiogenesis and increase cell 
survival (Lee et al.  2007a ). 

 Several experiments have been performed, in order to confi rm the repression of 
SuFu in the presence of miR-378. One experiment found a substantial decrease in 
SuFu expression levels when cells were transfected with microRNA 378. The 
results were confi rmed via the Western blot technique and immunocytochemical 
staining. Another experiment was performed by injecting miR-378 on tumors 
recovered from mice. This study found signifi cant repression of SuFu, showcasing 
that the physiological role of microRNA 378 in tumour angiogenesis and growth 
was dependent on SuFu and the SHH pathway. The results were confi rmed by H&E 
staining (Lee et al.  2007a ). 

 It is believed miR-378 functions by targeting the sequence 3′ UTR, from nucle-
otides 4645 to 4676, in SuFu. In order to confi rm this potential target site, an experi-
ment placed the 3′ UTR SuFu sequence into a luciferase reporter vector and found 
substantial luciferase repression along the microRNA 378 target sequence, when 
comparing with the control vector. Additionally, cells were transfected with miR- 
378, grown on a Petri dish and were counted by staining with trypan blue. When the 
SuFu 3′ UTR sequence was introduced, it was immediately inhibited by the expres-
sion of miR-378, further proving SuFu 3′ UTR to be a potential target site of miR- 
378 (Lee et al.  2007a ). 

49.4 SUFU in Malignancy
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 SuFu is an important tumor suppressor gene, which when misbehaves, can cause 
cancerous brain tumors. Identifying and regulating microRNAs like miR-378 can 
be the next step towards targeting tumor angiogenesis and cell survival. It also opens 
the possibility for targeting specifi c miRNAs for the purpose of gene therapy or 
perhaps a potent anti-cancer drug that aims to inhibit the survival of tumors. Recent 
studies have noted SuFu to be a crucial player in the complex SHH pathway as well. 
Perhaps regulating the SHH signaling pathway could be another focal point in can-
cer research and treatment.     
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    Chapter 50   
 Tenascins                     

    Abstract     A family of four multimeric extracellular matrix (ECM) glycoproteins: 
tenascin-C, X, R and W, tenascins are diversely expressed during development and 
have independent mechanism of regulation especially in the adult organisms. Every 
tenascin member is primarily synthesized by cells in connective tissues. Of all these 
family members, tenascin-C is the best studied member which is found in the 
embryo, central nervous system and it is a prominent member of peripheral nerves 
with an important function in epithelial–mesenchymal interactions and branching 
morphogenesis. Tenascin-R has been exclusively found in the central nervous sys-
tem, whereas tenascin-X and –W have the highest levels of expression in the heart, 
skeletal muscles and kidney. Abnormal expression of these proteins has been asso-
ciated with various types of disorders including cardiovascular diseases and diabetic 
retinopathy and cancer development. Tenascin-C is among that protein which has 
been considered as a potential inducer of tumorigenesis due to its multiple roles in 
different steps of cancer progression such as angiogenesis.  

  Keywords     Tenascins   •   Angiogenesis   •   Normal physiology   •   Disease   •   Malignancy   

50.1             Tenascins 

 Another group of regulators of angiogenesis, Tenascins, are a family of oligomeric 
glycoproteins found in the extracellular matrix (ECM). They are considered to be 
unique to vertebrates. Important cellular processes tenascins are involved with 
include cell adhesion, migration and proliferation. There are currently four mem-
bers of this gene family that have been identifi ed in mammals: Tenascin-C, 
Tenascin-R, Tenascin-X and Tenascin-W (Hsia and Schwarzbauer  2005 ). 

 In the developing embryo, these genes display specialised patterns of expression 
regulating neural development, skeletogenesis and vasculogenesis (Hsia and 
Schwarzbauer  2005 ). However, in the adult they are also involved in normal pro-
cesses such as wound healing, nerve regeneration, and tissue involution along with 
pathological conditions like vascular disease, tumorigenesis, and metastasis (Hsia 
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and Schwarzbauer  2005 ). The following paragraphs underline the role of tenascins 
with a particular focus on angiogenesis throughout regular physiology, disease and 
malignancies.  

50.2     Tenascins in Normal Physiology 

 To understand the mechanism by which tenascin proteins relate to angiogenesis it is 
necessary to fi rst state commonly accepted functions of each protein member 
(Brellier and Chiquet-Ehrismann  2012 ). Tenascin-R expression happens primarily 
during early and adult central nervous system development, while Tenascin-W 
expression is prominent in the developing and adult metanephric kidney and perios-
teum around the ribs (Chiquet-Ehrismann et al.  2014 ). Tenascin-X is the largest 
known member of the family and in adult expression it is mostly limited to muscu-
loskeletal, cardiac, and dermis tissue. Specifi cally, it is believed that Tenascin X 
helps determine how collagen fi brils are deposited in the extracellular matrix 
(Petersen and Douglas  2013 ). Defi ciency of this particular glycoprotein is strongly 
linked to an autosomal-recessive form of Ehlers-Danlos syndrome (EDS), where 
collagen density is reduced resulting in easy bruising, skin hyperfl exibility and joint 
laxity (Bristow et al.  2005 ). 

 However, of the four proteins in the Tenascin family, tenascin-C is perhaps the 
most extensively researched and discussed. It is expressed during neural, skeletal, 
and vascular morphogenesis yet diminishes in adults with continued basal expres-
sion in tendon-associated tissues. However, up-regulation in its expression usually 
occurs during tissue remodelling processes evident in wound repair or pathological 
states such as infl ammation or tumorigenesis (Bristow et al.  2005 ). Particular atten-
tion should also be given to tenascin-C and its role in angiogenesis, which is essen-
tially the focal point of this chapter. 

 Tenascin-C (TN-C), the founding member of the Tenascin glycoprotein family, 
can be induced by infl ammatory cytokines, growth factors, mechanical stress and 
hypoxia. It has been shown to inhibit cell adhesion to fi bronectin and thus is often 
called an adhesion-modulating protein. It is upregulated in normal physiological 
conditions associated with angiogenesis, including wound healing where it is 
expressed in the newly formed blood vessels of granulation tissue (Midwood and 
Orend  2009 ). Furthermore, studies have also confi rmed that TN-C inhibits cardiac 
endothelial cells from adhering to the ECM. This anti-adhesive property subse-
quently promotes migration and induces angiogenesis. A 2006 study conducted by 
Weill Medical College of Cornell University confi rmed the importance of TN-C in 
postnatal cardiac angiogenic function. Findings showed that unlike wild-type mice, 
mice defi cient of TN-C were unable to vascularise cardiac allografts following 
transplantation (Ballard et al.  2006 ). Additionally, the results of another study were 
able to demonstrate the link between TN-C and endothelial progenitor cells (EPC). 
Their interaction generated angiogenesis in the heart. Bone marrow cells were 
injected systemically into irradiated young mice and then treated with intramyocar-
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dial platelet-derived growth factor (PPDF-AB) 1 month later. This resulted in donor 
derived cell recruitment with majority of the donor cells integrating at sites of TN-C 
expression. This confi rmed TN-C protein as an essential regulator of endothelial 
function and promoter of EPC incorporation at sites of angiogenic induction 
(Ballard et al.  2006 ).  

50.3     Tenascins in Disease 

 TN-C has been shown to stimulate pro-angiogenic pathways in diseases such as 
diabetic retinopathy (DR) (Eisma et al.  2015 ). A study was conducted to investigate 
the effects of TN-C on normal and diabetic retinal endothelial cells (REC) cultured 
on reconstituted basement membrane (BM) matrix (Castellon et al.  2002 ). It was 
found that it signifi cantly delayed the collapse of REC capillary-like tubes in the 
BM matrix and improved REC proliferation, secondary sprouting and viability. 
Adding vascular endothelial growth factor (VEGF) to REC cultures also increased 
the number of branch points by 300 % suggesting that TN-C has the capability of 
cooperating with VEGF to promote angiogenesis in vitro. Essentially, resulting data 
suggests TN-C enhanced the sprouting, migratory, and survival effects of angio-
genic growth factors and hence acts as a pro-angiogenic mediator in DR and other 
pathologic conditions involving neovascularization (Castellon et al.  2002 ). 

 Moreover, another study investigated the impaired angiogenic response in the 
cornea of mice lacking TN-C (Sumioka et al.  2011 ). Ocular fi broblasts and macro-
phages of wild-type and TN-C null mice were compared. The effects were then 
evaluated after cauterisation of the centre of the cornea in mice. Findings show that 
absence of TN-C attenuated the expression of VEGF and TGF and suppressed the 
neovascularisation of injury-induced corneal stroma, hence confi rming TN-C as a 
modulator of angiogenic pathways (Sumioka et al.  2011 ).  

50.4     Tenascins in Malignancy 

 Finally, the role of Tenascin proteins in malignant cases needs to be addressed. 
Research has proven the supportive role that tenascin proteins play in tumour 
growth, metastases and angiogenesis (Chiquet-Ehrismann  2004 ). It is believed that 
the presence of TN-C in the vascular bed may induce the maturing of tumour ves-
sels and could apply scaffolding and remodelling functions during primitive stages 
of tumour vessel formation. In fact, carcinomas of the breast, colon, glioma and 
lung directly correlate a high TN-C level with a low survival prognosis (Midwood 
et al.  2011 ). A study focusing on TN expression and distribution patterns in astro-
cytomas, a type of brain cancer, was conducted using 59 astrocytomas and 11 sam-
ples of normal brain by western blot analysis. Proliferation indices were recorded 
using computer-based image technology (Midwood et al.  2011 ). Enhanced 
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intercellular expression of TN-C was consistently observed in glioblastomas multi-
forme (GM) and was associated with a higher tumour grade with higher prolifera-
tion indices. The strong association of TN and vascular hyperplasia suggests that 
TN may play a crucial role in angiogenesis. Moreover, it has been demonstrated that 
tenascin- C can regulate expression of pro-angiogenic factors pertinent to cancer 
outcome, including the prototypic angiogenic cytokine, VEGF (Midwood and 
Orend  2009 ). One relevant study conducted in 2003 by Tanaka et al. from Jikei 
University School of Medicine focused on the role of TN-C in melanoma stem cells. 
Signifi cantly lower tumour formation was recorded under skin of nude mice lacking 
TN-C upon transplanting melanoma cells, in comparison to nude mice showing 
tenascin-C expression. This has been explained by the notion of reduced VEGF 
expression and thus reduced tumour angiogenesis (Tanaka et al.  2004 ).     
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    Chapter 51   
 Tissue Inhibitor of Metalloproteinases 1 and 2 
(TIMP-1 and TIMP-2)                     

    Abstract     As an ancient eukaryotic protein, tissue inhibitors of metalloproteinases 
(TIMPs) have been detected in a wide range of species such as drosophila, zebra 
fi sh,  C. elegans  and humans. Mammalian TIMP family consists of four paralogous 
genes encoding TIMP-1 to TIMP-4 which share signifi cant homology and structural 
identity at the protein level. These proteins are well-known as major regulators and 
inhibitors of matrix metalloproteinases (MMPs). TIMP-1 main function is to inhibit 
the enzymatic activity of the MMPs by non-covalently binding to MMPs binding 
site and interacting with the Zn+2. TIMP-2 is the only member of the TIMP family 
which can not only inhibit MMPs but it is required for the cellular mechanism and 
involved in cancer progression and metastasis. Overexpression of TIMP-1 is seen in 
many cancers, it is also linked to inaccurate diagnosis of mammary cancer. Recent 
studies have demonstrated that TIMP-2 can hinder the mitogenic response of human 
microvascular endothelial cells to growth factors .  Evidence showed that cancer 
patients with great level of TIMP-1had a decreased survival rate and increased lev-
els of TIMP-1 in cancer cells were linked to decreased recurrence. It has been found 
that there is an endogenous inhibitory function of TIMP-2 for both angiogenesis 
mechanism and tumour growth, resulting in suppression the activity of receptor 
tyrosine kinases VEGFR2 and FGFR1.  

  Keywords     Tissue inhibitor of metalloproteinases   •   TIMP-1   •   TIMP-2   • 
  Angiogenesis   •   Normal physiology   •   Disease   •   Malignancy   

51.1             Tissue Inhibitor of Metalloproteinases 1 and 2 (TIMP-1 
and TIMP-2) 

 Tissue inhibitor of metalloproteinases-1 (TIMP-1) belongs to TIMP gene family 
and has wide spectrum of functions in different tissues (Olson et al.  1997 ). The 
main function of this gene is to inhibit the enzymatic activity of the MMPs by non- 
covalently binding to MMPs binding site and interacting with the Zn+2 (Olson et al. 
 1997 ). MMPs are a family of zinc-dependent enzymes involved in degradation of 
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extracellular matrix at physiological PH (Birkedal-Hansen et al.  1993 ). Matrix 
metalloproteinase (MMP) activity is essential for extracellular matrix turnover and 
is linked with both physiologic and pathologic tissue restoring (Stetler-Stevenson 
 2008 ). Tissue inhibitors of metalloproteinase (TIMPs) hinder MMP activity. 
TIMP-2 annuls angiogenic factor-induced endothelial cell proliferation  in vitro  and 
angiogenesis  in vivo  (Stetler-Stevenson and Seo  2005 ). This happens irrespective of 
MMP inhibition. These processes need α3β1 integrin-mediated binding of TIMP-2 
to endothelial cells. TIMP-2 inhibits total protein tyrosine phosphatase (PTP) activ-
ity linked with β1 integrin subunits as well as dissociation of the phosphatase SHP-1 
from β1. TIMP-2 however stimulates PTP activity linked with tyrosine kinase 
receptors FGFR-1 and KDR. Also, an unpredicted MMP-independent pathway for 
TIMP-2 inhibition of endothelial cell proliferation  in vitro  shows an important com-
ponent of the antiangiogenic effect of TIMP2  in vivo  (Stetler-Stevenson  2008 ).  

51.2     Tissue Inhibitor of Metalloproteinases 1 and 2 (TIMP-1 
and TIMP-2) in Normal Physiology 

 TIMP-1 has been shown to exert growth factor activities. In the absence of serum 
and exogenous growth factors this gene is capable of stimulating cellular prolifera-
tion (Gasson et al.  1985 ). A growing body of experimental evidence suggests that 
this gene inhibits apoptosis by binding to its receptor CD63 on the cell membrane 
and activating Akt signaling pathway (Lee et al.  2014 ). Akt stimulates the phos-
phorylation of numerous downstream substrates, all resulting in anti-apoptotic 
effects. TIMP-1 also plays an important role in B cell survival and growth (Lee 
et al.  2014 ). It has been reported TIMP-1 that is expressed by stromal cells in ger-
minal centre are capable of inhibiting the apoptosis of B cells, as the reduction in 
expression of TIMP-1 correlates with increasing the apoptosis of B cells (Lee et al. 
 2014 ). This gene is shown to stimulate the differentiation of germinal centre B cell 
by up-regulating CD40 and CD23 and down-regulating CD77 (Guedez et al.  2001 ). 
Moreover, TIMP-1 induces the expression of interleukin-10, suppresses the expres-
sion of germinal centre markers CD10, Bcl-6, PAX-5, up-regulates plasma cell- 
associated antigens CD138, and X-box protein 1 (Guedez et al.  2001 ). Another 
study has shown that TIMP-1 induces the cell cycling pathway that is involved in 
alteration of gene expression and inhibition of cell growth (Taube et al.  2006 ). 

 An extracellular matrix receptor, α3β1, and a soluble extracellular matrix com-
ponent, TIMP-2, work together with a RTK, either FGFR-1 or KDR, to inhibit the 
mitogenic response of hMVECs to angiogenic stimuli (FGF-2 or VEGF-A), in a 
PTP-dependent pathway (Seo et al.  2003 ). This reaction is TIMP-2 dependant and 
does not involve MMP-inhibitory activity. It is possible to predict a cell surface 
receptor mechanism for TIMP-2 that would bring about these selective effects on 
cell proliferation (Seo et al.  2003 ). 

 The role of α3β1 is not clear in angiogenesis. This receptor is expressed on both 
quiescent and activated endothelial cells (da Silva et al.  2010 ). This laminin binding 
integrin can have a direct or indirect role in cell migration on collagen, laminin, and 
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fi bronectin (da Silva et al.  2010 ). The angiogenesis inhibitor thrombospondin use it 
as a major receptor. Direct binding of TIMP-2 to α3β1 produces a signalling path-
way resulting in PTP inactivation of RTK stimulation. This reduces the link between 
HSP60 and SHP-1 with α3β1. Therefore, binding of TIMP-2 changes the interac-
tion of the α3β1 with these proteins. Moreover, integrin activation coincides with 
dissociation of HSP60 from α3β1. This is shown by the fact that TIMP-2 interaction 
with α3β1 leads to a decreased SHP-1 association. TIMP-2 combined with hMVEC 
had no effect on the connection of these cells to ECM components nor does it cause 
apoptosis  in vitro . When β1 null GD25 murine fi broblasts are treated with TIMP-2, 
PDGF-stimulated proliferation of these cells could not be prevented, and re- 
formation of β1 expression in GD25-1A cells re-established TIMP-2 responsive-
ness. Consequently, this indicates that TIMP-2 is not only an antagonist of α3β1; it 
also binds to this receptor to change the signal transduction those results in suppres-
sion of hMVEC proliferation (Nakagami et al.  2002 ). 

 In addition, TIMP-2 suppresses FGFR-1 and KDR phosphorylation when com-
bined with cognate ligands, FGF-2 and VEGF-A, respectively (Kim et al.  2012 ). 
Decreasing the RTK phosphorylation makes it sensitive to the PTP inhibitor 
orthovanadate for both FGF-2 and VEGF-A- stimulated hMVECs. TIMP-2 binding 
to α3β1 strengthens the link between the PTP SHP-1 with the RTKs, FGFR-1 and 
KDR, compared to angiogenic factor treatment solely (Kim et al.  2012 ).  

51.3     Tissue Inhibitor of Metalloproteinases 1 and 2 (TIMP-1 
and TIMP-2) in Disease 

 Studies have shown that TIMP1 gene is involved in numerous diseases 
(Papazafi ropoulou and Tentolouris  2009 ). Elevated TIMP1 level have been observed 
in stable coronary, carotid, peripheral artery and acute coronary syndrome 
(Papazafi ropoulou and Tentolouris  2009 ). A study by Sundstra have suggested that 
there is an association between plasma TIMP-1 levels with major cardiovascular 
risk factors, left ventricular hypertrophy indices and systolic dysfunction (Jackson 
et al.  1998 ; Walsh et al.  1999 ). Through degradation of extracellular matrix, ele-
vated level of TIMP1 leads to cardiovascular destruction and remodelling (Jackson 
et al.  1998 ; Walsh et al.  1999 ). TIMP1 is also involved in infl ammatory diseases 
such as rheumatoid arthritis and infl ammatory bowel disease (IBD) (Myers et al. 
 2004 ). Myars conducted a study to determine the effect of this gene on rheumatoid 
arthritis (Myers et al.  2004 ). The obtained results showed that the level of TIMP1was 
signifi cantly higher in serum that was isolated from patient with rheumatoid arthri-
tis as compared to normal subjects (Myers et al.  2004 ). In addition, elevated expres-
sion of this gene in IBD patient was associated with increased amount of 
infl ammatory markers such as C reactive protein (CRP) and serum amyloid A 
(SAA) (Brew et al.  2000 ). These mediators are involved in degrading and modify-
ing bowel wall structures and are capable of inducing the development of chronic 
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infl ammatory lesions of digestive tract (Brew et al.  2000 ). Kapsoritakis have 
reported that the RNA expression of TIMP1 is elevated in diseased fi brotic liver 
specimen (Kapsoritakis et al.  2008 ). Another study have shown that the serum level 
of TIMP1 was increased in liver fi brosis in alcoholics and severity of chronic liver 
disease increased with elevated level of TIMP1 (Walsh et al.,  1999 ). 

 The TIMP-2 stimulated association of SHP-1 with these RTKs is essential (Seo 
et al.  2006 ). TIMP-2 increased total PTP activity linked with either FGFR-1 of 
KDR more than that which occurs during stimulation with either angiogenic factor 
alone. In situations where PTP activity in the FGFR-1 or KDR complexes is 
enhanced, TIMP -2 decreases total PTP activity associated with the α3β1. Reduced 
SHP-1 association with α3β1 immunoprecipitates after treating with TIMP-2 indi-
cates that TIMP-2 has the potential to stimulate a transfer of SHP-1 activity from 
α3β1 to either FGFR-1 or KDR. SHP-1 can be expressed in several cell types such 
as hematopoietic cells, endothelial cells and epithelial cells (Seo et al.  2006 ). 
Overexpression of catalytically inactive (dominant-negative) SHP-1 leads to con-
tinuous mitogenic signalling. In endothelial cells SHP-1 activation by TNF- pre-
vents the proliferation of VEGF- and EGF-. dnSHP-1 expression reduced the 
inhibitory effect of TNF-on endothelial cell proliferation. In the same way, expres-
sion of dnSHP-1 in hMVEC increases basal proliferation and annuls the suppres-
sive effects of TIMP-2 cell proliferation. These show that timp-2 treatment leads to 
a rise in SHP-1 and an increase in total PTP activity associated with the FGFR-1 and 
KDR complexes. Together, these indicate that SHP-1 has an essential role in 
improving the suppressive effects of TIMP-2 on hMVEC mitogenic responses (Seo 
et al.  2006 ).  

51.4     Tissue Inhibitor of Metalloproteinases 1 and 2 (TIMP-1 
and TIMP-2) in Malignancy 

 Timp-1 is not only an intracellular matrix metalloproteinases inhibitor but it is a 
prospective biological indicator of many kinds of human cancers (Ma et al.  2014 ). 
Studies linking expression of TIMP-1 and characteristics of laryngeal squamous 
cell carcinoma seen in a clinical setting are scarcely investigated (Ma et al.  2014 ). 
Laryngeal squamous cell carcinoma [LSCC] frequently occurs in many cases of 
cancer of the head and neck (Ma et al.  2014 ). LSCC comes second in frequencies of 
cancers associated with the respiratory tract (Ma et al.  2014 ). Recent studies have 
linked TIMP-1 as a cell surface marker that aids in the diagnosis of many human 
cancers (Ma et al.  2014 ). These cancers include mammary cancer, colon cancer, 
cancer of the stomach, hepatocellular cancer, cancer of the rectus, glioblastoma, 
myeloma and lymphoid associated cancers (Ma et al.  2014 ). Many researches have 
shown high TIMP-1 expression in LSCC associated with the head and neck and in 
the growth and infi ltration of tumours (Ma et al.  2014 ). More exploration is needed 
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to confi rm if TIMP-1 can be useful in the identifi cation of decreased survival for 
molecules aimed at the treatment of LSCC (Ma et al.  2014 ). 

 Evidence from a study involving qPCR showed that mRNA expression quanti-
ties of TIMP-1 in LSCC groups of cells were greater than in unaffected cells neigh-
bouring tumour tissue. This correlates with former research that showed TIMP-1 is 
expressed in malignant tumour tissue (Ma et al.  2014 ). Surprisingly, other literature 
has shown that TIMP-1 may not be depended upon as a diagnostic indicator of can-
cer. This controversy can be as a result of the presence of different tumour catego-
ries used and the methods of experiments (Ma et al.  2014 ). 

 As overexpression of TIMP-1 is seen in many cancers, it is also linked to inac-
curate diagnosis of mammary cancer (Bigelow et al.  2009 ). Diagnostic research of 
the entire amount of TIMP-1 protein gave support to the linking of increased tumor-
igenic tissue TIMP-1 amounts and a decrease in accuracy in diagnosing breast can-
cer (Wurtz et al.  2005 ). The manner in which TIMP-1 encourages tumour formation 
is uncertain (Bigelow et al.  2009 ). 

 Some regions where TIMP-1 can bind are found on breast cancer cells. Evidence 
has shown that TIMP-1 causes the proliferation of cells by interacting with cur-
rently unknown receptors on cells (Wurtz et al.  2005 ). This interaction is not associ-
ated with MMP activity (Wurtz et al.  2005 ). To prove this mechanism, the 
proliferative action of timp-1 on breast cancer cells, BC-3A and BC 61 given vary-
ing tumorigenic potential was investigated (Wurtz et al.  2005 ). Results showed that 
only the more malignant cells [BC-61] were affected by TIMP-1 and had greater 
proliferation according to the dose of TIMP-1 used (Wurtz et al.  2005 ). Therefore 
the activation of TIMP-1 receptors can be linked to the extent of malignancies 
(Wurtz et al.  2005 ). 

 Much research has shown that TIMP-1 expression is greater in breast cancer tis-
sue than benign or healthy breast tissue (Wurtz et al.  2005 ). Yoshiji et al showed 
that TIMP-1 expressed on mRNA was greater in malignant mammary tissue than in 
non-malignant mammary tissue (Wurtz et al.  2005 ). In many malignant breast can-
cers increased levels of TIMP-1 on mRNA coincided greatly with lymph node 
metastases and decreased survival rate, however this did not occur with other diag-
nostic factors that include the status of menopause, the size of the cancerous tissue 
and the level of malignancy (Wurtz et al.  2005 ). In studies conducted to compare 
the amounts of TIMP-1 by ELISA in samples of breast cancers, fi broadenomas and 
nodal malignancies, it was shown that the amount of TIMP-1 is much greater in 
breast cancer and nodal metastases than benign fi broadenomas (Wurtz et al.  2005 ). 
Moreover, evidence showed that cancer patients with great level of TIMP-1had a 
decreased survival rate that was disease-free as well a general decreased survival 
rate. It was also showed that increased levels of TIMP-1 in cancer cells were linked 
to decreased recurrence free survival (Wurtz et al.  2005 ). Studies in the future 
should be directed towards identifying the diagnostic levels of TIMP-1 in blood 
samples because the use of tissue samples can be diffi cult due to collection and stor-
age of samples and heterogeneity of sample material (Wurtz et al.  2005 ). 

51.4 Tissue Inhibitor of Metalloproteinases 1 and 2 (TIMP-1 and TIMP-2)…
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 Many fi ndings have proved that TIMPs can suppress angiogenic responses  in 
vitro  (Jiang et al.  2002 ; Nakagami et al.  2002 ; Murphy et al.  1993 ). Tumour growth 
and vascularity can be reduced  in vivo  by TIMP-2 (Imren et al.  1996 ). The mecha-
nism involves suppressing MMP activity needed for endothelial cell migration and 
invasion, that is, an indirect inhibition of angiogenesis. TIMP-2 prevents angio-
genic activities  in vivo  for FGF-2 and VEGF-A using an MMP independent 
orthovanadate-sensitive pathway (Seo et al.  2006 ). This shows that the pathway for 
TIMP-2 suppression of angiogenesis  in vivo  is essentially the same as that involved 
in suppressing the proliferation of hMVEC  in vitro . Moreover, administration of 
orthovanadate did not arrest MMP activity nor did it interrupt TIMP-2 inhibition of 
MMP activity showing that it does not compromise the MMP inhibitory activity of 
TIMP-2 (Seo et al.  2006 ). 

 It has been shown by studies that TIMP-2 inhibition of angiogenesis  in vivo  and 
the  in vitro  mechanism of endothelial cell growth suppression have two similar 
properties (Seo et al.  2008 ). These shared features are MMP inhibition is not 
involved (TIMP-2 is antiangiogenic) and both being easily affected by the PTP 
inhibitor orthovanadate (Seo et al.  2008 ). As a result, both MMP inhibitor functions 
and MMP – independent activities (mainly growth suppression) can be carried out 
by TIMP-2 i n vivo. In vitro  experiments have proved in the past that TIMP-2 associ-
ated with α3β1 can bring about a signalling cascade that leads to improved PTP 
activity linked with angiogenic factor receptors (Oh et al.  2006 ). 

 TIMP-2 inhibition of endothelial cell proliferation is a crucial factor of the 
TIMP-2 anti-angiogenesis (Seo et al.  2003 ). Suppression of angiogenesis also 
requires downstream effects. The effects of TIMP-2 on additional endothelial cell 
functions required for angiogenesis, such as effects on cell survival, invasion, dif-
ferentiation, remain to be detergiogenic therapies. FGF-2 or VEGF-A stimulation  in 
vitro  by TIMP-2 leads to suppression of endothelial cell proliferation (Seo et al. 
 2003 ,  2008 ).  In vivo , TIMP-2 hinder angiogenic responses that have been brought 
about by either FGF-2 or VEGF-A. The PTP inhibitor orthovanadate annuls both 
the  in vitro  and  in vivo  effects, thereby suggesting that TIMP-2 induced SHP-1 
mediated inactivation of RTKs, instead of anti MMP activity, is responsible for 
these responses (Seo et al.  2006 ). Finally, the principal antiangiogenic effects of 
TIMP-2 are not totally due to anti-MMP activity but also due to TIMP-2 induced 
SHP-1 mediated inactivation of RTKs. The suppressive effect of TIMP-2 on angio-
genesis involves PTP activity and this indicates that partial manipulation of SHP-1 
activity in endothelial cells may be a target for therapies in several pathologic con-
ditions associated with angiogenic responses. At last, synthetic metalloproteinase 
inhibitors have been developed for clinical trials in cancer therapy and this was due 
to TIMP-2 inhibiting tumour growth.     
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    Chapter 52   
 Tissue Factor Gene                     

    Abstract     Primary role of tissue factor gene is to preserve the vascular integrity in 
response to injury by being the principal initiator of the coagulation cascade. It is an 
integral membrane protein produced by both healthy and tumor cells. Its expression 
can be induced in endothelial cells, macrophages or vascular smooth muscle cells 
by a variety of stimuli including biogenic amines, growth factors and cytokines. 
Endothelial cells do not physiologically express active TF and only when damage 
of the vascular wall by chemical or mechanical means occurs, TF is expressed to 
blood fl ow to be circulated by binding to plasma factor VIIa when eventually in 
downstream, activation of haemostatic protease complexes, leading to both the acti-
vation of platelets and the generation of a fi brin clot. Involvement of tissue factor 
gene in regulation of tumor angiogenesis and metastasis has been described previ-
ously although this is independent of its function as the initiator of the coagulation 
cascade. Angiogenesis can also be promoted by TF either indirectly by altering the 
growth regulatory molecules acting on vascular endothelial cells and hence regulat-
ing the angiogenic properties of tumour cells, or directly by “clotting-independent 
mechanisms”. Due to these fi nding TF is now considered as a potential target in the 
treatment of several malignancies.  

  Keywords     Tissue factor gene   •   TGF   •   Angiogenesis   •   Normal physiology   •   Disease   
•   Malignancy  

52.1             Tissue Factor Gene 

 Tissue factor (TF) gene’s primary role is to preserve the vascular integrity in 
response to injury by being the principal initiator of the coagulation cascade. It is an 
integral membrane protein produced by both healthy and tumor cells (Butenas 
 2012 ). The expression of TF can be induced in endothelial cells, macrophages or 
vascular smooth muscle cells by a variety of stimuli including biogenic amines, 
growth factors and cytokines (Steffel et al.  2006 ). It is either present in the blood-
stream as circulating TF or on a cellular level as encrypted, surface intracellular 
protein (Steffel et al.  2006 ). TF serves as a procoagulant by binding “factor VIIa 
resulting in activation of factor IX and factor X, ultimately leading to fi brin 
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formation” (Steffel et al.  2006 ). In addition, it contributes to processes that lead to 
malignant disease progression. This includes “tumour haemostasis, angiogenesis, 
metastasis and malignant cell survival” (Bluff et al.  2008 ). Hence, in order to gain 
a greater understanding of certain disease and malignancies associated with TF, the 
specifi c role as well as the regulation and inhibition of this gene must be further 
explored.  

52.2     Tissue Factor Gene and Normal Physiology 

 In normal physiology, “cells in contact with blood do not express physiologically 
active TF” (Butenas  2012 ). Only when damage of the vascular wall by chemical or 
mechanical means occurs, TF is expressed to blood fl ow to be circulated by binding 
to plasma factor VIIa (Butenas  2012 ). Following this, thrombin is generated by the 
downstream activation of hemostatic protease complexes, leading to both the acti-
vation of platelets and the generation of a fi brin clot (Bluff et al.  2008 ). TF avoids 
the inhibition by serine proteases inhibitors due to its “poor enzymatic qualities” 
(Butenas  2012 ). In addition to TF, calcium is required for the formation of the fi brin 
clot and subsequent vessel stabilization after injury. Under physiologic conditions, 
TF is found in astrocytes of brain tissue, epithelial cells of the lung and cardiomyo-
cytes of the heart and endothelial cells of placenta in high levels (Butenas  2012 ). 
The regulation of TF is complex, being regulated by various transcription factors at 
distinct regions of the gene. These include the induction of TF in monocytes and 
endothelial cells exposed to bacteria is mediated by a distal enhancer and the control 
of epithelial cells by a proximal enhancer (Mackman  1995 ). 

 Alternatively, it is suggested that TF actually protects cells from apoptosis and 
promotes tumor growth and angiogenesis by inhibiting the “negative regulatory 
control of PAR-2-mediated signaling” (Bluff et al.  2008 ). The expression of TF is 
also be associated with various diseases, including cancer, spetic shock and athero-
sclerosis (Mackman  1995 ).  

52.3     Tissue Factor Gene and Disease 

 The tissue factor genes expression, carried by circulating microparticles, is related 
to numerous diseases including venous thrombosis, diabetes, atherosclerosis and 
varying other cardiovascular diseases. Venous thromboembolism (VTE) is “a lead-
ing cause of morbidity and mortality worldwide” (Manly et al.  2011 ). It is elicited 
by change in blood fl ow, alteration in blood composition and activation of endothe-
lium (Manly et al.  2011 ). In the absence of vessel injury, fi brin-rich clots, deemed 
venous thrombi are deposited on the surface of the epithelium. Nonetheless, either 
functional or physical agitation of the endothelium “promote thrombosis due to 
reduced expression of anticoagulants and the induction of TF expression” (Manly 
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et al.  2011 ). Individuals with acute coronary syndromes or cardiovascular risk fac-
tors including smoking, diabetes, hypertension and dyslipidemia typically display 
elevated levels of TF (Steffel et al.  2006 ). 

 By the promotion of thrombus formation, TF can be considered to be involved in 
the pathogenesis of atherosclerosis as it may “induce migration and proliferation of 
vascular smooth muscle cells” (Steffel et al.  2006 ). On a cellular level, monocytes 
transform into both foam cells and macrophages, as in the infl ammatory indication 
of atherosclerosis. With this infl ammatory environment, interleukins and cytokines 
are released and thereby prompt the expression of TF (Zhang et al.  2011 ). In addi-
tion, the expression of TF is associated with “apoptosis of macrophages in lipid-rich 
plaques” which, together with infl ammation, determine plaque thrombogenicity 
(Steffel et al.  2006 ). Lastly, tumours associated with “high bloodborne TF levels are 
associated with a greater risk of thromboembolic disease and with decreased overall 
survival” (Cole and Bromberg  2013 ). 

 Patients with unstable angina or myocardial infarction have increased levels of 
TF compared to those with stable angina (Steffel et al.  2006 ). In such acute coro-
nary syndromes, infl ammatory cells are increased at the site of occlusion, thereby 
inducing TF (Steffel et al.  2006 ). 

 In healthy humans, TF expression in monocytes can be regulated by glucose 
intake (Zhang et al.  2011 ). Advanced glycation end-products are formed by hyper-
glycaemia, which subsequently induce endothelial cells to express TF. 

 Thus, tissue factor gene, through the expression on circulating microparticles, 
leads to the progression of diseases. With an understanding of this genes mecha-
nism and regulation, targeted treatment can be determined for the specifi c associ-
ated diseases.  

52.4     Tissue Factor Gene and Malignancy 

 Tumor angiogenesis and metastasis have been found to be regulated by the tissue 
factor gene. This is independent of its function as the initiator of the coagulation 
cascade (Zhang et al.  2011 ). Due to this, TF is now considered a “potential target in 
the treatment of several malignancies” (Cole and Bromberg  2013 ). The elevated 
levels of TF in the presence of a tumor are the result of tumor-induced upregulation 
of TF expression in endothelial cells and monocytes, the shedding of TF-carrying 
microparticles via permeable tumor blood vessels as well as the “upregulation of 
endothelial cell TF expression by chemotherapeutic agents” (Cole and Bromberg 
 2013 ). Frequently, complications associated with cancer include haemorrhage and 
thromboembolism (Bluff et al.  2008 ). These complications are thought to involve 
the two opposing mechanisms of control of haemostasis: tissue factor pathway 
inhibitor (TFPI) and TF (Bluff et al.  2008 ). It has been suggested that a low-dose 
chemotherapy regime may reduce “the incidence of adverse clotting events associ-
ated with antiangiogenic/chemotherapy combination therapies” (Bluff et al.  2008 ). 
In contrast, a high-dose chemotherapy regime may encourage the vascular 
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endothelial growth factor receptor inhibitor to trigger a procaoagulant conversion, 
resulting in dramatic increases in their surface TFPI expression (Bluff et al.  2008 ). 

 Angiogenesis can also be promoted by TF either indirectly by altering the growth 
regulatory molecules acting on vascular endothelial cells and hence regulating the 
angiogenic properties of tumour cells, or directly by “clotting-independent mecha-
nisms” (Bluff et al.  2008 ). TF has been implicated in neoplastic angiogenesis due to 
its presence on vasculature of breast cancer tumor, but not on “vasculature of benign 
breast masses” (Cole and Bromberg  2013 ). In terms of metastasis, the capacity to 
spread and infi ltrate the bloodstream and lymphatic vessels, is deemed highly reli-
ant on components of the coagulation cascade (Bluff et al.  2008 ). Therefore, it is 
clear that TF “supports metastasis through a fi brinogen-dependent and platelet- 
dependent restriction in natural killer cell-mediated clearance of micrometastases” 
(Bluff et al.  2008 ). The specifi c malignancies that have been associated with TF 
expression include breast cancer as well as thromboembolism development in both 
ovarian and pancreatic cancer. 

 Though the regulating mechanism of tissue factor is unclear, it has been found 
that the gene is “selectively expressed in highly invasive breast cancer cells” (Zhang 
et al.  2011 ). One hypothesis is that microRNA-19 regulates TF specifi c expression 
in invasive breast cancer cells. In such highly invasive breast cancer lines, tissue 
factor gene promoter was activated, forcing expression of “tissue factor cDNA”, 
implying that “the 3′-UTR of the tissue factor transcript is responsible for the sup-
pression of tissue factor expression” (Zhang et al.  2011 ). Tissue factor also assists 
in the migration of breast cancer cells through the formation of the tissue factor VIIa 
complex via cellular signalling (Bluff et al.  2008 ). Factor VIIa is also shown to 
“exert an antiapoptotic effect and play a key role in tumor growth and metastasis” 
(Cole and Bromberg  2013 ). 

 With a greater understanding of TF’s overall interaction with the immune 
response, as well as its role in tumor growth and metastases, may lead to the devel-
opment of targeted TF treatment for breast cancer and other malignancies, which 
may provide a promising alternative considering the current lack of effective treat-
ment options (Cole and Bromberg  2013 ). As well as breast cancer, tissue factor 
expression on microparticles has been detected in up to two thirds of pancreatic 
carcinoma patients, especially those with venous thromboembolism (Zwicker et al. 
 2009 ). It has been concluded that tissue factor particles derived from tumors in 
cancer patients may be “central to the pathogenesis of cancer-associated thrombo-
sis” (Zwicker et al.  2009 ). 

 In summary, tissue factor gene plays an important role in the coagulation cas-
cade in normal physiology, thereby maintaining vascular integrity. However, it also 
has been linked to the progression of various cardiovascular diseases as well as 
diabetes. Lastly, it is believe to play an integral role in tumor growth and metastases 
in a certain malignancies, especially breast cancer. With further research, targeted 
TF gene treatment for breast cancer which is currently lacking from current treat-
ment options.     
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    Chapter 53   
 Transforming Growth Factor α and β 
(TGF-α and TGF-β)                     

    Abstract     Transforming Growth Factor alpha (TGF-α) is a protein structurally sim-
ilar to Epidermal Growth Factor (EGF) and a ligand for EGF-receptors, competing 
with Epidermal Growth Factors. It has been found in a variety of non-neoplastic and 
neoplastic disorders where angiogenesis is involved or contributes to part of the 
pathology. TGF-β signaling pathway is involved in many cellular processes in the 
developing embryo. TGF-α is involved in various corneal diseases and is responsi-
ble for the angiogenesis and epidermal hyperplasia in psoriasis and has infl uence in 
protection and healing of gastro-intestinal lesions. TGF-β is a potent inducer or 
inhibitor of angiogenesis by increasing pro-angiogenic growth factors such as 
VEGFs or by enhancing anti-angiogenic factor productions. It has been found in 
focal ischemia in stroke and in Alzheimer’s disease with attenuation of beta- amyloid 
(Aβ), TGF-β has shown potential neuroprotective role in reducing accumulation of 
Aβ deposition indirectly via angiogenesis. TGF- α overexpression has been detected 
in oesophageal squamous cell carcinoma and is linked to invasive breast carcinoma. 
TGF-β promotes the formation of tumor microenvironment by interacting with 
other growth factors (PDGFs, FGFs and VEGFs) and extracellular matrix (ECM) 
remodeling and its regulatory role in hepatocyte carcinogenesis has been reported 
recently. The mediatory role of transforming growth factors in angiogenic signaling 
pathway in tumor progression or anti-tumor angiogenesis is an emerging therapeu-
tic target.  

  Keywords     Transforming growth factor   •   TGF-α   •   TGF-β   •   Angiogenesis   •   Normal 
physiology   •   Disease   •   Malignancy  

53.1             Transforming Growth Factor α and β (TGF-α 
and TGF-β) 

 Transforming Growth Factor alpha (TGF-α) is a protein structurally similar to 
Epidermal Growth Factor (EGF) and a ligand for EGF-receptors, competing with 
Epidermal Growth Factors. It has been found in a variety of non-neoplastic and 
neoplastic disorders where angiogenesis is involved or contributes to part of the 
pathology. TGF-β signaling pathway is involved in many cellular processes in the 
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developing embryo and the adult organism (de Groot and Kruijer  1990 ). The pro-
cesses include cell growth, differentiation, homeostasis, apoptosis and other cellular 
functions (Attisano et al.  1993 ).  

53.2     TGF-α and TGF-β in Normal Physiology 

 Many cells synthesize TGF-βs and have specifi c receptors for TGF-β (Doyle et al. 
 2010 ). It regulates the actions of many other peptide growth factors and infl uence a 
positive or negative direction of their effects (Sporn et al.  1986 ). TGF-β signaling 
pathway regulates TGF-β superfamily ligands bind to a type II receptor which 
recruits and phosphorylates a type I receptor (Wrana et al.  1992 ). The type I recep-
tor phosphorylates receptor-regulated SMADs (R-SMADs) and bind the coSMAD 
SMAD4. R-SMAD/coSMAD complexes accumulated in the nucleus act as tran-
scription factors and participate in the regulation of target gene expression (Otten 
et al.  2010 ). 

 Similar to FGF-2, TGF-β plays a role in regulating tooth development and acts 
as a synergic growth factor. TGF-β is known as an inducer for odontoblast differen-
tiation within dentine-pulp complex and dentine formation (Nakashima et al.  1998 ; 
Smith et al.  1998 ). Reduction in the TGF-β expression can be observed from the 
odontoblast layer after the completion of tooth development.  

53.3     TGF-α and TGF-β in Disease 

 TGF-α has been found to be related to various corneal diseases through the use of 
indirect immunohistochemistry, where it was seen in cornea specimens with neo-
vascularization resulting from scarring after keratitis, graft rejection, acute necrotis-
ing keratitis or scarring after mechanical/chemical injury (Yang et al.  2011 ; Li et al. 
 2000 ). This suggests uniform distribution and aetiological contribution among all 
the corneal disorders/injuries. 

 Additionally, it is also evident that TGF- α is responsible for the angiogenesis 
and epidermal hyperplasia in psoriasis (Elder et al.  1989 ). The correlation was dis-
covered by analysing the amount of TGF- α and its messenger RNA which refl ect 
the level of TGF- α gene expression. The amount of TGF- α and its messenger RNA 
are much more abundant in specimens of psoriatic epidermidis than those of normal 
skin of psoriatic patients (Elder et al.  1989 ). 

 TGF- α has been shown to infl uence protection and healing of gastro-intestinal 
lesions. It helps maintain integrity of the gastro-intestinal mucosa and repair acute 
and chronic mucosal lesions. TGF- α is released locally in the gastric mucosa and 
particularly when topical irritants have been exposed to the mucosa (Konturek et al. 
 1995 ). TGF- α stimulates proliferation of mucosal cells and protects the gastro 
intestine. It also vasodilates and permits gastric adaptation to noxious substances, 

53 Transforming Growth Factor α and β (TGF-α and TGF-β)



333

and heals acute and chronic lesions as well as inhibits the secretion of gastric acids 
(Konturek et al.  1995 ; Filipe et al.  1995 ). EGF receptors increase in number in the 
ulcer region and therefore migration of cells and TGF- α (which binds to EGF 
receptors) to the ulcer margin leads to formation of granulation tissue and micro 
vessels (i.e. angiogenesis) during the healing process (Konturek et al.  1995 ). There 
was also increased expression of TGF- α in gastric carcinogenesis (Filipe et al. 
 1995 ). 

 Many studies have identifi ed dual functions of TGF-β as a potent inducer or 
inhibitor of angiogenesis by increasing pro-angiogenic growth factors such as 
VEGFs or by enhancing anti-angiogenic factor productions respectively (Piek et al. 
 2001 ; Nakagawa et al.  2004 ; Otten et al.  2010 ; Li et al.  2002 ). The TGF-β signaling 
pathways involve ALK1 (TGF-β receptor I) activated Smads (Nakagawa et al. 
 2004 ). R-Smads 2 and R-Smads3 are important for TGF-β signaling that potentiates 
production of pro-angiognenic growth factors like VEGFs. Meanwhile, the inhibi-
tory angiogenic pathway is mediated by R-Smads6 and R-Smads7 activation (Li 
et al.  2002 ). A study by Ferrari et al. ( 2009 ) found that defects in ALK1 receptor in 
mice resulted in death due to absence of angiogenesis. Similarly, this absence of 
vessel growth in certain areas of capillary bed was also shown in humans, where 
mutations to this ALK1 receptor led to hereditary haemorrhagic telangiectasia 
(Fierlbeck et al.  2003 ). 

 Increase in the expression levels of TGF-β has been reported following focal 
ischemia in animal models of stroke (Issa et al.  2005 ; Navaratna et al.  2009 ; Chen 
et al.  2014 ; Zhou et al.  2001 ; Doyle et al.  2010 ; Dobolyi et al.  2012 ). Mice subjected 
to MCAO demonstrated up-regulation of TGF-β in the penumbral regions (Dobolyi 
et al.  2012 ; Navaratna et al.  2009 ). This increase in the TGF-β expression levels was 
correlated with reduction in brain infarct size (Dobolyi et al.  2012 ). Furthermore, 
human clinical data showed signifi cant increase in the TGF-β mRNA expression 
levels in hippocampal CA1 regions in patients with transient global ischemia (Chen 
et al.  2014 ; Christoforidis et al.  2005 ). Subsequently, 6 h after the onset, TGF-β 
expression levels were detected throughout the brain (Doyle et al.  2010 ; Dobolyi 
et al.  2012 ; Zhou et al.  2001 ). In response to such pathological events, brain cells 
such as astrocytes and microglia have been reported to express TGF-β predomi-
nantly (Doyle et al.  2010 ). In Alzheimer’s Disease (AD), attenuation of beta- 
amyloid (Aβ) plaques has been linked to the levels of TGF-β expression levels in 
both  in vitro  and  in vivo  models of AD (Caraci et al.  2011 ). The potential neuropro-
tective mechanism by which TGF-β reduce accumulation of Aβ deposition is sug-
gested to be the TGF-β Smad2/3 signaling which may promote blood to brain 
traffi cking of microglia indirectly via angiogenesis (Caraci et al.  2012 ; Tesseur et al. 
 2006 ). Nevertheless, identifying this mechanism is still under investigation. 
Nonetheless, the ability of TGF-β in providing neuroprotection indicates potential 
role of TGF-β-induced angiogenic signaling as means to delay progression of neu-
rodegenration (Caraci et al.  2011 ,  2012 ). 

 Previous studies suggested that TGF-β induced wound healing angiogenesis post 
dental injuries by its release from demineralized dentine in to pulp tissue. During 
dental tissue repair, TGF-β expression targets the receptor in odontoblast to induce 
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the production of reparative dentine in mature teeth (Melin et al.  2000 ; Magloire 
et al.  2001 ). Further studies by Piattelli et al. ( 2004 ) was done to investigate the 
expression of TGF-β1 with irreversible pulpitis, infl ammation of dental pulp due to 
pathological or physiological dental injury. Their study found higher expression of 
TGF-β1 in the odontoblastic and subodontoblastic layer within the irreversible pul-
pitis than normal healthy pulp tissue. This suggested that TGF-β1 induced pulp 
tissue healing as a result of pulpal infl ammation. In addition, Prime et al. ( 2004 ) 
showed TGF-β not only regulates the wound healing responses due to infl amma-
tion, but also is responsible for bacterial infection by regulating the immune cells 
such as leukocytes.  

53.4     TGF-α and TGF-β in Malignancy 

 TGF- α overexpression is also frequently detected in oesophageal squamous cell 
carcinoma by immunohistochemical staining in the tissue specimens (Cabrijan 
et al.  2013 ). The survival analysis of patients suggested that TGF- α expression was 
a signifi cant prognostic factor in oesophageal squamous cell carcinoma whereas 
multivariate analysis failed to detect a signifi cant correlation. Therefore TGF- α 
expression may be linked to angiogenesis and progression and metastases (Ciardiello 
et al.  1991 ) of oesophageal squamous cell carcinoma (Soares et al.  2000 ). 

 TGF- α overexpression has also been linked to invasive breast carcinomas 
(Ciardiello et al.  1991 ) whereby its presence was found in the epithelial and adja-
cent stromal cells. A strong correlation was found between TGF- α expression and 
tumour angiogenesis, however, there is not yet any evidence suggesting correlation 
to other clinicopathological features (Soares et al.  2000 ). Due to its similarity with 
epidermal growth factor, TGF- α has not been identifi ed as a distinct drug target as 
drugs targeting EGFR similarly affect it. 

 While the TGF-β signaling through Smads2/3 provide neuroprotection via pro- 
angiogenic activity in neurodenerative disorders, Geng et al. ( 2013 ) has found that 
TGF-β also mediates suppression of VEGF-activated angiogenesis in colon cancer. 
This was demonstrated by abrogation of TGF-β, which enabled increased expres-
sion of VEGF levels in colon cancer specimens of humans. Furthermore, the expres-
sion levels of phosphorylated Smads2 were signifi cantly reduced in colon cancer in 
comparison to the normal (Geng et al.  2013 ). Therefore, the inhibitory effect of 
TGF-β on VEGF-mediated angiogenesis provides novel approaches in the develop-
ment of future therapeutics regarding metastasis and tumor progression. 

 TGF-β promotes the formation of tumor microenvironment by interacting with 
other growth factors (PDGFs, FGFs and VEGFs) and extracellular matrix (ECM) 
remodeling (Seystahl et al.  2015 ). Kumar et al. (Seystahl et al.  2015 ) reported that 
TRACON105 (TRC105), a humanized monoclonal antibody can enhance the endo-
glin shedding and membrane-type 1 matrix metalloproteinase (MMP)-14 at the cell 
surface to release soluble endoglin (sEng), an antiangiogenic factor, which is 
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 considered a good therapeutic target to impair tumor angiogenesis (Seystahl et al. 
 2015 ). 

 In recent experimental studies, it was reported that Apigenin, an identifi ed che-
mopreventive biofl avonoid could not only inhibit the hypoxia-induced surge of 
VEGF gene expression, but also block the prostate carcinogenesis via the blockage 
of the TGF-β pathway (Mirzoeva et al.  2008 ,  2014 ). A research group recently dem-
onstrated the Arsenic trioxide (As 2 O 3 ) induced the MicroRNA (miR)-491 inhibition 
of the TGF-β/SMAD3/nuclear factor kappa-light-chain-enhancer of activated B 
cells (NF-κB) pathway (VEGF-related) and resulted in the anti-angiogenesis in 
Hepatocellular carcinoma (HCC) model (Jiang et al.  2014b ). The same group also 
performed another study investigating the effects of Glabridin (GLA) on HCCs 
found negative regulation of the miR-148a in TGF-β/SMAD2 signaling pathway 
(Jiang et al.  2014a ). Besides these two studies, others have indicated that microRNA 
is also very important target to regulate the tumor angiogenesis. For example, miR 
17–92 cluster via Myc signaling in Colon cancer (Dews et al.  2006 ), miR-92a inhib-
its the angiogenesis by targeting the mRNAs of several proangiogenic factors (inte-
grin subunit alpha5) (Bonauer et al.  2009 ) and miR-181b, which is mediated by 
TGF-β, can promote carcinogenesis in hepatocyte and this process can be nega-
tively regulated by tissue inhibitor of metalloprotease 3 (TIMP3) that also inhibits 
angiogenesis (Wang et al.  2010 ). To sum up these fi ndings, using the microRNA 
techniques to regulate the TGF-β-mediated angiogenic signaling pathway in tumor 
progression or anti-tumor angiogenesis is also another emerging therapeutic 
targets.     
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    Chapter 54   
 Transforming Growth Factor Beta-Receptor 
Type II (TGFβR2)                     

    Abstract     Transforming growth factor beta-receptor type II (TGFβR2) is a human 
tumour-suppressor gene consisting of seven exons and with a locus at chromosome 
3p22. The TGFβR2 gene encodes transforming growth factor beta-receptor Type II 
(TβR-II), a transmembrane protein that contains serine-threonine protein kinases in 
its intracellular domain. TβR-II is an important component of the TGF-β signalling 
pathway, which regulates several cellular processes, including cell growth and dif-
ferentiation, arrest of cell cycle, apoptosis and formation of extra cellular matrix. 
The pleiotropic effects of TGF-β signaling and its importance for general develop-
ment means that there are various phenotypic consequences if this signaling is dis-
turbed, including neoplastic transformations, deregulation of immune cells, or 
defects in distinct organs. Mutations in this gene can lead to several systemic disor-
ders that can have life-threatening consequences, such as FTAAD, MFS and LDS, 
as well as various cancers. Future investigations regarding the molecular mecha-
nisms of the TGF-β pathway and how it leads to various phenotypes could lead to 
better understanding of the functions of this pathway and the development of better 
treatments for various conditions.  

  Keywords     Transforming growth factor beta-receptor type II   •   TGFβR2   • 
  Angiogenesis   •   Normal physiology   •   Disease   •   Malignancy   

54.1             Transforming Growth Factor Beta-Receptor Type II 
(TGFβR2) 

 Transforming growth factor beta-receptor type II (TGFβR2) is a human tumour- 
suppressor gene consisting of seven exons and with a locus at chromosome 3p22 
(Numata et al.  2008 ). The TGFβR2 gene encodes transforming growth factor beta- 
receptor Type II (TβR-II), a transmembrane protein that contains serine-threonine 
protein kinases in its intracellular domain (Elliott and Blobe  2005 ).  
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54.2     TGFβR2 in Normal Physiology 

 TβR-II is an important component of the TGF-β signalling pathway, which regu-
lates several cellular processes, including cell growth and differentiation, arrest of 
cell cycle, apoptosis and formation of extra cellular matrix (Numata et al.  2008 ). 
There are three high-affi nity cell surface receptors to which the TGF-β ligand binds 
to, which are TGF-β receptor Type I (TβR-I), TβR-II and TGF-β receptor Type III 
(TβR-III). Together, these receptors allow for the transmission of signals from the 
cell surface to the cell’s interior by signal transduction. 

 The high-affi nity direct binding of TGF-β ligand onto TβR-II activates the recep-
tor, which then recruits and phosphorylates TβR-I. An alternative pathway is for 
TGF-β to bind to TβR-III, which then presents TGF-β to TβR-II. Once phosphory-
lated, TβR-I propagates the signal to activate downstream targets, called SMAD 
proteins (Frederic et al.  2008 ). Specifi cally, SMAD2 and SMAD3 are phosphory-
lated and activated by TβR-I so they can then translocate to the nucleus to form 
transcriptional complexes to control target genes. TGF-β is also capable of activat-
ing non-SMAD intracellular pathways (Hellbach et al.  2014 ). 

 TGF-β signaling in endothelial cells (EC) is essential for angiogenesis in early 
embryonic development. This was exhibited by an investigation by Allinson et al. 
( 2012 ) that showed loss of TGFβR2 in EC in embryos causes cerebral hemorrhage 
in the forebrain, as well as embryonic death (Allinson et al.  2012 ). In postnatal life, 
the roles of TGF-β signaling in EC are more diverse and complex. TGF-β affects EC 
in a concentration-dependent manner, where low concentrations promote angiogen-
esis and higher concentrations inhibit it. TGF-β also affects other signalling path-
ways by promoting other factors that infl uence angiogenesis. One example of this is 
how inhibition of TGF-β signalling causes the simultaneous activation of VEGF 
signalling, which leads to increased angiogenesis (Hellbach et al.  2014 ). Currently, 
the molecular mechanisms of the TGF-β pathway that lead to various phenotypes 
are not yet fully understood, and further investigations are especially required to 
understand the process of intra-neural angiogenesis. Improved understanding of this 
process could lead to the development of better treatments for premature human 
infants who develop spontaneous cerebral micro-hemorrhage (Allinson et al.  2012 ).  

54.3     TGFβR2 in Disease 

 The pleiotropic effects of TGF-β signaling and its importance for general develop-
ment means that there are various phenotypic consequences if this signaling is dis-
turbed, including neoplastic transformations, deregulation of immune cells, or 
defects in distinct organs (Hellbach et al.  2014 ). Some of the more well-known 
health conditions related to changes in TGFβR2 gene include Loeys-Dietz syn-
drome, Marfan syndrome and Familial thoracic aortic aneurysms and dissection, 
which are described in the following section. 

54 Transforming Growth Factor Beta-Receptor Type II (TGFβR2)



341

 Loeys-Dietz syndrome (LDS) is a hereditary disorder of connective tissue that 
can have symptoms occurring throughout the body. LDS is most commonly charac-
terised by vascular effects, such as arterial aneurysms and/or dissections, and skel-
etal manifestations. This disorder can be caused by heterozygous genetic mutations 
in TGFβR1 or TGFβR2, either of which leads to the disruption of growth and devel-
opment of the body’s connective tissue and body systems. Around 70 % of LDS 
cases are attributed to sequence variant mutations in the TGFβR2 gene, with over 80 
mutations of the TGFβR2 gene being found to cause LDS. Most of these are mis-
sense alterations of highly conserved amino acids either adjacent to or within the 
serine/threonine kinase domains of TβR-II (Loeys and Dietz  1993 ). Three quarters 
of LDS cases are the result of a de nevo (non-inherited) gene mutations, while the 
rest of LDS patients have an affected parent. These mutations result in TβR-II 
receptors having signifi cantly reduced function (Santibanez et al.  2011 ). It was ini-
tially thought that these mutations would decrease TGF-β activity because of dis-
ruption of the kinase domain (Judge et al.  2011 ), but experimental evidence suggests 
that the manifestations of LDS are largely associated with excess activation of and 
signaling by TGF-β (Loeys and Dietz  1993 ). For example, nuclear accumulation of 
phosphorylated SMAD2 and levels of connective tissue growth factor are increased, 
both of which are normally induced by TGF-β (Numata et al.  2008 ). Researchers 
speculate that the TGF-β proteins increase their activity to compensate for the 
reduction in TβR-II receptor activity. 

 TGFβR2 has also been loosely associated with Marfan syndrome (MFS), which 
is a systemic disorder affecting connective tissue. MFS shares some common fea-
tures with LDS, but there are important differences in regards to surgical manage-
ment of the symptoms. Six TGFβR2 mutations have been implicated in MFS, 
including point mutations, deletions or insertions, and splice mutations (Frederic 
et al.  2008 ). The majority of MFS symptoms are the result of heterozygous muta-
tions in the FBN1 gene, which causes the up-regulation of TGF-β signalling in 
affected tissues. A study conducted by Judge et al. hypothesized that increased 
TGF-β signalling was a cause of thickening and prolongation of the mitral valve 
leafl ets of the heart, which is a manifestation of MFS that is not readily attributable 
to mutations in FBN1 (Judge et al.  2011 ). The investigation showed that treatment 
of mutant mice with a TGF-β-neutralizing antibody was successful in bringing the 
thickness and length of the mitral valve leafl ets back to normal. This supported that 
increased TGF-β signalling could be a cause of these mitral valve defects and sug-
gested the possibility of using therapies that reduce TGF-β levels to treat mitral 
valve diseases. However, this is not conclusive, as mice studies cannot be directly 
translated to human disease. 

 Both MFS and LDS can be underlying conditions that make patients more sus-
ceptible to developing thoracic aortic aneurysms and dissection (TAAD). This con-
dition is characterised by the enlargement of the aorta in the thoracic cavity, which 
can lead to a sudden tear of the inner wall of the aorta. It has been estimated that 
19–20 % of people with TAAD have a genetic predisposition to it, with the disease 
showing autosomal dominant inheritance (Spin  2011 ). When TAAD is inherited, it 
is called Familial TAAD (FTAAD). TGFβR2 mutations that lead to aneurysms and 
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dissections have been found to occur predominantly in the functionally important 
intracellular serine-threonine kinase domain, with few mutations being described in 
the extracellular domain (Santibanez et al.  2011 ). At least nine variations in the 
TGFβR2 gene have been identifi ed in FTAAD that disturb signal transduction, 
which can impair cell growth and development.  

54.4     TGFβR2 in Malignancy 

 Human cancer cells are cells that have acquired the ability to evade the body’s 
immune system and disturb the cellular homeostasis that is normally regulated 
through signal transduction pathways, such as the TGF-β signaling pathway. The 
formation of tumour results from genetic, epigenetic, or somatic alterations that 
disrupt these pathways (Elliott and Blobe  2005 ). 

 TGFβR2 gene is important in suppressing the development of tumours in its 
early stages due to its tight control of the cell cycle and its potent growth inhibitory 
effect on epithelial and lymphoid tissues, from which most human cancers arise. 
However, it has been shown that TGF-β signaling may be able to induce tumour 
progression in its later stages due to its ability to promote epithelial-to- mesenchymal 
transition, inhibit apoptosis caused by growth factor deprivation, and its immuno-
suppressant function. For example, TGF-β stimulates the generation of myofi bro-
blasts from mesenchymal precursors in the tumour stroma, which facilitates tumour 
cell production and invasion, and promotes neoangiogenesis in tumour tissue 
(Santibanez et al.  2011 ). 

 Mutations in the TGFβR2 gene are implicated in several malignancies. Somatic 
gene mutations, which acquired during one’s lifetime as opposed to being inherited, 
are only present in certain cells and can disrupt the expression of various genes that 
are components of the TGF-β signalling pathway. Thus, the growth inhibition and 
tumour suppression function is lost and cell growth becomes unregulated (Frederic 
et al.  2008 ). This can potentially lead to tumour formation and tends to increase a 
person’s risk of developing various cancers, especially when TGFβR2 gene muta-
tions are present in the colon, rectum or oesophagus. In colon cancer, frequent alter-
ations in TGFβR2 gene and less common mutations in SMAD2 gene have been 
seen (Elliott and Blobe  2005 ). Both of these are related to the TGF-β signaling 
pathway. Approximately 30 % of malignant colon tumour cells contain a TGFβR2 
gene mutation. TGFβR2 gene mutations also occur in colorectal, breast, pancreatic 
and gastric cancers, as well as head and neck tumors (Santibanez et al.  2011 ). These 
mutations can result in absent TGβ-II receptor expression on the cell surface, lead-
ing to defective TGF-β signalling pathways and the inactivation of the tumour sup-
pressive action of TGF-β (Balasubramanian et al.  2002 ). 

 TGFβR2 gene plays an important role in regulating the normal cell cycle and 
suppressing the formation of tumours. Mutations in this gene can lead to several 
systemic disorders that can have life-threatening consequences, such as FTAAD, 
MFS and LDS, as well as various cancers. Future investigations regarding the 
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molecular mechanisms of the TGF-β pathway and how it leads to various pheno-
types could lead to better understanding of the functions of this pathway and the 
development of better treatments for various conditions.     
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    Chapter 55   
 Tsp-1                     

    Abstract     A family of thrombospondins (TSPs) contains fi ve matricellular proteins 
which are involved in regulation of cellular phenotype and tissue remodelling through 
interaction with a broad range of matrix proteins and cell-surface receptors. These 
proteins have been attributed to a myriad of physiological and pathological processes 
such as embryonic development, infl ammation, wound healing, synaptogenesis, 
angiogenesis and neoplasia. Thrombospondin-1 (Tsp-1) is the most studied member 
of Tsp family which is initially purifi ed from thrombin-activated platelet releasates. 
As it was later found as a secretion product from various epithelial and mesenchymal 
cells, it was primarily introduced as a regulator of cell-matrix and cell-cell interactions 
which affects platelet function. Tsp-1 was then recognized as the fi rst natural inhibitor 
of angiogenesis. Due to its different cell receptors in addition to its multifunctional 
nature, Tsp-1 has been shown to both stimulate and inhibit angiogenesis, resulting in 
to have roles in both tumour progression and inhibition. Therefore, evidence has 
implicated Tsp-1 in having a key role in tumour biology and vascular diseases.  

  Keywords     Thrombospondin-1   •   Tsp-1   •   Angiogenesis   •   Normal physiology   • 
  Disease   •   Malignancy   

55.1             Thrombospondin-1 (Tsp-1) 

 Thrombospondin-1 (Tsp-1) is an angiogenic inhibitor and it belongs to the extra 
cellular matrix proteins (Eichhorn et al.  2007 ). Its fi rst discovery was in activated 
platelets and it is the most investigated protein of the Tsp family (Lawler et al. 
 1978 ). It has been suggested that the Tsp family consist of fi ve extracellular calcium 
binding proteins and those are Tsp-1, Tsp-2, Tsp-3, Tsp-4 and Tsp-5 (Lopez-Dee 
et al.  2011 ). The structures of Tsp-1 and Tsp-2 are similar and they both become 
expressed on the cell surface during physiological events (Lopez-Dee et al.  2011 ). 
Moreover, Tsp-1 has two globular domains, an N-terminal globular domain and a 
C-terminal globular domain (Lopez-Dee et al.  2011 ). Tsp-1 N-terminal domain 
binds to integrins and different types of cellular proteins that have important roles in 
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angiogenesis, cell motility and adhesion (Calzada et al.  2003 ). One of the important 
cellular receptors of N-terminal of Tsp-1 is CD36 which is present on the microvas-
cular endothelium and is important for the anti-angiogenic effect (Tonini et al. 
 2003 ). In addition to its role in fatty acid and glucose metabolism, it has been sug-
gested that CD36 has an important role in signal transduction upon binding to Tsp-1 
(Gruarin et al.  2000 ). The anti-angiogenic effect of Tsp-1 has been mainly linked to 
its ability to bind to CD36. In addition to Tsp-1 CD36 mediated antiangiogenic 
effect, Tsp-1 can also induce cell cycle arrest (Eichhorn et al.  2007 ). The structural 
domain that contains the inhibitory activity of Tsp-1 is known as “Tsp type 1 repeat” 
(Eichhorn et al.  2007 ). The C-terminal domain of Tsp-1 binds to CD47 which has a 
great impact on angiogenesis (Isenberg et al.  2006 ). This binding has been linked to 
the modulation of nitric oxide which has important roles in both normal and patho-
logical processes (Carmeliet  2005 ). Therefore, the C-terminal domain of Tsp-1 has 
crucial role in chemotaxis and vasodilation.  

55.2     Tsp-1 in Normal Physiology 

 Tsp-1 is secreted by different types of cells such as endothelial cells, fi broblasts, 
smooth muscle cells, adipocytes, macrophages and malignant glioma cells 
(Naganuma et al.  2004 ). After the expression of Tsp-1 on the cell surface, it binds 
with fi bronectin which is protein component of the extracellular matrix (Lopez-Dee 
et al.  2011 ). Therefore, Tsp-1 becomes stored in the extracellular matrix where it 
undergoes protein folding and changing in its confi rmation. A number of intracel-
lular events become activated when Tsp- 1 interacts with its receptor leading to 
endothelial cell apoptosis (Sargiannidou et al.  2001 ). It has been shown that Tsp-1 
is involved in infl ammation, cancer and angiogenesis (Lopez-Dee et al.  2011 ).  

55.3     Tsp-1 in Disease 

 Several studies have shown that pharmacological suppression or genetic depletion 
of TSP1 increases chronic kidney disease progression in animal models. This pro-
tein is capable of inhibiting angiogenesis, activating MMP-dependent ECM turn-
over and facilitating fi broblast activation and migration. These factors are all 
identifi ed as important contributors to the progression of this disease (Zeisberg 
et al.  2014 ). Gaussem and co-workers have shown that the plasma concentrations 
of TSP1 in patients with peripheral arterial disease are signifi cantly higher com-
pared to the control group (Smadja et al.  2011 ). Smadja have reported that the 
transgenic mice (TSP1-/-) were clinically and histologically protected from tissue 
necrosis caused by limb ischemia (Smadja et al.  2011 ). Other studies have shown 
that TSP1 can act as infl ammatory or anti-infl ammatory protein. Cadena con-
ducted a study to compare the plasma level of TSP1 in rheumatoid arthritis patients 
and control groups (Rico et al.  2008 ). The result suggested that plasma levels of 

55 Tsp-1



347

TSP1 were statistically higher in rheumatoid arthritis patients as compared to the 
control groups (Rico et al.  2008 ). Human studies indicate that TSP-1 expression is 
higher in diabetic vessels than non-diabetic vessels. The author states that the 
increased expression of TSP-1 in the blood vessel is correlated to the augmented 
levels of glucose in diabetic patients (Rico et al.  2008 ). Also the mRNA expression 
of TSP-1 by epithelial progenitor cell is shown to be signifi cantly higher in dia-
betic mice as compared to wild type mice (Choi et al.  2012 ). Studies in Local 
production or inhibition of TSP1 might be considered as a future treatment for 
many diseases.  

55.4     Tsp-1 in Malignancy 

 There are confl icting results regarding the role of this gene in tumour progression, 
while most studies in literature suggest that it inhibits tumour growth (Miyanaga 
et al.  2002 ), some other studies suggest that TSP-1 stromal levels are associated 
with tumour progression (Qian et al.  2001 ). Obviously, the role of TSP-1 in malig-
nancies depends on the presence of certain factors plus TSP-1 expression levels 
within the tumour tissues. Regarding angiogenesis many factors will determine the 
role of TSP-1 in angiogenesis such as TSP-1 levels, availability of angiogenic stim-
ulators and their levels for example basic fi broblast growth factor (bFGF). The loca-
tion of TSP-1 is crucial as in a rat aorta model, matrix TSP-1 stimulates angiogenesis 
while in rat cornea it inhibits bFGF-induced angiogenesis.it was proved that the 
proteolytic state of TSP-1 will determine its inhibitory or stimulatory effect 
(Sargiannidou et al.  2001 ; Esemuede et al.  2004 ). 

 There are two ways through which TSP1 inhibits tumour growth. By directly 
acting on endothelial cell migration and survival, as it was shown that TSP-1 
secreted from stromal fi broblasts, endothelial cells and immune cells, curtails 
tumour progression. However, by indirectly affecting the growth factors mobiliza-
tion that are responsive to TGF-Beta (Transforming Growth Factor-Beta), TSP1 
supresses their growth through activation of TGF-Beta (Lawler  2002 ). The different 
mechanisms through which TSP-1 affects tumour growth opens the doors for new 
anti-angiogenic therapeutics, that can be used to treat many cancers along with 
other diseases where disturbance in angiogenesis happens such as diabetic retinopa-
thy (Lawler  2002 ). 

 In colorectal cancer; it was proved that there is a strong association between 
decreased TSP-1 expression and malignant progression along with signifi cant 
decrease in the survival rates (Rojas et al.  2008 ; Miyanaga et al.  2002 ). Different 
independent studies revealed that reduced TSP1 expression was associated with 
increased microvascular densities, increased invasion and poor prognosis (Miyanaga 
et al.  2002 ). The reduction in TSP-1 expression was associated with its methylation, 
suggesting what there is no “methylation-induced expression silencing”. It is 
believed that this methylation leads to a decrease in concentration of secreted active 
TGF-beta and attenuates its signalling growth as well (Li et al.  1999 ). 
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 Moving to Non-small cell lung cancer, when comparing NSCLC tissues with 
normal ones signifi cantly lower levels of TSP-1 and higher microvessel densities 
were observed. The same thing was observed when comparing late-stage NSCLC 
with early-stage NSCLC and in those with lymph node metastasis compared with 
those without metastasis. However this signifi cantly inverse correlation between 
TSP-1 expression and microvessels density was observed in squamous cell carci-
noma but not in adenocarcinoma. These results suggest an intimate relationship 
between micro vessel density and NSCLC progression, it also suggest that high 
expression of TSP-1 may play a crucial role in inhibiting tumour occurrence and 
development (Rojas et al.  2008 ). Furthermore, TXR1/TSP1 expression can be used 
to predict taxanes’ resistance in NSCLC treatment, where a study showed a correla-
tion between TSP1 expression levels and response to docetaxel-based fi rst–line che-
motherapy treatment in advanced/metastatic non-small-cell lung cancer patients. 
Patients with high TSP1 had longer progression free-survival, overall survival and 
response rate (Chen et al.  2009 ). 

 Regarding the role of TSP-1 in oral squamous cell carcinoma, there are contro-
versial results in literature, where one of the studies suggested that MVD (microvas-
cular density) counts were signifi cantly lower in tumours with high levels of TSP-1 
expression. It was also proved that expression levels were inversely correlated with 
the pattern of tumour invasion and with lymph nodal status. But there was no cor-
relation between its expression and T category and the histologic grade. In addition, 
Kaplan –Meier analysis reveal that the 5-year survival rate of TSP-1 high expres-
sion groups was signifi cantly higher than TSP-1 low expression groups (Papadaki 
et al.  2011 ). On the other hand, studies suggested that TSP-1 expression levels were 
high in stroma of oral SCC and it’s produced by mesenchymal cells, but not by the 
epithelial cells. This increase in stromal TSP-1 levels was associated with an 
increase in the MMP-9 and thus enhancing the proteolytic activity in a paracrine 
manner along with an increase in motility (Hayashido et al.  2003 ). To conclude with 
oral SCC, TSP-1 expression is considered as a valuable tool to assess the aggres-
siveness and prognosis of oral SCCs because of its inhibitory effect on tumour vas-
cularity (Yao et al.  2000 ). However, the stromal TSP-1 levels gave a totally different 
indication (Hayashido et al.  2003 ). 

 Results regarding the role of TSP-1 in pancreatic adenocarcinoma support the 
results seen in some oral SCC studies (Qian et al.  2001 ). High TSP- 1 stromal levels 
were observed in those carcinomas, where it was mostly produced by stromal cells 
as well as carcinoma cells (Mao et al.  2013 ; Kazerounian et al.  2008 ). Similarly, 
with Hepatocellular carcinoma, it was found that TSP-1 was synthesized in endo-
thelial cells, Hepatocellular carcinoma cells and in fi broblasts that surround the 
tumour. This suggested that TSP-1 is synthesized basically by non-parenchymal 
cells that surround the tumour, like fi broblasts and endothelial cells (Hayashi et al. 
 1997 ). 

 Interestingly, TSP-1 expression in cervical cancer was frequently reduced, sug-
gesting its intimate correlation with the malignant progression of cervical cancers. 
It was shown that the abnormal reduction of TSP-1 mRNA expression was caused 
by transcriptional down regulation of the gene such as epigenetic gene silencing, 
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while a deletion or mutational changes of TSP-1 were rarely seen. As with other 
types of cancer the inverse correlation between TSP-1 and microvascular density is 
seen here as well, it was thought that it is associated with an angiogenic phenotype 
in cervical cancer (Kodama et al.  2001 ). 

 Finally, its association with ovarian carcinoma was suggested as well. Data on 
this particular type of cancer revealed that a reduction in TSP-1 expression was 
associated with advanced epithelial ovarian carcinoma therefore the inhibitory 
effect of TSP1 was seen here as well (Alvarez et al.  2001 ). There is also a strong 
correlation between the absence of TSP-1 expression with FIGO (International 
Federation of Gynaecology and Obstetrics) staging and histological grading of 
ovarian cancer (Wei et al.  2012 ).     
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    Chapter 56   
 Tumour Necrosis Factor-α (TNF-α)                     

    Abstract     Tumour necrosis factor-α (TNF) has been discovered as a major regula-
tor of infl ammation. This protein was also identifi ed as an essential role player in the 
cytokine network. As a pluripotent mediator, TNF- α affects number of cellular/
molecular pathways including adhesion, migration, angiogenesis and apoptosis. It 
is a member of TNF family which is largely produced by T-cells and macrophages. 
Its main function is the regulation of immune system by activating T-cells, B-cells 
and macrophages in order to induce other cytokine’s expression and cell adhesion 
molecules. Furthermore, the prominent expression of TNF- α in blood vessels endo-
thelial cells refl ects its role during wound healing. It has been reported that TNF- α 
has an indirect angiogenic role, depending on the synthesis of secondary mediators 
such as vascular endothelial growth factor (VEGF). However, its dual angiogenic 
(pro/anti) roles in different conditions have been made it diffi cult to understand. 
Overall, TNF- α dysregulation has been connected to various human infl ammatory 
diseases in addition to several malignancies.  

  Keywords     Tumour necrosis factor-α   •   TNF-α   •   Angiogenesis   •   Normal physiology   
•   Disease   •   Malignancy   

56.1             Tumour Necrosis Factor-α (TNF-α) 

 Tumour necrosis factor (TNF-α) is a type of chemical mediators known as adipo-
kine involved in infl ammation and acute phase reaction. It is secreted primarily by 
activated macrophages, however, it can also be produced by other immune cells 
such as natural killer cell (NK), lymphocytes and neutrophils (Mocellin et al.  2005 ). 
The primary role of TNF-α is the regulation of immune cells. Its clinical importance 
lies with its association with wound healing and various human diseases such as 
infl ammatory bowel disease (IBD), prostate cancer.  
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56.2     TNF- α in Normal Physiology 

 TNF-α is an essential to stimulates local containment of infection, and increases the 
rate of wound healing cascade (Guo and DiPietro  2010 ). It also stimulate endothe-
lial cells at the injury site to express proteins that initiates the coagulation cascade 
in the local capillaries to reduce blood fl ow and prevent further loss of blood. It is 
crucial in preventing the pathogens from entering the blood stream (bacteraemia), 
which would enable them to spread systemically causing septic shocks. On the 
other hand, the fl uid that has entered into local tissue carries the pathogen enclosed 
phagocytic cells, especially dendritic cells through the lymphatic system to regional 
lymph nodes, hence, initiating the adaptive immune response. Also, innate immune 
response is triggered by the local tissue destruction, which stimulates the recruit-
ment of monocytes to the injury site (Guo and DiPietro  2010 ). They secrete TNF-α, 
which speeds up the pathogen exclusion and wound healing process. Once most of 
the pathogens have been excluded, the release of TNF-α is reduced, and fi broblasts 
begins to proliferate to facilitate the tissue regeneration/wound healing cascade 
(Sinno and Prakash  2013 ). 

 Sepsis is the condition whereby there is presence of pathogens in the blood-
stream (Thalheimer et al.  2005 ; Schulte et al.  2013 ). It can result in the systemic 
release of TNF-α causing vasodilation and reduction in plasma volume due to 
increased vascular permeability, which can trigger a septic shock (Thalheimer et al. 
 2005 ; Schulte et al.  2013 ). In these situations, disseminated intravascular coagula-
tion and blood clotting are also triggered by TNF-α, resulting in the depletion of 
clotting factors. It compromise in the normal coagulation cascade mechanism, so is 
often result in the failure of vital organs, for example, heart, liver, etc. and associ-
ated with death (Schulte et al.  2013 ).  

56.3     TNF-α in Disease 

 TNF-α is believed to plays a signifi cant role in infl ammatory bowel disease (IBD) 
as it is a pro-infl ammatory factor. One theory is that the over-imbalance of pro- 
infl ammatory cytokines contributes to an over-active immune system and chronic 
infl ammation of the gastrointestinal tract (GIT) (Komatsu et al.  2001 ). Another 
theory of IBD is that the patient’s immune system is constantly being stimulated 
due to an unknown reason, hence is always in an activated state (Rubin et al.  2000 ). 
The binding of TNF-α with surface TNF-α receptor 1 and TNF- α receptor 2 stimu-
lates infl ammation of the GIT. Hence, it is contributing to the development of ulcers 
and persistent infl ammation, which are characteristic of IBD (Papadakis and Targan 
 2000 ; Komatsu et al.  2001 ). 

 Therefore, controlling the infl ammation becomes an integral to the treatment of 
infl ammatory bowel disease (IBD). One way of controlling or modifying the infl am-
mation is through medications. Medications that modifi es the normal response of 
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immune system are called, immunomodulators, and those that specifi cally targets 
TNF-α are known as anti-TNF agents. Modifying or supressing the imbalance in the 
immune system can restore the immune system and therefore, prevents ongoing 
ulcer development and infl ammation. Anti-TNF medications works by binding to 
free fl oating TNF-α in the extracellular space and transmembrane TNF-α found on 
the cell surface, which prevents their subsequent binding to the target receptors, 
hence, reduces the effects of infl ammation. Examples of anti-TNF medication used 
in IBD include Infl iximab (monoclonal antibody), Certolizumab Pegol (PEGylated 
Fab’), etc. Survey has shown that ulcers can be healed within a few weeks in patients 
receiving anti-TNF therapy. Common side effects of anti-TNF therapy may include 
developing tolerance of the medication, which occurs in 50 % of the patients after 
undergoing anti-TNF therapy for 12 month. Therefore, it is very important for the 
patients to be under the advice of their physicians when undertaking this type of 
therapy (Braegger et al.  1992 ).  

56.4     TNF-α in Malignancy 

 Tumour necrosis factor-alpha (TNF-α) exhibits dual effects in the development of 
tumours. It is cytotoxic to tumour cells in higher dose; however, it is also involved 
in tumour formation and angiogenesis in chronic release of low dosage in the 
tumour environment, such as in prostate cancer (Nakashima et al.  1998 ; Bertazza 
and Mocellin  2010 ; Fajardo et al.  1992 ; Ricote et al.  2003 ). 

 TNF-α has a dose-dependent opposing effects on angiogenesis. Animal studies 
indicates that TNF-α induces in vitro chemotaxis of adrenal capillary endothelial 
cells and initiates angiogenesis in lower doses (0.05–0.5 U/mL). However, at higher 
TNF doses (0.5 mg/L) prohibits angiogenesis and tumour formation (Nakashima 
et al.  1995 ). These characteristics of TNF-α make it desirable in potential anti- 
cancer treatments as the delivery of high dose of TNF-α could slow down or inhibit 
the progression of carcinogenic growth by reducing its vasculature, and like its 
name suggests, causing necrosis of tumours. In the contrary, these research also 
indicates that chronic release of low dose of TNF-α can increase the ability of can-
cerous tissue to metastasise due to its angiogenic effects (Nakashima et al.  1995 ). 
Therefore, two types of treatments have been developed based on current under-
standing of TNF-α: One is to reduce TNF-α level in patients to prevent further 
growth and metastasis of the tumour, and the other is to delivery high dose of TNF-α 
to the patient to induce tumour necrosis effects. 

 Emerging evidence in recent studies indicate that TNF-α also has a signifi cant 
role in castration-induced regression of the normal prostate (Debes and Tindall 
 2004 ). Prostate cancer development is regulated by androgen dependent gene path-
ways. Consequently, androgen removal was believed to be an effective method for 
the treatment of prostate. The treatment of prostate cancer has changed from castra-
tion (removal of testis) to interventions that are directly associate with the 
hypothalamic- pituitary-gonadal axis, which secretes testosterone (Szlosarek and 
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Balkwill  2003 ). Initially, these therapies are very effective and results in improve-
ment lasting 2–3 years. However, all patients eventually develop castrate resistant 
prostate cancer (CRPC), which cannot be treated at this stage (Wang and Lin  2008 ; 
van Horssen et al.  2006 ). TNF-α is involved the progression of prostate cancer to a 
castrate resistant state, at least in some patients, as evidence suggests that long term 
exposure to low amount of TNF-α contributes to hypersensitivity to androgen- 
sensitive human prostate adenocarcinoma cells, thus induces the resistance (Smyth 
et al.  2004 ).     
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    Chapter 57   
 Urokinase Plasminogen Activator                     

    Abstract     The urokinase plasminogen activator system (uPAS) is an essential 
mechanism in a wide variety of biological processes such as fi brinoloysis, infl am-
mation, atherosclerotic plaque formation, matrix remodeling during wound healing, 
tumor invasion, angiogenesis, and metastasis. The urokinase plasminogen activator 
(uPA) is a member of the urokinase plasminogen activator system (uPAS) which can 
bind to its receptor (uPAR) and initiates a proteolytic cascade resulting in the con-
version of plasminogen to plasmin. Plasmin with its proteolytic function leads to 
degradation a number of extracellular basement membrane components as well as 
activation of metalloproteinases. This enzymatic function of uPA is involved in a 
range of physiopathological processes requiring basement membrane (BM) and/or 
extracellular matrix (ECM) remodeling, including tumor progression and metasta-
sis. It has been frequently reported that the overexpression of uPA and its receptors 
is associated with tumour invasion and metastasis. Moreover, an increased expres-
sion of uPA, uPAR, and PAI-1is correlated with poor prognosis in several cancers 
including breast cancer. Therefore, due to the involvement of uPA in cancer pro-
gression, uPA system can be a potent candidate for manipulation and cancer treat-
ment as a targeted therapy.  

  Keywords     Urokinase plasminogen activator   •   uPA   •   Angiogenesis   •   Normal physi-
ology   •   Disease   •   Malignancy   

57.1             Urokinase Plasminogen Activator (uPA) 

 Urokinase plasminogen activator (uPA) is a serine protease, which has been shown 
to play key roles in numerous physiological processes, including the stimulation of 
angiogenesis (Ulisse et al.  2009 ; Huang et al.  2015 ; Choong and Nadesapillai  2003 ). 
uPA forms part of the urokinase plasminogen activator system (uPAS), along with 
the receptor uPAR and its two inhibitors PAI-1 and PAI-2 (Duffy  2004 ). This chap-
ter is focused on the protease uPA, which is responsible for regulating the migration, 
proliferation and adhesion of cells in the process of tissue remodeling. uPA is a key 
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regulator of angiogenesis, but affects many other cellular processes including pro-
tein expression, receptor shedding, cytokine modulation, tissue remodeling and 
phenotypic modulation (Parfenova et al.  2009 ; Lund et al.  2011 ).  

57.2     uPA in Normal Physiology 

 The role of uPA in angiogenesis is well established (Hildenbrand et al.  1995 ; 
Kaneko et al.  2003 ; Min et al.  1996 ; Heymans et al.  1999 ; Parfyonova et al.  2002 ; 
Traktuev et al.  2007 ). For angiogenesis to occur endothelial cells must proliferate, 
the extracellular matrix must be degraded, endothelial cells must migrate and a new 
matrix must be synthesized. uPA has been shown to play an important role in extra-
cellular matrix remodeling and the release of growth factors for angiogenesis 
(Mekkawy et al.  2014 ). uPA binds to uPAR at the cell surface and causes a protein 
cascade including plasmin formation. Plasmin formation results in the activation or 
release of matrix metalloproteases (MMPs), such as MMP-3 and MMP-12 
(Mekkawy et al.  2014 ; Duffy  2004 ). MMPs cause extracellular proteolysis and deg-
radation of basement membrane proteins, including fi bronectin. This process where 
the vessel is destabilized is a necessary step so that endothelial cells can migrate to 
allow the generation of new capillaries (Parfenova et al.  2009 ). Plasmin activation 
through uPA also results in the release of growth factors for angiogenesis, including 
hepatocyte growth factor (HGF), vascular endothelial growth factor (VEGF), FGF2 
and TGFß. These growth factors stimulate angiogenesis. For example, VEGF pro-
motes endothelial cell proliferation following the degradation of the extracellular 
matrix by uPA (Duffy  2004 ). A study by Tsokolaeva et al. examined mice with 
infarcted hearts and revealed that those defi cient in uPA had impaired angiogenesis 
and that this process was not stimulated by VEGF. This indicated that VEGF angio-
genic activity is dependent upon uPA (Traktuev et al.  2007 ). This reveals the impor-
tance of uPA for myocardial angiogenesis. 

 Through these mechanisms uPA plays an essential role in regulating angiogene-
sis in normal physiology. The expression of uPA is correlated with angiogenesis in 
the female reproductive tract (Parfyonova et al.  2002 ). The fundamental role uPA 
plays in normal physiology is also seen in its facilitation of wound healing through 
regulation of angiogenesis. A study by Piao et al., revealed that the lipid sphingo-
myelin metabolite, sphingosylphosphorylcholine (SPC), is able to improve wound 
healing through upregulation of uPA (Piao et al.  2005 ). SPC increased the transcrip-
tional and translational levels of uPA. These increased uPA levels stimulated angio-
genesis and this was shown to signifi cantly accelerate the closure of a wound in an 
 in vitro  model. This study revealed the importance of uPA in angiogenesis for 
wound healing. uPA stimulates extracellular matrix degradation and cell migration, 
facilitating angiogenesis. This provides a route for nutrients and immune cells to 
reach the injury site, improving wound repair (Piao et al.  2005 ).  
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57.3     uPA in Disease 

 uPA plays a complex and important role in angiogenesis in infl ammation, tissue 
ischemia and malignant tumours. Hence, intervening with the role of uPA holds 
therapeutic promise. Excessive expression of uPA has been shown to promote 
tumour growth and metastasis, thus suggesting that locally suppressing the activity 
of uPA may be a target for anti-cancer therapies (Parfyonova et al.  2002 ). On the 
other hand, uPA overexpression has been suggested as a method of stimulating 
angiogenesis in ischemic tissues (Traktuev et al.  2007 ). This complex role in disease 
and malignancy is discussed in the following paragraphs. 

 The role of uPA in stimulating angiogenesis suggests its therapeutic signifi cance 
as a thrombolytic drug in infarction. Numerous studies have shown that uPA pro-
vides tissue protection and improved blood fl ow to ischemic tissue. Tsokolaeva 
 et al.  studied mice with experimentally produced hindlimb ischemia (Traktuev et al. 
 2007 ). It was concluded that wild type mice were better able to restore blood fl ow 
than mice with uPA defi ciency. Additionally, uPA did not cause oedema or hyper-
vascularisation of nonischemic regions (Traktuev et al.  2007 ). Such studies indicate 
the relevance for uPA in treating tissue ischemia. Heymans et al. ( 1999 ) showed that 
uPA is critical for angiogenesis following myocardial infarction. This study con-
cluded that mice with uPA defi ciency had impaired myocardial angiogenesis fol-
lowing heart infarction. They suffered depressed cardiac contractility, ischemia and 
arrhythmias, resulting in death (Heymans et al.  1999 ).  

57.4     uPA in Malignancy 

 The involvement of uPA in tumor malignancy has been a focus of much research 
(Choong and Nadesapillai  2003 ; Ulisse et al.  2009 ; Duffy et al.  1988 ; Mekkawy 
et al.  2014 ; Duffy  2004 ). Current data indicates that through stimulating angiogen-
esis uPA plays a fundamental role in tumor growth and progression (Duffy  2004 ). 
Mekkawy et al. found that high uPA levels in tumour tissue correlated with tumor 
aggressiveness and survival (Mekkawy et al.  2014 ). uPA is involved at numerous 
steps in cancer progression by facilitating the migration of endothelial, smooth mus-
cle, infl ammatory and cancerous cells – therefore facilitating invasion, angiogenesis 
and cancer metastasis (Mekkawy et al.  2014 ). Proteolysis of the extracellular matrix 
and basement membrane, which is caused by uPA, is necessary to facilitate angio-
genesis, invasion and metastasis of a tumor (Parfenova et al.  2009 ). 

 Duffy et al., described uPA to be an extremely signifi cant prognostic factor for 
breast cancer (Duffy et al.  1988 ). A study of 8377 patients with breast cancer 
revealed that uPA levels measured is a stronger predictor of breast cancer outcome 
than tumor grade or tumor size. The concentration of uPA in breast tissue extracts 
of benign tumours was found to be 19 times lower than in cancer tissue (Duffy et al. 
 1988 ). This is due to uPA involvement in angiogenesis but also in other steps of 
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tumor development (Mekkawy et al.  2014 ). Jelisavac-Cosic et al. ( 2011 ) completed 
a seven and a half year follow up study on patients with invasive breast cancer, 
which showed a correlation between elevated uPA levels and aggressiveness of the 
tumour. Additionally, recent investigations have associated uPA with metastasis and 
poor outcome for melanoma patients. The levels of uPA found in melanomas are 
signifi cantly elevated compared to normal levels (Gershtein et al.  2001 ). 

 The results of such studies have indicated that uPA could be an attractive target 
in tackling cancer. Research has primarily focused on inhibiting uPA via two main 
mechanisms – either by preventing uPA binding to uPAR or by inhibiting the cata-
lytic activity of uPA (Mekkawy et al.  2014 ). A study by Min et al. showed how 
uPAR antagonists can be successful in inhibiting tumour angiogenesis and progres-
sion (Min et al.  1996 ). In an  in vitro  model, the growth factor domain of uPA was 
bound to the Fc portion of IgG. This molecule antagonized the action of uPA bind-
ing its receptor. Angiogenesis was inhibited and B16 melanoma growth was sup-
pressed in syngeneic mice (Min et al.  1996 ). 

 While the link between uPA levels and tumour aggressiveness is well established 
for some cancers, some studies on the relevance of uPA is certain cancers have 
yielded confl icting results (Mekkawy et al.  2014 ). Numerous studies have shown 
that uPA expression is higher in gastric tumour than in normal tissue and that high 
uPA levels are linked with shorter survival (Mekkawy et al.  2014 ). Kaneko et al. 
showed that increased levels of uPA correlated with tumor angiogenesis and also 
with a decreased survival rate for patients with gastric cancer (Kaneko et al.  2003 ). 
This study on tumors from 101 patients concluded that survival of patients with uPA 
protein expression was lower than patients with negative expression. uPA was 
shown to be correlated with tumor microvessel density (MVD), suggesting an 
important role of uPA in angiogenesis in gastric cancer (Kaneko et al.  2003 ). 
However, the results of other studies have suggested that prognosis of gastric cancer 
is not correlated with uPA levels (Mekkawy et al.  2014 ). Therefore, further research 
is required in this area. In 2015, a study for the fi rst time has found the correlation 
between elevated expression of uPA and tumour invasiveness of endometrial endo-
metrioid adenocarcinoma (EEC) (Huang et al.  2015 ). However, unlike the uPA 
angiogenic involvement in other malignancies such as breast cancer, the mechanism 
of this gene in tumorigenesis and metastasis of EEC is not completely clear.     
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    Chapter 58   
 Vascular Endothelial Growth Factor (VEGF)                     

    Abstract     One of the best-validated signalling pathways in angiogenesis is vascular 
endothelial growth factor (VEGF) and its receptors. VEGF family encompasses 7 
VEGF glycoproteins members including, VEGF-A, VEGF-B, VEGF-C, VEGF-D, 
and VEGF-E and placental growth factors 1 and 2 (PLGF). Of these, the very well- 
characterized member is VEGF-A. Vascular endothelial growth factor, also known 
as vascular permeability factor (VPF), is an endothelial cell-specifi c mitogen and 
motogen which promotes angiogenesis and is a potent mediator of vascular perme-
ability as well as being a key mediator of tumour-associated neoangiogenesis and 
progression. VEGF has been shown as an autocrine stimulator of proliferation, 
migration and survival in hematological, pancreatic and prostatic tumour cells. In 
addition to this, its expression is upregulated in the majority of human tumours and 
many other disorders. Therefore, inhibition of VEGF in xenografts brought a prom-
ising horizon for antineoplastic and antiangiogenic methods of cancer treatment and 
revealed the regulating role of VEGF in angiogenesis and tumour growth.  

  Keywords     Vascular endothelial growth factor   •   VEGF   •   Angiogenesis   •   Normal 
physiology   •   Disease   •   Malignancy   

58.1             Vascular Endothelial Growth Factor (VEGF) 

 Vascular endothelial growth factor (VEGF) is a molecule that activates the process 
of angiogenesis (Folkman and Shing  1992 ; Folkman  1995 ). Under normal physio-
logical conditions, VEGF protein functions to form new blood vessels during 
embryonic development, new blood vessels after injuries, formation of new vessels 
to bypass blocked vessels (collateral circulation) and form muscle following exer-
cise (Hoeben et al.  2004 ). VEGF is also responsible for stimulating vascular endo-
thelial cell growth, survival and proliferation (Boehm et al.  1997 ). 

 VEGF belongs to a family of proteins that are all structurally related (Hoeben 
et al.  2004 ). They all regulate growth of different components of the vascular 
 system, in particular blood and lymph vessels. VEGF-B, VEGF-C and VEGF-D, 
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VEGF-E (viral factor) and Placental Growth Factors (PLGF) are all members of this 
family (Ferrara and Davis-Smyth  1997 ). However, of these, VEGF-A (simply 
known as VEGF) is the most angiogenic protein inducing migration of endothelial 
cells, mitosis of endothelial cells, increasing metalloproteinase activity and creation 
of blood vessel lumen (Stuttfeld and Ballmer-Hofer  2009 ). In addition to VEGF-A’s 
mitogenic (endothelial cells) biological properties, it also is a vasodilator, thus 
inducing increased microvascular permeability (Stuttfeld and Ballmer-Hofer  2009 ).  

58.2     VEGF in Normal Physiology 

 There are a wide variety of human and animal tissues, expressing low levels of 
VEGF-A, while some tissues such as fetal tissues, the placenta, corpus luteum and 
in many human tumours, requiring angiogenesis produce high levels of VEGF-A 
(Roskoski  2007 ; Maharaj et al.  2006 ). VEGF-A plays an important role in postnatal 
angiogenic processes; wound healing, ovulation, menstruation, maintenance of 
blood pressure and pregnancy, to name a few. This protein enhances the permeabil-
ity of endothelial cells through increasing the activity of vesicular-vacuolar organ-
elles which are clustered vesicles to promote the transport of metabolites between 
luminal and abluminal plasma membrane. VEGF-A can also increase the permea-
bility of endothelial cells by affecting the arrangement of cadherin/catenin com-
plexes in order to weaken the adherence of endothelial cell junctions (Esser et al. 
 1998 ; Dvorak et al.  1995 ; Kevil et al.  1998 ). 

 All Vascular Endothelial Growth Factor ligands elicit their angiogenic response 
by binding to VEGF specifi c receptors, which are all tyrosine kinase receptors 
(VEGFRs). The binding of the VEGF ligand to VEGFR causes dimerization and 
activation via transphosphorylation and signal transduction (Cébe-Suarez et al. 
 2006 ). VEGFR-1, VEGFR-2 and VEGFR-3 are known as the primary receptors for 
VEGF. VEGFR-1 and VEGFR-2 are more closely related to angiogenesis whereas 
VEGFR-3 is associated with Lymphangiogenesis (Hicklin  2004 ). VEGF receptors 
vary in their endothelial expression. VEGFR-2 is expressed on almost all endothe-
lial cells, however VEGFR-1 and VEGFR-3 are expressed in distinct vascular beds 
(Witmer et al.  2002 ). Extracellular co-receptors Neuropilin-1 and Neuropilin-2 are 
believed to somewhat increase ligand binding affi nity to primary receptors 
(VEGFR- 1,2,3) but their specifi c role in angiogenesis is still not clearly understood 
(Kumar et al.  2009 ). VEGFR-1 is an important receptor for embryonic angiogenesis 
(vessel formation) but does not however associate closely with any pathologic con-
ditions. VEGFR-2 on the other hand is responsible for the majority of angiogenic 
effects given off by VEGF including microvascular permeability, endothelial cell 
proliferation, migration, invasion and survival of blood vessels (Wiesmann et al. 
 1997 ). 

 VEGF-A is one of the main growth factors released by activated platelet during 
infl ammation. The gene attracts monocytes and neutrophils. VEGFR-1 is expressed 
on infl ammatory cells (Dvorak  2002 ). Specifi c role or mechanism that VEGF-A plays 
in the process is not very clear but it is known that the neutrophils and monocytes 
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that are recruited from the circulation produce a number of pro-infl ammatory 
 cytokines such as IL-1B and TNF-a (Hoeben et al.  2004 ). These cytokines also 
 up- regulate gene expression of VEGF-A in keratinocytes at wound margins. The 
formation of new blood vessels plays an integral part in wound healing.  

58.3     VEGF in Disease 

 VEGF has been shown to be involved in several diseases including eye diseases, 
proliferative diabetic retinopathy (PDR), diabetic macular edema (DME), heart fail-
ure, and hydrocephalus (Taimeh et al.  2013 ; Osaadon et al.  2014 ; Gupta et al.  2013 ; 
Penn et al.  2008 ; Testa et al.  2008 ; Shim et al.  2014 ). 

 Development of both proliferative diabetic retinopathy (PDR) and diabetic mac-
ular edema (DME) is associated with the central role of VEGF (Gupta et al.  2013 ; 
Osaadon et al.  2014 ). VEGF can lead to altering retinal capillary permeability 
through increasing the phosphorylation of some proteins involved in tight-junctions 
such as zonula occludens (Antonetti et al.  1999 ). High levels of VEGF result in 
activation of mitogen-activated protein (MAP) and endothelial cell proliferation. 
VEGFR-2 induction has been also reported to activate the phophatidylinositol 
3-kinase (PI3)/Akt pathway. These cascades can promote endothelial cells to release 
matrix metalloproteinases (MMPs) and urokinase-type plasminogen activator 
which subsequently lead to basement membranes degradation and cell migration. 
Basement membranes for the newly formed capillaries have been synthesized fol-
lowing by proliferation and migration of endothelial cells (Witmer et al.  2003 ). 
Pericytes and smooth muscle cells that are regulated by platelet-derived growth 
factor (PDGF) are key factor to control the stability of these capillaries (Osaadon 
et al.  2014 ; Gupta et al.  2013 ). There are several available drugs against VEGF with 
the purpose of reducing neovascularization and vessel leakage by blocking its 
effects. Bevacizumab, Ranibizumab, Pegaptanib and Afl ibercept are these commer-
cial drugs in this class which are effective in inhibiting neovascularization associ-
ated with various retinal proliferative vascular diseases (Osaadon et al.  2014 ; Gupta 
et al.  2013 ). 

 Heart failure has several underlying causes among which dysfunctional blood 
vessel formation is a main problem (Taimeh et al.  2013 ). According to some 
researches, initial upregulated of VEGF has been observed in the initial phases of 
heart failure, however decreased expression of VEGF-A is connected to dispropor-
tionate microvascular growth and decreased capillary density (Murohara et al. 
 1998 ). Valuable information has been gathered about the potential function of tar-
geting VEGF as a treatment option for heart failure. However, it has not, to date, 
published the clinical benefi ts of VEGF gene therapy in patients with coronary 
artery disease or peripheral artery disease (Testa et al.  2008 ). 

 Hydrocephalus is a medical condition characterized by abnormal accumulation 
of cerebrospinal fl uid (CSF) in the brain ventricles (Shim et al.  2014 ). It has been 
noticed that high expression of VEGF is linked to CSF of neonatal and pediatric 
patients with hydrocephalus (Naureen et al.  2014 ). Furthermore, elevated VEGF 
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has been reported in the cerebral tissues adjacent to the neuroepithelium of prema-
ture infants with ventriculomegaly in the presence of hemorrhage and in the peri-
ventricular white matter following subarachnoid hemorrhage (Chu et al.  2011 ). 
However, hydrocephalus is believed a secondary event next to infection and trau-
matic brain injury. Therefore, elevated VEGF in the CSF could be a consequence of 
hydrocephalus and a number of injury mechanisms could increase VEGF and can 
play as a repair response to insuffi cient angiogenesis, cerebral injury or neural 
degeneration (Shim et al.  2014 ).  

58.4     VEGF in Malignancy 

 VEGF is a principal regulator of tumour angiogenesis. VEGF can establish new 
vasculature in early stages of tumour development (Karamysheva  2008 ). By recruit-
ing bone-marrow-derived progenitor cells, VEGF is able to stimulate tumour growth 
at primary and metastatic sites (Hoeben et al.  2004 ). After the establishment of the 
blood vessels, VEGF can continue to help the vessels grow via endothelial cell pro-
liferation, migration and invasion. Furthermore, VEGF also help the supporting 
blood vessels to survive by inhibiting endothelial cell apoptosis and fuelling the 
tumour with adequate nutrients (Felmeden et al.  2003 ). 

 Under hypoxic conditions the human body up regulates Erythropoietin (EPO) 
gene transcription, the hormone that increases number of erythrocytes to meet the 
body’s metabolic needs (Haase  2010 ,  2013 ). It is quite common to observe localised 
hypoxia within a specifi c region or organ due to insuffi cient perfusion. VEGF-A 
plays a key role angiogenesis and neo-vascularisation, increasing oxygen and 
energy substrate perfusion (Carmeliet and Jain  2000 ; Hillen and Griffi oen  2007 ). 
VEGF mRNA transcription is up regulated when cells are under hypoxic or hypo-
glycaemic pressure. Usually hypoxia decreases the global rate of translation, how-
ever VEGF mRNA’s have an internal ribosome entry site (IRES) that drives protein 
synthesis during time of low oxygen (Semenza  2001 ). Hypoxic inducible protein 
complex (HIF-1) produced by hypoxic cells binds to enhancer sequences of 
VEGF-A gene, EPO gene and other important genes such as one for crucial glucose 
transporters and glycolytic enzymes (Haase  2010 ,  2013 ). VEGF is released as a 
result. The HIF-1 gene is a heterodimer made up of HIF-1a and HIF-1B subunits. 
Under normal levels of oxygen HIF-1a is degraded via hydroxylation then ubiquiti-
nation (Hoeben et al.  2004 ). HIF-1b is always expressed and is very stable. Growth 
factors such as insulin like growth factors 1 and 2 and bFGF have also been studied 
and shown to increase expression of HIF-1a (Carmeliet et al.  2001 ). VEGFR-1 up 
regulation expression is also hypoxia induced as well as VEGFR- Placental growth 
factor (PIGF) a gene that binds to VEGFR1 apparently also is hypoxia induced in 
several body tissues and along with VEGF has synergistic effects on angiogenesis 
(Enholm et al.  1997 ). 

 Tumour Necrosis Factor-Alpha (TNF-a) is an infl ammatory cytokine that trig-
gers the release of a number of angiogenic molecules (bFGF, PAF, VEGF-A and 
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VEGF-C) as well as up regulating other proteolytic systems (Hoeben et al.  2004 ). 
More importantly, TNF-a has actually been proven to increase VEGFR-2 transcrip-
tion within endothelial cells (Sainson et al.  2008 ; Giraudo et al.  1998 ). Other growth 
factors that have been shown to increase VEGF-A mRNA expression include Tissue 
Growth factor (TGF), Platelet Derived Growth factor BB (PDGF-BB) and Epidermal 
Growth factor (EGF). According to a study published in 1998, VEGF-A mRNA is 
triggered  in vivo  in wounds by PDGF and also by EGF and TGF but to a lesser 
effect (Carmeliet and Collen  1998 ). Another study also proposed that IL-1 in human 
synovial fi broblasts and IL-6 in tumour cell lines also induce VEGF-A expression 
(Hyder  2002 ). 

 Of the many hormone studied to be involved with VEGF, estrogens show the 
most clear angiogenic biological properties (Barnabas et al.  2013 ). Estrogens have 
been shown to trigger gene transcription of VEGF-A whilst also stabilising VEGF-A 
mRNA which extends the half- life of the transcripts (Ruohola et al.  1999 ). The 5′ 
regulatory regions within the VEGF-A gene are not associated with the Estrogen 
response; rather the regulatory regions with AP-1 and Sp1 sites are the ones that are 
associated with Estrogen mechanism (Hoeben et al.  2004 ). The effect of testoster-
one on VEGF-A gene transcription has been studied in androgen-dependent S115 
mouse breast cancer cell line as well as human prostatic tissue. According to the 
study, it was found that testosterone increased VEGF-A expression whilst VEGF-B 
and VEGF-C are not affected by the hormonal treatment to the same effect of 
VEGF-A (Scaldaferri et al.  2009 ). 

 As explained in the introductory section, tumour growth and metastatic dissemi-
nation are closely linked with angiogenesis – a vital supply of blood, nutrients and 
oxygen (Carmeliet and Jain  2000 ). VEGF pathway is a key regulator of this process 
and has been well documented in scientifi c literature (Senger et al.  1993 ; Roskoski 
 2007 ). The activation of the VEGF/VEGF-receptor pathway starts a number of sig-
nalling processes that initiate endothelial cell growth, migration, mitogenesis, ves-
sel permeability, migration and differentiation and pre-existing vasculature survival 
(Sakurai and Kudo  2011 ). Overexpression of VEGF has been shown to have a link 
with tumour development and growth in colorectal carcinomas, thyroid, prostate 
cancer, pancreatic carcinomas gastric carcinomas, breast cancer, cervical cancer 
and melanoma (Salajegheh et al.  2013 ,  2014 ,  2015 ; Tomao et al.  2014 ; Dana et al. 
 2015 ; Hirakawa et al.  2005 ; Nishida et al.  2006 ). 

 VEGF is an extremely powerful inducer of vascular permeability – in fact 50,000 
fold more potent than histamine. This biological property of VEGF is of upmost 
importance with regards to hyper permeability of vessel of tumour that can be attrib-
uted to tumour cell expression of VEGF (Matsumoto and Ema  2014 ). The permea-
bility is said to induce leakage of many plasma proteins into the interstitial fl uid. 
These include fi brinogen and clotting proteins (Gerber et al.  1998 ). The deposit of 
fi brin within extravascular spaces can alter normally antiangiogenic stroma in typi-
cal tissues into a pro-angiogenic environment. 

 VEGF can induce a several different effects on vascular endothelial cells includ-
ing morhophological changes, alterations in cytoskeleton and stimulation of cell 
growth and migration (Matsumoto and Ema  2014 ). VEGF is known to upregulate 
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the expression of many endothelial cells genes such as procoagulant tissue factor, 
fi bronylytic pathway proteins, GLUT-1 glucose transporters, nitric oxide synthase 
(Gerber et al.  1998 ). VEGF also shows vasodilation properties through the release 
of nitric oxide (NO) and prostaglandins. Increased heart rate, hypotension comes as 
a result (Yang et al.  2002 ). 

 VEGF has been clinically proven to be an apoptosis inhibitor by increasing gene 
expression of anti-apoptic proteins including bcl-2 and activating a pathway by the 
name of P13K-Akt in vitro (Hicklin  2004 ). Endothelial cells of the newly formed 
vessels of tumour are known to show particular dependence of VEGF but not those 
that are well established. 

 VEGF acting as a mitogen for endothelial cells induces proliferation mainly 
involving VEGFR-2 as they are able to activate a few extracellular kinases. Protein 
Kinase C pathways also seems another pathway by which proliferation is mediated 
(Garcia-Barros  2003 ). 

 The bone marrow is responsible for production of hematopoietic stem cells 
(HSC’s), endothelial cells, osteoblasts and osteoclasts all which are responsive to 
VEGF (Yoder  2012 ). Endothelial progenitor cells (EPC)’s originate from HSC’s 
and when stimulated can enter the circulation (Yoder  2012 ). Once in the circulation 
EPC’s are referred to as circulating EPCs (CEPs). Scientifi c evidence suggests that 
EPCs that are bone marrow made aid tumour vascularisation as they are taken to 
neovascularisation areas and complement angiogenesis (Dias et al.  2000 ). 

 VEGFR’s on the endothelium of tumours are stimulated by VEGF (Olsson et al. 
 2006 ). Numerous studies have also investigated the role of VEGF on stimulation of 
VEGFRs on tumour cells themselves on non-small lung cell carcinomas, prostate 
carcinomas, breast carcinomas and melanomas (Garcia-Barros  2003 ; Adams et al. 
 2000 ; Rajabi et al.  2012 ; Achen and Stacker  2006 ; Alevizakos et al.  2013 ; Botelho 
et al.  2010 ; Das and Wakelee  2012 ). VEGFR expression by tumour cells in addition 
to already known capacity for malignancies to express VEGF introduces a potential 
role for a VEGF/VEGFR autocrine loop within these tumours. Treatment with 
Bevacizumab shows that these autocrine loops lie within human leukaemia and sup-
port cell survival and migration in vivo cell leukaemia (Zahiragic et al.  2007 ). 
Clinical blocking of the VEGFR-2 gene via a synthetic antibody administered to 
mice bearing human leukemic xenografts resulted in reduced tumour growth 
(Sullivan and Brekken  2010 ). 

 The VEGF pathways close association with tumour related angiogenesis poses 
an obvious therapeutical exploitation area in oncology studies (Ferrara and Kerbel 
 2005 ). By inhibiting the VEGF pathway, anti- angiogenesis treatment can be 
achieved to arrest or slow down tumour growth. One of the most well-known of the 
angiogenesis inhibitors is a drug called Bevacizumab (Avastin) as a monoclonal 
antibody – a laboratory synthesised molecule that is made in such a way that they 
mimic the antibodies that the human body naturally produces as part of the immune 
system (Shih and Lindley  2006 ). The antibody binds to VEGF and blocks signalling 
of the molecule, leading to supressed formation of new blood vessel growth (Wild 
et al.  2000 ). Reduced nutrient supply to the tumour can slow or stop its growth. The 
U.S. Food and Drug Administration (FDA) approves of Bevacizumab to be used 
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alone for glioblastoma (tumours that originate from connective tissue in brain) and 
when in combination with other drugs for treatment of non-small cell lung cancers, 
metastatic colorectal cancer as well as metastatic renal cell cancer (Summers et al. 
 2010 ; Cohen et al.  2007a ,  b ; Gil-Gil et al.  2013 ). Anti-VEGFR-2 antibodies have 
also been used and shown to decrease signalling, angiogenesis and primary meta-
static growth (Niu and Chen  2010 ). Another option is to block VEGFR tyrosine 
kinase activity via tyrosine kinase inhibitors (Dias et al.  2000 ). Antiangiogenic con-
ditions can also be achieved via inhibition of other regulators of VEGF gene regula-
tion such as HIF-1a and COX-2 (Messmer-Blust et al.  2009 ; Wang et al.  2004 ). 
Tumour specifi c toxins can also be administered which induce vascular damage 
within tumour cells without producing toxic effects to normal tissues (Hoeben 
 2004 ). An example is VEGFA165-DT385 conjugate, which has been shown to 
inhibit tumour growth  in vivo  (Hoeben  2004 ). Apoptosis induced drug delivery 
(AIDD), a relatively new mechanism undergoing research aims to effi ciently deliver 
drugs from carrier cells to tumour cells (Ma and Gallo  1998 ). Drug delivery is opti-
mised in this way as tumour cells engulf apoptotic bodies fi lled with drugs via 
phagocytosis and since the apoptotic membrane is more permeable drug transport is 
improved. Rapamycin, a drug that impairs tumour cell VEGF-A secretion can also 
be used in certain cases as well as DNA vaccinations (Vanneman and Dranoff  2012 ). 
VEGF/VEGFR targeted therapies alone have only been known to show very limited 
effectivity in human patients. Further cytotoxic therapy that is able to act on the 
rapidly proliferating neoplastic should be introduced for optimal regressions. 

 To conclude, angiogenesis plays a critical role in the development of the capil-
lary network in all human beings: essentially, it builds on the existing network that 
has been formed by vasculogenesis (Papetti and Herman  2002 ). After all, every 
tissue in the body does require a blood supply. This blood supply is formed through 
either sprouting angiogenesis, or the more recently discovered intussusceptive 
angiogenesis (Karamysheva  2008 ). 

 Yet, although fundamental throughout life, angiogenesis does not always have 
positive effects for the human body. Evidently, there are instances when angiogen-
esis should be promoted, but there are also cases where its inhibition is benefi cial, 
but more so therapeutic. Inhibition of angiogenesis is highly benefi cial in many 
diseases and cancer (Ferrara and Kerbel  2005 ). The majority of research into angio-
genesis has centred on controlling the process with regards to these pathologies. 
This is obviously due to the plethora of research papers conducted in regards to 
them with the hope of fi nding effective curative procedures involving drugs and 
genetic therapies for the diseases and cancers they are involved in. Therefore, the 
future research into angiogenesis lies in establishing more drugs and specifi c inhibi-
tors of the angiogenesis process in both disease and cancer. It appears what is most 
urgent to not only medicine but also humanity is fi nding a cure for metastatic tumour 
growth in the body through drugs that can effectively inhibit angiogenesis in these 
tumours while causing minimal side effects in the body.     
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    Chapter 59   
 Vascular Cell Adhesion Molecule-1 (VCAM-1)                     

    Abstract     Expressed on activated endothelial cells, vascular cell adhesion mole-
cule- 1 ( VCAM-1)  is an immunoglobulin-like adhesion molecule. It is not expressed 
under baseline conditions; however it is quickly induced in response to infl amma-
tory stimuli, such as the cytokines tumour necrosis factor and in proatherosclerotic 
conditions including in early lesions.  VCAM-1  displays a variety of roles that are 
related to angiogenesis with its main role in cell-to-cell interactions, promoting 
migration and adhesion of leukocytes to the blood vessels. This protein is also 
involved in rolling-type adhesion and fi rm adhesion mainly through binding to α 4  
integrin which is expressed by most circulating leucocytes. Because of its wide 
distribution in human tissues and organs, the role of  VCAM-1  is indicated in heart 
disease, infl ammation in osteoarthritis and in the metastasis of cancers, especially 
breast and colon cancers. By understanding the functions of this gene in these vari-
ous common pathologies, treatments can be developed for these diseases.  

  Keywords     Vascular cell adhesion molecule-1   •   VCAM-1   •   Angiogenesis   •   Normal 
physiology   •   Disease   •   Malignancy   

59.1             Vascular Cell Adhesion Molecule-1 (VCAM-1) 

 The vascular cell adhesion molecule-1 ( VCAM-1 ) is a human gene that plays a role 
in various cell-to-cell adhesion interactions. It is located on chromosome 1 (p32- 
p31) and has three known isoforms determined by the splicing of introns along the 
DNA sequence (Tatusova et al.  2014 ).  VCAM-1  is speculated to be involved in 
infl ammatory responses causing conditions such as heart diseases and osteoarthritis 
(Conde et al.  2012 ; Lu et al.  2010 ). Studies have also shown that  VCAM-1  is com-
monly expressed on breast, renal and gastric tumours, giving the tissue metastatic 
ability (Ding et al.  2003 ; Schlesinger and Bendas  2014 ; Hynes  2011 ) which can turn 
a benign tumour malignant or re-activate dormant cancers.  
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59.2     VCAM-1 in Normal Physiology 

  VCAM-1  is expressed at low levels on endothelial cells of healthy tissue (Schlesinger 
and Bendas  2014 ; Li and Chen  2012 ). It demonstrates high affi nity for the α4 inte-
grin, also known as very late activation antigen-4 ( VLA-4 ), through which most of 
the cell-to-cell interactions are mediated (Hynes  2011 ). When stimulated, a variety 
of leukocytes are activated and brought to the site of infl ammation via adhesion and 
migration through the endothelial wall which is an important step for angiogenesis 
(Schlesinger and Bendas  2014 ). Furthermore,  VCAM-1  may become upregulated on 
vascular endothelium when stimulated by the pro-angiogenic growth factor,  VEGF  
(Schlesinger and Bendas  2014 ).  

59.3     VCAM-1 in Diseases 

 Atherosclerosis is a disease in which plaque accumulates in the endothelial wall of 
arteries which can occlude them and lead to increased risk of heart diseases, such as 
angina pectoris, if the plaque builds up in coronary blood vessels (Lusis  2000 ). 
Cellular adhesion molecules such as  VCAM-1  may play a role in the development 
of this disease. Infl ammation of the endothelium of blood vessels increases  VCAM- 
1  expression to attract circulating leukocytes and platelets to the site (Schlesinger 
and Bendas  2014 ; Li and Chen  2012 ). A study by on 128 patients demonstrated 
increased levels of  VCAM-1  in the serum with incidence of coronary heart disease 
(Lu et al.  2010 ). Researchers further looked at how results compared with varying 
degrees of severity of atherosclerosis, including healthy control, stable angina pec-
toris, unstable angina pectoris and acute myocardial infarction patients. Results 
showed positive correlation between increases in severity of coronary heart disease 
symptoms with expression of  VCAM-1  in the serum (Lu et al.  2010 ). 

 According to World Health Organisation, ischaemic heart disease was the lead-
ing cause of death worldwide in 2012, making knowledge of potential causes very 
important to development of treatments. Ischemia occurs when there is a lack of 
blood supply to a particular organ and is especially signifi cant if it occurs in the 
heart (Oldenburg et al.  2004 ). Not only does  VCAM-1  have a role in development 
of certain diseases, but it may also play a part in therapeutic treatment of this isch-
aemic heart disease (Grieve et al.  2013 ; Stanimirovic et al.  1997 ). An investigation 
involved injection of multi-potent adult progenitor cells (MAPC) after 3 days and 
then after 21 days into ischaemic muscle of some mice and revealed increased 
expression of  VCAM-1  on both instances when compared with the control (Davidson 
et al.  2013 ). In comparison to those mice that did not receive a MAPC injection, the 
ischaemic tissue demonstrated greater adhesion of leukocytes to the post-capillary 
venules.  In vivo  studies have shown that MAPCs derived from non-endothelial 
basement membrane stem cells play a role in angiogenesis (Reyes et al.  2002 ). The 
relation between injection of MAPC and the subsequent expression of  VCAM-1  
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indicates the potential therapeutic role of this gene in preparing for an angiogenic 
therapy for ischaemia using stem cells. 

 Healthy joint function is important for mobility and general health. Unfortunately, 
diseases such as osteoarthritis can affect this as the cartilage in the joints gradually 
degenerates resulting in pain and stiffness of joints. A study by analysed the expres-
sion of  VCAM-1  on chondrocytes of cartilage in response to adipokines released by 
adipocytes as obesity is a predisposing factor for osteoarthritis (Conde et al.  2012 ). 
It was shown that adipokines (leptin, adiponectin) and various other soluble kinases 
caused an increase in  VCAM-1  expression. As  VCAM-1  is involved in cell adhesion 
of leukocytes, greater expression of  VCAM-1  on the chondrocytes of joints can thus 
be related to the infl ammation causing the breakdown of cartilage in osteoarthritis 
(Conde et al.  2012 ). High levels of adipose tissue can be observed in obesity which 
has a role in secretion of leptin and adiponectin (Kershaw and Flier  2004 ). Since 
these secretions increase  VCAM-1  expression, obesity could be a factor affecting 
the rate of progression of osteoarthritis. 

 A further investigation into hand osteoarthritis in particular demonstrates the 
correlation between  VCAM-1 , angiogenesis and progression of osteoarthritis 
(Pulsatelli et al.  2013 ). Angiogenesis can be seen not only in affected joints but also 
in healthy joints elsewhere in the body. Joints of hand osteoarthritis patients were 
compared with healthy individuals and it was found that soluble  VCAM-1  was pres-
ent at higher levels in the serum of affected patients. Greater levels of  VCAM-1  in 
patients presenting with erosive hand osteoarthritis amongst those affected was also 
observed, suggesting that  VCAM-1  expression may also be related to an increased 
severity of osteoarthritis (Pulsatelli et al.  2013 ).  

59.4     VCAM-1 in Malignancy 

 Cancer is a major concern as cancerous tissue has the ability to grow almost infi -
nitely which is facilitated by formation of blood vessels via angiogenesis, providing 
it with its nutrient and metabolic needs (Ding et al.  2003 ). Colon cancer and its 
relation to  VCAM-1  have been well investigated. A study observed tissue samples 
from patients with gastric cancer, gastric ulcers and healthy patients for  VCAM-1  
expression and compared it with microvessel density (MVD) (Ding et al.  2003 ). 
The tissue samples were analysed to fi nd increased  VCAM-1  expression with 
increased MVD. Tissues that had increased MVD were those taken from patients 
with gastric cancer. Nonetheless, it is noted that whilst MVD measurements may be 
good prognostic indicators for tumours and its progression, metastasis and recur-
rence, it holds its limitations as it is not a direct measure of the angiogenic activity 
of the tumour (Hlatky et al.  2002 ). High MVD however, is related to a poor progno-
sis for patients with breast cancers (Morabito et al.  2004 ). Another study demon-
strated that even after undergoing minimally invasive colorectal resection (MICR), 
colorectal cancer patients displayed sustained higher levels of plasma  VCAM-1  
(Shantha Kumara et al.  2012 ). As  VCAM-1  is associated with high MVD, there is an 
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increased chance for these patients that underwent MICR to develop a secondary 
cancer later on. Thus, it is suggested that  VCAM-1  expression can be correlated to 
the development and progression of cancer and possibly angiogenesis. 

 A tumour growth becomes harmful when it metastasises to form secondary 
tumours elsewhere in the body and the key component for metastasis to occur is 
angiogenesis. Reviews indicate how metastasis of breast cancer cells often form 
secondary tumours in the bone and lungs and is related to a high level of  VCAM-1  
expression and high numbers of leukocytes being attracted to the site (Hynes  2011 ; 
Schlesinger and Bendas  2015 ). This was confi rmed in a more recent review which 
outlined the mechanism by which  VCAM-1  promotes this metastasis. The breast 
cancer cells expressed  VCAM-1  to promote interaction with  VLA-4  to recruit 
tumour-associated macrophages and monocytes to the lung tissue (Schlesinger and 
Bendas  2014 ). The tumour associated macrophages appear to act as a protection for 
the tumour from the body’s immune system. In the bone, soluble  VCAM-1  will 
bring pre-osteoclasts to the site while  VLA-4  positive pre-osteoclasts bind to  VCAM- 
1  receptors on the tumour cells. This paracrine signalling activates the pre- osteoclasts 
to become mutated osteoclasts that destroy the bone matrix for its growth 
(Schlesinger and Bendas  2014 ; Hynes  2011 ).     
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    Chapter 60   
 Vascular Endothelial (VE)-Cadherin                     

    Abstract     The vascular endothelial (VE)-cadherin which is originally called cad-
herin- 5 is a class of transmembrane calcium-dependent adhesive proteins or cad-
herin family. It is expressed by endothelial cells and located at endothelial cell’s 
junction in order to play an integral role in endothelium integrity as well as the 
control of vascular permeability essentially during embryogenic angiogenesis. 
Apart from its dominant responsibility in cell-cell contacts, VE-cadherin can medi-
ate various cellular and molecular processes including cell proliferation and apop-
tosis and modulates vascular endothelial growth factor receptor functions. Using the 
cytoplasmic domain to attach to several protein partners, including p120, β-catenin 
and plakoglobin, VE-cadherin partly regulates the endothelial permeability. 
VE-cadherin is also associated with tumour progression, epithelial to mesenchymal 
transition (EMT) and angiogenesis. It is of pivotal importance in angiogenesis 
mechanism mainly through altering the role of some essential angiogenic factors 
and modulation of vascular endothelial growth factor receptors signalling, resulting 
in increased cell survival and vascular permeability in a wide range of human dis-
eases and cancers.  

  Keywords     Vascular endothelial (VE)-cadherin   •   VE- cadherin   •   Angiogenesis   • 
  Normal physiology   •   Disease   •   Malignancy   

60.1             Vascular Endothelial (VE)-Cadherin (VE-Cadherin) 

 Vascular endothelial (VE)-Cadherin, Cadherin 5, type 2 or CD 144, like Monobutyrin, 
is a signifi cant component of angiogenesis. Its biological activity remains important 
for normal development as well as in a number of pathologies such as diabetic reti-
nopathy, atherosclerosis, rheumatoid arthritis and the formation of malignancies. 

 VE-Cadherin is a type of Cadherin belongs to a class of transmembrane calcium- 
dependent adhesive proteins known as cadherins. Cadherins are cell-cell adhesion 
proteins involved in mechanical adhesion between cells as well as tissue morpho-
genesis. During development, cadherins assist in cell recognition and sorting 
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whereby cells are properly positioned. After development, cadherins are involved in 
maintaining and forming boundaries, organising cell movements, and processes that 
maintain tissue integrity. These processes include initiating and maintaining the 
structure and function of the cell as well as tissue polarity. Additionally, Cadherins 
also form and maintain diverse tissues and organs. 

 Cadherins are long proteins, which extend from the surface of the cell. They are 
typically characteristic of extracellular cadherin repeats, that is, a single membrane- 
spanning segment and a cytoplasmic region (Shapiro and Weis  2009 ). The extracel-
lular domain contains 3–5 internal repeats of approximately 110 amino acids, which 
are responsible for the homophilic and heterophilic interactions during adhesion 
and cell sorting (Halbleib and Nelson  2006 ). The extracellular domains are aligned 
one after another and connected with three calcium ions bound between each 
domain, which rigidifi es the structure of the cadherin. Calcium is important for the 
cadherin function whereby the removal of calcium renders cadherin vulnerable to 
proteases (protein-cutting enzymes) (Halbleib and Nelson  2006 ). Cadherins can be 
categorized into classical, desmosomal, protocadherins and unconventional classes. 
As a classical cadherin, VE-Cadherin is associated with actin via interaction with 
the cytoplasmic tail. VE-cadherin is typically tightly bound to cytoplasmic catenins: 
beta-catenin, plakoglobin (Bravi et al.  2014 ) and which form the cytoplasmic tail. 
Composed of these three proteins of the armadillo family, the cytoplasmic tail is 
responsible for interaction with the cytoskeleton and for junctional strength. The 
end of the cytoplasmic tail contains a tryptophan amino acid that binds to cadherins 
on adjacent cells, therefore mechanically adhering neighbouring cells together. The 
strength of cell adhesion is infl uenced by the tyrosine phosphorylation status of 
cadherin, b-catenin and p120 (Blaschuk and Rowlands  2000 ).  

60.2     VE-Cadherin in Normal Physiology 

 As an endothelial cell adhesion protein, VE-Cadherin has a critical role in maintain-
ing the integrity of the endothelium and the regulation of vascular permeability 
when found in stable vessels. VE-Cadherins are able to control the movement of 
endogenous mediators of infl ammation such as leukocytes, histamines, thrombin, 
TNF-α and platelet-activating factors. It participates in the regulation of cellular 
process including cell proliferation and apoptosis, cell signaling and the modulation 
of vascular endothelial growth factor receptor functions. VE-cadherin behaves like 
mesenchymal cells during angiogenesis and is fundamental during embryonic 
angiogenesis. 

 Angiogenesis involves the subsequent growth and remodelling of blood vessel 
from a network of pre-existing vessels. Within blood vessels, the endothelium of the 
vessels act as a selective barrier between the bloodstream and the tissues under-
neath. Here the endothelium acts as the site for new vessel formation. The endothe-
lium consists of endothelial cells joined together by cell-cell junctions though 
transmembrane adhesion proteins. Endothelial cells must adhere fi rmly to one 
another in order to form intact and fully functional blood vessels (Blaschuk and 
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Rowlands  2000 ). VE-cadherin acts as this transmembrane component for adhesion 
of these endothelial cells and thus VE-cadherin is a key modulator of the angiogen-
esis and in the maintaining the structural integrity of blood vessels. Disruption of 
VE-cadherin-mediated endothelial cell adhesion inhibits angiogenesis. 

 Angiogenesis is regulated through the interaction of proangiogenic factors and 
angiogenesis inhibitors. VE-cadherin drives endothelial cell rearrangement during 
vessel formation and its activity directly affects angiogenesis through the modula-
tion of vascular permeability and transcription factors. VE-cadherin increases the 
effects of angiogenic factors on endothelial cells. They regulate angiogenesis 
through their ability to alter the action of the vascular fi broblast growth factor recep-
tor and endothelial growth factor (VEGF). VEGF enhances endothelial cell layer 
permeability and increase endocytosis of VE-cadherin. Vascular permeability is 
also amplifi ed by infl ammatory cytokines, including tumor necrosis factor α 
(TNFα), histamine, and platelet activating factor (PAF). 

 VE-cadherin is shown to control vascular development and angiogenesis through 
the genetic activation and inactivation of transcription factors. Genetic inactivation 
of the VE-cadherin gene leads to embryonic death. This is the result from vascular 
faults as well as migration of antibodies to VE-cadherin. VE-cadherin expression is 
regulated by Ets transcription factors.  

60.3     VE-Cadherin in Disease 

 Angiogenesis is critical in a number of pathological processes and subsequent dis-
sociation of VE-cadherin from their junctions can lead to diseases including dia-
betic retinopathy and rheumatoid arthritis. These pathologies may be a consequence 
of infl ammatory stimuli, mutations in regulators of VE-cadherin and the down regu-
lation of transcription and expression level of VE-cadherin. 

 In rheumatoid arthritis, the soluble VE-Cadherin in rheumatoid arthritis patients 
correlates with disease activity (Sidibé et al.  2011 ). Rheumatoid arthritis (RA) 
involves the persistent infl ammation of the synovial joint resulting in cartilage 
destruction and bone erosion. This autoimmune, chronic, systemic infl ammatory 
disorder causes the synovial membrane to become infl amed, increasing its mass as 
the lining of cells undergoes hyperplasia. Excess synovial fl uid and the development 
of synovial fi brovascular tissue (pannus) occurs in the synovial membrane. The RA 
synovial membrane is characteristic of many leukocytes adjoining to blood vessels 
and involves the movement of leukocytes from the bloodstream into the synovial 
membrane. The proliferation of new blood vessels is critical in the development of 
the synovial pannus, which allows access for leukocytes causing infl ammation. 
These leukocytes secrete mediators such as various growth factors, pro- infl ammatory 
cytokines and chemokines, which affect EC adhesion, affecting endothelium per-
meability and angiogenesis for blood vessel formation. The major mediator for RA 
is tumor necrosis factor α (TNF-α). TNF-α targets VE-cadherin, causing VE-cadherin 
to undergo proteolysis. Normally, the endothelium is maintained through tight junc-
tions that limit the diffusion of lipids, proteins and solutes. However, alterations in 
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these junctions infl uence endothelial cell motility, vascular morphogenesis and per-
meability. Since VE-cadherin is critical in the adhesion of endothelial cell adhesion 
for the endothelium, cleavage of VE-cadherin increases the dissociation of endothe-
lial cells and increases permeability, allowing leukocyte ingress and subsequent 
infl ammation characteristic of RA. The mechanism for VE-cadherin occurs though 
VE-cadherin tyrosine phosphorylation from tyrosine kinases such as the Src family 
kinases. VE-cadherin proteolysis with the stimulation of TNF-α suggests the pos-
sible clinical use of VE-cadherin in managing rheumatoid arthritis. 

 Increased angiogenesis has been associated with infl ammatory diseases such as 
RA. As established previously, VE-cadherin also contributes to the process of 
angiogenesis. 

 The role of VE-cadherin and angiogenesis in pathological conditions can be fur-
ther observed in diabetic retinopathy. Diabetic retinopathy is a complication of dia-
betes which results in damage to the blood vessels in the retina. Damage to these 
blood vessels can result from poor circulation due to damages to the endothelial 
cells or from the abnormal growth of new vessels. 

 Damage to the endothelial cells results from the degeneration of the blood retinal 
barrier (BRB) causing leakage of vessels and macular oedema to develop. The 
breakdown of the BRB causes distortion and the loss of vision. These effects arise 
from the up regulation of proteinases that cleave VE-cadherin from the retinal endo-
thelial cell surface, leading to increased vascular permeability (Zachary  2001 ). 

 Normally the tight junctions of the endothelial cells maintain the integrity of the 
BRB allowing the normal function of the retina. However, increased permeability of 
the BRB associated with a decreased in VE-cadherin (from protein cleavage) weak-
ens these junctions, resulting in the vision loss experienced in diabetic retinopathy. 

 Through the process of ocular angiogenesis in response to tissue ischemia, 
changes in retinal vasculature to form new blood vessels is commonly seem in dia-
betic retinopathy causing vision loss from the formation of scar tissue. As previ-
ously established, VE-cadherin has a pivotal function in angiogenesis acting as the 
adhesive junction between endothelial cells in blood vessels. 

 The activity of VE-cadherin in diabetic retinopathy has instigated the use of 
VE-cadherin antagonists to reduce retinal angiogenesis. As a reduction in 
VE-cadherin suppresses vessel development in endothelial cells, antagonist treat-
ment also decreases the migration of cells.  

60.4     VE-Cadherin in Malignancy 

 Cancer growth is dependent on a source of blood supply for the tumor to survive, 
develop and metastasize. Tumor angiogenesis is required for the formation of this 
network and involves the initiation of new blood vessel growth to form a growing 
tumor mass. VE-cadherin is considered to play a signifi cant role in tumor angiogen-
esis by facilitating the formation of vascular tubes from the adhesion of endothelial 
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cells. VE-cadherin has been detected in breast cancer, melanoma cells and osteosar-
coma cells. 

 The growth of a tumor is triggered by intratumoral hypoxia causing the release 
of a number of angiogeneic factors and subsequent angiogenesis. Epithelial- 
mesenchymal transition (EMT) is a signifi cant process during tumor development 
and leads to increase tumor cell malignancy. EMT is the process by which epithelial 
cells lose their cell polarity and cell-cell adhesion, and gain migratory and invasive 
properties to become mesenchymal stem cells (Kalluri and Weinberg  2009 ). The 
EMT process is characteristic of the loss or reorganization of tight junction proteins 
resulting in the highly mobile and invasive properties of tumor cells. This leads to 
an increase in metastatic potential and the progression of the cancer. During EMT, 
VE-cadherin is stimulated, promoting tumor progression. The role of VE-cadherin 
is particularly true in mammary tumor cells where VE-cadherin is induced during 
EMT and is abnormally expressed in breast cancer. Using a mouse mammary carci-
noma model to demonstrate tumor progression and EMT, investigations that 
VE-cadherin enhances the proliferation of tumor cell through the formation of cord- 
like invasive structure and adhesion to endothelial cells (Labelle et al.  2008 ). These 
events are important contributors to their increase in malignancy and metastatic 
potential. The mechanism of VE-cadherin occurs through its interaction with trans-
forming growth factor-β (TGF- β). Therefore, it is clear that VE-cadherin is critical 
in tumor angiogenesis through the up regulation in vasculature of cancers such as in 
breast cancer. 

 The signifi cance of VE-cadherin expression and function in cancer progression 
is similarly observed in aggressive human melanoma cells and osteosarcoma cells. 
Through experimentation with osteosarcoma cells, the signifi cance of VE-cadherin 
in facilitating tumor malignant progress is further exemplifi ed. By inhibiting 
VE-cadherin gene expression in osteosarcoma cells with siRNA, osteosarcoma cells 
were no longer able to induce angiogenic processes that form vascular networks to 
attain oxygen and nutrients. 

 The structure of normal blood vessels differs from that of tumor blood vessels. 
Normally, mature blood vessels consist of pericytes lodged in the basement mem-
brane and are required to regulate blood fl ow and maintain the vasculature. In tumor 
blood vessels, these pericytes are absent and lack a well-formed basement mem-
brane. Tumor vasculature is also characteristic of open interendothelial junctions. 
This decrease in endothelial cell adhesion may be caused by the tumor secreted 
vascular endothelial growth factor (VEGF) (Blaschuk and Rowlands  2000 ). VEGF 
stimulates VE-cadherin as well as b-catenin and p120 in endothelial cells by activat-
ing tyrosine phosphorylation, causing endothelial intercellular junctions to open 
through the weakening of the adhesive strength between cells. By altering 
VE-cadherin and angiogenic growth of blood vessels, the abnormal structure of 
tumor blood vessels and decreased adhesion between tumor endothelial cell 
increases tumor cell malignancy and its migratory and invasive properties. 

 The establishment of the idea of angiogenesis-driven tumor growth via 
VE-cadherin has instigated research for the potential use of VE-cadherin as a ther-
apy for tumor growth. VE-cadherin is essential in angiogenesis for blood vessel 
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formation and integrity. Therefore blocking its function with antibodies remains a 
potential approach against tumor angiogenesis and growth. Such drugs could be 
used to selectively disrupt the abnormal vasculature of tumours without affecting 
normal blood vessels (Blaschuk and Rowlands  2000 ). 

 As observed in aggressive melanoma cells, the down regulation of VE-cadherin 
revoked the formation of vascular networks, providing support for the use of anti-
 VE cadherin approaches in therapy.     
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Chapter 61
Zinc Finger E-Box Binding Homeobox 1 
(ZEB1)

Abstract Zinc Finger E-Box Binding Homeobox 1 (ZEB1) is a vital member of 
the ZEB family of transcription factors which is involved in a regulation of key fac-
tors during embryonic development and cell differentiation. ZEB1 has been identi-
fied as a central inducer of epithelial-to-mesenchymal transition (EMT) process 
which can be linked with increased aggressiveness, metastasis and a wide variety of 
human carcinomas. It can control the epithelial basement membrane components- 
in particular E-cadherin- whose disruption is an essential stage in tumour invasive-
ness. In addition, it has been found that ZEB1 has an ability to regulate replicative 
senescence, maintenance of cancer cell stemness and tumour angiogenesis. The cor-
relation between ZEB1 and several well-known microRNAs has been also described 
in the regulation of angiogenesis mechanism. Although the potential angiogenic 
regulatory function of ZEB1 has not well recognized, the crosstalk between ZEB1 
and vascular endothelial growth factor (VEGF) expression and direct inducing 
angiogenesis has been recently reported.

Keywords Zinc finger E-box binding homeobox 1 • ZEB1 • Angiogenesis • Normal
physiology • Disease • Malignancy

61.1  Zinc Finger E-Box Binding Homeobox 1 (ZEB1)

ZEB1 is a protein coding gene that has its genomic location at 10p 11.2 (Vincent 
et al. 2009). This gene encodes a zinc finger transcription factor that represses the 
expression of a number of different genes. For instance, the ZEB family proteins 
serve as a transcriptional repressor of interleukin 2 (IL-2) and E-cadherin, and Smad 
target genes (Liu et al. 2008a). ZEB1 is especially well known as the EMT-inducing 
transcription factor that contributes to tumour cell dissemination and tumour- 
initiating capacity (Liu et al. 2008a). EMT stands for epithelial-mesenchymal tran-
sition, and is associated in “wound healing, organ fibrosis and initiation of metastasis 
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for cancer progression.” (Wellner et al. 2009) As ZEB1 suppress expression of 
E-cadherin, which is a cell-cell recognition molecule, the cells become more recep-
tive to initiation of EMT. This results in the epithelial cells becoming invasive, 
 metastatic cancers (Wellner et al. 2009). Also, ZEB1 transcriptionally represses the 
Coxsackie virus and Adenovirus receptor (CAR) expression in pancreatic and 
breast human cancer cells (Lacher et al. 2011). Mutations in this gene are found to 
have potential to cause neurological disorders, dysmorphic features, megacolon and 
other malformations, and also Hirschsprung’s disease (Cacheux et al. 2001).

61.2  ZEB1 in Normal Physiology

Zeb1 (Zinc-finger E-box-binding homeobox 1) is a transcriptional factor, contain-
ing two Kruppel-type zinc finger domains by which it can bind to target DNAs
(Soini et al. 2011).

ZEB1 is mainly expressed in endothelial and mesenchymal cells of the villous 
structures during the last two trimesters. This suggested that ZEB1 has a crucial role 
in the development of placental blood vessels (Pirinen and Soini 2014). ZEB1 has 
been connected to morphogenesis mechanism in several processes such as embryo-
nal development and tissue scar formation by inducing the development of neural 
tissues, chondrocytes, skeletal muscle cells and hematolymphoid tissues (Vandewalle 
et al. 2009; Pirinen and Soini 2014). The role of ZEB1 in palatal and tooth develop-
ments has been also reported by some studies (Shin et al. 2012; Arima et al. 2012). 
ZEB1 expression can be induced by estrogen and progesterone suggesting that it 
plays an important role in female physiology (Saykally et al. 2009). It has the highest 
expression in normal adult bladder and uterus, whereas during embryonic develop-
ment its highest expression is found in lung, thymus and heart (Hurt et al. 2008).

61.3  ZEB1 in Disease

ZEB1 gene mutations and its abnormal expression can affect complex human health 
conditions mainly through the induction of epithelial mesenchymal transition 
(Kurihara et al. 2015). Fuchs endothelial corneal dystrophy and posterior polymor-
phous corneal dystrophy are among those human diseases in which ZEB1 functions 
as a strong inducer of EMT (Okumura et al. 2015; Liu et al. 2008b). The mecha-
nisms of these disorders are related to reduction of extracellular matrix proteins and 
expression of epithelial genes which cause corneal defects such as corneal thicken-
ing and endothelial and keratocyte proliferation due to abnormal expression of 
ZEB1 (Okumura et al. 2015; Liu et al. 2008b).
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61.4  ZEB1 in Malignancy

ZEB1 proteins play a substantial role in promoting angiogenesis and tumourigenic-
ity. One of its means to elevate angiogenesis is the transcriptional repression of the 
expression of microRNA-200 (miRNA-200) (Wellner et al. 2009). miRNAs are 
non-coding single-stranded RNA molecules, that play an important role in physio-
logical and pathological processes in the body (Dong et al. 2013). miRNA-200 fam-
ily members (miR-200a, miR-200b, miR-200c, miR-141 and miR-429) inhibit 
angiogenesis through direct and indirect mechanisms and have effects on decreas-
ing metastasis formation in a number of cancers (Pecot et al. 2013). The miRNA-
 200 family targets and regulates interleukin-8 (CXCL8) and CXCL1 which are the 
key pro-angiogenic cytokines secreted by tumour endothelial and cancer cells 
(Pecot et al. 2013). These two cytokines have their pro-angiogenic effects through 
endothelial CXCR1 and CXCR2 (interleukin-8 receptors) in an autocrine fashion 
(Pecot et al. 2013). IL-8 is not only secreted by malignant cancer cells but by leuko-
cytes, fibroblasts, and endothelial cells too (Xie 2001). By binding to CXCR1 and 
CXCR2 G-protein-coupled receptors, which are expressed on a range of cells 
including cancer and endothelial cells, it activates the receptors and is followed by 
phosphorylation, desensitisation, and internalisation of the receptors (Xie 2001). 
Both CXCR1 and CXCR2 receptors mediate the angiogenic activity by chemo-
kines, while the effect is mainly through CXCR2, the ligands of which are both IL-8 
and CXCL1 (Heidemann et al. 2003). It has been found that the inhibition of 
CXCR2 leads to reduced vascularization in tumour (Heidemann et al. 2003).

IL-8 and other CXC chemokines also induce angiogenic functions in endothelial 
cells directly through migration, proliferation, tube formation, and release of VEGF 
(Heidemann et al. 2003). Neovascularization is indirectly promoted by IL-8 indi-
rectly, for instance by inducing VEGF production in tumour cells (Heidemann et al. 
2003). The elevated levels of IL-8 is found to have association with worsened clini-
cal outcomes in ovarian, renal and lung adenocarcinomas, and the high expression 
of IL-8 and CXCL1 have a strong correlation with worse overall survival in lung 
and renal cancers (Pecot et al. 2013). ZEB1 and miR-200 repress each other (“recip-
rocal feedback loop”); that is, ZEB1 represses miR-200 family but is also targeted 
by miR-200. This suggests that miR-200-based therapies could be a treatment 
method for tumours and cancers by the down-regulation of ZEB1 (Pecot et al. 
2013).

The ectopic expression of ZEB1 is found to up-regulate angiogenesis in human 
breast cancer cells as it recruits Sp1 transcription factor to its binding sites on VEGF 
promoter, inducing its promoter activity. This elevates VEGF expression at both 
mRNA and the protein levels in MDA-MB-231 cells, inducing tumour angiogene-
sis in breast cancer.(54) Hence, a potential new strategy for treating tumour angio-
genesis could be the down-regulation of ZEB1 expression to inhibit VEGF 
expression, which in turn will reduce angiogenesis activity in tumour tissues 
(Clarhaut et al. 2009).

61.4  ZEB1 in Malignancy



390

References

Arima Y, Hayashi H, Sasaki M, Hosonaga M, Goto TM, Chiyoda T, Kuninaka S, Shibata T, Ohata 
H, Nakagama H, Taya Y, Saya H (2012) Induction of ZEB proteins by inactivation of RB 
protein is key determinant of mesenchymal phenotype of breast cancer. J Biol Chem 
287(11):7896–7906. doi:10.1074/jbc.M111.313759

Cacheux V, Dastot-Le Moal F, Kaariainen H, Bondurand N, Rintala R, Boissier B, Wilson M,
Mowat D, Goossens M (2001) Loss-of-function mutations in SIP1 Smad interacting protein 1
result in a syndromic Hirschsprung disease. Hum Mol Genet 10(14):1503–1510

Clarhaut J, Gemmill RM, Potiron VA, Ait-Si-Ali S, Imbert J, Drabkin HA, Roche J (2009) ZEB-1,
a repressor of the semaphorin 3F tumor suppressor gene in lung cancer cells. Neoplasia (New 
York) 11(2):157–166

Dong H, Lei J, Ding L, Wen Y, Ju H, Zhang X (2013) MicroRNA: function, detection, and bio-
analysis. Chem Rev 113(8):6207–6233. doi:10.1021/cr300362f

Heidemann J, Ogawa H, Dwinell MB, Rafiee P, Maaser C, Gockel HR, Otterson MF, Ota DM,
Lugering N, Domschke W, Binion DG (2003) Angiogenic effects of interleukin 8 (CXCL8) in
human intestinal microvascular endothelial cells are mediated by CXCR2. J Biol Chem 
278(10):8508–8515. doi:10.1074/jbc.M208231200

Hurt EM, Saykally JN, Anose BM, Kalli KR, Sanders MM (2008) Expression of the ZEB1 (del-
taEF1) transcription factor in human: additional insights. Mol Cell Biochem 318(1–2):89–99. 
doi:10.1007/s11010-008-9860-z

Kurihara K, Isobe T, Yamamoto G, Tanaka Y, Katakura A, Tachikawa T (2015) Expression of 
BMI1 and ZEB1 in epithelial-mesenchymal transition of tongue squamous cell carcinoma.
Oncol Rep 34(2):771–778. doi:10.3892/or.2015.4032

Lacher MD, Shiina M, Chang P, Keller D, Tiirikainen MI, Korn WM (2011) ZEB1 limits adenovi-
ral infectability by transcriptionally repressing the coxsackie virus and adenovirus receptor. 
Mol Cancer 10:91. doi:10.1186/1476-4598-10-91

Liu Y, El-Naggar S, Darling DS, Higashi Y, Dean DC (2008a) ZEB1 links epithelial-mesenchymal
transition and cellular senescence. Development 135(3):579–588. doi:10.1242/dev.007047

Liu Y, Peng X, Tan J, Darling DS, Kaplan HJ, Dean DC (2008b) Zeb1 mutant mice as a model of
posterior corneal dystrophy. Invest Ophthalmol Vis Sci 49(5):1843–1849. doi:10.1167/
iovs.07-0789

Okumura N, Minamiyama R, Ho LT, Kay EP, Kawasaki S, Tourtas T, Schlotzer-Schrehardt U, 
Kruse FE, Young RD, Quantock AJ, Kinoshita S, Koizumi N (2015) Involvement of ZEB1 and
Snail1 in excessive production of extracellular matrix in Fuchs endothelial corneal dystrophy. 
Lab Invest 95(11):1291–1304. doi:10.1038/labinvest.2015.111

Pecot CV, Rupaimoole R, Yang D, Akbani R, Ivan C, Lu C, Wu S, Han HD, Shah MY, Rodriguez-
Aguayo C, Bottsford-Miller J, Liu Y, Kim SB, Unruh A, Gonzalez-Villasana V, Huang L, 
Zand B, Moreno-Smith M, Mangala LS, Taylor M, Dalton HJ, Sehgal V, Wen Y, Kang Y,
Baggerly KA, Lee JS, Ram PT, Ravoori MK, Kundra V, Zhang X, Ali-Fehmi R, Gonzalez- 
Angulo AM, Massion PP, Calin GA, Lopez-Berestein G, Zhang W, Sood AK (2013) Tumour 
angiogenesis regulation by the miR-200 family. Nat Commun 4:2427. doi:10.1038/
ncomms3427

Pirinen E, Soini Y (2014) A survey of zeb1, twist and claudin 1 and 4 expression during placental 
development and disease. APMIS 122(6):530–538. doi:10.1111/apm.12187

Saykally JN, Dogan S, Cleary MP, Sanders MM (2009) The ZEB1 transcription factor is a novel
repressor of adiposity in female mice. PLoS One 4(12):e8460. doi:10.1371/journal.
pone.0008460

Shin JO, Nakagawa E, Kim EJ, Cho KW, Lee JM, Cho SW, Jung HS (2012) miR-200b regulates 
cell migration via Zeb family during mouse palate development. Histochem Cell Biol 
137(4):459–470. doi:10.1007/s00418-012-0915-6

61 Zinc Finger E-Box Binding Homeobox 1 (ZEB1)

http://dx.doi.org/10.1074/jbc.M111.313759
http://dx.doi.org/10.1021/cr300362f
http://dx.doi.org/10.1074/jbc.M208231200
http://dx.doi.org/10.1007/s11010-008-9860-z
http://dx.doi.org/10.3892/or.2015.4032
http://dx.doi.org/10.1186/1476-4598-10-91
http://dx.doi.org/10.1242/dev.007047
http://dx.doi.org/10.1167/iovs.07-0789
http://dx.doi.org/10.1167/iovs.07-0789
http://dx.doi.org/10.1038/labinvest.2015.111
http://dx.doi.org/10.1038/ncomms3427
http://dx.doi.org/10.1038/ncomms3427
http://dx.doi.org/10.1111/apm.12187
http://dx.doi.org/10.1371/journal.pone.0008460
http://dx.doi.org/10.1371/journal.pone.0008460
http://dx.doi.org/10.1007/s00418-012-0915-6


391

Soini Y, Tuhkanen H, Sironen R, Virtanen I, Kataja V, Auvinen P, Mannermaa A, Kosma V-M
(2011) Transcription factors zeb1, twist and snai1 in breast carcinoma. BMC Cancer 11:73. 
doi:10.1186/1471-2407-11-73

Vandewalle C, Van Roy F, Berx G (2009) The role of the ZEB family of transcription factors in 
development and disease. Cell Mol Life Sci 66(5):773–787. doi:10.1007/s00018-008-8465-8

Vincent AL, Niederer RL, Richards A, Karolyi B, Patel DV, McGhee CN (2009) Phenotypic char-
acterisation and ZEB1 mutational analysis in posterior polymorphous corneal dystrophy in a 
New Zealand population. Mol Vis 15:2544–2553

Wellner U, Schubert J, Burk UC, Schmalhofer O, Zhu F, Sonntag A, Waldvogel B, Vannier C, 
Darling D, zur Hausen A, Brunton VG, Morton J, Sansom O, Schuler J, Stemmler MP,
Herzberger C, Hopt U, Keck T, Brabletz S, Brabletz T (2009) The EMT-activator ZEB1 pro-
motes tumorigenicity by repressing stemness-inhibiting microRNAs. Nat Cell Biol 
11(12):1487–1495. doi:10.1038/ncb1998

Xie K (2001) Interleukin-8 and human cancer biology. Cytokine Growth Factor Rev 
12(4):375–391

References

http://dx.doi.org/10.1186/1471-2407-11-73
http://dx.doi.org/10.1007/s00018-008-8465-8
http://dx.doi.org/10.1038/ncb1998


393© Springer International Publishing Switzerland 2016 
A. Salajegheh, Angiogenesis in Health, Disease and Malignancy, 
DOI 10.1007/978-3-319-28140-7_62

    Chapter 62   
 Miscellaneous Genes Involved in Angiogenesis 
in Normal Physiology, Disease and Malignancy                     

    Abstract     In addition to the major series of genes involved in normal angiogenesis, 
there are series of miscellaneous genes and their products that interact and are 
involved in the process of angiogenesis. These are somehow effective and impor-
tant element of the angiogenesis process, however they are not essentially the direct 
infl uential genes or solely are the major role players in this process. Here we 
described a series of genes as the body of evidence suggests their roles in angiogen-
esis in normal physiological setting as well as in diseases and different malignan-
cies. In this chapter the role of number of these genes including CDC25, CRK, 
Factor V, FUS 1, HGS, HSP20, Lactate, MIP-1β, Nicotinamide, P120RasGAP, 
PAK1, Sema6A, Sprouty1 were investigated and summarised and their involve-
ment and interaction in the process of angiogenesis in normal physiology, disease 
and malignancy were explained. Further understanding of the role of these vital 
regulators of angiogenesis will enlighten the future of medical research and the 
therapeutic approach towards anti- angiogenic treatment.  

  Keywords     CDC25   •   CRK   •   Factor V   •   FUS 1   •   HGS   •   HSP20   •   Lactate   •   MIP-1β   • 
  Nicotinamide   •   P120RasGAP   •   PAK1   •   P21-activated kinase 1   •   Sema6A   •   Sprouty1  

62.1             Introduction 

 In addition to the major series of genes involved in normal angiogenesis, there 
are series of miscellaneous genes and their products that interact and are involved 
in the process of angiogenesis. These are somehow effective and important ele-
ment of the angiogenesis process, however they are not essentially the direct 
infl uential genes or solely are the major role players in this process. Here we 
described a series of genes as the body of evidence suggests their roles in angio-
genesis in normal  physiological setting as well as in diseases and different malig-
nancies.  CDC25  plays a major role to allow the appropriate progression of cells 
through the different phases of the cell cycle. The  CRK  signaling pathways is 
involved with are related to the recruitment of cytoplasmic proteins near tyrosine 
kinase. Coagulation Factor V commonly known as the  Factor V  ( F5 ) gene, is an 
essential protein found in the coagulation system of the body. Factor V is 
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relatively involved in the process of angiogenesis, via the production of fi brin. 
Fibrin plays an active role in the facilitation of angiogenesis, especially in that of 
repair angiogenesis, wound healing in physiological angiogenesis and pathologi-
cal and tumour angiogenesis.  FUS1  gene is a tumour suppressor gene and its 
transcription is stimulated during nitrogen starvation of the tissue.  HGS  codes an 
enzyme known as Hepatocyte growth factor- regulated tyrosine kinase substrate 
and is primarily involved in regulating the traffi cking of growth factor receptors 
within a cell. HRS protein is involved in degradation of growth factor receptors 
such as platelet derived growth factor receptor (PDGFR) and vascular endothe-
lial growth factor receptor (VEGFR), and hence anti-angiogenesis. Heat Shock 
Protein,  HSP20  is an indirect role player in angiogenesis through VEGF. HSP20 
has two primary roles of angiogenic and anti- apoptotic roles in the development 
of malignant tissues.  Lactate  has been recognised as merely a metabolic end 
product of glycolysis, but further research shows that, this gene also plays a role 
in controlling and stimulating tissue healing, vascular genesis or angiogenesis. 
 MIP1-β  is important in the infl ammatory response, especially in the migration of 
leukocytes to the areas of infection and can cause a rise in platelets and vascular 
smooth muscle cells. The protein product of the RASA1 gene is known as 
 P120RasGAP . Ras is considered a proto-oncogene and therefore, P120RasGap 
protein is also vital in normal cells as it acts as a regulator for a signaling transac-
tion pathway known as the RAS pathway. When this pathway becomes over-
stimulated by a defi ciency in the activation mechanism of P120RasGap, cells 
begin to grow uncontrollably, dividing and causing metastasis, as well as increas-
ing angiogenesis to support the neoplastic cells.  Nicotinamide  is a water-soluble 
molecule, which is the amide form of Niacin and Nicotinamide phosphoribosyl-
transferase expression takes place under hypoxia. This process can occur under 
the infl uence of VEGF induction and formation of capillary-like tubes in certain 
tissues.  PAK1  gene (P21-activated kinase 1) codes for Serine/threonine-protein 
kinase enzyme and serves as a target for the small GTP binding proteins Rac 
(including Rac1) PAK1 controls cell-cell adhesion as well as cell motility and 
morphology. PAK1 and Rac1 genes can be used in therapeutic treatment of 
tumour cells and reduction in the spread of unwanted angiogenesis.  Sema6A  
also known as Semaphorin 6A is transmembrane bound member of the semapho-
rins family which are implicated in the development of the neural tissue, regula-
tion of the immune responses and tumorigenesis.  Sprouty1  also known as protein 
sprouty homolog 1 is a membrane- bound member of Sprouty (Spry) family of 
proteins. Spry1 was initially identifi ed in Drosophila as an antagonist of the 
fi broblast growth factor (FGF) and epidermal growth factor (EGF) receptor sig-
nalling pathways. Spry1 activation halted endothelial cell proliferation and dif-
ferentiation by inhibition of the ERK/MAPK pathway induced by angiogenic 
stimulators basic fi broblast growth factor (bFGF) and VEGF.  
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62.2     CDC25 and Angiogenesis in Normal Physiology, Disease 
and Malignancy 

 The human gene cell division cycle 25 (CDC25) is a multigene family which con-
sists of CDC25A, CDC25B, and CDC25C. The genes encodes for the CDC25 phos-
phatase family that regulates the progression of cell division cycle through 
dephosphorylation of cyclin-dependent kinase (CDK) (Donzelli and Draetta  2003 ). 
CDC25 phosphatase contains an N terminal region which acts as the site for phos-
phorylation and ubiquitination. The C terminal region of CDC25 is responsible for 
the catalytic function of CDC25. CDC25 function to activate CDK through the 
removal of the 2 phosphate groups. CDK binds with cyclin to form CDK complexes 
which are key mediators of the cell cycle progression. They are normally regulated 
by the phosphorylation of target protein. For example, cyclin-CDK complexes in 
earlier cell cycle phase assist in activating the cyclin-CDK complexes later in the 
cell cycle phase (Lammer et al.  1998 ). 

 CDC25 plays a major role to allow the appropriate progression of cells through 
the different phases of the cell cycle. CDC25A is vital to ensure the cell progress 
from the G1 to S in the Synthesis phase of cell cycle (Boutros et al.  2006 ). CDC25B 
and CDC25C are required for the cell to enter into mitosis (G2 and M phase) 
(Lammer et al.  1998 ). 

 The CDC25 also has an essential role in identifying replicated or damaged 
DNA. The phosphatase family is inactivated during DNA damage and this prevents 
the cell from progressing through the cell cycle until the damaged DNA is repaired 
(Donzelli and Draetta  2003 ; Boutros et al.  2006 ; Rudolph  2007 ; Nagata et al.  1991 ). 
Being a key regulator of cell cycle progression, CDC25 is has a strong oncogenic 
role. The transition between different phases of the cell cycle is very tightly con-
trolled and failure to do so will contribute to genomic instability. Over expression 
of CDC25 has shown to cause cells to be pushed rapidly from S or G2 phase into 
mitosis and the cells end up with incompletely replicated DNA (Karlsson et al. 
 1999 ). Increased expression of CDC25A and CDC25B (but not CDC25C) has been 
reported in many different types of cancer such as breast, lung, ovarian, prostate, 
colorectal, oesophageal, thyroid, laryngeal, pancreatic, glioma and neuroblastoma 
(Boutros et al.  2007 ). Furthermore, overexpression of CDC25A and CDC25B is 
often correlated with poor prognosis and more aggressive disease (Nagata et al. 
 1991 ; Galaktionov et al.  1995 ). The overexpression of CDC25 is isoform specifi c. 
For example, overexpression of CDC25A is more related to breast and oesophageal 
cancer. CDC25B on the other hand is more related to lung, thyroid carcinoma and 
gliomas (Boutros et al.  2007 ). Many cancers and their relationship with CDC25 
expression levels were studied in great details; one example is the non-small cell 
lung carcinoma (NSCLC). The expression level of CDC 25B in NSCLC was stud-
ied to see if there is any correlation between CDC25B’s expression level and the 
prognosis and progression of the disease. The study showed that increase expres-
sion of CDC25B predicted poor survival. Furthermore, a signifi cant correlation was 
found between the upregulation of CDC25B and high number of microvessels 
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within the tumour. This suggests that CDC25B may have a key role in angiogenesis 
and CDC25B’s expression level can be used to determine the prognosis for NSCLC 
patients (Boldrini et al.  2007 ). The exact role of CDC25B in angiogenesis is still 
unclear and more research needs to be done. However, previous studies have shown 
that the level and phosphorylation of CDC25A is related to the action of ET-1 a 
major angiogenic factor in NSCLC (Stannard et al.  2003 ). CDC25 phosphatases, 
being an activator of the cell cycle regulator CDK is an attractive opportunity for 
new antiproliferative cancer drugs. It is suggested that CDC25 Inhibitory com-
pounds when combined with other chemotherapeutic compounds may have portent 
therapeutic potential (Cazales et al.  2007 ; Eckstein  2000 ).  

62.3     CRK and Angiogenesis in Normal Physiology, Disease 
and Malignancy 

 CRK is a human gene located on chromosome 17, which is a suspect in relation to 
cancer. It encodes Adapter Molecule Crk, or proto-oncogene c-Crk (Al-Mahmood 
et al.  2009 ). This adapter molecule Crk is part of the family of adapter proteins. 
Adapter proteins are involved in various signalling pathways and are accessories to 
main proteins. The signalling pathways Crk is involved with are related to the 
recruitment of cytoplasmic proteins near tyrosine kinase. 

 The tyrosine kinase enzyme is an on-off switch that can phosphorylate a protein 
inside a cell. It does this by transferring a phosphate group to the amino acid 
Tyrosine on the protein from a molecule of ATP. Protein phosphorylation by a 
kinase is a mechanism important in signalling and communication within a cell to 
regulate cellular activity, namely cell division. These protein kinase enzymes may 
become mutated, and in doing so can get fi xed in the on position; causing cell 
growth to be unregulated, a prerequisite to cancer. 

 The Adapter Molecule Crk was originally isolated in a virus called Avian 
Sarcoma Virus as the v-Crk onco-protein. In this form a viral protein gets irrevers-
ibly bound to the regulatory domains of the v-Crk. This renders it unable to be regu-
lated, yet still able to stimulate the Tyrosine phosphorylation via Tyrosine kinase 
(Avraamides et al.  2008 ). The name itself stands for “CT10 Regulator of Kinase”, 
where the CT10 stands for the avian virus mentioned. Since its discovery in chick-
ens, this Crk Adaptor Protein has been found to exist in many eukaryotic organisms 
in all tissue types. From then, this protein has been found to take part in many dif-
ferent and complex physiological processes. Important processes such as being 
involved in cell motility by regulating the actin cytoskeleton, the cell cycle and 
apoptosis are among its repertoire (Hos et al.  2011 ). All of these functions of this 
gene can be related to malignancies. 

 There are several specifi c types of cancer that the Crk gene has been related to. 
These include lung cancer, breast cancer, sarcomas and ovarian cancer. The involve-
ment of Crk in lung and breast cancer will be explored in this review. In regards to 
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lung cancer, a study done by Miller et al. profi led the expression of Crk mRNA in 
the adenocarcinomas of 86 patients. This revealed that a signifi cant rise in expres-
sion of Crk mRNA was present in stage three cancers compared to stage one. Also, 
a substantial increase in the more invasive tumours was observed. This study also 
found that there was an elevation of Crk expression in the high risk tumours com-
pared with the low risk ones. Moreover, the poorly differentiated tumours displayed 
greater expression compared with the moderate to well defi ned tumours. The can-
cerous lung tissue also presented with levels of Crk protein much higher than that 
of healthy lung tissue (Cursiefen et al.  2004 ). These attributes of cancer risk and 
tumour differentiation correlate highly with poor survival rates. Another investiga-
tion done by Kim et al. studied the genomic profi ling of 128 malignant tumours in 
the lung. This showed that an amplifi cation of the adaptor protein CrkL, a homo-
logue of Crk, was frequently revealed to be amplifi ed in the lung cancer patients. 
The scientists of this investigation demonstrated that as well as this, they could 
knock out several of the aggressive characteristics of the tumour such as cell motil-
ity, cell survival and progression of the cell cycle. This was done by blocking the 
expression CrkL by a process called “siRNA-mediated knockdown”. Conversely, 
over expression of CrkL in malignant bronchial epithelial cells greatly boosted cell 
growth without the need of EGF (Epidermal growth factor); leaving the cells to 
proliferate unchecked (Matsuda et al.  1991 ). 

 Breast cancer is another common and deadly form of malignancy that has been 
related to the expression of Crk. In a study by Rodrigues et al., analogous to lung 
cancer, it found that there is a strong correlation between the expression of Crk and 
the progressing stages of breast cancer. In this study, it revealed that the levels of 
Crk protein were raised in 60 % of the tumours compared with the normal breast 
tissue in the same patient. It was also found, as it was in lung cancer, that “siRNA- 
mediated knockdown” of Crk expression considerably reduced the migration and 
invasion capacity of the breast cancer cells (Nakamotc et al.  1996 ). In a similar 
report studying the overexpression of Crk in breast cancer cell lines, it was shown 
that this overexpression would result in the differential expression of numerous 
other genes that are involved in similar processes of tumour progression and their 
biology. These include cell proliferation, migration, adhesion and cell cycle regula-
tion. Furthermore, this same overexpression of Crk promotes the dispersal of malig-
nant cells and their attainment of a more “mesenchymal phenotype”; meaning the 
cell would lose their adheren junctions, giving them increased motility and meta-
static properties (Birge et al.  2009 ). As these studies suggest that Crk expression is 
intimately involved with tumourigenicity, other reports explore the mechanisms of 
supressing the breast cancer tumours by targeting Crk. It has been found that the 
modifi cation of post-translational Crk via phosphorylation of one of its tyrosine 
receptors seems to distinctly highlight a mechanism of tumour suppression (Mayer 
and Hanafusa  1990 ). This method suppresses cellular migration and induces apop-
tosis of the malignant cells by EphrinB2. EphrinB2 is a ligand for the EphB4 recep-
tor on the Crk protein, required for phosphorylation of Crk by another protein called 
Alb. It is believed that this binding of the ligand EphrinB2 disassembles the Crk 
mediated complexes, inhibiting its function in the cancer cells (Kim et al.  2010 ). 
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 Evidently, there seems to be a correlation between the expression of the Crk gene 
and several types of malignant tumours. The involvement of Crk in other cancerous 
tissues will no doubt be the subject of many further studies. This will eventually 
lead to, as was already explored in the studies cited above, efforts of designing 
therapeutic agents to specifi cally target Crk and its related signalling proteins. As 
proof of the effectiveness of such drugs already exists, Crk looks to be a promising 
avenue to pursue more research into the prevention of its related cancers, potentially 
leading to breakthroughs in the fi eld of oncology.  

62.4     Factor V and Angiogenesis in Normal Physiology, 
Disease and Malignancy 

 Coagulation Factor V (proaccelerin, labile factor), commonly known as the Factor 
V ( F5 ) gene, is an essential protein found in the coagulation system of the body.  F5  
is synthesised in the liver (Suehiro et al.  2005 ) and can be found in two variations; 
 F5  1  and  F5  2 , these factors perform synergistically in both procoagulant and antico-
agulant pathways (Hoekema et al.  1997 ; Varadi et al.  1996 ) in order to maintain 
haemostatic balance (Duga et al.  2004 ). 

 In normal physiology the  F5  protein circulates in the bloodstream, remaining 
dormant up until the coagulation system is triggered by sites of vascular injury, at 
which point levels of  F5  become highly concentrated (Duga et al.  2004 ; Nicolaes 
and Dahlback  2002 ). When  F5  is activated it interacts with another coagulation fac-
tor, known as the Coagulation Factor X (Stuart-Prower) gene ( F10 ), to produce the 
active forms; Factor Va and Factor Xa. Together active forms Factor Va and Factor 
Xa form a complex which converts coagulation protein prothrombin to its active 
form; thrombin. Thrombin is responsible for the conversion of fi brinogen into 
fi brin, the material from which blood clots are formed (Pittman et al.  1994 ). 

 Furthermore  F5  has an additional role in the regulation of the coagulation system 
via its interaction with Activation Protein C (APC). APC is responsible for regulat-
ing coagulation by cleaving  F5  at specifi c sites in order to inactivate the coagulation 
process (Esmon  2003 ). The termination of the function of APC, disallows the over-
growth of blood clots due over stimulation of the coagulation system by  F5  (Pittman 
et al.  1994 ; Esmon  2003 ; Segers et al.  2007 ). 

 As a factor which functions in both the intrinsic and extrinsic pathways of coagu-
lation, maintenance of  F5  and the balance of its cofactor activity is of key impor-
tance to the coagulation system of the body. An imbalance in these factors can lead 
to perturbed  F5  expression and function, resulting in the potential of both, throm-
botic and haemophilic clotting disorders (Segers et al.  2007 ; Vos  2006 ; Asselta 
et al.  2006 ). 

 Factor V Leiden (FVL) Thrombophilia, also known as APC Resistance, Leiden 
Type or Hereditary Resistance to APC, is an inherent mutation in the  F5  gene. FVL 
involves having an abnormal version of the  F5  gene, this abnormality results in the 
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inability of  F5  to interact with APC, therefore resisting its action (Segers et al. 
 2007 ; Pittman et al.  1994 ; van Hinsbergh et al.  2001 ). As afore mentioned, APC 
regulates the function of  F5  to prevent over clotting during coagulation, however as 
APC is unable to properly interact with  F5  in patients with FVL, this results in the 
overproduction of fi brin and increased risk of venous thromboembolism (Ornstein 
and Cushman  2003 ). As fi brin supports the process of angiogenesis and the facilita-
tion of existing blood vessel networks, over production of fi brin further enhances 
this process, facilitating the formation of neovascularisation (van Hinsbergh et al. 
 2001 ; Cheresh et al.  1989 ). FVL can also lead to a number of conditions including, 
increased risk of deep vein thrombosis, colorectal cancer, recurrent pregnancy loss 
and thromboembolic events. 

 Recent studies have demonstrated the involvement of  F5  in Peritoneal Fibrosis 
via the expression of  F5  and tissue factor, alongside  F10  deposition. A study found 
that following infl ammatory stimulation, profi brotic and procoagulant mechanisms 
in the peritoneum that involved factors  F5, F10  and tissue factor, resulted in the 
progression of angiogenesis and the accumulation of extracellular matrix compo-
nents. The study was carried out on an inducible rat model and therefore the same 
outcomes cannot be concluded in human Peritoneal Fibrosis, however due to the 
shared genetic similarity between rats and humans, it is postulated that similar fi nd-
ings will be demonstrated in humans (Saito et al.  2009 ). 

 The role of  F5 , like that in pathological angiogenesis, plays a similar role in 
malignant or tumour angiogenesis. Similarly  F5  is relatively involved in the pro-
cess, via the production of fi brin. As previously mentioned, fi brin plays an active 
role in the facilitation of angiogenesis, especially in that of repair angiogenesis 
(wound healing in physiological angiogenesis and pathological and tumour angio-
genesis). Fibrin possesses the ability to protect cancer cells during circulation 
against mechanical stress as well as in the immune system. Fibrin further promotes 
tumour angiogenesis via the formation of a matrix for tumours to develop within 
(Klerk et al.  2007 ; van Hinsbergh et al.  2001 ). 

 A number of coagulation factors and markers have been found to be present in 
the hypercoagulable state in cancer patients (Iversen et al.  1996 ; Iversen and 
Thorlacius-Ussing  2002 ). These increased levels of coagulation factors and markers 
have an increased adverse effect in patients. This is due to the ability of tissue factor 
and thrombin to not only enhance tumour angiogenesis, but to further increase the 
adhesiveness of malignant cells to the microvascular endothelium (Rickles et al. 
 2003 ; Klepfi sh et al.  1993 ). In 2004, a report noted an increased risk of 3.3 fold, in 
the development of digestive cancers in male patients who presented recurrent acti-
vation of the coagulation system (Miller et al.  2004 ). 

 Little is currently understood about the mechanisms by which coagulation genes 
contribute to the risk of colorectal cancer, however, a number of studies have found 
FVL to be a strong prothrombotic mutation in cancer (Paspatis et al.  2002 ; Loktionov 
et al.  2003 ; Hubner and Houlston  2007 ; Bertina et al.  1994 ). Incidence of colorectal 
cancer in patients with FVL were found to be 45 % higher (12 in 44) than incidences 
in healthy patients, 36 in 600 (Mozsik et al.  2005 ). Increased risk of colorectal can-
cer appears to be associated with increased levels of fi brinogen (Grande et al.  2008 ; 
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Kockar et al.  2005 ) known to be associated with the facilitation of metastasis during 
tumour angiogenesis (Palumbo et al.  2000 ).  

62.5     FUS1 and Angiogenesis in Normal Physiology, Disease 
and Malignancy 

 The FUS1 gene is a tumour suppressor gene found on human chromosome 3p21.3 
(Ji and Roth  2008 ). It is highly associated with the prevention of lung cancers and 
has been consistently found to have an inhibiting function in breast cancers also (Ji 
and Roth  2008 ). The cancer reducing potential of FUS1 products are investigated 
primarily with angiogenesis being an accepted effect of developing tumours. How 
angiogenesis specifi cally varies with the various causes of FUS1 inhibition is 
described below (Lee et al.  2007 ). 

 The FUS1 gene encodes a 1372-amino acid protein that was found to be pro-
duced only during the transcription and translation of FUS1 (Petersen et al.  1995 ). 
The protein product is a myristoylated protein that is associated with cell membrane 
interaction and cell fusion. It inhibits tumour cell-induced cloning preventing repli-
cation of cancerous cells and has an anti-metastases function limiting the potential 
for malignancy. Presence of the protein was shown to stimulate apoptosis in the 
cancerous cells additionally and to reduce the angiogenesis of the location (Ji and 
Roth  2008 ). 

 Transcription of FUS1 is stimulated during nitrogen starvation of the tissue and 
is initiated by a human pheromone signal. Loss of this pheromone communication, 
such as a human with a mutant pheromone pathway, is found to prevent transcrip-
tion and is therefore another mechanism by which the FUS1 gene’s tumour suppres-
sor function is lost (Ji and Roth  2008 ). 

 Myristoylation is a modifi cation process where, in FUS1 specifi cally, a 14- carbon 
myristoyl group is added to the NH2-terminal of the protein product. Without this 
modifi cation, all tumour-suppressing functions were found to be reduced 
signifi cantly. 

 Some micro RNA molecules were shown to inhibit the function of tumour sup-
pressor gene SuFu as well as FUS1 and their expression of tumour suppression 
products. Micro RNA molecules are commonly associated with the inhibition of 
mRNA molecules and therefore translation of the product. One experiment investi-
gated the effects of miR-378 (a micro RNA molecule that inhibits the expression of 
FUS1) on cancerous tissue activity (Lee et al.  2007 ). Transfection with miR-378 
greatly improved cancerous cell survival and angiogenesis with comparison to a 
control tissue. To further investigate this, caspase-3 enzyme presence and activity 
assay was analysed, as it is an integral enzyme in apoptosis. The results demon-
strated that the mi-378 transfected cells had greatly reduced levels of caspase-3 
indicating that the apoptotic function related to the gene FUS1 was greatly reduced 
(Lee et al.  2007 ). 
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 The function of the FUS1 in prevention and treatment of lung tumours is highly 
accepted. The method by which the gene can be inserted is currently being investi-
gated. Viral vectors have limited viability in the delivery of the gene to the host cells 
due to the host’s immune response to the delivery virus and transgene. It is therefore 
currently only applicable to localised tumours (Gopalan et al.  2004 ). 

 Angiogenesis is a generally accepted occurrence with developing tumours. 
There are, however, specifi c relationships between FUS1 expression and the devel-
opment and modifi cation of blood vessels supplying the cancerous tissue. With the 
use of mi-378 in another experiment, the survival and angiogenesis of tissue tumours 
with and without FUS1 were compared. A group of mice with the FUS1 gene acti-
vated was compared with a group of mice with miR-378 administered (inhibiting 
translation to the FUS1 protein product). After 2 weeks, difference in tumour was 
already signifi cant (Lee et al.  2007 ). After 4 weeks, the blood vessels supplying the 
tissues were analyzed and the results were as follows. The blood vessels supplying 
the control increased in number and size corresponding to the tumour growth. The 
blood vessels supplying the FUS1 inactivated tumour increased in number as 
expected but showed a dramatically disproportionate increase in size to the area of 
the tumour (Lee et al.  2007 ). This suggests that FUS1 plays a signifi cant role in the 
prevention of enlargement of blood vessels serving tumorous tissues. 

 The FUS1 gene is an important tumour-suppressing gene with relation mostly to 
lung and breast cancers (Li et al.  2011 ; Kondo et al.  2001 ). Its function is to reduce 
tumour cell metastases by inhibiting tumour cell replication and to stimulate apop-
tosis in cancerous cells. The disabling of the function of the FUS1 protein is an 
indication in the development of lung cancer and can occur in many ways (Ito et al. 
 2004 ; Kondo et al.  2001 ). These include mutation in the FUS1 gene, a mutant 
pheromone- signalling pathway, loss of myristoylation ability of the cell and the 
presence of some miRNAs. As a treatment and prevention strategy, introduction of 
the FUS1 gene is highly promising. The specifi c effect of FUS1 on the angiogenesis 
of a tumour has not been explored as signifi cantly as its tumour suppressing capa-
bilities. Current research indicates that the FUS1 gene plays an important role in 
limiting blood fl ow to tumour cells by reducing the expansion in size of blood ves-
sels, but not in preventing the formation of new ones.  

62.6     HGS: Hepatocyte Growth Factor-Regulated Tyrosine 
Kinase Substrate and Angiogenesis in Normal 
Physiology, Disease and Malignancy 

 HGS is a gene which codes for an enzyme known as Hepatocyte growth factor- 
regulated tyrosine kinase substrate (HRS protein) (Nagata et al.  2014 ). The HRS 
protein is primarily involved in regulating the traffi cking of growth factor receptors 
within a cell (Rayala et al.  2006 ). It is believed that HRS protein interacts with a 
protein known as PELP1, and this interaction induces the activation of Src proteins 
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(including the c-Src protein that was mentioned above) as well as the MAPK path-
way (Rayala et al.  2006 ). The MAPK pathway is a signal transduction pathway that 
involves activation of kinase proteins which then activate transcription of certain 
genes that are required for cell growth and proliferation (Rayala et al.  2006 ). Clearly, 
any up regulation of this pathway could cause normal cells to become neoplastic, 
and eventually malignant. Hence, genes involved in the MAPK pathway are consid-
ered to be oncogenes. HRS has been linked to the MAPK pathway via the PELP1 
protein. When researchers undertook the task of examining this correlation, they did 
so by seeing how PELP1 protein activation would be affected in cells that had 
depleted HRS. What they found was that depleting HRS via HRS specifi c small 
interfering RNA, was that MAPK proteins were reduced, and hence they concluded 
that HRS infl uenced MAPK activity (Rayala et al.  2006 ). What was not known was 
whether this was due to a confounding factor other than the PELP1 protein, so 
researchers decided to examine whether an increase in HRS in cells that heavily 
expressed PELP1 would result in up regulation of the MAPK pathway. They con-
cluded that PELP1 protein is indeed the cause of the higher activation of the MAPK 
pathway since cells that expressed PELP1 in large amounts were the cells that were 
heavily affected (Rayala et al.  2006 ). Studies have demonstrated that once HRS 
protein activates the MAPK pathway, a specifi c translation factor named Elk-1 is 
activated (Rayala et al.  2006 ). The activation of Elk-1 results in transcription activa-
tion, resulting in the manufacture of proteins involved in breast cancer (Chai et al. 
 2001 ). This pathway is involved in the induction of neoplastic changes; however, it 
is still only poorly understood. A more comprehensive understanding of ERS is in 
the fi eld of angiogenesis. Up regulation of growth factor receptors is of vital impor-
tance in normal physiology. It allows for hypertrophy of normal cells in times when 
it is required (such as in strength training) as well as hyperplasia in times of wound 
repair. This however is contrasted in pathologic up regulation of growth factor 
receptors. In pathologic up regulation of the growth factor receptors, cells become 
more responsive to external stimuli and proliferate more easily despite an increase 
in the molecules that signal their increase. This is of vital importance in pathologic 
angiogenesis required in neoplasms. Endothelial cells are required for angiogenesis 
within neoplasms, and research suggests that HRS protein is heavily involved. 
Research involving a cancer named Glioma, which is a result of malignant glial 
cells in the brain, has shown that the HRS protein is involved in degradation of 
growth factor receptors, and hence anti-angiogenesis. Platelet derived growth factor 
receptor (PDGFR) as well as vascular endothelial growth factor receptor (VEGFR) 
are amongst the two most heavily expressed receptor proteins found in endothelial 
cells that are involved in angiogenesis (Wurdinger et al.  2008 ). The HRS protein is 
involved in this mechanism due to its protein sorting function. One of the functions 
of HRS protein is that it directs growth factor receptors to lysosomes within the cell. 
This allows for these receptors to become degraded, and helps control angiogenesis 
from becoming under regulated (Wurdinger et al.  2008 ). If HRS protein is depleted 
by reduced translation or perhaps by an enzyme that degrades it, the growth factor 
receptors remain on the cells and angiogenesis occurs. This is was evident when 
angiogenesis involved in glioma was investigated (Wurdinger et al.  2008 ). 
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Researchers hypothesized that a type of catalytic RNA was involved in degrading 
the HRS protein, which resulted in vascularization of the tumour. To test their 
hypothesis, they used molecules which inhibited a catalytic RNA named miR-296 
(Wurdinger et al.  2008 ). miR-296 is a micro RNA that has a specifi c binding site to 
the HRS protein. The inhibition of miR-296 was accomplished by the use of a mol-
ecule named Ambion (Wurdinger et al.  2008 ). Ambion binds to miR-296 and ren-
ders it inactive. The researchers observed that the reduced miR-296 resulted in a 
reduced degradation of HRS, which consequently resulted in an increase in growth 
factor receptors. It is believed that miR-296 is impaired in most cancers (including 
the glioma cancer that was investigated), and hence its interaction with HRS is vital 
to understanding angiogenesis in pathologic malignancies.  

62.7     HSP20 and Angiogenesis in Normal Physiology, Disease 
and Malignancy 

 Heat Shock Proteins (HSPs) are a class of proteins that play important roles both 
inside and outside the cells. As their name suggests, HSPs are primarily employed 
in response to cellular stress that threatens to denature proteins, particularly thermal 
stress. Their action within the cell is that of a molecular chaperone; they both refold 
denatured proteins and wrap around them to prevent denaturation (Schmitt et al. 
 2007 ). Extracellular HSPs are thought to possess limited immune functionality as 
they aid in the formation of peptide antigens (Carmeliet and Jain  2000 ). In addition 
to their role in cellular protection, HSPs perform in other aspects of protein lifecycle 
including folding and distribution. HSPs are divided into many subclasses based on 
molecular weight (Wang et al.  2009 ). HSP20, also known as HSPB6, is a smaller 
polypeptide that is active in response to both physiological and pathological cellular 
stresses. HSP20 can be found in many tissues but is most prevalent in muscle cells 
of airways, blood vessels, skeletal muscle, the colon and especially the heart. Direct 
effects of HSP20 revolve around supporting and protecting cardiomyocytes and 
other muscle cells (Goukassian et al.  2001 ). Research also indicates it plays a role 
in cardiac angiogenesis as noted during insertion of MSC featuring recombinant 
HSP20 DNA into areas of cardiac infarction. 

 At this stage the majority of research involving HSP20’s role in angiogenesis is 
focused on molecular pathways with relatively little on HSP20’s role in angiogenic 
malignancies and pathologies. Wang et al. ( 2009 ) were able to create recombinant 
DNA in the mesenchymal stem cells (MSC) of adult male rats. Using adenoviral 
vectors they were able to express code for both HSP20 and Green Fluorescent 
Protein (GFP, used as a control). In vitro cultures of both MSC strains then under-
went oxidative stress for using hydrogen peroxide at varying concentrations and for 
varying time periods. Results pertaining to angiogenesis included the increased 
secretion of pro-angiogenic factors by MSC. Cells expressing HSP20 secreted 80 
%, 55 % and 39 % more VEGF, FGF-2 and IGF-1 respectively when compared to 
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the GFP control. This was further expanded by inserting the aforementioned MSC 
into the left ventricle of female rats adjacent to regions of myocardial infarction. 
HSP20 MSCs resulted in enhanced angiogenesis and a 43 % increase in vasculari-
sation compared to the GFP control. Whilst these results were promising, it was 
acknowledged that MSCs were responsible for the secretion of many growth factors 
and chemokines and that more research was required for HSP20 in understanding 
of both growth factor secretion as well as myocardial infarction response (Wang 
et al.  2009 ). 

 Further clarity was gained through the use of extracellular HSP20 on Human 
Umbilical Vein Endothelial Cells (HUVEC). In this instance Bovine Serum 
Albumin was used as a control. Results indicated that increased concentrations of 
HSP20 as well as increased dosage time of HSP20 helped with the initial stages of 
angiogenesis. Following from these results of analytical techniques such as com-
petitive binding assays and the use of immunofl uorescent staining indicated that 
HSP20 also promotes angiogenesis by binding to VEGF-receptor 2 (VEGF-R2). To 
further confi rm this hypothesis HUVEC were fi rst treated with CBO-P11, a VEGF-R 
inhibitor, before HSP20 dosage was applied. Angiogenic cell migration and other 
stimulatory effects of HSP20 previously experienced decreased in these HUVEC, 
in agreement with the notion that at least some of HSP20’s angiogenic function is 
based on interactions with VEGF-R2. Finally it was observed that when comparing 
hearts of wild type mice, those with transgenic HSP20 overexpression benefi tted 
from increased vascularisation. Limitations acknowledged by the authors and pos-
sible future areas for research include unknown stability of HSP20 outside of the 
cell, how HSP20 may be delivered to the heart for therapeutic purposes if at all 
possible and if there is in fact an advantage in using HSP20 rather than simply 
VEGF (Zhang et al.  2012 ). 

 There is much progress that can be made in our understanding of HSP20’s role 
in angiogenesis, especially in relation to pathological conditions. The majority of 
publications involving angiogenesis and HSP20 emphasise the molecular steps 
involved in activating HSP20. One study found that cardiomyocytes of rats with 
type II diabetes released exosomes containing microRNA 320 (miR-320) to com-
municate with endothelial tissues. Simply put, microRNAs are very small, non- 
coding RNA nucleotide sequences. miR-320 was found to have an anti-angiogenic 
action through down regulation of many growth factors as well as HSP20. The 
aforementioned exosomes appear to have exciting therapeutic potential with respect 
angiogenic regulation; in addition to miR-320 they may also contain the pro- 
angiogenic miR-126 (Wang et al.  2014 ). The same interaction between miR-320 
containing vesicles and HSP20 was also noticed in ischaemic heart disease (Ren 
et al.  2009 ). Substantially less is known about HSP20 in pathologic conditions not 
pertaining to the heart. Researchers have observed that HSPs are involved with 
diabetic retinopathy, however HSP20 is not listed amongst the key factors. 
Furthermore for the HSPs that play a role in diabetic retinopathy, it is through their 
non-angiogenic functionality (Heise and Fort  2011 ). Similarly, although HSPs are 
active in the pathology of arthritic infl ammation (Lambrecht et al.  2014 ), our  current 
understanding does not include a link to HSP facilitated angiogenesis nor HSP20. 
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 HSP20 has two primary roles in the development of malignant tissues; fi rstly the 
angiogenic mechanisms outlined earlier and secondly as an anti-apoptotic factor. It is 
obvious that the effects of HSP play a vital role in improving the resilience of the cell 
with respect to stress. However this would be an overly simplistic analysis of the role 
of HSPs in human health; cell preservation for the most part is benefi cial, however, 
the function of HSPs also serves to extend the life of cancerous cells (Chen et al. 
 2014 ). Both functionalities were demonstrated by Chen et al. ( 2014 ) through the 
study of progress and spread of tumours in mice. All mice were administered with 
fi rst Lewis Lung Carcinoma Cells before doses of either HSP20 or a saline control 
solution were injected into the peritoneal cavity. After a time period tumours were 
weighed in a quantitative assessment of growth. Equally, cervical lymph nodes were 
used to assess metastasis. The authors observed that the HSP20 mice secreted more 
of the pro-angiogenic VEGF and Basic FGF when compared to the control mice. 
Conclusions of the report state that HSP20 had anti-apoptotic and angiogenic func-
tionality, both of which would aid in tumour development (Chen et al.  2014 ). 
Additionally, HSP20 can be regulated by other factors and complex pathways. 
Tumour tissues are found to create and release Prostaglandin E2 (PGE2) that binds 
to E-Type Prostaglandin 4 (EP4), a G-protein receptor. This in turn lowers the activ-
ity of intracellular cAMP Dependent Kinase (PKA). It was found that that PKA is 
responsible for the activation of HSP20 and many other angiogenic factors. These 
fi ndings lead us to believe that tumours are able to infl uence their own blood supply 
through the use of PGE2 and EP4 and indirectly trigger the release of HSP20 and 
correspondingly the release of VEGF. As such future therapeutic efforts may place 
emphasis on the mediation of PGE2 and EP4 (Zhang and Daaka  2011 ). 

 In summary, investigation of HSP20’s role in angiogenesis detailed interactions 
with VEGF, VEGF-R2 and FGF. Studies of HSP20’s role in pathological angiogen-
esis has revealed that HSP20 is in turn mediated by numerous endogenic factors 
such as miR-320, miR-126, PKA and EP4. Identifi cation of the pathways regulating 
pathologic and malignant angiogenesis as well as the key chemical mediators 
involved provides many feature targets for therapeutic strategies. This small review 
of HSP20’s role in angiogenesis has brought to light a delicate balance and a vast 
array of complex interactions. This clearly illustrates the importance of both past 
and future studies to improve our understanding and ultimately to future therapeutic 
developments.  

62.8     Lactate and Angiogenesis in Normal Physiology, Disease 
and Malignancy 

 For several years, lactate has been recognised as merely a metabolic end product of 
glycolysis. However, enlightened by Thomas K. Hunt and his team, they connected 
a relationship between metabolism and angiogenesis; where they concluded that 
lactate has been formally proven to be an important factor that contributes to tissue 

62.8 Lactate and Angiogenesis in Normal Physiology, Disease and Malignancy



406

healing (Trabold et al.  2003 ). Angiogenesis has three main roles in the human body 
and occurs in: normal physiology, which is general wound healing and vascular 
genesis; diseases such as several ischemia and malignant tumours. However, before 
discussing lactate in angiogenesis, a little more background on this chemical com-
pound should be understood. 

 Lactate or lactic acid is a chemical compound constantly produced from the end 
product, pyruvate, of glycolysis in animals. In animals, during vigorous exercise, 
the main source of energy is generated through glycolysis. There are two types of 
glycolysis: aerobic and anaerobic. Most of the energy is produced via aerobic gly-
colysis. This causes the animal to begin to breathe faster as the requirement for 
oxygen in the working muscle increases. However, as the energy required exceeds 
the amount of energy oxygen can generate, the body starts to undergo anaerobic 
glucose metabolism to meet the demands of the muscles (Ziemann et al.  2011 ). 
Usually in the human body under physiological conditions, lactate concentration 
levels are usually controlled around 1.8 millimoles (mM). However, in tissues that 
are being regenerated, undergoing high levels of aerobic or anaerobic glycolysis 
and in malignant tissues and tumours, the levels of lactate may rise up to 10–15 mM 
(Gottfried et al.  2006 ). 

 Thomas K. Hunt’s research explains how lactate plays a major role in wound 
healing, vascular regeneration or angiogenesis in tissues (Hunt et al.  2007 ,  2008 ; 
Ghani et al.  2004 ; Beckert et al.  2006 ). During immune activation and cell prolifera-
tion, lactate accumulates due to metabolism. Healing through stimulating regenera-
tive cells and also endothelial cells and the tube formation in vitro, circulating 
vascular progenitor cells and vascular morphogenesis in vivo are all stimulated by 
lactate. One of the processes initiated by lactate, is angiogenesis (Porporato et al. 
 2012 ). Angiogenesis occurs when there is tissue trauma due to chemical, physical 
pathological disturbances, to regenerate via growth factors. When there is a wound, 
lactate accumulates due to glycolysis after circulation disruption, immune system 
activation and increase cell proliferation and differentiation; and with this, scientists 
had begun to research more on ways to exploit lactate therapeutically to increase the 
rate of wound healing. Although, recent tests have shown that lactate was able to 
communicate with endothelial cells directly and furthermore stimulated the phos-
phoinositide 3 kinase (PI3K)/Akt pathway in human endothelial cells via ligand 
mediated activation of three receptor tyrosine kinases (Polet and Feron  2013 ). The 
tyrosine receptors initiate, nerve growth factors, epidermal growth factors, fi bro-
blast growth factors and other growth factors related to angiogenesis. Although 
however, over expression of gene or mutation in gene expression on tyrosine recep-
tors may lead to diseases or malignant growth (Polet and Feron  2013 ). 

 An abnormally high accumulation of lactate, may lead to lactic acidosis and 
septic shock, but more signifi cantly, a sign of malignancy. In areas of malignancy, 
there tends to be higher levels of lactate, as lactate is the end product of glucose 
metabolism. The accumulated lactate then act to stabilize hypoxia-inducible factor 
1α to up-regulate the expressions on pro-angiogenic genes (Lolmede et al.  2003 ). 
One example of these pro-angiongenic genes is vascular endothelial cell growth 
factor which generally restores blood supply to areas where circulation is blocked. 
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All cells in the body require energy to do their respective jobs in the body including 
proliferation, and therefore resulting in lactate being produced through glycolysis 
(Burroughs et al.  2013 ). However, cancer proliferate and grow a lot faster than nor-
mal cells do and primarily use aerobic glycolysis or the Warburg effect to produce 
the energy they need to grow and establish new vascular supplies (Lunt and Vander 
Heiden  2011 ). Although tumour cells have high survivability, even under hypoxic 
and low oxygen environments, cancer cells sometimes become too large and start to 
necrotize from the inside due to little produced energy from anaerobic metabolism. 
To prevent this, cancer cells tend to generate their own blood vessels for oxygen. 
They do this by using lactate to stimulate the vascular endothelial cell growth fac-
tors which give tumours a sustainable environment for growth (Porporato et al. 
 2012 ). 

 The lactate gene is a by-product in glycolysis, but further research shows that, 
this gene also plays a role in controlling and stimulating tissue healing, vascular 
genesis or angiogenesis. However, on the downside, lactate also plays a role in 
promoting cancer growth. The fact, lactate stimulates angiogenesis and uncon-
trolled cancer growth when mutated, had been recently discovered means there is 
more to fi nd out. Furthermore, if the lactate gene is able to initiate angiogenesis, 
then there may be a chance to slow down or completely inhibit cancer growth.  

62.9     MIP-1β and Angiogenesis in Normal Physiology, 
Disease and Malignancy 

 Chemokines, or chemotactic cytokines are factors found as part of the infl ammatory 
response, occurring during disease or infection. Leukocytes transgress the vascular 
endothelium and move into the peripheral tissues. Moreover, chemokines play a 
crucial role in activities such as angiogenesis and haematopoiesis, and in diseases 
such as HIV. The most important characteristic of the chemokines is conservation 
of four cysteines. There are two main groups, namely CXC and CC chemokines. 
The subtype depends on whether or not an amino acid divides the fi rst two NH2- 
terminal cysteines (Menten et al.  2002 ). 

 Macrophage infl ammatory protein-1β, or MIP-1β, is also known as Chemokine 
C-C motif ligand 4 (CCL4). It is a human protein which is encoded by CCL4. In 
susceptible cells CCL4 is capable of inhibiting HIV-1 infection. Type MIP-1β is of 
the four chemokine subfamily; others include CCL3 (MIP-1α), CCL9/10 (MIP-1δ) 
and CCL15 (MIP-1γ). They consist of a variety of cells, such as dendritic cells, 
lymphocytes and macrophages (Maurer and von Stebut  2004 ). 

 Macrophage infl ammatory protein 1 was discovered in 1988 (Odorisio et al. 
 2006 ) and gets its name according to its infl ammatory properties in vitro, as well as 
in vivo. It is essential in the immune response and as part of the infl ammation 
 process. MIP triggers human cells, such as basophils, eosinophils, and neutrophils, 
which in turn lead to neutrophilic infl ammation. 
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 MIP-1 is 8–10 kDa in size (Maurer and von Stebut  2004 ), and is closely linked 
to the LD78α gene located on chromosome 17 (Maurer and von Stebut  2004 ; 
Menten et al.  2002 ). Their structural organization is head to head and they are alien-
ated by 14 kb. The chromosome consists of three exons and two introns (Maurer 
and von Stebut  2004 ). There is a single copy per gaploid genome of the LD78α 
gene. Many people present with an extra non-allelic human MIP1-β, however, it is 
not well researched and explained. 3′ untranslated regions of the MIP1-β cDNAs 
consist of a polyadenylation site (AATAAA) and a small amount of AT-rich 
sequences (Menten et al.  2002 ). MIP1-β is synthesized as 92 amino acid precursors 
(Odorisio et al.  2006 ; Pralhad et al.  2003 ) the mature protein of MIP1-β is struc-
tured of 69 residues and has a  M   r   of 7826.9 Da (Menten et al.  2002 ). 

 Cells like hematopoietic cells (dendritic cells, NK cells, mast cells) play a crucial 
role in the infl ammatory response. During stimulation cells such as astrocytes, 
microglia, and epithelial cells generate a lower amount of CCL4. A large amount of 
MIP1-β is formed when monocytes are stimulated with LPS or IL-7. T-cells and 
B-cells are activated by the binding of the antigen, which secretes MIP1-β. NK cells 
use physiological activation processes such as lysis of the target cells to generate 
MIP1-β. After stimulation with LPS, TNF-α, IFN-γ, or IL-1β brain microvessel 
endothelial cells produce the MIP1-β gene. Moreover dendritic cells are active in 
releasing the gene in response to LPS, TNF-α, or CD40 ligand (Menten et al.  2002 ). 

 High affi nity for proteoglycans is a similar trait of the chemokines, such as hepa-
rin and heparin sulfate. The increase of chemokines’ bioactivity is a result of bind-
ing with proteoglycans at the surface area of endothelial cells or into the extracellular 
matrix. Interactions between them are known as electrostatic forces and involve 
amino acids. MIP1-β has 3 vital basic amino acids for heparin binding: Arg18, 
Arg46 and Arg48 (Odorisio et al.  2006 ). The fourth Lys45, however, is non vital. 
The amino acid Arg46 is proved to be essential for binding MIP1-β and heparin 
(Menten et al.  2002 ). 

 MIP1-β is important in the infl ammatory response, especially in the migration of 
leukocytes to the areas of infection. Local infl ammatory reaction is a consequence 
of the chemokines targeting the leukocytes. Migration of T lymphocytes towards 
MIP-1β depends on the integrin-mediated adhesion of lymphocytes to the endothe-
lium. In this particular case MIP1-β is a potent chemokine which is responsible for 
the activation and augmenting adhesion of T lymphocytes to vascular cell molecule 
VCAM-1 (Menten et al.  2002 ). 

 MIP-1β causes a rise in platelets and vascular smooth muscle cells, but has no 
effect on neutrophils and basophils. Stimulation of the NK with MIP1-β in vitro led 
to chemokine stimulated leukocytes with the highest activity concentration of 100–
1000 ng/ml (Maurer and von Stebut  2004 ), releasing granzyme A and 
 N -acetyl-β-D-glucosaminidase. 

 For immature dendritic cells MIP1-β is a very powerful chemoattractant, how-
ever with maturation, chemotactic response is weakened and the susceptibility of 
the cells to MIP-1β is lost. Such changes correspond with the modifi cations in the 
chemokine receptor expression on the dendritic cells. 
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 The human immunodefi ciency virus type 1 (HIV-1) involves the availability of 
specifi c chemokine receptors as well as CD4 to affect the target cell. The receptor 
CCR5 is known to act with strains of HIV-1. It has the maximum effect during the 
asymptomatic stages of the disease, replacing CCR5 receptor with the N-terminus 
of CCR2 reacting with MIP-1β (Farzan et al.  1997 ). Nonetheless, it does not sustain 
viral entry. Consequently, chemokine signaling and HIV-1 entry are dismountable 
processes. Only the  N -terminal domain of CCR5 is needed for the viral entry 
(Farzan et al.  1997 ). 

 Rheumatoid arthritis is a systemic infl ammatory disorder, which affects organs 
and tissues, especially synovial joints. MIP-1β takes a part in the infl ammatory 
reaction observed in rheumatoid arthritis. In particular, certain leukocyte subsets, 
such as monocyte and T-cells are targeted. Raised levels of chemokine MIP-1β are 
present in the synovial fl uid and tissue (Menten et al.  2002 ). 

 Bacterial meningitis is a disease caused by infection with bacteria; the most dis-
tinct characteristic is the infl ammation of the cerebrospinal fl uid (CSF). Various 
types of chemokines, including MIP-1β, take part in the accumulation of leukocytes 
in the CSF (Odorisio et al.  2006 ). In patients with Alzheimer’s disease MIP-1β is 
upregulated in reactive astrocytes (Menten et al.  2002 ). One of the most important 
haematological diseases is sepsis, which indicates the existence of microorganisms 
in the blood. The level of MIP-1β is high in the case of sepsis (Menten et al.  2002 ), 
however it is not relevant to the prognosis of the patient.  

62.10     Nicotinamide and Angiogenesis in Normal Physiology, 
Disease and Malignancy 

 Vascular growth often takes place in normal physiology during wound repair and 
perinatal development. Hypoxia can also lead to the formation of new vascular 
structures in the human body. During hypoxia, Nicotinamides become accumulated 
in the ischemic tissues to induce vascular growth (Morris  1989 ). 

 Nicotinamide is a water-soluble molecule, which is the amide form of Niacin. 
Nicotinamides are available in the diet (vitamin B3) and in commercial products; in 
the form of vitamin supplements and cosmetics (Surjana et al.  2010 ). The focus of 
this section of the paper is to study the physiological and pathological aspects of the 
Nicotinamide derivatives in regard to angiogenesis. 

 Nicotinamides are the primary precursor of Nicotinamide adenine dinucleotide 
(NAD + ), Nicotinamide N-methyltransferase (NNMT), Nicotinamide phosphoribos-
yltransferase (NAMPT) and NAD(P)H oxidase (Garten et al.  2009 ). NAD +  is an 
essential coenzyme in Adenosine Triphosphate (ATP) production and cellular res-
piration. It is also the main substrate for the Poly [ADP-ribose] polymerase 1 
(PARP-1), which is encoded by the PARP-1 gene. This gene has been recognised as 
an active transcription region of chromatin. It is believed that together, PARP-1 and 
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NAD + , play an important role in cancer formation via manipulating the cells’ reac-
tion toward the genotoxicity (Surjana et al.  2010 ). 

 NAD(P)H oxidase has been proven to be an important factor during cell prolif-
eration and migration of endothelial cells (EC). Recent studies link Nicotinamide 
activity and Vascular Endothelial Growth Factor (VEGF) signalling to confi rm the 
role of the reactive oxygen species in angiogenesis. The reactive oxygen species 
(ROS) are involved in the signalling pathways, which lead to angiogenesis. ROS 
includes molecules such as hydrogen peroxide and superoxide anion, that are pro-
duced during hypoxia or reoxygenation from a Nicotinamide derivative (NADPH 
oxidase) in the ECs (Ushio-Fukai et al.  2002 ). In order to activate ROS, NAD(P)H 
oxidase has to fi rst be activated by growth factors such as VEGF and angiopoietin-
 1. VEGF plays the most critical role in angiogenesis during tumour formation. It has 
been discovered that by targeting NAD(P)H oxidase, the process of angiogenesis 
can be disrupted, thus disruption of tumour formation. The effectiveness of this 
strategy is demonstrated by the dietary administration of antioxidants (anti-NADPH 
oxidase) (Ushio-Fukai and Nakamura  2008 ). 

 NAMPT expression takes place under hypoxia. This process can occur under the 
infl uence of VEGF induction and formation of capillary-like tubes in certain tis-
sues, which have the potential to operate as an important mechanism for tumour 
formation. It has been found that NAMPTs plays a role in pathologic conditions. 
NAMPTs are found in the special fat tissue (visfatin) of obese patients as well as in 
patients with type II diabetes. Interestingly, this phenomenon could protect the body 
during the myocardial infarction by angiogenesis (Waltenberger and Pardali  2012 ). 
In addition to pathologic conditions; NAMPTS plays a crucial role in cancer forma-
tion by enhancing angiogenesis. An inhibitory molecule called FK-866 has been 
identifi ed as inducing apoptosis in certain cells by inhibiting NAMPTs. It is known 
that NAMPTs act as a main convertor of Nicotinamide to NAD mediators and as 
previously mentioned, NAD is required for angiogenesis. As a result, inhibition of 
angiogenesis and tumour formation can be explained by the inhibition of NAMPTs. 
It is concluded that FK-866 is tightly linked with cell apoptosis without change in 
the cell metabolism by interfering with Nicotinamide activity towards angiogenesis. 
More clinical trials are needed to appreciate the antineoplastic role of FK-866 for 
cancer treatment (Garten et al.  2009 ). 

 Another Nicotinamide derivative involved in cancer stimulation by angiogenesis 
is known as NNMT. NNMT is involved in methylation of Nicotinamides in order to 
recycle NAD and as previously discussed, NAD is involved with angiogenesis. 
Overproduction of NNMT has been recorded in the mesenchymal cells of tumour 
growing tissues in several malignancies (Thirant et al.  2012 ). As a result, this 
enzyme has been used as an indicator of the invasiveness of a tumour and a prog-
nostic tool of some cancers such as renal or thyroid cancer (Aras et al.  2012 ). Results 
from studies surrounding the control of lung cancer have indicated that NNMT 
could be an “interesting” target for this type of cancer. 

 Furthermore, studies have found, Short Hairpin RNA (shRNA)-mediated gene is 
used to down-regulate the concentration of NNMT, resulting in a signifi cant 
 reduction of tumour production (Sartini et al.  2015 ). Another study has successfully 
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revealed other roles of NNMT in the involvement of the formation of the neoplasm. 
These include roles such as: inhibition of apoptosis, increasing ATP levels and pro-
moting ROS, which are considered important factors of angiogenesis. As previ-
ously mentioned, NNMT is likely to become a target for some cancers such as 
colorectal malignancy, however, involvement of NNMT in other common cancers, 
such as breast cancer, is yet to be distinguished and therefore requires further inves-
tigation (Xie et al.  2014 ). 

 There is a different view in regards to the function of a Nicotinamide derivative, 
which may act as a potent anti-angiogenesis agent. This Nicotinamide derivative is 
known as 2-[1-[1-(6-chloro-5-fl uoropyrimidin-4-yl)ethyl]piperidin-4-ylamino]-N-
(3-chlorophenyl) pyridine-3-carboxamide (BRN-250). BRN-250 and BRN-103 are 
believed to inhibit VEGF in ECs. The main physiological contribution of BRN-250 
is to inhibit the proliferation of the Human Umbilical Vascular Endothelial Cells 
(HUVECs). It is suggested, this anti-angiogenesis activity could be used in the can-
cer treatment in some certain malignancies (Choi et al.  2013 ).  

62.11     P120RasGAP and Angiogenesis in Normal Physiology, 
Disease and Malignancy 

 The RASA1 gene belongs to a family of genes known as the Ras genes (Chan and 
Chen  2012 ). Ras is an abbreviation for “rat sarcoma”, which alludes to the fact that 
these genes are heavily involved in neoplasms and are considered proto-oncogenes 
(Chan and Chen  2012 ). The RASA1 gene is located on chromosome number 5. The 
protein that this gene codes for is known as P120RasGAP (Lapinski et al.  2007 ). 
Technically speaking, the P120RasGAP protein is part of a family of proteins 
known as small GTPase. Small GTPases are a class of enzymes that hydrolyze gua-
nosine triphosphate. This hydrolysis acts as a molecular switch, either activating 
certain proteins, or deactivating them (Lapinski et al.  2007 ). P120RasGap protein is 
vital in normal cells as it acts as a regulator for a signaling transaction pathway 
known as the RAS pathway (Cooper and Kashishian  1993 ; Pakneshan et al.  2013 ; 
Rahman et al.  2015 ). The RAS signal transduction is normally deactivated by 
P120RasGap, but when it is activated, it leads to an activation of several effector 
molecules and proteins. These effectors include Ral-GEF, GAFs, PI 3-K, and 
MEKK (Reuter et al.  2000 ). All of these effectors are enzymes, and are responsible 
for activating genes that contribute to cellular growth, proliferation, and differentia-
tion respectively (Reuter et al.  2000 ). When the RAS pathway is tightly regulated 
by the inactivation of P120RasGap protein, cells proliferate and differentiate in a 
controlled manner. This leads to normal angiogenesis, and normal replacement of 
cells. However, when this pathway becomes overstimulated by a defi ciency in the 
activation mechanism of P120RasGap, cells begin to grow uncontrollably, dividing 
and causing metastasis, as well as increasing angiogenesis to support the neoplastic 
cells. A second pathway that P120RasGap helps regulate is through the protein 
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inactivation of c-Src protein. The protein abbreviated as c-Src stands for “cellular 
Src” or “cellular sarcoma” and it is a non-receptor tyrosine kinase protein (Chan and 
Chen  2012 ). c-Src is involved in the phosphorylation of cellular proteins, which are 
implicated in a variety of cellular functions similar to the protein functions that are 
observed in the activation of the Ras pathway. The c-Src protein is correlated with 
hyperactivity in human neoplasias, however, genetic mutations for the gene respon-
sible for c-Src are only rarely observed (Chan and Chen  2012 ). Since the c-Src 
protein is only rarely mutated but is highly correlated with human neoplasia, it is 
hypothesized that the protein which regulates it may be involved, hence the 
P120RasGap protein. This was fi rst hypothesized as tests were conducted on culti-
vated neoplastic human cell lines that contained mutations in the P120RasGap pro-
tein as a result of mutation in the RASA1 gene (Chan and Chen  2012 ). The 
hypothesis was tested by inhibiting the P120RasGap protein with a molecule known 
to inhibit the enzyme farnesyltransferase (Chan and Chen  2012 ). Farnesyltransferase 
is an enzyme that targets proteins of the Ras family, and as a result, is used fre-
quently in carcinogenesis research. It modifi es proteins of the Ras family by adding 
a lipid group. This allows proteins such as the P120RasGap to associate to specifi c 
membranes within a cell such as the golgi apparatus membrane and endoplasmic 
reticulum membrane (Chan and Chen  2012 ). In one study in which Farnesyltransferase 
was inhibited, proteins of the Ras family such as P120RasGap were unable to acti-
vate the c-Src protein, and it is believed that inhibition of P120RasGap is the reason 
as to why this occurs. The inability of P120RasGap protein to bind to membranes 
appears to be integral to activating c-Src. It is important to note that Farnesyltransferase 
inhibition does not inactivate the P120RasGap protein, but simply does not change 
it into the confi rmation required to bind to membranes of cellular organelles (Chan 
and Chen  2012 ). Thus from this study, it is evident that P120RasGap protein, and 
proteins from the Ras family, when bound to cellular membranes activate c-Src and 
cause angiogenesis and carcinogenesis within neoplastic cells. However, the ques-
tion as to how Ras family proteins cause the activation of c-Src protein is still not 
very clear. It was fi rst hypothesised that Ras family proteins create free radicals 
within a cell known as reactive oxygen species (ROS), which then induce changes 
of the c-Src protein, and hence cause angiogenesis along with carcinogenesis (Chan 
and Chen  2012 ). This hypothesis was proven to be incorrect as a molecule which 
reacts with and captures ROS species was introduced, yet c-Src was still activated 
despite there being any ROS (Chan and Chen  2012 ). A second hypothesis was that 
c-Src was actuated through autocrine molecules. Autocrine molecules are mole-
cules released from a cell to the extracellular environment, with the same cell that 
released the molecule acting as the target cell (Weigand et al.  2005 ). This hypoth-
esis was also disproven as cells were put in a conditioned medium which destroyed 
autocrine factors, yet the c-Src protein was still able to become activated (Chan and 
Chen  2012 ). The last hypothesis on the molecular activation of c-Src via Ras family 
proteins was that perhaps the proteins of the Ras family such as P120RasGap pro-
tein induced c-Src protein activation by a mechanism involving cell adhesion. This 
hypothesis seemed plausible because one of the effects of P120RasGap protein is 
the induction of cell adhesion which results in angiogenesis via endothelial cells. 
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Once again, this hypothesis was proven to also be incorrect, as cells that were placed 
in a fl uid suspension were still able to activate the c-Src protein despite any cellular 
adhesion or contact. In conclusion, evidence supports the fact that proteins of the 
Ras family such as P120RasGap induce neoplastic changes within cells, however, 
the exact biochemical mechanism of how this happens is still unresolved, and 
requires further research.  

62.12     PAK1 and Angiogenesis in Normal Physiology, 
Disease and Malignancy 

 The PAK1 gene codes for Serine/threonine-protein kinase enzyme (also known as 
P21-activated kinase 1) in humans (Rodrigues et al.  2005 ; Fathers et al.  2010 ). The 
PAK proteins are the quintessential effectors that join the Rho GTPases to cytoskel-
eton reorganisation and nuclear signalling (Klemke et al.  1998 ). The Rho GTPases 
are a group of signalling G Proteins and their constituents have been shown to regu-
late multiple aspects of intracellular actin Dynamics, and are therefore present in all 
eukaryotic organisms. All of the G proteins act as molecular switches and are 
involved in cytoskeletal development, cell movement and organelle development. 
PAK1 effects the Rac1 component of the GTPases, and Rac1 is involved in the 
control of cell growth and the reorganisation of the cytoskeleton, as well as having 
a key role in the pleiotropic regulation of the cell cycle and cell-cell adhesion. It also 
produces Lamellipodia a cytoskeletal Actin projection on the mobile edge of the 
cell (Noren et al.  2006 ). 

 Due to Rac proteins having such an important role in the regulation of cell motil-
ity and slight mutation or change in their gene expression can result in the facilita-
tion of tumour growth and the onset of cancer (Brown et al.  1996 ; Bekri et al.  1997 ; 
Boureux et al.  2007 ). For cancer cells to grow and spread by invading new tissues 
deregulation of the cells motility is essential. If there were a mutation or a distur-
bance in the expression of the Rac1 gene then the resulting abnormal cell motility 
could result in epithelial mesenchymal transition, a predisposing factor for tumour 
metastasis as well as drug resistant tumour relapse (Small et al.  2002 ). As a result a 
few recent studies have tried to initiate tumour therapy involving the pharmacologi-
cal inhibition of the Rac1 proteins activity. 

 Epithelial mesenchymal transition is the process by which epithelial cells lose 
their cell polarity and their cell-cell adhesion, this gives the cells invasive and 
migratory properties and as a result is linked heavily in the initiation of metastasis 
in tumours and the progression of cancer (Boureux et al.  2007 ; Small et al.  2002 ). 

 As PAK1 serves as a target for the small GTP binding proteins Rac (including 
Rac1) it controls the expression of Rac1 gene and can be said to have control over 
cell-cell adhesion as well as its own control over cell motility and morphology. 
Therefore if there was a mutation in the PAK1 gene or in the small GTP binding 
proteins (Rac) it could result in uncontrolled cell motility and loss of cell-cell 
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 adhesion. This would then facilitate the growth and spread of tumour cells through 
epithelial- mesenchymal transition (EMT), resulting in the migration of tumour cells 
through the basement membrane and entering the blood stream. Once in circulation 
they would become circulating tumour cells until they fi nd a new site to colonise 
and undergo clonal outgrowth at these metastatic sites. In theory due to the fact that 
the tumour cells have now been mobilised by a fault in the PAK1 gene or in the 
small GTP binding proteins and settled in new metastatic sites, they would need a 
new blood supply in order to grow and gain the nutrients they require. To get around 
this problem they would initiate angiogenesis to form tumour blood vessels. These 
are not as effi cient as normal blood vessels and often present with problems such as 
peri-vascular detachment, vessel dilation and an irregular shape. The vessels how-
ever are not believed to supply suffi cient oxygen to all the tissues around them 
(Small et al.  2002 ). 

 Due to the mutation in PAK1 and Rac1 and the loss of cell-to-cell adhesion 
between the constituent cells of the tumour, the migration of the tumour into blood 
vessels between the deep lying tumour cells will happen. These will then go on to 
provide them with nutrients allowing them to grow and divide, increasing the 
tumour size and its ability to spread to other areas in the body. The tumour blood 
vessels are formed through sprouting angiogenesis (Boureux et al.  2007 ; Small 
et al.  2002 ). 

 PAK1 and Rac1 gene can be used in therapeutic treatment of tumour cells and 
reduction in the spread of unwanted angiogenesis. Evidence suggests that the nor-
mal endothelial cell compartments (which establish the new blood vessels in angio-
genesis) can be targeted using radiation therapy (Jordan et al.  1999 ; Hanahan and 
Weinberg  2011 ; Stallings-Mann et al.  2012 ). This works by targeting the genomi-
cally stable endothelial cells, and due to the fact that new blood vessel formation is 
a fragile process vulnerable to disruption on many levels the therapy acts as a selec-
tion agent to kill the cell compartment. Tumour cells have the ability to evolve 
resistance at a rapid rate, due to a short generation time (in this case days) and a high 
frequency of genetic instability causing variation between the constituent tumour 
cells. This can result in cells with more resistance to traditional therapies and an 
increase in the occurrence of PAK1 and Rac1 gene mutations, resulting in unwanted 
angiogenesis leading to tumour growth and the risk of metastasis. Whereas if nor-
mal endothelial cells were targeted which have a longer generation time (months) 
and more genomic stability making them more susceptible to treatment such as 
radiation therapy (Hanahan and Weinberg  2011 ; Stallings-Mann et al.  2012 ). 

 The result of targeting the endothelial cells leads to their destruction/loss of func-
tion, preventing effective angiogenesis to the tumour cells reducing there nutrients 
and increasing self-pollution due to the loss of the vessels as their waste pathways. 
So as a way of treating the tumour cells that may present mutations in both the 
PAK1 and Rac1 genes target the healthy and genetically stable endothelial cells 
involved in angiogenesis. This stops tumour blood vessel formation and deprives 
the tumour cells (with PAK1 and Rac1 mutations) of nutrients resulting in their 
eventually death and preventing their replication and division.  
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62.13     Sema6A and Angiogenesis in Normal Physiology, 
Disease and Malignancy 

 Sema6A also known as Semaphorin 6A is transmembrane bound member of the 
semaphorins family which are implicated in the development of the neural tissue, 
regulation of the immune responses and tumorigenesis. Semaphorins are composed 
of Sema functional domain, a 500 amino-acid residue N-terminal domain, an α 
integrin-like extracellular domain and a receptor domain that determines binding 
specifi city (Koppel et al.  1997 ). In the family of semaphorins there are 8 classes, 
with class 1–2 found in invertebrates, class 3–7 in vertebrates and viral variant 
encoded by some viruses. Signal transduction of semaphorins are performed 
through plexin receptor present on the cell surface. The plexin receptor plays an 
important role cell-cell interactions and can initiate multiple signalling pathways in 
responses to semaphorin activation. The class 6 semaphorin are composed of sub-
class of 4 transmembrane proteins Sema6A-Sema6D which interact with plexin-
 2A, plexin 4A and plexin A1 (Sema6C and Sema6D) respectively. The class 6 
variants of semaphorins have been reported to be expressed in endothelial cells and 
play a role in both physiology and pathology forms of angiogenic expression. The 
Sema6B and Sema6D were reported to stimulate endothelial growth by interaction 
of pro-angiogenic growth factors VEGF2 and FGF2 respectively. The Sema6A and 
plexin A2/plexin A4 was reported to inhibit endothelial cell proliferation and halt 
vascular development in tumour cells (Urbich et al.  2012 ; Kigel et al.  2011 ). The 
mechanisms of Sema6A regulation of angiogenic expression were explored in the 
study by Urbich et al. ( 2012 ) which attribute Sema6A inhibitory capacity to its abil-
ity to block the VEGFR2. Their data also suggest that inhibition of sprouting angio-
genesis was observed with the up regulation of Sema6A expression (Urbich et al. 
 2012 ). 

 Based on the data, we can conclude that Sema6A has critical role in modulation 
of vessel development inhibiting endogenous signalling proteins preventing expres-
sion of angiogenesis. Sema6A may be a potential therapeutic target for angiogenic- 
associated disease such as tumour angiogenesis.  

62.14     Sprouty1 (Spry1) and Angiogenesis in Normal 
Physiology, Disease and Malignancy 

 Sprouty1 also known as protein sprouty homolog 1 is a membrane-bound member 
of Sprouty (Spry) family of proteins. There are four human homologs Spry proteins 
(Spry1–4) which have been described and are ubiquitously expressed in embryonic 
and adult tissues. Spry is composed of highly conserved cysteine-rich Spry func-
tional domain at C-terminus typical expressed in all members of Spry proteins and 
a variable N terminal (Impagnatiello et al.  2001 ; Edwin et al.  2009 ). Spry proteins 
specifi cally inhibit ligand-inducible receptor tyrosine kinase (RTK)-dependant  Ras/
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MAPK signalling pathways. Spry1 was initially identifi ed in Drosophila as an 
antagonist of the fi broblast growth factor (FGF) and epidermal growth factor (EGF) 
receptor signalling pathways (Minowada et al.  1999 ). Spry1 plays a key role in a 
multitude of cellular event including embryonic development, tissue/organ forma-
tion and postnatal growth and maintenance. However, in down regulation of the 
expression of SPRY1 gene can be observed in several different tumours such as 
breast, prostate and liver.  In vitro  studies have shown that overexpression of Spry1 
can inhibit cellular proliferation, migration and limit tumour growth  in vivo . 
Therefore, due to the inhibitory capacity on the signalling cascade Ras/MAPK path-
way Spry can act as a tumour suppressor (Minowada et al.  1999 ). 

 The mechanism by which the membrane-bound Spry1 proteins inhibits the RTK 
signalling pathways begins through binding to Grb-2 a secondary messenger which 
initiate Ras/MAPK signalling cascade (Cabrita and Christofori  2008 ). The active 
Spry1 protein prevents dimerization of Grb-2 and Sos-1 consequently interrupting 
the interaction with the Ras kinase and the downstream secondary mediators Raf-1, 
Mek1, Erk1/2 suspending gene expression. Activation of Spry protein requires 
phosphorylation which initiates Spry relocation at the Grb-2 and Sos-1 interaction 
site (Hanafusa et al.  2002 ). The inhibition of growth factors signalling appears spe-
cifi c to the Ras pathways neither affecting other pathways such as PI3 kinase medi-
ated or growth factor induced RTK. The mechanism of which Spry inhibits Ras 
activation may be due to the reversible modifi cation of nucleotide sequence Sos 
protein (Gross et al.  2001 ). Spry expression is dependent on ligand-induced activa-
tion of Ras signalling cascade to activate SPRY gene expression providing a regula-
tory feedback mechanism to the Ras pathway activation. Along with the inhibition 
of Ras pathway Spry protein reacts with other endogenous secondary messengers 
which mediate inhibition of cellular migration by the activation of the PTP1B pro-
tein (Gross et al.  2001 ; Impagnatiello et al.  2001 ). 

 Studies of the role of Spry1 in angiogenesis have not been fully characterized but 
several factors indicate that Spry may be good candidate as a potential inhibitor for 
therapeutic use (Lo et al.  2004 ). The earliest performed study of Spry1 protein 
described the regulatory role in the branching of trachea development in Drosophila 
which carries similar morphological similarities in mechanisms of utilized in angio-
genesis. Studies performed on structural homologs Spry2 and Spry4 of Sprouty 
family have been reported to play a role in angiogenesis. In addition, as a potent and 
specifi c inhibitor of the Ras/MAPK of ligand-induced RTK Spry1 may play a regu-
latory role in the expression angiogenesis (Lo et al.  2004 ). In the study by 
Impagnatillo et al. ( 2001 ) Spry1 activation halted endothelial cell proliferation and 
differentiation by inhibition of the ERK/MAPK pathway induced by angiogenic 
stimulators basic fi broblast growth factor (bFGF) and VEGF (Impagnatiello et al. 
 2001 ). This was further supported by study by Sabatel et al. ( 2010 ) which showed 
that silencing gene expression Spry1 proteins resulted in activation of endothelial 
allowing these cells to proliferate, migrate and form a network of capillaries  in vivo  
which synonymous to the process of angiogenesis.. Based on these properties Spry1 
may be a potential endogenous inhibitor to angiogenic expression (Sabatel et al. 
 2010 ).     
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