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Resumo 

 

O factor de crescimento do endotélio vascular (VEGF) tem sido um factor descrito 

como fundamental para a correcta formação da rede capilar durante a embriogenese, 

mas também para a formação de novos vasos sanguíneos durante a vida de um 

organismo adulto. O VEGF tem um papel activo nos dois processos que se sabe serem 

importantes para a  formação de uma nova vasculatura, sendo eles a vasculogénese 

(formação de novos vasos a partir de progenitores endoteliais) e a angiogénese 

(formação de novos vasos a partir de vasos pré-existentes), e que no adulto ocorrem 

numa grande variedade de situações quer fisiológicas (por exemplo durante a 

cicatrização de uma ferida ou na reparação do endométrio após menstruação) quer 

patológicas (por exemplo na vascularização de um tumor ou num processo de artrite 

reumatóide). Para além de actuar ao nível das células endoteliais que constituem os 

vasos, este factor de crescimento também foi descrito como capaz de actuar em 

células tumorais, promovendo não só a sua sobrevivência mas também a sua 

migração. 

 

O VEGF é codificado por um gene que após “splicing” alternativo entre os exões 5 e 

8 do pré-mRNA, origina diversas isoformas (as isoformas VEGF121, VEGF145, 

VEGF165 e VEGF189 são as isoformas mais abundantes). A existência de splicing 

alternativo neste gene faz com que se formem diferentes isoformas com diferentes 

localizações, uma vez que os exões em causa codificam para domínios de ligação à 

heparina que se pode encontrar tanto na membrana celular como na matriz 

extracelular. A isoforma 121 do VEGF não contem os exões 6 e 7 e dessa forma é 

uma isoforma capaz de se difundir e actuar a longas distâncias. Ao contrário, a 

isoforma 189 tem na sua constituição quer o exão 6 quer o exão 7 e portanto encontra-

se localizada junto à membrana da célula e retida na matriz extracelular, podendo no 

entanto ser clivada por uma protease e desta forma ter a mesma localização da 

isoforma 121. As isoformas 145 e 165, que tem o exão 6 e o exão 7 respectivamente, 

tem propriedades intermédias e podem sinalizar junto da membrana da célula ou a 

distâncias maiores. Para além da diferente localização, as várias isoformas têm 

consequentemente diferentes afinidades para os receptores do VEGF. Por exemplo 
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apenas a isoforma 165 do VEGF tem afinidade para se ligar ao receptor NRP1 

(neuropilina 1). De acordo com as suas diferentes propriedades, o VEGF121 tem sido 

implicado no recrutamento dos vasos periféricos actuando desta forma a longa 

distância, e o VEGF189 parece ter um papel na ramificação dos micro-vasos no local 

da sua expressão. Mais uma vez as isoformas 145 e 165 parecem ter funções 

intermédias, podendo recrutar os grandes vasos e promover também a ramificação dos 

micro-capilares. 

 

Apesar de existirem descritos vários trabalhos sobre o controlo ao nível da transcrição 

do VEGF (e.x. a hypoxia é um factor importante capaz de induzir a expressão do 

VEGF através da proteína HIF-1 que se liga à região promotora do VEGF), os 

mecanismos responsáveis pela regulação do “splicing” alternativo deste gene não são 

conhecidos. Sendo assim, os objectivos deste trabalho consistiram não só na 

caracterização dos sinais externos capazes de induzir uma alteração do padrão de 

isoformas do VEGF mas também na pesquisa das vias de sinalização e proteínas 

envolvidas na regulação do “splicing” alternativo deste gene em resposta a um sinal 

externo. 

 

De uma forma resumida, neste trabalho demonstrou-se in vitro que uma mudança do 

pH extracelular de neutro para ácido era capaz de induzir uma alteração no padrão de 

isoformas do VEGF. Mais detalhadamente, a percentagem da isoforma 121 do VEGF 

nesta condição estava bastante aumentada quando comparada com a sua percentagem 

numa condição de pH neutro. Esta alteração do “splicing” alternativo do VEGF 

demonstrou-se estar associada à activação da via de sinalização da cinase p38 (a 

adição de um inibidor específico da via manteve o padrão de isoformas do VEGF 

igual ao controlo mesmo depois de se ter sujeitado as células a um pH ácido). A 

caracterização das proteínas capazes de controlar o “splicing” alternativo do VEGF 

em resposta ao pH ácido e à activação da via da cinase p38, não está ainda totalmente 

concluída, no entanto, através de métodos bioinformaticos e de técnicas de RNAi, a 

proteína Tra2β ( proteína reguladora do “splicing” alternativo relacionada com a 

família das proteínas SR que são caracterizadas por terem domínios ricos em 

serina/arginina e um domínio de ligação ao pré-mRNA) parece estar envolvida no 
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aumento especifico de expressão da isoforma 121 do VEGF. A inibição da expressão 

desta proteína, que se verificou ter possíveis locais de ligação nos exões 5 e 8, induzia 

uma diminuição da expressão da isoforma 121 do VEGF e pelo contrário, um 

aumento da isoforma 189. Este resultado poderá indicar que quando presente, a 

proteína Tra2β, liga-se aos exões 5 e 8 favorecendo assim o “splicing” dos exons 6 e 

7 e originando desta forma a isoforma 121 do VEGF. 

 

 Outras proteínas já descritas como envolvidas no controlo do “splicing” alternativo, 

como é o caso das proteínas hnRNP (proteínas antagonistas das proteínas SR que se 

ligam a locais de silenciamento existentes tanto nos exões como nos intrões dos pré-

mRNA), poderão estar a regular directamente a expressão das diferentes isoformas do 

VEGF. Para alem destas proteínas, também os RNAs não codificantes tem sido mais 

recentemente implicados no controlo do “splicing” alternativo dos genes e poderão 

também estar a afectar o VEGF. 

 

Pela analise das isoformas do VEGF, tanto nos ovários como no útero, durante o ciclo 

éstrico de ratinho (angiogenese fisiológica), verificou-se que a isoforma 121 parecia 

ser a primeira a ser induzida numa condição de stress provocada pela ruptura do 

tecido/vasos (no ovário após ovulação e no endométrio aquando da descamação 

resultante da não fertilização do óvulo). De seguida a expressão da isoforma 165 e por 

fim da isoforma 189 parecia ser importante para a correcta formação e estabilização 

dos vasos. Este ciclo de expressão das isoformas do VEGF verificou-se não existir 

numa condição tumoral (angiogenese patológica). De acordo com os resultados 

obtidos em tumores do endométrio, o padrão de expressão das isoformas do VEGF é 

diferente do de uma condição não tumoral e notou-se um aumento na percentagem de 

todas as isoformas excepto da isoforma 165 que era a isoforma predominante nestes 

tecidos (chega a reduzir de 61% para 33%). Também por imunohistoquímica se 

verificou que na micro-vasculatura de tumores mais agressivos não havia uma 

correcta formação vascular o que poderia ser resultante da alteração do padrão de 

isoformas do VEGF.  
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Em suma, este trabalho veio clarificar a importância de alterações do micro-ambiente 

celular, nomeadamente da acidez (que se sabe ocorrer durante um processo tumoral 

em consequência do aumento da respiração anaeróbia por parte das células tumorais), 

no controlo do “splicing” alternativo do VEGF. Estes resultados são relevantes não só 

para o conhecimento básico da regulação génica do VEGF mas também poderá ter 

uma grande relevância no contexto da angiogenese patológica, uma vez que os 

defeitos na funcionalidade destes vasos, por exemplo em tumores, é muitas vezes 

responsável pela não eficácia dos tratamentos anti-tumorais (os vasos por serem muito 

permeáveis não são capazes de transportar correctamente as drogas administradas até 

ao seu alvo, o tumor). Sendo assim, o conhecimento pormenorizado da regulação 

deste gene pode ter um papel importante na abordagem terapêutica dos tumores. 

 

Palavras chave: Carcinoma do endométrio, , Ciclo éstrico, “Splicing” alternativo, 

Variações do micro-ambiente, VEGF. 
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Abstract 

 

VEGF has been described to be important for new blood vessels formation in a huge 

number of situations. Besides acting on endothelial cells this growth factor can also 

act in tumoral cells, having in that case a role in cell survival and migration. 

 

This gene encodes for several proteins generated by alternative splicing (VEGF121, 

145, 165, and 189 being the most abundant ones). Due to its different properties, 

VEGF121 has been implicated in the recruitment of the peripheral vessels at long 

distances, and VEGF189 seems to have a role in the branching of the microvessels 

being limited to its expression site. 

 

Although some previous work focused on the control of VEGF expression, the 

mechanisms that regulated the alternative splicing of VEGF was not known, so the 

aims of our work were to characterize the extracellular signal, signaling pathways and 

proteins involved in the regulation of this process.  

 

Briefly, we showed in vitro that a change in extracellular pH (acidosis) could induce a 

significant increase in the percentage of VEGF121. This change was shown to be 

mediated by activation of the p38 stress signaling pathway. Finally, we speculate that 

the SR related protein, Tra2β, may have a role in VEGF121 up-regulation, in 

response to acidic conditions and p38 activation.  

 

Interestingly, we observed that in a physiologic angiogenic process, VEGF121 seems 

to be the first isoform to be induced after vessels/tissue disruption. Than VEGF165 

and finally VEGF189 seems to be important for the proper vessels formation and 

stabilization. This cyclic expression of VEGF isoforms was shown to be absent in the 

tumoral pathologic angiogenesis. 
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Taken together we were able to highlight the importance of microenvironment 

changes in the control of VEGF alternative splicing that could be of extreme 

importance in the context of pathologic angiogenesis. 

 

Keywords: Alternative splicing, Endometrial carcinoma, Estrus cycle, 

Microenvironment changes, VEGF. 
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1. Vascular system 

Circulatory systems have evolved to transport respiratory gases, nutrients, waste 

products, hormones, antibodies, salts, and other materials, as well as blood and 

immune cells, to all tissues in our body [1]. Blood, the medium for transport of such 

materials, is a complex tissue containing many cell types. All circulatory systems 

comprise a main propulsive organ, usually a heart, which forces blood around in the 

body; an arterial system, which can act both to distribute blood and as a pressure 

reservoir; capillaries, in which transfer of materials occurs between blood and tissues; 

and a venous system, which acts as a blood reservoir and as a system for returning 

blood to the heart. A lymphatic system has evolved in conjunction with the high-

pressure, closed circulatory system to recover fluid lost to tissues from the blood.  

 

1.1. Blood vessels organization 

A layer of endothelial cells (EC) lines the lumen of all blood vessels (see Figure I - 1). 

Peri-endothelial support cells are recruited to encase the endothelial tubes, providing 

maintenance and modulatory functions to the vessels; such cells include pericytes for 

small capillaries, smooth muscle cells for larger vessels, and myocardial cells in the 

heart [2].  

 

The endothelium comprising the capillary wall is several orders or magnitude more 

permeable than epithelial cell layers, allowing substances to move with relative ease 

in and out of capillaries. However, the capillaries in various tissues differ 

considerably in permeability (Figure I - 2) [3]. The continuous capillaries, which are 

the least permeable, are located in muscle, nervous tissue, lung, connective tissue and 

exocrine glands. Fenestrated capillaries, which exhibit intermediate permeability, are 

found in the renal glomerulus, intestine, and endocrine glands. Sinusoidal or 

discontinuous capillaries, which are the most permeable, are present in the liver, bone 

marrow, spleen, lymph nodes, and adrenal cortex. 
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Figure I - 1. Differences and similarities between different types of blood vessel. Blood vessels are 

divided into three groups: arteries, veins, and capillaries. All blood vessels (shown by cross sections 

with hematoxylin/eosin coloration and a schematic representation) have a layer of endothelial cells, 

which define the vessel lumen, and an elastic lamina. Arteries and veins are larger than capillaries and 

are surrounded by smooth muscle cells and pericytes (thicker layer in arteries), external elastic lamina 

and connective tissue (from inner to out side of the vessel). Blood vessels are thickest and their walls 

more complex in the immediate vicinity of the heart, where hydrostatic pressure is greatest. The 

hematoxylin/eosin coloration image was available at the following webpage: 

http://www.siumed.edu/~dking2/crr/cvguide.htm. 
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Continuous capillaries Fenestrated capillaries Sinusoidal capillaries  

Figure I - 2. Differences in capillary vessels permeability. From the less to the most permeable 

vessels we have the continues, the fenestrated and the sinusoidal or discontinuos capillaries. In 

fenestrated capillaries, the endothelial cells are pierced by pores (fenestrations), which, extend through 

its full thickness and provide channels across the capillary wall. In sinusoidal capillaries wide gaps 

could be present between the endothelial cells that permit leakage of material into and out of these 

vessels.  There may be partial or complete absence of the basal lamina underlying the endothelium. 

Figure adapted from http://www.lab.anhb.uwa.edu.au/mb140/CorePages/Vascular/Vascular.htm.  

 

 

 

 

1.2. Blood vessels formation: vasculogenesis and angiogenesis  

In the embryo, the cardiovascular system is the first organ system to develop [3]. 

Blood vessels are constructed by two different processes: vasculogenesis and 

angiogenesis (Figure I - 3). During vasculogenesis, blood vessels are created de novo 

from the lateral plate mesoderm. In the first stage of vasculogenesis, groups of 

splanchnic mesoderm cells are specified to become hemangioblasts, the precursors of 

both the blood cells and the blood vessels [4]. These cells condense into blood islands 

in the extraembryonic yolk sac. The inner cells of these blood islands become 

hematopoietic stem cells (the precursors of all the blood cells), while the outer cells 

become angioblasts, the precursors of the endothelial cells lining the blood vessels. In 

the second stage of vasculogenesis, the angioblasts multiply and differentiate into 

endothelial cells. In the third stage, the endothelial cells form tubes and connect to 

form the primary capillary plexus, a network of capillaries.  

 

In the second process, angiogenesis, this primary network will be remodeled and 

pruned into a distinct capillary bed, arteries, and veins [2, 5]. 
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Figure I - 3. Two processes of blood vessels formation: angiogenesis vs. vasculogenesis. During 

embryogenesis, the formation of the first blood vessels is dependent on the migration of the angioblast 

(the endothelium precursor cell) from the yolk sac to the embryo and its posterior differentiation in an 

endothelial cell, a process mediated by the growth factor VEGF and termed vasculogenesis. In adult, 

vasculogenesis also occur in situations of new blood vessel formation by recruitment of the endothelial 

progenitor cells from bone marrow. Again VEGF seems to be the most important factor in the control 

of this process in the adult. Angiogenesis, the formation of new blood vessels from pre-existing ones, 

occurs in embryo after vasculogenesis and once more was proven to be mediated at least by VEGF. In 

adult, angiogenesis is known to occur simultaneously to vasculogenesis after vessels destabilization 

(mediated by Ang-2). Several factors acting together (e.g. VEGF, FGF, EGF, IGF-1, CSF, Angiogenin, 

HGF, Ang-2) will induce the formation of new blood vessels and in a final step, Ang-1, TGF-β, and 

PDGF will work at vessels maturation (i.e. cover endothelial layer with extracellular matrix and 

pericytes). 

 

 

 

 

Pardanaud et al. [6] , demonstrated that rudiments composed of mesoderm and 

ectoderm (brain, eyes, muscle, limb bud, thymus, kidney) are sites for angiogenesis, 

while mesodermal/endodermal rudiments undergo vasculogenesis (lung, pancreas, 

liver, heart, and spleen). 
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Three growth factors may be essential for initiating vasculogenesis. One of these, 

basic fibroblast growth factor (bFGF) is required for the generation of hemangioblasts 

from the splanchnic (visceral) mesoderm [7]. The second protein involved in 

vasculogenesis is vascular endothelial growth factor (VEGF). VEGF appears to 

enable the differentiation of the angioblasts and their multiplication to form 

endothelial tubes. VEGF is secreted by the mesenchymal cells near the blood islands, 

and the hemangioblasts and angioblasts have receptors for VEGF [8]. A third protein, 

angiopoietin-1 (Ang-1), mediates the interaction between the endothelial cells and the 

pericytes-smooth muscle-like cells they recruit to cover them [9-11]. 

 

For angiogenesis to occur, VEGF acts on the newly formed capillaries causing 

loosening of cell contacts and a degradation of the extracellular matrix at certain 

points. The exposed endothelial cells proliferate and sprout from these regions, 

eventually forming a new vessel. After the mature capillary network forms it is 

stabilized by transforming growth factor β (TGF-β, which plays a major role in 

regulating the extracellular matrix synthesis and accumulation) and platelet-derived 

growth factor (PDGF, which is necessary for the recruitment of the accessory pericyte 

cells) [12]. 

 

Until 1997, it was generally accepted that vessels in adult tissues could only grow by 

angiogenic mechanisms. After that, several studies have shown that endothelial 

progenitor cells (EPCs) also circulate postnatally in the peripheral blood and may be 

recruited from the bone marrow and incorporated into sites of active 

neovascularization [13-15], a process termed postnatal vasculogenesis.  

 

Taken together, both the processes of vascular formation (vasculogenesis and 

angiogenesis) seem to occur in embryo and adult tissues although in the latter the 

angiogenic process has been more extensively characterized.  

 

A broad spectrum of factors have been discovered to play a crucial role in the 

initiation and regulation of angiogenesis, and the switch to angiogenesis seems to be 
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regulated by a change in the local balance between angiogenic factors and their 

inhibitors. The list of regulators of angiogenesis includes [16]: cytokines, hormones 

and growth factors described in Table I - 1; hypoxia, nitric oxide and hypoglycemia; 

shear stress and stretch; components of ECM (e.g. laminin, fibronectin) and their 

receptors (integrins alpha V, alpha 5); matrix metalloproteinases (MMPs) and their 

tissue inhibitors (TIMPs); other proteases (e.g. urokinase-type and tissue-type 

plasminogen, uPA, tPA); fibrin; and inflammatory cells and pericytes. 

 

 

Table I - 1. Examples of regulatory factors of angiogenesis [16-18]. 

Angiogenic factors Anti-angiogenic factors 

Angiopoietins Angiostatin 

aFGF, bFGF Thrombospondin 1 and 2 (TSP) 

VEGF-A, -B, -C, -D, -E Endostatin 

Placental growth factor (PlGF) TNF-α 

PDGF Prolactin 

Granulocyte-colony stimulating factor (G-CSF) Thromboxane A2 (TXA2) 

Granulocyte-macrophage colony stimulating factor 
(GM-CSF) TGF-β 

Leptin Pigment epithelium derived factor (PEDF) 

Tissue factor and factor V Vasostatin 

Proliferin Soluble VEGF receptor 1 

Insulin-like growth factor 1 (IGF-I) IL-12 

TGF-α, TGF-β Arrestin 

Human chorionic gonadotropin (hCG) IL-10 

Estrogens Angiopoietin 2 

Prostaglandin E1 (PGE1), PGE2 
CXC chemokines without ELR motif (e.g. 
Platelet factor-4) 

Tumor necrosis factor α (TNF-α) Canstatin 

Hepatocyte growth factor (HGF) Interferon-α, -β, -γ 

Platelet-derived endothelial cell growth factor 
(PD-ECGF)  

Angiogenin  

Epidermal growth factor (EGF)  

Angiotropin  

CXC chemokines with ELR motif (e.g. Interleukin 
8, IL-8)  

Erythropoietin  
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1.2.1. Physiological vs. pathological angiogenesis 

The development of a vascular supply is a fundamental requirement for organ 

development and differentiation during embryogenesis (described above) as well as 

for wound healing, post-ischaemic tissue restoration, immune response and 

reproductive functions (ovulation, development of the corpus luteum, repair of the 

menstruating uterus, and development of the placenta) in the adult [19-22]. 

 

The big difference between physiologic and pathologic vascularization is the fact that 

physiologic neovascularization is tightly regulated, both temporally and spatially, and 

pathologic vascularization is characterized by uncontrolled neovascularization (either 

excessive or deficient). Although generally focussing on tumour growth (solid and 

haematological tumors), increased vascular growth has been demonstrated in many 

other non-malignant diseases such rheumatoid arthritis, systemic lupus erythematosus, 

psoriasis, hemangiomas, proliferative retinopathy and atherosclerosis [23-25]. Also 

problems that may arise from abnormal vascular development have been described in 

bowel atresia, unilateral facial atrophy and duodenal ulcers [26, 27]. 

 

1.2.1.1. Tumor angiogenesis 

Virchow, the founder of pathological anatomy, drew attention to the huge number of 

blood vessels in a tumor mass back in 1865. Tumor vascularization was first studied 

systematically by Goldman, who described the vasoproliferative response of the organ 

in which a tumor develops as follows: “The normal blood vessels of the organs in 

which the tumor is developing are disturbed by chaotic growth, there is a dilatation 

and spiralling of the affected vessels, marked capillary budding and new vessel 

formation, particularly at the advancing border” [28]. 

 

In 1939, Ide et al. [28] was the first to suggest that tumors release specific factors 

capable of stimulating the growth of blood vessels. But the first tumor fraction 

responsible for angiogenesis with a molecular mass of about 10KDa was isolated by 

Folkman et al. [29] only in 1971. This active fraction was first called tumor 

angiogenesis factor (TAF). Since then, the tumor angiogenesis has been extensively 
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studied and numerous factors have been implicated in its positive or negative 

regulation (see Table I - 1). In solid tumor growth, changes in the relative balance of 

inducers and inhibitors of angiogenesis could induce a specific transition from the 

avascular to the vascular phase (called angiogenic switch, see Figure I - 4) [30]. Once 

it has developed an intrinsic vascular network, the tumor may grow indefinitely 

(unlike other forms of angiogenesis, tumor angiogenesis is not limited in time) both in 

situ and at distant sites (metastasis) since this enables its cells to enter the vascular 

bed and colonize other organs [31]. Tumor angiogenesis depends mainly on the 

release by neoplastic cells of growth factors that are specific for endothelial cells and 

that stimulate the growth of the host blood vessels.  

 

 

 

 

 

Figure I - 4. The angiogenic switch in tumor development. Most tumors start growing as avascular 

nodules (dormant) (c) until they get hypoxic and reach a steady-state level of proliferating and 

apoptosing cells. The 'angiogenic switch', has to occur to ensure exponential tumor growth (d). New 

blood-vessel formation and maturation will continue throughout tumor growth. Figure adapted from 

Berges, G; Benjamin, L; 2003 [32]. 
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2. Vascular Endothelial Growth Factor A 

2.1. Gene and protein characterization 

In 1983, Senger et al. [33] purified a 34 to 42 KDa protein (Vascular permeability 

factor - VPF) that was responsible for the rapid increase in microvascular 

permeability that promotes accumulation of tumor ascites fluid. 

 

In June of 1989 a growth factor for vascular endothelial cells was identified and 

purified, according to its heparin-binding property, from media conditioned by bovine 

pituitary follicular or folliculostellate cells [34]. This growth factor was a dimeric 

protein with a molecular mass of ~46 KDa, composed of two subunits of identical 

molecular mass (23 KDa). The purified growth factor had a maximal mitogenic effect 

on adrenal cortex-derived capillary endothelial cells. Further characterization of its 

bioactivity revealed that it exerts mitogenic effects also on vascular endothelial cells 

isolated from several districts but not on adrenal cortex cells, lens epithelial cells, 

corneal endothelial cells, keratinocytes or BHK-21 fibroblasts, indicating that its 

target cells specificity was unlike that of any previously characterized growth factor. 

Due to its apparent target cell selectivity, the name, vascular endothelial growth factor 

(VEGF or VEGF-A) was proposed.  

 

In December of the same year three different groups characterized, separately, the 

properties of VEGF [35], vasculotropin [36] and VPF [37] that by sequencing 

revealed to be the same protein. In opposite to FGFs, VEGF had a hydrophobic signal 

peptide required for the extracellular transport and induction of angiogenesis. This 

signal was encoded by the first 26 amino acids beginning with a methionine and the 

signal sequence cleavage site was represented by the sequence Ser-Gln-Ala (S-Q-A) 

at positions -3 to -1 (Figure I - 5). The total amino acids of bovine VEGF monomer 

was 190 which without the scretory signal sequence, referred above, gave rise to a 

protein of 164 amino acids with a molecular mass of ~19 KDa. The overall amino 

acid homology between human and bovine VEGF sequences exceeded 95%. Human 

VEGF had an additional amino acid (165) because of the insertion of a Gly in position 

6 (Figure I - 6).  
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Figure I - 5. Nucleotide and amino acid sequences of a bovine VEGF cDNA. The amino acid 

sequence of the hydrophobic signal peptide is in a red box. The protein sequence is numbered starting 

with 1 at the mature NH2-terminal alanine. The putative glycosylation site is shown in a green box. 

ATG is in position -26 and the stop codon (TGA) in position 165. The other transcription initiation site 

(CTG) for the L-VEGF (see Figure I - 9) is pointed in red in VEGF sequence. Figure adapted from 

Leung, D, et al., 1989 [35]. 

 

 

 

 

Microsequencing revealed a unique N-terminal sequence of 21 amino acids that was 

localized immediately after the sequence that codify for extracellular transport of this 

growth factor. In the green box in Figure I - 5 is represented the glycosylation site 

which suggested that VEGF was a glycoprotein. Clusters of basic amino acids found 

in the VEGF sequence were at this time described as responsible for the binding of 

the molecule to heparin (which is a linear polysaccharide closely related to heparan 

sulphate that is found on the cell surface and in the extracellular matrix of all 

mammalian cells) by analogy with what had been proposed for FGF. Gitay-Goren et 

al. in 1992 [38] demonstrated that cell surface-associated heparin-like molecules were 

required for the interaction of VEGF165 with its cell surface receptors. The binding 

of VEGF was completely inhibited following digestion of endothelial cells with 
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heparinase and could be restored by the addition of exogenous heparin to the digested 

cells. 

 

In 1994 the process of VEGF dimerization, known to occur since its discovery, was 

understood due to sequence blast and amino acids mutations.  Eight of the cysteine 

residues found in VEGF and PDGF were conserved (Figure I - 6) [39]. Cysteines 2 

and 4 appeared to be involved in intermolecular disulfide bridges analogous to the 

situation in PDGF. Cysteine 5 was also essential for VEGF dimerization and activity, 

while dimer formation and biological activity were only slightly affected by the 

mutation in cysteine 3. The covalent dimerization of VEGF was essential for effective 

receptor binding and biological activity.  

 

In 1995, DiSalvo et al. [40] purified from GS-9L glioma cell line VEGF homodimers 

and a novel heterodimer composed of VEGF and PlGF subunits. This heterodimer 

was a mitogenic to vascular endothelial cell nearly as potent as VEGF homodimers. 

In 1996, Olofsson et al. [41] isolated and characterized a novel growth factor for 

endothelial cells, vascular endothelial growth factor B (VEGF-B) that formed cell-

surface-associated disulfide-linked heterodimers with VEGF when coexpressed. 

 

 

 

 

 

Figure I - 6. Comparison of the bovine and human VEGF amino acids sequences. Similar 

sequences are boxed in red. All VEGF cysteines are numbered in the sequence and loop II acidic 

residues Asp63, Glu64, and Glu67 and loop III basic residues, Arg82, Lys84 and His86 are shown in green 

or yellow respectively. Figure adapted from Leung, D, et al., 1989 [35]. 
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In the same year, the amino acids responsible for VEGF binding to its receptors, 

VEGFR1/fms-like tyrosine kinase 1 (FLT-1) and VEGFR2/kinase insert domain-

containing receptor (KDR), were discovered [42]. VEGF dimerization leads to an 

elongated structure with 3 surface loops that cluster at each end of the molecule. 

Loops II (61 to 68 amino acids) and III (84 to 87 amino acids) in VEGF were 

involved in receptor recognition (Figure I - 6 and Figure I - 7A). The loop II acidic 

residues Asp63, Glu64, and Glu67 (present in exon 3) that mediated VEGF binding 

predominantly to VEGFR1, formed a negatively charged surface at one end of each 

monomer. In contrast, the loop III associated basic residues, Arg82, Lys84 and His86 
(present in exon 4) that predominantly mediated binding to VEGFR2, cluster to form 

a positively charged surface at the other end of the VEGF monomer. A VEGF model 

based on PDGF indicated these positively and negatively charged regions were distal 

in the monomer but were spatially close in the dimer. The evidence of receptor 

binding sites at both ends of the dimer was consistent with the growth factors of the 

PDGF/VEGF family exhibiting bivalency. Bivalent binding of VEGF provided a 

mechanism for dimerization of the VEGFR2 and/or VEGFR1 tyrosine kinase 

receptors and subsequent tyrosine phosphorylation on endothelial cells (Figure I - 7).  

 

In the same year, it was found that the removal of the carboxyl-terminal domain (111-

165) of VEGF, whether it was due to alternative splicing of mRNA or to proteolysis, 

was associated with a significant loss in bioactivity [43].  

 

Analyzing VEGF-VEGFRs binding it was observed that VEGF121 bound VEGFR2 

with similar affinity as VEGF165 in the absence of heparin and a modest effect of 

heparin was the 3-4-fold increased capacity of VEGFR2 for binding VEGF. In 

contrast, VEGF121 bound VEGFR1 with 10-20 fold decreased affinity compared to 

VEGF165. This 55-amino acid domain appeared to enhance VEGFR1 binding in 

addition to the receptor binding determinants contained in 110-amino acid domain, 

but by itself the 55-amino acid domain could not compete with VEGF165 binding to 

VEGFR1. These results were also confirmed by Gitay-Goren et al. [44]. They showed 

that VEGF121 bound selectively to the larger of the three VEGF receptors, VEGFR2, 

and like VEGF165, it was able to bind VEGFR2 in the absence of heparin. However, 
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heparin could potentiate the binding of VEGF165 and not VEGF121. They also 

showed that both VEGF165 and VEGF121 were susceptible to oxidative damage 

(although VEGF121 seemed to be somewhat more resistant than VEGF165 to 

oxidation) and that heparin restored the receptor binding ability of damaged 

VEGF165, but not the receptor binding ability of damaged VEGF121. 

 

Since VEGF121 has no affinity for heparin, the modulation of its interaction with 

VEGFR1 must be mediated at the receptor level (see below in VEGF-A receptors, 

gene and protein characterization). 

 

 

 

 

 

Figure I - 7. Important domains in VEGF and its receptors that mediate its binding. A) VEGF 

loop II (Asp63, Glu64, Glu67) or loop III (Arg82, Lys84, His86) are essential for VEGF binding to the 2nd 

Ig-like loop in VEGFR1 or VEGFR2 respectively (B). VEGF binds to its receptors as an antiparallel 

covalent dimer and induce receptors dimerization and consequently its activation.  
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2.2. VEGF isoforms 

In 1989 molecular cloning revealed shorter and a longer molecular species of human 

VEGF which display a deletion of 44 amino acids between position 116 and 159 and 

an insertion of 24 amino acids (KSVRGKGKGQKRKRKKSRYKSWSV) in position 

116, respectively. Therefore, the mature proteins are expected to have 121 and 189 

amino acids, respectively. The most likely explanation for this molecular 

heterogeneity was suggested to involve a process of alternative splicing of VEGF 

mRNA. 

 

 

 

 

 

Figure I - 8. VEGF isoforms originated by alternative splicing. A huge amount of VEGF isoforms 

have been described as a result of alternative splicing between the 8 exons that VEGF contain. Some of 

these isoforms have been tested for its functionality. The most studied ones are VEGF121, 145, 165, 

189, 206, and VEGF165b. The first 5 isoforms differ in the heparin affinity, e.g. VEGF121 is not able to 

bind heparin but in opposite VEGF189 has the high heparin affinity. VEGF165b have been described to 

have an antagonist effect, i.e., an anti-angiogenic effect. A family of VEGFxxxb is expected to exist. 
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In 1991, it was discovered that the VEGF gene comprised eight exons (Figure I - 8) 

and it was confirmed that the various VEGF coding region forms arose by alternative 

splicing: the 165-amino-acid form of the protein was missing the residues encoded by 

exon 6, whereas the 121-amino-acid form was missing the residues encoded by exons 

6 and 7 [45]. To summarize, the alternative splicing involved exons 6 and 7 and if 

neither exon was removed, VEGFl89 was generated. 

 

In the same year, analysis of a variety of human cDNA libraries using primers that 

flank the insertion/deletion site indicated that VEGF165 was the predominantly 

expressed form in most of the libraries examined, although multiple transcript types 

were usually detected [46]. In the screening performed, a fourth form of VEGF, 

VEGF206, was discovered. This form contained a 41-amino acid insertion relative to 

VEGF165, and included the highly basic 24-amino acid insertion found in VEGF189. 

Like VEGF189, VEGF206 was predominantly cell and extracellular matrix (ECM)-

associated and only very poorly secreted. This way, ECM represented an important 

source of VEGF and angiogenic potential [47].  

 

The information supplied by alternative splicing had profound effects on the behavior 

of the translated proteins following secretion from the producer cell [48]. The shortest 

form, VEGF121 was secreted and freely soluble in the conditioned medium of the 

human embryonic kidney cell line CEN4 stably transfected with a VEGF121 

expression vector. The transcript of VEGF165 contained an additional 44 codons in 

the carboxyl-terminal end of the protein that convert it to a basic polypeptide with 

heparin binding ability. This feature was responsible for the binding of 50-70% of this 

protein to the cell surface and ECM. VEGF189 that contained an additional 24 amino 

acids highly enriched in basic residues, bound much more tightly to heparin. Little or 

no VEGF189 was found in a freely soluble form in the conditioned medium of stably 

transfected CEN4 cells. Released of bound forms of VEGF165 and VEGF189 by 

treatment with heparin, heparan sulfate, or heparinase suggested that the binding site 

in these cell cultures involved a heparin-containing proteoglycan that were known to 

be constituents of the ECM. In melanoma cells it was seen that after treatment with 

heparinase, VEGF165 but not VEGF121 was able to restore its binding to VEGF 
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receptors after exogenous heparin addition [49]. These results suggested that cell-

surface heparan sulfates could regulate the binding ability of the VEGFR of these 

cells to soluble isoforms of VEGF. 

 

In 1993 during a screening for VEGF isoforms in human uterus another VEGF 

isoform of 145 amino acids was discovered [50]. The sequence of this isoform 

showed exons 1-6 and 8. In opposite to proliferative/secretory endometrium, 

myometrium and endometrial carcinoma cell lines, VEGF145 was not found in 

peripheral leukocytes (used as control) that indicated a possible tissue-specific 

splicing. In 1995 this isoform of VEGF was also found to be expressed in placenta 

and chorion [51] but only two years later the protein was characterized. VEGF145 

induced the proliferation of vascular endothelial cells and promoted angiogenesis in 

vivo [52]. This isoform shared with VEGF165 the ability to bind to the VEGFR2 

receptor of endothelial cells and the affinity to bind to heparin.  

 

VEGF183 [53], VEGF115 [54], VEGF148 [55] and VEGF162 [56] are VEGF 

isoforms expressed in human kidney, murine fibroblasts, human glomeruli and human 

ovarian carcinoma cells respectively (see Figure I - 8). The first one is 6 amino acids 

shorter (18 nucleotides at the end of the exon 6a) than its closest relative, VEGF189. 

The second one differs from VEGF 120 by 37 amino acids at the carboxyl terminus. 

VEGF148 was considered a truncated form of VEGF165 due to a 35 bp deletion at 

the end of exon 7. This dictated a frame-shift and a premature stop codon at the start 

of the short exon 8. In this study it was found for the first time the presence of 

VEGF145 in a tissue that did not belong to the female reproductive system. None of 

these 3 new VEGF isoforms were characterized in terms of angiogenesis function. 

The latest one, VEGF162, is encoded by exons 1-5, 6A, 6B and 8 of the VEGF. This 

isoform binds less efficiently than VEGF145 but more efficiently than VEGF165 to 

basement membrane components due to the presence of the exon 6B that seems to 

interfere with the interaction of exon 6A with heparin. VEGF162 induces 

proliferation of endothelial cells in vitro and angiogenesis in vivo. 
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The VEGF isoforms described above resulted from alternative splicing with initiation 

at ATG 1039, but three independent groups [57-59] in 2001 demonstrated 

simultaneously the existence both in vitro and in vivo, of the L-VEGF isoform (VEGF 

precursor) initiated at the CTG 499, located 539 nucleotides upstream of the ATG 

codon (Figure I - 5). Start codons selection is controlled by two independent Internal 

Ribosome Entry Sites (IRES): IRES A is located within the 300 nucleotides upstream 

of the ATG and IRES B located at the 5’-end of the mRNA controls translation 

initiation of the L-VEGF at the CTG (Figure I - 9) [59]. This isoform was 206 amino 

acids longer than the classical ATG-initiated form and can be cleaved into two 

fragments; one NH2-specific fragment of 23 KDa (named N-VEGF) and a fragment 

with an apparent size similar to that of the classical ATG-initiated form. Intact L-

VEGF and the N-VEGF were not secreted in contrary to the C-terminal cleavage 

product of L-VEGF and the ATG-initiated VEGF. 

 

Encoded by the same gene, VEGF, and resulting from alternative splicing, another 

VEGF isoform called VEGF165b was discovered in 2002 (Figure I - 8); it also 

contained 165 amino acids but had a different COOH-terminal [60]. In this isoform, 

the six amino acids usually encoded by exon 8 (CDKPRR) were replaced by six 

different amino acids (SLTRKD) encoded by 18 bases of mRNA spliced 66 bases 

downstream of the usual acceptor splice site for exon 8 (Figure I - 3). This new open-

reading frame (ORF) was initially termed “exon 9”. However, there was no true 

“intron” between the two 18-base sequences and the more correct term for this ORF 

was “exon 8b”.  The existence of this “exon 8b” predicted the existence of a family of 

sister isoforms with a novel COOH terminus. The putative family was termed 

VEGFxxxb where xxx was the amino acid number (e.g. VEGF121b, VEGF165b, 

VEGF189b, etc.). 
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Figure I - 9. VEGF transcription from 2 different sites in the gene. A long transcript of VEGF (L-

VEGF) could be produced from CTG nucleotides by the control of Internal Ribosome Entry Site B 

(IRES B). L-VEGF is than cleaved into a N-VEGF and an m-RNA with the length of the ATG-initiated 

VEGF. If this cleavage does not occur the protein cannot be secreted. 

 

 

 

 

2.3. VEGF expression in embryonic and adult tissues 

In 1993, Jakeman et al. [61] showed that, during embryonic development, VEGF 

expression was detected within the first few days after implantation. At later 

developmental stages in the mouse or rat embryos, the VEGF mRNA was expressed 

in several organs, including heart, vertebral column, kidney, and along the surface of 

the spinal cord and brain.  

 

Shifren et al., [62] analyzed the distribution of VEGF mRNA as well as the tissue- 

and cell-specific localization of VEGF peptide in the human midgestation (16-22 

weeks) fetus. VEGF mRNA was detected in all fetal tissues studied and was most 

abundant in human fetal lung, kidney, and spleen; moderately abundant in heart, 

adrenal, pancreas, intestine, liver, testis, skin, muscle, and brain; and minimally 
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detected in thymus and placenta. Adult tissues also express VEGF, particularly these 

tissues with rapid vascular endothelial turnover, which are reproductive organs such 

as ovary [63] and uterus [64]. 

 

Despite the expression of VEGF during development or in adult tissues in physiologic 

conditions, in situ hybridization and RT-PCR studies demonstrated that the VEGF 

mRNA is markedly up-regulated in the vast majority of human tumors (see Table I - 

2), correlating with poor prognosis.  

 

2.3.1. VEGF isoforms expression pattern 

Until 1995, VEGF165/164 (human/rodent homologue) was often assumed to be the 

predominant isoform, although truly quantitative assessments were lacking. The 

quantification of VEGF mRNA forms in five rat tissues (brain, kidney, lung, spleen, 

and heart) make clear that VEGF mRNA splicing occurs in a tissue-specific manner 

[65]. VEGF188 was the predominant form (> 50% of total VEGF mRNA) in heart 

and lung, but was the least abundant form (6-15%) in all other samples. VEGF164 

was lower (approximately 25%) in heart and lung, but was predominant (> 50%) in 

brain and kidney. VEGF164 and VEGF120 were present in equimolar amounts (each 

form approximately 46% of total) in the spleen. VEGF120 was also present in kidney 

(38%) and lung (27%) and was least abundant (approximately 15%) in brain and 

heart. 

 

In more detail, the VEGF isoforms expression during mouse development and in adult 

tissues was analyzed and described in 2001 by Ng et al. [66]. Its expression patterns 

during organ development revealed a correlation between the origin of the vascular 

bed and the relative levels of VEGF isoforms. The highest levels of VEGF188 mRNA 

were detected in organs that are initially vascularized by vasculogenesis (e.g., lung, 

heart, and liver). On the other hand, organs vascularized primarily by means of 

angiogenesis including brain, eye, muscle, and kidney had higher levels of VEGF164 

and VEGF120 mRNA. 
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Table I - 2. Human tumors overexpressing VEGF mRNA. 

Tumors Tumor type  Reference 

Glioblastoma [67-69] 

Meningioma [69, 70] Intracranial tumors 

Capillary hemangioblastoma [69, 71] 

Esophageal carcinoma [72, 73] 

Gastric carcinoma [72, 74, 75] 

Small bowel carcinoma [72] 
Gastrointestinal tract tumors 

Colorectal carcinoma [72, 76] 

Kidney carcinoma [77, 78] 
Urinary tract tumors 

Bladder carcinoma [77] 

Breast carcinoma [79, 80] 

Ovarian carcinoma [81, 82] 

Cervix carcinoma [83, 84] 
Female reproductive tract tumors 

Endometrial carcinoma [85, 86] 

Germ cell tumor [87] 
Male reproductive tract tumors 

Prostate cancer [88, 89] 

Acute myeloid leukemia [90-92] 

Acute lymphoblastic leukemia [93] 

Chronic myeloid leukemia [94] 

Chronic lymphoblastic leukemia [95] 

Multiple myeloma [96] 

Hematopoietic tumors  

Lymphomas [97] 

Head and neck squamous cell carcinoma [98, 99] 

Thyroid carcinoma [100, 101] 

Lung carcinoma [102, 103] 

Hepatocellular carcinoma [104] 

Angiosarcoma [105] 

Other tumors 

Melanoma [106] 

 

 

In 2002, VEGF isoforms expression during rat muscle development was characterized 

[107]. The relative abundance of VEGF120 mRNA was evident, representing 35% of 

total VEGF mRNA on day 7 after birth and gradually decreasing with age to 

approximately 5% on day 37. In contrast, VEGF188 mRNA was very low in newborn 

rat, but increased to 40-50% on day 50. Neither VEGF144 nor VEGF164 mRNA 

showed significant changes in abundance after birth.  
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More recently, VEGF isoforms pattern have been characterized in different tumors at 

stages of tumor growth (see Table I - 3).  

 

2.4. Regulation of VEGF expression 

VEGF expression is regulated by a plethora of intrinsic and extrinsic factors. In 1992, 

hypoxia and hypoglycemia were classified as the major stimulators of VEGF 

expression [67]. Three years later the mechanisms of VEGF regulation by hypoxia 

was explained (Figure I - 10). Hypoxia-induced transcription of VEGF mRNA was 

mediated by the binding of hypoxia-inducible factor 1 (HIF-1) to a hypoxic response 

element (HRE) located in the VEGF promoter [108, 109]. In 1997, Jiang et al. [110] 

demonstrated that this transcription factor could be induced by the oncogene v-src 

independently of hypoxia and leading to increased expression of VEGF. Hypoxia 

could also act by increasing the half-life of VEGF mRNA. Levy et al. [111] described 

that the binding of a hypoxia-induced stability factor (HuR) increased the half-life of 

this mRNA three- to eight-fold. 

 

 

Table I - 3. Changes in the VEGF isoforms pattern with tumor stage. 

VEGF isoforms pattern Tumor type and stage Ref. 

Increased VEGF121 and 165 Lung carcinoma progression [112] 

Increased VEGF189 Non-small-cell lung carcinoma relapse [113] 

Increased VEGF121 and 165 Colon carcinoma progression [112] 

Expression of VEGF189 Colon carcinoma with liver metastasis [114] 

Increased VEGF189 Renal cell carcinoma progression [115] 

Expression of VEGF165 and 189 Osteosarcoma with poor prognosis [116] 

Increased VEGF121 and 165 Chronic Lymphoblastic Leukemia progression [117] 

Increased VEGF121 and decreased 
VEGF 189 Bladder carcinoma progression [118] 

Increased VEGF121 and 165 Melanoma metastasis to regional lymph nodes [119] 
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In 1996 and 1998 two different studies demonstrated that VEGF was up-regulated in 

response to glucose deprivation [120, 121]. Remarkably, not only lack of glucose but 

also high glucose levels result in an upsurge of VEGF mRNA [122]. 

 

Another metabolic stress described to regulate VEGF expression was acidic 

extracellular pH (Figure I - 10). In 2002 Xu et al. [123] showed in human 

glioblastoma cells that acidic pH (pH 6.6) activates Ras and the ERK1/2 MAPK 

pathway to enhance VEGF transcription via AP-1, leading to increased VEGF 

production. 

 

Several cytokines have been described to also modulate angiogenesis by regulating 

VEGF expression (Figure I - 10). The factors that could potentiate VEGF production 

and this way stimulate angiogenesis include epidermal growth factor [124], platelet-

derived growth factor (PDGF) [125], fibroblast growth factor 4 (FGF-4) [126], tumor 

necrosis factor α (TNF-α) [127], transforming growth factor β (TGF- β) [128], TGF-α 

[129], insulin-like growth factor I [130], interleukin 1β (IL-1β) [131] and IL-6 [132]. 

In turn, other cytokines such as IL-10 and IL-13 could inhibit the release of VEGF 

[133].  
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Figure I - 10. Mechanism of action of some VEGF expression regulators. VEGF expression is up-

regulated by hypoxia and the oncogene v-src via HIF-1, by TNF-α, IL-1β, FGF, and PDGF via Sp1, by 

TGF-α via AP-2 and by acidic pH via AP-1. All these transcription factors have binding sites at the 

VEGF promoter: HIF-1 and AP-1 bind to 5'-TACGTGGG (-975 to -968 bp) and 5'-TGACTAA (-937 

to -931 bp) respectively and AP-2 and Sp-1 bind to a sequence between -88 and -65bp and between -

85 and -50 bp respectively [125, 134-136]. In contrast the tumor suppressor genes, vHL and p53 inhibit 

VEGF expression by inhibiting HIF-1 and Sp1 action at the VEGF promoter level. Hypoxia also 

control VEGF expression by stabilization of its mRNA acting through HuR. 
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In a particular tissue such as endometrium, VEGF expression was shown to be 

stimulated by estrogen and progesterone [137, 138].  

 

Inactivation of tumor suppressors is an additional mechanism that leads to 

overexpression of VEGF in tumor cells. For example mutations in the von Hippel-

Laudau (vHL) or p53 genes were associated with increased angiogenesis [139, 140]. 

Wild-type vHL and p53 inhibit the production of VEGF (Figure I - 10) by binding 

and blocking the Sp1 and HIF-1 transcription factors [141-144]. Sp1 had been 

implicated in the transcriptional control of VEGF by binding to G/C-rich boxes 

present on the VEGF promoter [145]. 

 

2.4.1. Regulation of VEGF isoforms expression 

Recently, in 2002, Ancelin et al. [146] explored the importance of progesterone in the 

regulation of VEGF expression. They reported for the first time that progesterone 

increased specifically endometrial VEGF189 during secretory phase of the menstrual 

cycle and this isoform modulated capillary permeability in vivo. In the same year, it 

was investigated the effect of metabolic stress conditions, that is known to occur 

during tumor progression, in the regulation of each VEGF isoform expression. 

Glucose starvation, in ovarian cancer cells, dramatically up-regulated the mRNA level 

of all the VEGF isoforms, with the 3 abundant isoforms, VEGF120, VEGF164, and 

VEGF188, increasing at a similar rate, while the isoforms VEGF144 was more 

markedly up-regulated [147]. 

 

In 2003, Goerges et al. [148], implicated changes in pH in the regulation of VEGF 

isoforms properties instead of modulating its expression. In this study they showed 

that the non-heparin-binding isoform of VEGF, VEGF121, was converted into a 

heparin-binding growth factor under acidic conditions. VEGF121 could bind heparin 

at low pH via a cryptic site that was only competent to bind heparin under acidic 

conditions. 
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2.5. VEGF functions 

The first property described for VEGF in 1983 was its ability to induce vascular 

leakage/permeability (which allows tissue infiltration of plasma proteins) [33, 149]. 

More detail studies in 1989 reported another property of VEGF, as a potent mitogen 

for micro- and macrovascular endothelial cells derived from arteries, veins, and 

lymphatics [34-37, 149, 150]. Several studies emphasized the importance of VEGF in 

promoting angiogenesis both in tridimensional in vitro models [151, 152] and in a 

variety of in vivo models including the chick chorioallantoic membrane [35, 36], the 

rat, rabbit and mouse cornea [149, 153, 154], the primate iris [155], the rabbit bone 

[149], etc. These methods elucidate some of the pro-angiogenic activities of VEGF, 

such as inducing endothelial cell proliferation and migration.  

 

VEGF also act as a pro-angiogenic by inducing endothelial expression of proteases 

such as interstitial collagenase (a metalloproteinase) [156] and urokinase-type and 

tissue-type plasminogen activators (uPA and tPA) [157]. These proteases release cells 

from anchorage-dependent growth, allowing cell migration, and can generate by-

products that themselves affect angiogenesis. In addition VEGF participates in the 

continued survival of nascent endothelial cells [158]. 

 

Besides its importance in angiogenesis, in 1996, the importance of VEGF as a central 

regulator of vasculogenesis, the de novo formation of blood vessels from vascular 

precursors cells, was demonstrated by disruption of only one allele of VEGF in mice. 

These mice died before birth (between day 11 and 12) because angiogenesis and 

blood-island formation were impaired, resulting in several developmental anomalies 

[159, 160]. 

 

Strictus sensus, VEGF is not a mitogen specific for endothelial cells (EC) as first 

suggested. VEGF had been reported to have regulatory effects on certain blood cells. 

Clauss et al. in 1990 [161] demonstrated that VEGF could stimulate the migration of 
monocytes across collagen membranes and EC monolayers. Praloran et al. [162] in 
1991 demonstrated that VEGF was a mitogen for normal human peripheral 
lymphocytes. VEGF was also shown to induce colony formation by mature subsets of 
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granulocyte-macrophage and erythroid progenitor cells that had been stimulated with a 
colony stimulating factor but to inhibit colony formation by more immature subsets of 
granulocyte-macrophage, erythroid and multipotential progenitor cells [163]. 

 

VEGF had also been described to stimulate the migration and proliferation of human 

retinal pigment epithelial cells [164], the migration of osteoblasts [165] and vascular 

smooth muscle cells [166] and the survival and proliferation of Schwann cells [167].  

 

Benjamin et al. in 1998 [168] and Lawson et al. in 2002 [169] revealed novel 

functions of VEGF as a factor that accelerate pericyte coverage of the newly formed 

vessels in retina and as a regulator of Notch pathway that determine arterial cell fate 

during development, respectively. 

 

2.5.1. VEGF isoforms functions 

Although the expression of VEGF isoforms seems to differ from tissue to tissue, there 

was no clear functional pattern related to these differences. In 1995 the biological 

activities of VEGF121 were examined [170]. This isoform was able to bind to cell 

surface receptors and stimulate the growth of human umbilical vein endothelial cells 

in vitro and to induce angiogenesis and promote the extravasation of plasma proteins 

from the blood vessels in vivo.  

 

The first experiment in 1997 with overexpression of the different VEGF isoforms in 

tumors showed that smaller isoforms induced hemorrhagic events in intracerebral 

tumors but the expression of VEGF188 resulted in increased vessel density [171]. The 

interpretation of these results was complicated due to the fact that the cells used had 

expression of endogenous VEGF beside the specific isoform that was being 

overexpressed. Two years later, Carmeliet et al. [172] generated mice expressing 

exclusively the VEGF120 isoform by Cre/loxP-mediated removal of exons 6 and 7, 

which encode the isoforms of 164 and 188 amino acids. These mice had cardiac 

ischemia that caused postnatal death and indicated that VEGF120 by itself was 

insufficient for normal angiogenesis. These mice also had impared venous and 
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severely defective arterial vascular development in the retina [173], impared postnatal 

glomerular angiogenesis and renal arteriogenesis [174], impared lung microvascular 

development [175] and had disturbs in the normal bone differentiation [176, 177]. 

Besides having problems with growth plate morphogenesis and endochondral 

ossification, the bone had irregular blood vessel pattern with a reduced number of 

vessels that were highly dilated. 

 

In 2000, the use of MCF-7 breast cancer cell line, overexpressing differentially the 

VEGF isoforms, in corneal angiogenesis assays and in xenograft experiments 

demonstrated that the VEGF121 isoform was both more angiogenic and tumorigenic 

than the 165 and 189 isoforms [178]. Similar xenograft experiments were done with 

human non-small cell lung cancer cell line, OZ-6, to demonstrate that suppression of 

VEGF189 expression reduced vascularization and growth of these cells, preventing 

tumor formation [179]. 

 

 In the same year a study with a VEGF-deficient embryonic fibroblast cell line 

clarified the role of each VEGF isoform (Figure I - 11) in inducing the recruitment 

and capillary expansion of the systemic vasculature critical for tumorigenesis [180]. 

The cells were made null for VEGF via cre recombinase expression and subsequently 

transfected with isoform-specific virus. VEGF120 produced a diffuse signal that 

recruits peripheral vessels but did little to vascularize the tumor itself. VEGF164 

could recruit vessels with a partially diffusible signal and also vascularize the tumor 

with a partially cell-associated signal. VEGF188 failed to adequately recruit the host 

vasculature, but formed a hypervascular capillary network due to the high local 

(inside the tumor) concentration of VEGF. This indicates that expression of all the 

isoforms brings some advantage during solid tumor growth and angiogenesis.  
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Figure I - 11. Role of each VEGF isoform in tumor angiogenesis. The vasculature of tumors only 

expressing VEGF120 (e and f) are localized to the periphery (arrows) having poor infiltration. In a 

squematic view, VEGF120 with a diffuse signal (light blue) recruits peripheral vessels but does little to 

vascularize the tumor itself (III). In tumors expressing VEGF164 (g and h) there are a high degree of 

systemic vasculature directed to the tumor as well as significant microvasculature, i.e. VEGF164 can 

both recruit vessels with a partially diffusible signal and vascularize the tumor with a partially cell-

associated signal (IV). The tumor expressing VEGF188 (i and j) have fewer systemic vessels directed 

to the tumor but many microvessels within the tumor itself, which means that VEGF188 fails to 

adequately recruit the host vasculature, but due to the high local concentration of this isoform (dark 

blue), there is a hypervascular capillary network in the tumor (V). As a control, the wild-type tumor 

vasculature (a, b and I) and the vasculature of a tumor that do not express any isoform of VEGF (null) 

(c, d and II) is also represented. This figure was adapted from Grunstein et al., 2000 [180]. 
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The results obtained in pathological neovascularization in the adult were also 

observed in 2002 by Ruhrberg et al. [181] during developmental angiogenesis. In this 

study, they showed that altering the relative ratio of VEGF isoforms directly shaped 

vessel branching morphogenesis during angiogenesis in vivo. Microvessels from 

mouse embryos expressing solely VEGF120, exhibit a decrease in branch formation 

compared with those of wild-type embryos. In contrast, animals expressing solely the 

VEGF188 isoform exhibit ectopic branching structures in the form of long and thin 

microvessels. These branching and vessel morphogenesis defects were rescued when 

embryos expressed both the most diffusible and the most avid heparin-binding 

isoform (VEGF120/188) in the absence of VEGF164. These authors postulated that 

VEGF120 played a major role as a long-range attractant used to initiate the early 

stages of vessel pattern, and that the heparin-binding isoforms of VEGF were more 

critical during the establishment of an intricate vessel architecture within target 

organs. 

 

In 2003 the effects of each VEGF isoform in the angiogenesis of lung metastasis was 

confirmed to be identical to what had been observed in primary tumor angiogenesis or 

angiogenesis development during embryogenesis [182]. 

 

2.6. VEGF-A receptors 

2.6.1. Genes and proteins characterization 

Binding and cross-linking experiments in 1990 have shown that VEGF binds to a 

specific receptor on the cell surface of vascular endothelial cells [183, 184]. This 

receptor had an apparent mass of 180 kDa, contained disulfide-linked subunits, and 

was a glycoprotein.  

 

During this time 2 tyrosin kinase receptors had been identified and cloned: the human 

FLT-1 (180 KDa) with similarities to the fms family, i.e. c-fms (macrophage-colony 

stimulating factor receptor), c-kit and platelet-derived growth factor receptors [185], 

and the human KDR (200 KDa) [186] or its murine analogue, Flk-1 (fetal liver kinase 

1) [187] that shares also some similarities with the fms family particularly with the 



Chapter I 

32 

FLT-1 receptor. But only in 1992 these 2 receptors were associated with VEGF 

signaling [188, 189]. Due to this discovery, FLT-1 and KDR/Flk-1 were called 

VEGFR1 and VEGFR2 respectively. These receptors are characterized by an extra-

cellular domain containing seven immunoglobulin (Ig)-like loops followed by a 

membrane-spanning region and a conserved intracellular tyrosine kinase interrupted 

by a kinase insert sequence (Figure I - 7) [190].  

 

In  1993, alternative splicing of VEGFR1 pre-mRNA was observed to generate two 

distinct products encoding the full-length membrane-spanning receptor and a 

truncated soluble form (sFLT-1 or sVEGFR1, composed by the secretory leader 

sequence and the N-terminal six extracellular Ig-like domains) that inhibits the 

VEGF activity (Figure I - 12) [191]. The inhibitory activity of sFLT-1 could be 

explained by the sequestration of VEGF or by the formation of nonfunctional 

heterodimers FLT-1/sFLT-1. 

 

In 1995, Chiang and Flanagan [192], demonstrate that VEGFR2 and not only some 

VEGF isoforms, was able to bind heparin (perhaps through a peptide between the 

sixth and seventh Ig-like domains [193]), implying that ligand binding by the 

VEGFR2 may involve a three way interaction between the VEGFR2, VEGF, and 

heparin-like cell surface proteoglycans. Park and Lee [194] obtained the same result 

with VEGFR1 in 1999. They found that the fourth Ig-like loop of VEGFR1 was the 

major heparin-binding site.  

 

In 1996 a third VEGF receptor, that binds VEGF165 via the exon 7-encoded domain 

but not VEGF121, was described [195] and cloned 2 years later [196]. This isoform-

specific VEGF receptor (VEGF165R) was identical to human neuropilin-1 (NRP1), a 

receptor for the collapsin/semaphorin family that mediates neuronal cell guidance. It 

was proposed that this novel VEGF receptor modulated VEGF binding to VEGFR2 

and subsequent bioactivity and therefore could regulate VEGF-induced angiogenesis. 

More recently an intracellular complex containing NRP1 and VEGFR2 was 

immunoprecipitated from EC and was proven to increase the binding of VEGF to 

VEGFR2 [197]. 
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Figure I - 12. VEGF-A receptors characterization. All VEGF isoforms bind VEGFR1 and R2 (in 

the 2nd  Ig-like domain) and can induce a signal response by activation of the intra-citoplasmatic tyrosin 

kinases. These isoforms can also bind the soluble form of R1 that will impede the signal transduction. 

NRP1 or NRP2 receptors (domain b - binding domain for VEGF) increase the binding of VEGF165 or 

VEGF145 and 165 respectively to VEGFR2. HSPG bind not only VEGF isoforms (except VEGF121) 

but also VEGFRs (at the sites indicates by an #) and can mediate its interaction. 

 

 

 

 

Wiesmann et al. in 1997 [198] and Fuh et al. [199] in 1998 presented a model of 

VEGF bound to VEGFR1 and VEGFR2 respectively. In the extracellular portion of 

these receptors, that contain 7 Ig-like domains, domains 2 and 3 were sufficient for 

binding VEGF with near wild-type affinity. Further deletion of domain 3 of VEGFR1, 

however, only caused a 20-fold decrease in affinity, compared to a larger than 1000-

fold decrease for VEGFR2. Thus, the relative importance of domain 3 is different for 

VEGFR1 and VEGFR2.  

 

Fuh et al. [199] also demonstrated that the VEGF monomer binding affinity for 

VEGFR2 was reduced more than 1000-fold but the heterodimer containing only one 

intersubunit disulfide (as stated above two Cys are essential for VEGF dimerization 
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via disulfide bridges) bound to VEGFR2 with virtually the same affinity as the wild-

type dimmer. These data clarified the VEGFR2-VEGF binding; a model was 

proposed where each VEGFR2 bound across the subunit-subunit interface and not 

exclusively to one of the subunits of VEGF. Simultaneously to the identification of 

the VEGFR1 domains responsible for VEGF binding, the Ig-like loop 4 was found to 

be essential to stabilize VEGFR1 receptor dimmers even in the presence and binding 

of the VEGF [200].  

 

In 2000, Neuropilin-2 (NRP2, like NRP1 was first described as a receptor for axon 

guidance factors) was demonstrated to bind VEGF165 but not VEGF121 like NRP1 

[201]. However, the 2 receptors differ in the ability to interact with VEGF145, once 

only NRP2 can bind to this VEGF isoform (Figure I - 12).  

 

Two years later the NRP1 binding site for VEGF 165 was identified [202]. NRP1 is a 

130 kDa cell surface glycoprotein that has a short intracellular domain (is therefore 

unlikely to function as an independent receptor) and three distinct extracellular 

domains, a1a2, b1b2, and c (Figure I - 12). b1b2 serve as the VEGF165 and heparin 

binding sites in NRP1, and heparin was found to be a critical component for regulate 

VEGF165 interactions with NRP1 by physically interacting with both receptor and 

ligand. a1a2 was demonstrated to increase the VEGF165 binding to the b1b2 domain 

of NRP1. 

 

2.6.2. Responses mediated by VEGFR2 and VEGFR1 

In 1994, the functional role of the 2 main receptors of VEGF was investigated [203]. 

In vitro, VEGFR2 was able to transduced signals for mitogenicity, chemotaxis, actin 

reorganization, and changes in gross morphology of the cell, whereas VEGFRl was 

not able to transduce any of these effects despite the fact that it could bind VEGF with 

higher affinity than VEGFR2. The lack of significant cell responses to VEGFR1 

stimulation led some to speculate that its main role was to act as a decoy receptor that 

sequesters VEGF from signaling through VEGFR2 [204]. 
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Fong et al. in 1995 [205] reported that VEGFR1 was essential for the organization of 

embryonic vasculature, but was not essential for endothelial cell differentiation. 

Mouse embryos homozygous for a targeted mutation in the VEGFR1 locus, formed 

endothelial cells in both embryonic and extra-embryonic regions, but assembled these 

cells into abnormal vascular channels and died in utero at mid-somite stages. On the 

other hand, Shalaby et al. in the same year [206], demonstrated that embryos 

homozygous for VEGFR2 mutation died in uterus as a result of an early defect in the 

development of haematopoietic and endothelial cells. These results strongly suggest 

that the biological functions of these receptors are different or independent from each 

other in the angiogenic processes in vivo.  

 

At the same time, in vitro, it was observed that VEGFR1 after VEGF binding 

undergoes autophosphorylation but did not generate any mitogenic response in 

transfected NIH3T3 fibroblasts [207]. VEGFR1 was also implicated in monocyte 

chemotaxis in response to VEGF, revealing a possible function for this VEGF 

receptor [208]. 

 

In 1998, it was reported that the expression of VEGFR1 without tyrosine kinase 

domain was sufficient to allow embryonic development with normal angiogenesis, 

and that this receptor tyrosine kinase played a main biological role as a ligand-binding 

molecule [209]. However, VEGF-induced macrophage migration was strongly 

suppressed in these mice.  

 

In 2001, Ito et al. [210] demonstrated for the first time that endothelial cells 

overexpressing VEGFR-1, but not VEGFR-2, responded to treatment with VEGF-A, 

with increased DNA synthesis and proliferation. 

 

More recent results demonstrated that at least some functions of VEGF could be 

exerted through a VEGF receptor-independent pathway. Adhesion to extracellular 

matrix-bound VEGF (165 or 189) could be attributed to integrins such as α3β1 and 
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αvβ3 [211]. The VEGF-integrin binding promoted not only endothelial cells adhesion 

but also their migration and survival. 

 

2.6.3. VEGF receptors expression pattern 

In 1993, Kaipainen et al. [212], described that all VEGFRs were expressed early in 

development and their expression profiles were mostly confined to endothelial cells. 

Among non-endotlelial cells, VEGFR-1 expression has been detected in trophoblasts 

[213], renal mesangial cells [214], and macrophages and monocytes [208, 215], 

whereas VEGFR-2 was expressed by hematopoietic stem cells, megakaryocytes and 

platelets [216, 217], and retinal progenitor cells [218]. 
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3. Alternative splicing 

The average number of coding regions (exons) in a typical human gene is about eight, 

each one of variable length. These regions are interrupted by non-coding intervening 

sequences (introns) also variable in size, but usually much longer than exons. Genes 

are transcribed into pre-mRNAs, which include intronic and exonic sequences, and 

undergo various post-transcriptional modifications. One of these processes is pre-

mRNA splicing; a mechanism that removes intronic sequences and joins their 

surrounding exons (constitutive splicing). The exons of pre-mRNAs can also be 

spliced in different arrangements to produce distinct mRNA and protein variants, a 

process called alternative splicing. Different pattern of alternative splicing such as 

inclusion of exons, mutually exclusive exons, alternative 5’ or 3’ splice sites and 

intron retention is found in Nature (Figure I - 13). After further modifications, mature 

mRNAs are exported from the nucleus to the cytoplasm where they can be translated 

into proteins.  

 

Since the publication of the human genome, research has shown that the number of 

genes is considerably lower than that predicted from the known protein catalogue. 

Recently several genome-wide analyses indicated that more than 50% of human genes 

present alternative spliced forms, suggesting that alternative splicing is a major 

mechanism for modulating the expression of cellular genes and enables a single gene 

to increase its coding capacity [219, 220]. This event leads to the production of 

distinct protein isoforms, which might have diverse and even antagonistic functions. 

The production of such proteins can, therefore, result in a primary cause of disease, 

which seems to be the case in cystic fibrosis, retinitis pigmentosa, spinal muscular 

atrophy, myotonic dystrophy, neurofibromatosis type 1, hemophilia A, β-

thalassaemia, and several types of neoplasia [221, 222]. 
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Figure I - 13. Types of alternative splicing. Five types of alternative splicing have been described: A, 

mutually exclusive; B, exon skipping; C, alternative 5’ splice sites; D, alternative 3’ splice sites; E, 

intron retention. In all 5 examples, constitutive exons are shown in yellow and alternatively spliced 

regions in red and blue, introns are represented by solid lines, and dashed lines indicate splicing 

activities. Figure adapted from Pajares, M, et al., 2007 [223]. 

 

 

 

 

3.1. Regulation of constitutive/alternative splicing 

All types of pre-mRNA splicing takes place within the nucleus and is done by the 

spliceosome, a large complex composed of 5 small nuclear ribonucleoproteins (U1, 

U2, U4, U5 and U6 snRNPs) and approximately 50-100 non-snRNP splicing factors 

[221]. The snRNPs are complexes of small nuclear RNAs (snRNAs), that recognize 

specific sequences through base-pairing with pre-mRNA substrate, and protein 

subunits. Only 4 short sequences define an intron and are recognized by spliceosome 

to induce its removal (Figure I - 14): the exon-intron junction at the 5’ and 3’ end of 

introns (5’ss/5’ splice site and 3’ss/3’ splice site); the branchpoint sequence (BPS) 

located upstream of the 3’ss; and the polypyrimidine tract (PY) located between the 

3’ss and the BPS [224]. Compilation of numerous intron sequences has led to the 

definition of consensus signals. Specifically, the consensus sequence at the vertebrate 
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5’ss is exon-AG|GUAAGU-intron, at the site of branch formation is YNYURAY, and 

at the 3’ss is Y(n)AG| (vertical bars represent exon-intron boundaries, N is any 

residue, R is either A or G, Y is either U or C) [225]. 

 

The initial step of spliceosome assembly involves the recognition of the 5’ss by U1 

snRNP, the BPS by Branchpoint Binding Protein/Splicing Factor 1 (BBP/SF1) and 

the PY by the heterodimeric splicing factor U2 auxiliary factor (U2AF, one subunit 

with 65 KDa, U2AF65; and the other with 35 KDa, U2AF35). Subsequently, U2AF 

recruits U2 snRNP to the BPS, BBP/SF1 and U2AF dissociate from the spliceosome, 

and the U4, U5, and U6 snRNPs are incorporated into the spliceosome [226]. At this 

point, a massive conformational rearrangement occurs to form the catalytically active 

spliceosome and the first step of splicing ensues (Figure I - 14).  

 

Splicing regulation involves both cis elements (sequences within the pre-mRNA) and 

trans elements (cellular factors, both proteins and RNAs). Cis elements, known as 

splicing enhancers and silencers, help with the identification of the exon-intron 

borders and prevent pseudoexons from being included in the mRNA. Enhancers and 

silencers are found in both introns and exons and are usually located near splice sites. 

These regulatory sequences are involved in constitutive splicing, but are also 

especially important in the regulation of the use of splice sites during alternative 

splicing [221]. Exonic and intronic splicing enhancers (ESEs and ISEs) act by 

stimulating spliceosome assembly and splice-site recognition. Exonic and intronic 

splicing silencers (ESSs and ISSs) have the opposite effect [224]. 

 

Trans-acting splicing factors are involved in the assembly of the spliceosome and 

have a major role in controlling the alternative splicing profile of a cell. Changes in 

the activity and composition of general or specific splicing factors modify the 

selection of splice sites. In the mammalian cell nucleus, splicing factors are 

distributed in nuclear domains known as speckles or splicing factor compartments 

(SFCs) [227] and in some cell types they can be additionally found in nuclear 

structure, the coiled body [228]. When they are needed to mRNA splicing they leave 

these structures and bind mRNA. 
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Figure I - 14. Simplified view of the splicing process. An intron is recognized by the splicing small 

nuclear ribonucleoproteins (snRNPs) by direct binding to specific sequences like the branchpoint 

sequence (BPS) the poly pirimidine tract (Py) and the 5’ and 3’ splicing sites (5’and 3’ss). U1 snRNP 

binds to 5’ss, splicing factor 1 (SF1) binds to BPS and U2AF binds to the Py. Then U2 snRNP bind the 

BPS and all the others spliceosome snRNPs (U4, U5, and U6) are incorporated. This induces a reaction 

between the adenosine, at the BPS, and the 5’ splice site. In the second step of the reaction, exon 1 

attacks the phosphodiester bond at the 3’ splice site to yield the exons junction. 

 

 

 

 

The major trans-acting splicing factors, non-snRNPs, are included in two families: the 

serine/arginine-rich (SR) proteins family and the heterogeneous nuclear 

ribonucleoprotein (hnRNP) family. SR proteins function in the recognition of ESEs 

leading to the activation of 3’ss. Some members of the hnRNP family bind to ESSs 

and ISSs, and, in many cases, block the spliceosome assembly. Enhancers and 

silencers usually overlap and splicing is determined by the antagonistic action of 

hnRNP and SR proteins on these regulatory elements [227]. Small differences in 

concentration or activity (perhaps owing to differential phosphorylation - described 
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below) of these proteins might alter complex assembly and affect the outcome of 

splicing. 

 

More recently, it was shown that splicing could be altered in response to specific 

signals. They provide insights into the effects of signal-transduction pathways on the 

splicing of pre-mRNA, although a complete pathway has not been fully described (for 

more details see section 3.1.3) [229, 230].  

 

3.1.1. SR proteins characterization 

Since its discover in 1990, the SR proteins family has been implicated in alternative 

splicing [231, 232]. In 1991 using the monoclonal antibody mAb104 the entire family 

the SR proteins was identified [233]. They constitute a family of about 10 

polypeptides (SRp20, SC35, SRp46, SRp54, SRp30c, SF2/ASF, SRp40, SRp55, 

SRp75 and 9G8, see Figure I - 15) that are characterized by containing one or two 

copies of an RNA recognition motif (RRM) and a C-terminal domain rich in 

repetitive serine(S)-arginine(R) residues (the RS domain) [221].  

 

The RRMs was first thought to determine RNA binding specificity to the ESEs but in 

1996, Kanopka et al. [234] demonstrated that SR proteins could also bind to an 

intronic repressor element (or ISS). SR proteins can recognize a vast array of RNA 

sequences and several sequences identified as binding sites for one SR protein can 

also be recognized by other SR proteins.  
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Figure I - 15. Schematic diagram of human SR proteins family. For each of the known members of 

the human SR protein, the domain structures and the molecular mass are depicted. All proteins are 

drawn to scale. Figure adapted from Graveley, B, 2000 [235]. 

 

 

 

 

The RS domain mediates protein-protein interactions that are thought to be essential 

for the recruitment of the splicing apparatus and for the splice site pairing. RS 

domains of SR proteins are, for the most part, fully interchangeable and seem to differ 

from one another only quantitatively [235]. The serine residues within these domains 

had been shown to be extensively phosphorilated. This SR proteins phosphorilation 

(made by 3 types of protein kinases: SR protein kinase family, SRPK1/2; the Clk/Sty 

family; and DNA topoisomerase I) appears to influence, first, the protein-protein 

interactions to form the spliceosome, and secondly, its subcellular localization. In the 

first case, phosphorylation of the RS domain of the SR proteins was described in 1994 

to affect the spliceosome in at least two ways: its phosphorylation was necessary in 

order to form a functional spliceosome; and dephosphorylation event(s) must take 

place to allow completion of the splicing reaction and disassembly of the spliceosome 
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[236]. In 1998 Xiao and Manley [237] showed that dephosphorylation of SR proteins 

appears to be required during constitutive splicing reactions but not for their ability to 

act as a splicing activators in regulated splicing. In the second case, the recruitment of 

SR proteins from nuclear speckles to a site of transcription was postulated in 1998 to 

be mediated by the phosphorylation of serine residues in the RS domain [238].  

 

In the same year hyperphosphorilation of the RS domains was discovered to increase 

the fraction of shuttling SR proteins available for nuclear export and that could inhibit 

the re-import of shuttling SR proteins [239]. This mechanism modulate the 

concentration ratio of SR available for alternative splicing control, facilitate mRNA 

transport across the nuclear pore or have cytoplasmic functions, such as translational 

regulation, mRNA stability, or mRNA localization. From all the SR proteins family 

only SF2/ASF, SRp20 and 9G8 can shuttle rapidly and continuously between the 

nucleus and the cytoplasm [239].  

 

The RS domain is also present in a number of additional proteins, distinct from the 

SR proteins, referred to as SR-related proteins or SRrps like U2AF, snRNP 

components, splicing regulators, splicing coactivators, RNA helicases, and protein 

kinases [235].  

 

Beside different experiments had demonstrated that deletion of the gene encoding SR 

protein SRp55 and SF2/ASF (Splicing Factor 2/Alternative Splicing Factor) had 

resulted in lethality [240-242], Longman et al., in 2000 [242] surprisingly, observed 

no phenotype when 5 other SR proteins genes (SRp20, SC35, SRp40, SRp75 and 

SRp54) were individually targeted by siRNA. Lethality was only observed when 

simultaneous interference of two or more SR proteins in certain combinations was 

used. These results could tell us that nonessential SR proteins did not participate in 

the splicing of essential genes, or that other SR proteins could functionally substitute 

for the missing SR protein. The overlapping RNA binding specificities of SR proteins 

may partially account for their apparent redundancy in their function. 
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3.1.1.1. The functions of SR proteins 

In 1993 Eperon et al. [243] and Lavigueur et al. [244], and in 1996 Zuo and Maniatis 

[245] showed that SR proteins could interact with pre-mRNA (in a sequence-specific 

manner to a purine-rich exonic splicing enhancer, ESE) during the early stages of 

spliceosome assembly and stimulated directly the binding of U1 snRNP particles to 

the 5’ss, indirectly U2 to the branch site sequences and directly U2AF to the 3'ss 

respectively (Figure I - 16). In 1995 and 1999, SR proteins were also shown to 

function at later steps being important for the U4/U6.U5 tri-snRNP assembles (Figure 

I - 16) on the pre-mRNA [246] or to enhance the second catalytic step of splicing 

[247] respectively. A number of SR protein binding sites have been identified in 

constitutive exons that function as constitutive splicing enhancers [248]. Thus it 

appears that SR proteins have similar exon dependent functions in regulated and 

constitutive splicing. An important difference is the fact that in constitutive splicing, 

the SR proteins bind to the exon constitutively, whereas in alternative splicing the SR 

protein association is regulated. All the functions proposed for SR proteins are 

included in 2 categories: exon dependent and exon independent. The best-

characterized functions of SR proteins are those that involve binding to exon 

sequences both at 3’ss or 5’ss but SR proteins have also some exon-independent 

functions. For example, in 1993 Wu & Maniatis [249] observed that SR proteins 

could simultaneously interact with U1 and U2AF, acting as a bridge between 

components bound to the 5’ (U1) and 3’ (U2AF) ss without binding to pre-mRNA 

(Figure I - 16).  

 

In overall, the SR proteins family have different ways of acting but together they are 

important for inducing both constitutive and alternative splicing of mRNA, one 

exception is the SRp38 also called SRrp40 that despite a typical SR protein structure, 

is a splicing repressor [250]. It has also been demonstrated that if the SR proteins 

could bind to an ISS they act as a repressor [234]. 

 

More recently, some SR proteins that have nucleo-cytoplasmic shuttling properties 

have also been shown to have post-splicing activities like mRNA export [251] and 

stability [252].  



General Introduction 

 45 

 

Figure I - 16. The exon-dependent and independent functions of SR proteins. SR proteins have 

been described to have exon-dependent functions at the U2AF (by binding to an exonic splicing 

enhancer, ESS, the RS domain of the SR protein will interact with U2AF35 thereby recruiting U2AF65 

to the pre-mRNA) and U1 recruitment (an SR protein bound to the upstream exon interacts with U1 

and recruits U1 snRNP to the 5’ splice site) and exon-independent function at the U4/U6•U5 tri-snRNP 

recruitment. The cross-intron bridging function is thought to be mediated by a simultaneous interaction 

of the SR protein with U1 and U2AF 35. Figure adapted from Graveley, B, 2000 [235]. 

 

 

 

 

3.1.2. hnRNP characterization 

Heterogeneous nuclear ribonucleoproteins (hnRNP) were first described as a family 

of proteins, which bound RNA polymerase II transcripts to form hnRNP particles. It 

has been identified a total of 19 hnRNP genes that were designated from hnRNP A1 

to U (A1, A2/B1, C1/C2, D, E1, E2, F, G, H, H’, I/PTB, 2H9, K, L, M, P2, Q, R, and 

U) [253-255] and for many of these, there are several isoforms. hnRNPs family is 

characterized by some structural motifs (Figure I - 17): the RNA binding domain 

(RBD) also termed RNA recognition motif (RRM) located at the N-terminus and 

auxiliary regions for instance the RGG (Arg-Gly-Gly) and KH (K homology) motifs 

[254]. The RGG motifs are 25 amino acids stretches with Arg–Gly–Gly tripepetide 

repeats, and as well as being involved in RNA binding are also implicated in protein–

protein interactions, transcriptional activation and nuclear localization. The KH 
domain is 50 amino acids long and contains conserved octapeptide repeats of Ile–Gly–
X2–Gly–X2–Ile (X being any amino acid). Mutational analysis studies have confirmed 
that these octapeptide repeats are essential for RNA binding. 



Chapter I 

46 

 

Figure I - 17. Common structural domains shared by members of the hnRNP family. All 

members contain at least one domain that is able to bind RNA in a sequence-specific manner 

(RBD/RRM). hnRNPs also contain auxiliary regions designated as KH domain and RGG motifs. 

RBD/RRM (1-4 RBD per hnRNP) and KH (1-3 KH per hnRNP) domains are responsible for RNA 

binding and the RGG motifs are involved in RNA binding, transcriptional activation, nuclear 

localization and protein-protein interaction. Figure adapted from Krecic, A; Swanson, M; 1999 [254]. 

 

 

 

 

Rather than being confined to the interphase nucleus, some hnRNP proteins, like SR 

proteins, shuttle constantly back and forth between the nucleus and the cytoplasm 

[256]. hnRNP A1, A2/B1, D, E, I and K shuttle between the nucleus and the 

cytoplasm. By contrast, hnRNP C1/C2 and hnRNP U do not shuttle and appear to be 

restricted to the nucleus. Similar to what have been described for SR proteins, also 

some hnRNPs can be phosphorylated. Firstly, hnRNP C1/C2 and A2/B1 were shown 

to be phosphorylated by casein kinase II (CKII) [257, 258]. Then in 1993 also hnRNP 

A1 was shown to be phosphorylated at a serine residue in the glycine-rich C-terminal 

domain by both CKII and cAMP-dependent protein Kinase A (PKA) [259]. In 2001 

Habelhah et al. [260] demonstrated that the mitogen-activated protein 

kinase/extracellular-signal-regulated kinase (MAPK/ERK) efficiently phosphorylated 

hnRNP K both in vitro and in vivo at 2 specific serines and consequently could induce 

its cytoplasmatic accumulation. Recently in 2003 PTB or hnRNP I were shown to be 

phosphorylated by the PKA and this phosphorylation, like described for hnRNP K, 

could induce an accumulation of this hnRNP in the cytoplasm [261]. 

 

3.1.2.1. The fuctions of hnRNPs  

The hnRNPs are involved in several different cellular processes such as 

transcriptional regulation [262] [263], telomere-length maintenance [264] [265], 

immunoglobulin gene recombination [266], splicing [255, 267-271], pre-RNA 
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processing [272], nucleo-cytoplasmic transport of mRNA [273], and mRNA 

translation [274, 275] and stability [276-278].  

 

From the hnRNPs family only 8 proteins have been described to be involved in 

splicing of the pre-mRNA [254]: A1, A2/B1, C1/C2, F, H, I/PTB, M, and Q. Some of 

these proteins were shown to recognize the negative cis-acting elements in the pre-

mRNA, ISS, ESS [279-281]. A classic example of how this family of factors can 

regulate the alternative splicing in vivo, is the opposing effects of SF2/ASF and 

hnRNP A1 demonstrated by Cáceres et al. in 1994 [268]. In these experiments, 

increased expression of SF2/ASF activated proximal 5' splice sites, promoting 

inclusion of a neuron-specific exon, and preventing abnormal exon skipping. In 

opposite, increased expression of hnRNP A1 activated distal 5' splice sites. Therefore, 

they concluded that variations in the intracellular levels of antagonistic splicing 

factors (hnRNPs) could influence different modes of alternative splicing in vivo and 

that could be a natural mechanism for tissue-specific or developmental regulation of 

gene expression. 

 

3.1.3. Signaling pathways involved in alternative splicing 

The mechanism whereby alternative pre-mRNA splicing is linked to cell signaling 

were unknown until 1998, when Konig et al. [229] addressed this issue by 

investigating alternative pre-mRNA splicing of the cell surface molecule CD44, 

which is regulated both in a cell type-specific manner and in response to extracellular 

stimuli. These authors showed that several stimuli, including activated Ras, could 

induce inclusion of exon v5 of CD44. The same group than demonstrated that the 

Ras-Raf-MEK-ERK signaling cascade was responsible for activate a mechanism that 

retained variant CD44 exon v5 sequence in mature mRNA [230] by phosphorilation 

of SAM68 (that binds exonic splice-regulatory elements) [282] and concluded that 

highly conserved pleiotropic signaling pathway could link extracellular cues to splice 

regulation.  
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In 2000, it was shown that signaling pathways regulate pre-mRNA splicing in vivo by 

influencing the subcellular distribution of splicing factors [283]. In more detail, they 

showed that cells exposed to stress stimuli such as osmotic shock or UV irradiation, 

resulted in a cytoplasmatic accumulation of hnRNP A1 due to its phosphorylation that 

had been mediated by the p38 pathway. In the same year, the activation of the Protein 

Kinase C (PKC) and Ras were implicated in the switch toward the exclusion of CD45 

variable exons [284].  

 

In 2001, Patel et al. [285] demonstrated that insulin regulates alternative splicing of 

PKC βII via the phosphatidylinositol 3-kinase (PI3-kinase) signaling pathway through 

the phosphorylation state of the SR protein, SRp40. In the same year, Ca2+/calmodulin-
dependent protein kinase IV (CaMK IV) activated by cell depolarization, was shown to 
repress inclusion of specific exons in BK potassium channel and NR1 (NMDA 
receptor type I) transcripts acting through a CaMK IV-responsive RNA element 
(CaRRE) [286]. 

 

The coupling of signal transduction to alternative splicing by such RNA elements 

could be the basis for establishing tissue-specific splice patterns during development 

and for switching splice patterns under physiological or pathological conditions. 

 

3.2. Alternative splicing in angiogenesis 

As described before, alternative splicing is observed in more than 50% of the human 

genes. Several genes involved in the angiogenic process are thus expected to generate 

different isoforms resulting from alternative splicing. For example, if we concentrated 

in the factors that control the process, both angiogenic and anti-angiogenic factors 

described in Table I - 1, we can find several factors that have been described to 

produce different isoforms by alternative splicing: VEGF-A [45], VEGF-B [287], 

VEGF-D [288], PlGF [289], PDGF [290], IGF-I [291], IL-12 [292], and soluble 

VEGFR1 [191]. Of all these factors, VEGF-A is the one with the highest number of 

isoforms (see section 2.2, page 16). Different alternative splicing mechanisms are 

known to affect the VEGF gene such as alternative 5’ss, alternative 3’ss, exons 

inclusion, and mutually exclusive exons (Figure I - 18), but the machinery that 
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regulates both in cis or trans the production of such a high number of isoforms is not 

yet known. 

 

 

 

 

 

Figure I - 18. Alternative splicing affecting VEGF gene. Four examples are shown: alternative 5’ 

splice site selection results in a choice between VEGF189 and 206; alternative 3’ splice site selection 

results in a choice between VEGFxxx and VEGFxxxb; mutually exclusive exons results in a choice 

between VEGF145 and 165; and exon skipping results in a choice between VEGF121 and 206. Figure 

adapted from Ladomery, M, et al., 2007[293]. 



Chapter I 

50 

 



 

 51 

 

 

 

 

 

 

 

 

 

 

Chapter II 

Aims of the thesis 



 

52 

 

 



Aims of the thesis 

 53 

According to the importance of VEGF in vasculogenesis/angiogenesis during 

embryogenesis, and in adult in physiologic and pathologic situations, and since this 

gene undergoes alternative splicing, giving rise to different isoforms with different 

roles in angiogenesis, we would like to address the question: What regulates VEGF 

alternative splicing? 

 

In more detail, we would like to understand: 

 

 

Figure II - 1. First aim of the thesis - If/which microenvironment changes are responsible for 

VEGF alternative splicing. 
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Figure II - 2. Second aim of the thesis - Which pathway(s) is(are) used to translate the external 

signals into VEGF alternative splicing. 

 

 

Figure II - 3. Third aim of the thesis - Which proteins directly modulate the alternative splicing 

of VEGF. 



 

 55 

 

 

 

 

 

 

 

 

 

 

Chapter III  

VEGF isoforms pattern in physiologic and pathologic situations 

 

Autors: Ana Paula Elias, Teresa Pereira, Ana Félix, Sérgio Dias 

Manuscript in preparation 



 

56 



 VEGF isoforms pattern in physiologic and pathologic situations 

 57 

Abstract 

 

VEGF was shown to have different isoforms resulting from alternative splicing, the 

most abundant being VEGF121, VEGF145, VEGF165 and VEGF189. They were 

shown to have different abilities to bind heparin that influence its distribution and role 

in the angiogenic process. Here we represent a comparative study of the VEGF 

isoforms pattern expression in different organs and in different angiogenic processes 

in the female reproductive system, both physiologic (angiogenesis during estrus 

cycle) and pathologic (angiogenesis in tumor progression). We have shown that 

different organs have different VEGF isoforms pattern; VEGF189 being more 

expressed in lung, and VEGF165 being more expressed in all the other organs. During 

a physiologic angiogenic process VEGF120 is more expressed at the injury stage 

(during ovulation in ovary and during endometrium replacement in uterus) and 

VEGF165 and 189 increased its expression at later stages when new vascularization is 

occurring in these organs. In pathologic angiogenesis, in endometrial cancer, we 

observed an increased expression of VEGF145 and 189 and a decrease in the 

VEGF165 (most abundant isoform in this tissues in normal conditions) particularly in 

more advanced tumor samples.  

 

 Taken together, we show that in physiologic angiogenesis there are successive cycles 

in VEGF isoforms pattern expression, i.e., first VEGF120 expression increase, then 

VEGF165 and 189 increases and VEGF120 decrease, and finally VEGF165 and 189 

also decrease. In tumor angiogenesis the VEGF isoforms pattern do not follow a cycle 

of expression, the ratio between the different isoforms is altered. 
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Introduction 

 

Besides promoting tumor angiogenesis, VEGF is also an important growth factor that 

controls the vascular homeostasis, thus having a key role in many physiological 

processes such as wound healing or during the menstrual cycle [294]. In general terms 

VEGF binding to its receptors has been shown to promote migration, proliferation 

[294] and survival [295] of different cell types. 

 

The VEGF family of proteins expression/distribution and possibly activity may be 

regulated by alternative splicing. VEGF alternative splicing occurs between exons 5 

and 8 (see Figure III - 1) [180]. This mechanism produces several isoforms, which 

differ in molecular weight, and the most commonly expressed are VEGF121, 145, 

165, and 189. VEGF 165 is the predominant secreted isoform, produced by most cell 

types, although a significant fraction appears bound to the extracellular matrix 

(ECM). VEGF 121 is a freely diffusible isoform that does not bind to heparin. In 

contrast, VEGF 189 binds strongly to heparin so it is completely sequestered in the 

ECM. VEGF 145 binds to heparin with an affinity similar to that of VEGF 165 and 

binds efficiently to ECM [52]. 

 

It is known that VEGF is expressed and produced by cells under stress, such as during 

hypoxia, in order to induce angiogenesis and promote tissue oxygenation [296]. In 

this study we have looked at the VEGF isoforms pattern in different organs both in 

physiologic and malignant situations where we have different stresses acting on these 

cells. We show that different organs have distinct VEGF isoforms patterns that 

change under varying microenvironmental conditions. 
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Results 

 

VEGF isoforms expression in different organs 

By analyzing different organs we observed that not only the VEGF expression level 

differed but also the VEGF isoforms (Figure III - 1) pattern suffers alterations, as 

represented in Figure III - 2A. Most of the tissues express predominantly the 

VEGF164 isoform being the higher levels (more than 80%) expressed in brain, 

stomach, bladder, ovary and endometrium (Figure III - 2B); one exception is VEGF 

isoforms pattern in lung where VEGF188 isoform is more expressed (57%) than 

VEGF164 (28%). This observation is in agreement with published data where they 

suggest that this isoform may mediate the assembly and/or stabilization of the highly 

organized vessel networks that surround the alveoli [66]. VEGF188 is moderately 

expressed in heart (39%), liver (40%) and kidney (14%). VEGF144 is the isoform less 

expressed in all the organs and VEGF120 is the second most abundant isoform in 

most organs (exceptions are heart, lung, liver, and kidney). For example, the organs 

that express more VEGF120 are the spleen (24%), bone marrow (28%) and testis 

(35%).  

 

Figure III - 1. VEGF isoforms that arise from pre-mRNA alternative splicing. These isoforms 

differ in the presence or absence of exons 6 and 7 that codify for heparin-binding domains. The 

localization of the probes and primers used to amplify the different isoforms of VEGF are indicated by 

a line ( — ) or an arrow (              ) respectively. 
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Figure III - 2. Different organs produce different VEGF isoforms. A) Relative expression of VEGF 

isoforms mRNA (these values were obtained by real time RT-PCR); B) percentage of each isoform in 

the organs analyzed. 

 

 

 

 

Variations in VEGF isoforms expression under physiologic conditions 

Next, we looked in more detail at the expression of VEGF isoforms in endometrium 

and ovary in situations of physiologic angiogenesis, such as during the estrus cycle. 

 

First we induced mice estrus cycle by contact with male pheromones, a phenomenon 

named Whitten effect [297]. After induction of estrus cycle and characterization of its 

phases by specific morphologic alterations in vagina histology and vaginal smears 
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(Figure III - 3B), the levels of VEGF were analyzed. There was an overall increase in 

VEGF levels in the endometrium and in the ovary in the beginning of estrus cycle, 

decreasing in the latest part of the cycle (Figure III - 4A). In all the steps of the estrus 

cycle, VEGF164 was the predominant isoform. This suggests that for this physiologic 

process the VEGF164 isoform is essential for the appropriate vessel 

recovery/formation. Surprisingly, when we looked at the ratio of each VEGF isoform 

throughout the estrus cycle, we could see differences both in ovary and endometrium 

(Figure III - 4B). In more detail, in the ovary, at the time of ovulation (ovary 1 - 

estrus) there was an increase in VEGF120 (from 12 to 30%) and a decrease in 

VEGF164 (from 86 to 68%). The levels of these isoforms at the end of the cycle 

(ovary 3 - metestrus) are similar to the initial stages (ovary 0 - diestrus). The other 2 

isoforms of VEGF did not change during the cycle.  

 

The increase in VEGF in the ovary during ovulation is in agreement with the known 

importance of VEGF for the development of new blood vessels for corpus luteum 

formation. More interestingly, the shift in VEGF120/164 ratio observed at this stage 

could attribute to VEGF120 a major role in the beginning of corpus luteum 

angiogenesis.  
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Figure III - 3. Murine estrus cycle. A) The estrus cycle is divided in 4 stages: diestrus, proestrus, 

estrus and metestrus that are different in hormonal content [298] and in endometrium and ovaries 

histology (embryology.med.unsw.edu.au/OtherEmb/mouse2.htm); B) Characterization of estrus cycle 

stage by vaginal smear and vagina histology. Left images magnification 400x; right images 

magnification 100x. 
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The ratio of VEGF isoforms in endometrium also changes during estrus cycle (Figure 

III - 4). When ovulation occurs, endometrium (endomet1 - estrus) is expressing more 

VEGF188 (from 3.4 to 5.7%) and at the later stages of the estrus cycle, we observe an 

increase in VEGF120 (from 22 to 41%) but a decrease in VEGF164 and 188. 

Different pattern of VEGF isoforms are expressed at different stages of the murine 

estrus cycle. VEGF120 is more expressed in metestrus when the epithelium of the 

endometrium is in the process of degeneration and replacement and there is a decrease 

in vascularity (see Figure III - 3A). In opposite, VEGF188 and VEGF164 are more 

expressed in diestrus and estrus, when the endometrium is beginning a cycle of 

epithelial cells proliferation and vascularization. These 2 isoforms of VEGF seem to 

have a more important role in the angiogenesis that occur in this physiologic process. 
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Figure III - 4. VEGF isoforms produced by murine ovary and endometrium after induction of 

estrus cycle. A) Relative expression of VEGF isoforms mRNA (these values were obtained by real 

time RT-PCR); B) percentage of each isoform in the organs analyzed (all the percentages are indicated 

in the grafic). 
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VEGF isoforms expression in malignancy 

Next, we sought to understand if the variation in VEGF isoforms pattern in tumor was 

the same as in physiological conditions. To determine VEGF isoforms pattern of 

expression in malignancy, we focused on the female reproductive system by 

analyzing several samples from human endometrial carcinoma. Sample 1 is a biopsy 

from a normal endometrium that was used as our control for VEGF expression. The 

classification of the samples according to its tumor type and stage is shown in Figure 

III - 5. Analysis of the VEGF expression in endometrial samples is illustrated in 

Figure III - 6A. Like it has been described, VEGF expression increased with tumor 

progression; in detail, samples 6, 7, and 5 represent the more advanced/aggressive 

tumors and express the higher amounts of VEGF. In terms of VEGF isoforms pattern, 

VEGF165 was the predominant isoform in all samples, but its percentage decreased 

from no-tumoral to tumoral samples. Most of the tumor samples have increased 

VEGF121 expression when compared to sample 1. An interesting result is the 

increase in VEGF145 isoform in samples 7 and 5, that correspond to the most 

aggressive tumors (G3 tumor type). In the case of sample 5 that correspond to the 

more aggressive tumor type in a more advanced state (IIIC, with metastasis in ovaries 

and adjacent lymphatic nodes), the pattern of VEGF isoforms was completely 

different from what was observed in the control, these means that all the isoforms 

tend to have similar percentages. This result could be attributed to deregulated VEGF 

alternative splicing or to an active control of the splicing to induce the expression of 

the isoforms that are more important for the tumor survival/growth. The endometrial 

vessels from these samples were detected by immunohistochemistry with CD31 

(Figure III - 5). We could see that the increase in VEGF expression correlated with 

increased vessels number. The 2 samples, that correspond to the more aggressive 

tumor type, and that have different VEGF isoforms pattern, also have a completely 

disorganized vessels as shown by CD31 marker. 

 

These results demonstrate that VEGF isoforms pattern change during tumor 

progression perhaps mediated by changes in tumor microenvironment. 
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Figure III - 5. Human endometrial carcinoma samples classification and immunohistochemistry 

for CD31. Endometrial carcinoma can be classified according to their type of differentiation in G1, G2, 

and G3 (well differentiated, moderately differentiated, and undifferentiated, respectively. G3 is more 

aggressive than G2, that is more aggressive than G1 tumor type) or they can be classified accordingly 

to their stage in IA, IB, IC, IIA, IIB, IIIA, IIIB, IIIC, IVA and IVB (from initial to more advanced stage 

of the tumor). In stage IA, the tumor is limited to endometrium; in stage IB, the tumor invade less than 

one half of the myometrium; in stage IC, there is invasion of more than one half of the myometrium; in 

stage IIB, there is cervical stromal involvement; in stage IIIC, there are metastasis to pelvic and/or 

para-aortic lymph nodes; and in stage IVB, there are distant metastases including intra-abdominal 

and/or inguinal lymph nodes. Images magnification 100x. 
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Figure III - 6. VEGF isoforms produced by human endometrial carcinoma samples. A) relative 

expression of VEGF isoforms mRNA (these values were obtained by real time RT-PCR); B) 

percentage of each isoform in each sample (all the percentages are indicated in the graphic). 
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Discussion 

 

VEGF isoforms have been described to have different binding affinities toward 

heparan sulfate, thus having different cellular localization [47], different binding 

affinities for VEGF receptors [43, 44, 196] and different roles in the process of 

angiogenesis [180]. It has also been shown that VEGF isoforms change during the 

development of the different murine organs [66]. 

 

Like it has been described for a different mouse strain and using different techniques 

[66], VEGF isoforms in adult mice differ from organ to organ. VEGF188 was more 

expressed in lung, heart and liver; VEGF164 in brain, stomach, bladder, ovary and 

endometrium; VEGF144 in lung and kidney; and VEGF120 in testis, bone marrow 

and spleen.  

 

In addition to the differences observed between the organs, it seems that VEGF 

isoforms pattern also change in adult tissues in different situations of angiogenic 

response like during estrus cycle in both ovaries and endometrium (physiologic 

process) and during endometrial tumor progression (pathologic process).  

 

During estrus cycle, ovary and endometrium tissues suffer continues modifications, 

that involve new blood vessels formation, in response to different hormones 

concentration (follicle-stimulating hormone, FSH; luteinizing hormone, LH; estradiol 

and progesterone). In such a process we could see a VEGF isoforms pattern variation 

in both ovary and endometrium. In endometrium there was an increase in VEGF188 

is estrus stage (where endometrium is thicker and more vascularized) that could be 

explained by previous results that show that progesterone seems to specifically 

modulate the levels of the VEGF 189 isoform during the secretory phases of the 

menstrual cycle (secretory endometrium correspond to estrus phase in mice) [146]. 

During endometrium degeneration stage (metestrus) VEGF120 was more expressed. 

This VEGF120 increase could represent a stress response to the vascular disruption 

that causes local environmental hypoxia. This isoform might be the first to be 
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expressed in stress situations once this is a freely diffusible isoform. Very recently it 

was discovered that the VEGF translation at early time points in ischemic muscle, a 

stress under which cap-dependent translation is inhibited, was possible due to the 

presence of the 2 independent internal ribosome entry sites (IRESs A and B) [299]. 

Thus, the expression of VEGF as an early response to stress is not only mediated by 

mRNA but also by its protein expression. 

 

The same could be seen in the ovary; when ovulation occurs the ovary surface is 

disrupted and the ratio of VEGF120 expression increases (estrus phase). Then in 

metestrus phase, VEGF120 expression decrease but VEGF164 expression increases 

and the corpus luteum angiogenesis takes place. 

 

Regarding endometrium adenocarcinomas samples we could see a change in the 

VEGF isoforms pattern, namely, there is a consistent decrease in the percentage of 

VEGF165 and increase in the percentage of VEGF121. Despite the small sample size, 

it seems that the more aggressive/advanced the tumor is, the more the percentages of 

VEGF isoforms differ from the control sample and the more disorganized the tumor 

vessels are. 

 

These results suggest that contrary to what was seen in physiologic conditions, in 

tumor angiogenesis a coordinated cycle of isoforms production is not observed. In 

more advanced tumor samples the VEGF isoforms ratio is much more chaotic, which 

could explain the vessels disorganization observed in tumors.  

 

These data support the idea that different VEGF isoforms have different roles in 

angiogenesis/vasculogenesis, and a right combination of their expression is essential 

for a normal blood vessel formation. During pathologic conditions, and maybe due to 

continued changes in the microenvironment, the normal isoforms expression is 

disrupted and the vessels formed are instable and leaky. During a physiologic 

angiogenic response, VEGF120/121 seems to be more important for the process 

initiation (migration and proliferation of distant endothelial cells or recruitment of 
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endothelial progenitors cells from bone marrow) and VEGF164/165 and 188/189 

might have a role in vessels ramification and stabilization. In support of this idea, it 

has been shown that VEGF120 mediated angioblast migration in dorsal aorta 

formation [300]. Nevertheless, it is curious that the organs that express more 

VEGF120 are those involved in adult mice hematopoiesis (spleen and bone marrow), 

where not only endothelial progenitor cells but also all the blood cell are produced, 

and all of them migrate to peripheral blood at a certain time. 
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Material and methods 

 

Human tumor samples 

Human endometrial tumor samples were obtained from “Instituto Português de 

Oncologia” patients, after informed consent, following Institutional Guidelines.  

 

Animal models 

To determine the normal (physiologic) VEGF isoforms profile in vivo, Balb-C male 

and female mice with 8 weeks of age were sacrificed and all its organs (brain, heart, 

lung, stomach, liver, spleen, kidney, gut, bladder, bone marrow, testis, ovary and 

endometrium) were extracted. 

 

Balb-C female mice were induced to enter in estrus cycle by contact with male 

pheromones. Vagina histology (samples received conventional hematoxilin and eosin 

staining) and vaginal smear (cells were collected into PreservCyt transport medium 

and then transferred to a glass slide, fixed and stained with hematoxilin/eosin) was 

analyzed to determine the estrus cycle phase. After 72h (mouse 1), 96h (mouse 2) and 

120h (mouse 3) post stimulation each mouse was sacrificed and the ovaries and uterus 

removed.  

 

RNA isolation and real time RT-PCR with TAQMAN 

All the human samples and murine tissues were snap frozen in dry ice and 

subsequently were grinding with Trizol (Invitrogen) in a refrigerated mortar and 

pestle. Total RNA was extracted from these tissues and 2 µg of total RNA was used 

to synthesize cDNA [301]. The mRNA level of each VEGF isoform was measured by 

real time RT-PCR on the ABI Prism® 7900HT Sequence Detection System (Applied 

Biosystems) using the primers and probes described in Table III - 1 and Figure III - 1. 

Real time PCR programme consisted of an initial denaturation step at 95ºC for 10 min 

followed by 40 cycles of at 95ºC for 15s and at 60ºC for 1 min. The housekeeping 
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gene used to normalize the samples was 18S (Human 18S rRNA - 20x, Applied 

Biosystems). 

 

The relative expression of each sample was calculated with respect to a standard 

calibration curve that represents a serial dilution of a cDNA positive for VEGF 

isoforms expression. Each sample was analyzed in triplicate and each PCR 

experiment included at least one non-template control well. 

 

 

Table III - 1. Primers and probes used in real time RT-PCR for human/murine VEGF isoforms. 

 VEGF 
isoforms Probes (6-FAM-5`   3`-TAMRA) Primers (5`   3`) 

Forward CCAGCACATAGGAGAGATGAGCTT 
121 

ACAGCACAACAAATGTGAATG 

CAGACCAAA Reverse CGGCTTGTCACATTTTTCTTGTC 

Forward AATGTGAATGCAGACCAAAGAAAG 
145 

AGAGCAAGACAAGAAAAAAAA 

TCAGTTCGAGGAA Reverse CACATACGCTCCAGGACTTATACC 

Forward CCAGCACATAGGAGAGATGAGCTT 
165 

ACAGCACAACAAATGTGAATG 

CAGACCAAA Reverse AGGCCCACAGGGATTTTCTT 

Forward AATGTGAATGCAGACCAAAGAAAG 

H
um

an
 

189 
AGAGCAAGACAAGAAAAAAAA 

TCAGTTCGAGGAA Reverse AGGGAACGCTCCAGGACTTATA 

Forward CCAGCACATAGGAGAGATGAGCTT 
120 AGATGTGAATGCAGACCAA 

Reverse GGCTTGTCACATTTTTCTGGCT 

Forward AGCCAGAAAAAAAATCAGTTCGA 
144 TCAAAAACGAAAGCGCAAGA 

Reverse GTCACATACGCTCCAGGATTTAAA 

Forward CCAGCACATAGGAGAGATGAGCTT 
164 AGATGTGAATGCAGACCAA 

Reverse AGGCTCACAGTGATTTTCTGGCT 

Forward AGCCAGAAAAAAAATCAGTTCGA 

M
ur

in
e 

188 TCAAAAACGAAAGCGCAAGA 
Reverse CAGTGAACGCTCCAGGATTTAAA 

 

 

Immunohistochemistry 

Biopsies from human endometrium were fixed in 10% buffered formalin for a 

minimum of 24 hours and then were paraffin embedded. For the immunostaining 2µm 

sections were deparaffinized in xylene and rehydrated in decreasing concentrations of 

ethanol. For CD31 antigen retrieval, slides were incubated for 6 minutes in citrate 

buffer in a pressure cooker. Slides were blocked with a hydrogen peroxide solution 

(Dako Cytomation) and then CD31 antibody (Dako Cytomation) at 1:20 dilution was 
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added to slides and incubated 1 hour at 4°C. Final staining was performed in a Dako 

Thechmate500 Plus (Dako Cytomation) at room temperature. 
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Abstract 

 

Vascular Endothelial Growth Factor-A (VEGF-A) has several isoforms, which differ 

in their capacity to bind extracellular matrix proteins and also in their affinity for 

VEGF receptors. 

 

Although the relative contribution of the VEGF isoforms has been studied in tumor 

angiogenesis, little is known about the mechanisms that regulate the alternative 

splicing process. Here, we tested microenvironment cues that might regulate the 

process of VEGF alternative splicing. To test this, we used endometrial cancer cells 

that produce all VEGF isoforms as a model, and exposed them to varying pH levels, 

hormones, glucose and CoCl2 (to mimic hypoxia). Low pH had the most consistent 

effects in inducing variations in VEGF splicing pattern (increasing VEGF121, 145 

and 189). This was accompanied by activation of the p38 stress pathway and SR 

proteins (splicing factors) expression and phosphorylation. SRp20 and SRp40 down-

regulation by siRNA impeded the effects of pH stimulation, impeding the shift in 

VEGF isoforms production. 

 

Taken together, we show for the first time that acidosis (low pH) regulates VEGF-A 

alternative splicing, via p38 activation and suggest the possible SR proteins involved 

in this process. 
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Introduction 

 

Angiogenesis is important for the expansion of solid and hematologic cancers. In 

response to metabolic changes occurring within the tumor microenvironment, such as 

increased hypoxia and acidosis [302], a cascade of events takes place, resulting in the 

production of angiogenic “promoters” (stimulators) and a decrease in angiogenesis 

inhibitors [32, 303, 304]. One of the best known angiogenic stimulators, produced by 

most tumors, is Vascular Endothelial Growth Factor (VEGF-A). 

 

The VEGF-A gene undergoes alternative splicing between exons 5 and 8 (Figure IV - 

1) [45]. This mechanism results in the predominant production of 4 isoforms, which 

differ in molecular weight, and are thus known as VEGF121, 165, 189, and 145. 

VEGF165 is the predominant secreted isoform, produced by most cell types (and 

most tumors), and although it is a soluble protein, a significant fraction binds to the 

extracellular matrix (ECM). In contrast, VEGF121 is a freely diffusible isoform that 

does not bind to heparin, while VEGF189 binds strongly to heparin and therefore is 

completely sequestered in the ECM. The isoform 145 of VEGF is observed 

preferentially in carcinomas of the female reproductive system [52]. The importance 

of selective VEGF isoform secretion by tumors has been demonstrated [305]. In 

detail, tumors that secrete predominantly the VEGF121 isoform have increased 

dilated and peripheral blood vessels, while tumors overexpressing VEGF189, had 

highly branched and internal neo-vasculature [180]. More recently, increased ratio of 

VEGF121 versus the 165 or 189 isoforms was shown to be critical for the angiogenic 

phenotype of prostate cancers [306]. 

 

VEGF-A production have been clearly associated with hypoxia, however, the 

molecular mechanisms regulating VEGF production and alternative splicing in 

response to microenvironmental stimuli (such as acidosis) are still poorly 

characterized [307]. 
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Alternative splicing is a major mechanism for modulating the expression of cellular 

and viral genes and enables a single gene to increase its coding capacity. The VEGF 

isoforms mentioned above represent one family of proteins whose expression may be 

regulated by alternative splicing.  

 

The family of SR (serine/arginine-rich) proteins has been implicated in splicing; they 

are characterized by an RNA recognition motif (RRM) and a C-terminal domain rich 

in alternating serine and arginine residues (the RS domain) [235]. The RRMs 

determine RNA binding specificity, whereas the RS domain mediates protein-protein 

interactions that are thought to be essential for the recruitment of the splicing 

apparatus and for the splice site pairing.  

 

In the present report, we studied the influence of microenvironment cues that could 

affect the VEGF-A gene splicing pattern, and determined the molecular mechanisms 

involved. 
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Results 

 

Microenvironment changes affect VEGF alternative splicing pattern                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             

We investigated how changes in the microenvironment might affect the pattern of 

VEGF alternative splicing (Figure IV - 1), using endometrial carcinoma cells as a 

model (since these cells express all VEGF-A isoforms). For this purpose, we induced 

changes in the culture medium (by exposing the cells to acidic pH, progesterone, β-

estradiol, glucose and cobalt chloride, to mimic for hypoxia), and quantified the ratio 

of VEGF isoforms by real time RT-PCR (RQ-PCR).  

 

 

 

 

 

Figure IV - 1. VEGF isoforms that result from pre-mRNA alternative splicing. These isoforms 

differ in the presence or absence of exons 6 and 7 that codify for heparin-binding domains and in the 

presence of exon 8a or 8b that induce antagonist effects of VEGF. The localization of the probes and 

primers used to amplify the different isoforms of VEGF are indicated by a line ( — ) or an arrow          

(      ) respectively. The lines and arrows in blue represent the probes and primers used to amplify either 

VEGF165+VEGF165b or VEGF189+VEGF189b. 
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Figure IV - 2. VEGF isoforms expression pattern by RL95 cells in response to changes in the 

microenvironment. By real time RT-PCR (A, B) and ELISA (C) we can see an increase in VEGF 

production in acidic and hypoxic (mimicked by CoCl2) conditions. A shift in the VEGF isoforms 

splicing pattern is more evident at pH 5.5. In figure B the level of each isoform in different conditions 

is represented relatively to control conditions (which is considered equal to 1). 
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As expected, hypoxia significantly increased VEGF production, as did acidosis 

(Figure IV - 2A-C). However, a more evident shift in the proportion of VEGF 

isoforms produced, occurred in samples subjected to lower pH. At pH 5.5 it was 

observed an increase in the VEGF145/165 and 189/165 and more strikingly in the 

VEGF121/165 ratio, suggesting that pH has a role in the modulation of the 

mechanisms involved in alternative splicing. The shift in VEGF isoform ratio 

occurred within 6 hrs of pH 5.5, but the greatest difference was seen after 8 hrs of 

stimulation (Figure IV - 3A). 

 

VEGF isoform shift in acidic pH is accompanied by p38/MAPK activation  

Since acidic pH induced a shift in isoform production by RL95 cells, next we sought 

do define the signaling pathways that might be involved in this effect. 

 

As shown in Figure IV - 3B, 8h in acidic pH induce the activation of the stress 

signaling pathways p38 MAPK and SAPK/JNK, while ERK and Akt remained 

unchanged. In vitro blockade of the 2 signaling pathways using specific inhibitors 

demonstrated that cells cultured in the presence of the p38 pathway inhibitor 

(SB202190) did not respond to the acidic pH, and under these conditions the shift in 

VEGF isoform production was not observed (Figure IV - 3C), while the SAPK/JNK 

inhibitor SP600125 had little effect. 

 

These data indicate that the p38 stress signaling pathway is involved in the effects of 

acidic pH that result in modulation of the VEGF alternative splicing pattern. 

 

SR proteins are involved in the regulation of VEGF isoforms 

SR proteins have been described to be involved in the control of constitutive and 

alternative splicing of genes [235]. To evaluate which SR proteins could be activated 

by the p38 stress signaling pathway and involved in VEGF isoform shift in acidic 

conditions, we looked at the modulation of SR proteins. 
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Figure IV - 3. Correlation between VEGF isoforms pattern inversion and the activation of stress 

signaling pathways in acidic conditions. After 8 hours of pH 5.5 stimulation, the changes in VEGF 

isoform splicing pattern are more pronounced (A). As shown by western blotting and densitometry 

quantification, at this time point, from the several signaling pathways analyzed, only the p38 MAPK 

and the SAPK/JNK stress pathways were activated (B). SB202190 and SP600125 were used to inhibit 

p38 MAPK and SAPK/JNK stress pathways, respectively (C). In the presence of the p38 inhibitor, low 

pH failed to induce a shift in VEGF splicing pattern, while the SAPK/JNK inhibitor had no effect. In 

figure A and C the level of each isoform in different conditions is represented relatively to control 

conditions (which is considered equal to 1). 

 

 

 

 

Using an antibody against phosphorylated-SR proteins, first we observed that the up-

regulation of these proteins accompanied the p38 signaling pathway increase and the 

shift in VEGF isoform production (Figure IV - 4A).  
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Figure IV - 4. SR proteins involved in the control of the VEGF splicing pattern. Most SR proteins 

were up-regulated in acidic conditions both after 6 and 8 hours of exposure (A). Expression of 2 SR 

proteins, SF2/ASF and SRp20, by RL95 increase significantly in acidic conditions and is partially 

inhibited in the presence of the p38 MAPK inhibitor SB202190 (B). Results are expressed as mean ± 

standard deviation. Data were analyzed using the unpaired two-tailed student's t test. P values of <0.05 

were considered significant.  

 

 

 

 

By real time RT-PCR we quantified the mRNA of different SR proteins (SF2/ASF, 

SRp20 and SRp40) and observed that pH 5.5 induced an up-regulation of SRp20 and 

SF2/ASF that could be partially inhibited in the presence of SB202190, the p38 

MAPK inhibitor (Figure IV - 4B). Next, to reveal the involvement of selective SR 

proteins in VEGF alternative splicing we used siRNA against each SR protein and 

tested its importance in the pattern of VEGF isoform production (Figure IV - 5). 

SF2/ASF siRNA treatment resulted in an up-regulation of all the VEGF isoforms, 

while siRNA against SRp20 or SRp40 reduced the production of all the VEGF 

isoforms (in fact, the VEGF isoforms pattern in these conditions is equal to the 

control). From these results SF2/ASF, SRp20 and SRp40 don’t seem to act (at least 

separately) at the VEGF alternative splicing process. These 3 proteins might have a 

role in the alternative slicing of a VEGF regulator once by its down-regulation we 

affect the VEGF expression without changing the VEGF isoforms pattern.  
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Figure IV - 5. Effect of SR proteins down-regulation in VEGF alternetive splicing in acidic 

conditions. siRNA for SF2/ASF, SRp20 and SRp40 were used and its efficacy was first demonstrated 

by real time RT-PCR (A). Using siRNA for SF2/ASF or SRp40 and SRp20, all isoforms were up-

regulated or down-regulated respectively in cells cultured in pH 5.5 (B). In figure B the level of each 

isoform in different conditions is represented relatively to control conditions (which is considered 

equal to 1). 

 

 

 

 

Since we are dealing with large families of proteins involved in the global 

mechanisms of alternative splicing, a more detailed study must be done in order to 

identify other SR/hnRNP proteins that may regulate the VEGF isoforms pattern in 

acidic conditions. 

 

Taken together, we propose a model where the activation of the p38 stress signaling 

pathway in response to a microenvironment signal (such as a decrease in pH levels) 

induces a change in VEGF alternative splicing by increasing alternative splicing 

factors (SR proteins) (see our proposed model in Figure IV - 6).  
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Discussion 

 

Angiogenesis is an essential property of all tumors, allowing tumor expansion and 

contributing towards metastasis dissemination. Since it is a common feature of most 

malignancies, the importance of angiogenesis as a therapeutic target has been well 

documented [308]. Regarding the molecular signals that control the tumor 

angiogenesis process, the increased production of pro-angiogenic factors by most 

tumors has received a lot of attention, most notably the recognition of VEGF-A as a 

key angiogenic factor for the majority of tumors [309]. VEGF-A has several isoforms, 

whose importance in the context of tumor angiogenesis has already been addressed. 

Besides differences in their binding to the ECM, VEGF isoforms have also been 

attributed with different capacities to modulate the tumor vasculature [180, 310]. In 

detail, VEGF 121 has been described as more angiogenic and tumorigenic in breast 

[178] and prostate [306] cancer and also to specifically improve oxygenation in 

experimental breast tumors [311], while VEGF189 contributes to the establishment of 

distant metastasis of pulmonary adenocarcinoma [312]. Given the lack of mechanistic 

information concerning the regulation of the VEGF alternative splicing process, in the 

present report we hypothesized that cues in the tumor microenvironment might 

selectively affect the VEGF splicing pattern, and studied the mechanisms involved in 

this effect.  

 

Regarding the signals in the tumor microenvironment that control VEGF-A 

production, and consequently modulate angiogenesis, hypoxia and acidosis have been 

suggested to play a major role [313]. In fact, hypoxia and acidosis are common 

features of the majority of solid and liquid malignancies, likely as a consequence of 

the tumor metabolic needs, or as a consequence of an altered (pro-malignant) 

microenvironment. Importantly, the extracellular pH has been recognized as an 

inducer of VEGF, and also to regulate the VEGF interactions with different cells and 

with components of the extracellular matrix [314].  
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Figure IV - 6. Proposed model. Endometrial cancer cells exposed to acidic medium have activation of 

the p38 MAPK signaling pathway that results in the up-regulation of several SR proteins that will 

eventually regulate the VEGF alternative splicing (VEGF121 is the preferentially expressed isoform in 

acidosis simulation).  

 

 

 

 

In the present study, acidosis consistently affected the VEGF alternative splicing 

pattern produced by endometrial cancer cells (used as a model); this corresponded to a 

shift in the usual VEGF isoform expression pattern, resulting in an increase in the 

VEGF121, VEGF145 and VEGF189 isoforms. Notably, the VEGFxxxb isoforms 

(previously shown to be involved in the regulation of tumor angiogenesis [60]), which 

are expressed at very low levels by the cell line used in our studies, did not 

accompany these variations, and as such we concluded the variations in VEGF 

alternative splicing observed in low pH, did not involve the VEGFxxxb alternative 

transcripts (data not shown). 

 

The involvement of signaling pathways and of the splicing machinery had not been 

studied in the context of VEGF alternative splicing. In our report, we reveal the 
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involvement of p38 and possible members of the SR family of proteins. We now 

intend to perform a more detailed characterization of the splicing machinery involved 

in the VEGF alternative splicing in tumor cells exposed to different 

microenvironment cues. 

 

In conclusion, we postulate that the change of VEGF isoforms observed in acidic 

conditions may represent the adaptation of tumors to changes in the 

microenvironment, namely by activating angiogenic signaling pathways, through 

different VEGF isoforms production.  
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Material and methods 

 

All reagents were obtained from Sigma, unless stated otherwise. 

 

Cell lines and cell culture conditions 

The RL95 cell line was kindly provided by Professor Steve Smith (currently Principal 

of the Faculty of Medicine, Imperial College, London UK). It was cultured in 50% 

high glucose Dulbecco’s Modified Eagle’s Medium (DMEM) medium (Sigma) and 

50% Nutrient Mixture F-12 Ham (Sigma), supplemented with 10% FBS, 100 µg/ml 

of streptomycin sulfate, 100U/ml of penicillin G sodium, 2mM of L-glutamine and 

0,1 µg/ml of amphotericin B as Fungizone. Cells were cultured at 37ºC in a 5% CO2 

atmosphere. 

 

Upon reaching confluency, RL95 cells were submitted to changes in pH (pH 5.5, to 

mimic for acidosis), oxygen, glucose (100mM) or hormones levels. To obtain an 

acidic medium we used HCl and the pH 5.5 was confirmed before and after the 

experiment using a pH electrode. To induce hormonal and to mimic hypoxia, β-

estradiol (100nM)/progesterone (1µM) and cobalt chloride (150µM) [315] were used 

respectively.  

 

To test the importance of the different signaling pathways in the regulation of VEGF 

alternative splicing, the RL95 cell line was cultured in medium at pH 5.5 with or 

without the inhibitors of p38 MAPK (SB202190, Sigma, 20 µM,) and SAPK/JNK 

(SP600125, Sigma, 20 µM) signaling pathways. 

 

RNA isolation and real time RT-PCR with TAQMAN or Sybergreen 

RNA was extracted by Trizol reagent (Invitrogen) and 2 µg of total RNA was used to 

synthesize cDNA [301]. The mRNA level of each VEGF isoform was measured by 

real time RT-PCR (TAQMAN or Sybergreen) on the ABI Prism® 7900HT Sequence 

Detection System (Applied Biosystems) using specific primers and probes 
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represented in Figure IV - 1. and Table IV - 1. Expression of different SR proteins 

was analyzed with Sybergreen with specific primers (SF2/ASF: Forward -5’-GAA 

CAA CGA TTG CCG CAT CT-3’, Reverse -5’- AAT CAT AGC CGT CGC GAC C-

3’; SRp20: Forward -5’-GCA TCG TGA TTC CTG TCC ATT-3’, Reverse -5’- GTT 

CTT CCA TCT AGC TCT CGG ACT-3’; SRp40: Forward -5’-CTG TCG GGT ATT 

CAT CGG GA-3’, Reverse -5’- ACG GTC AGA GTA TCG TCC TCT ACC T-3’). 

Real time PCR program consisted of an initial denaturation step at 95ºC for 10 min 

followed by 40 cycles of at 95ºC for 15s and at 60ºC for 1 min. The housekeeping 

gene used to normalize the samples was 18S (Human 18S rRNA - 20x, Applied 

Biosystems) when we used TAQMAN and BCR (Forward -5’-GAG CGT GCA GAG 

TGG AGG GAG AAC A-3’; Reverse -5´-CAC AGT ATC CTC AGG GTC TGG 

GA-3’) when we used Sybergreen. 

 

The relative expression of each sample was calculated with respect to a standard 

calibration curve that represents a serial dilution of a cDNA positive for SR proteins 

and VEGF isoforms expression. Each sample was analyzed in triplicate and each PCR 

experiment included at least one non-template control well. 

 

 

Table IV - 1. Primers and probes used in real time RT-PCR for VEGF isoforms. 

VEGF 
isoforms Probes (6-FAM-5`   3`-TAMRA) Primers (5`   3`) 

Forward CCAGCACATAGGAGAGATGAGCTT 
121 

ACAGCACAACAAATGTGAATG 

CAGACCAAA Reverse CGGCTTGTCACATTTTTCTTGTC 

Forward AATGTGAATGCAGACCAAAGAAAG 
145 

AGAGCAAGACAAGAAAAAAAA 

TCAGTTCGAGGAA Reverse CACATACGCTCCAGGACTTATACC 

Forward CCAGCACATAGGAGAGATGAGCTT 
165+165b 

ACAGCACAACAAATGTGAATG 

CAGACCAAA Reverse AGGCCCACAGGGATTTTCTT 

Forward AATGTGAATGCAGACCAAAGAAAG 
189+189b 

AGAGCAAGACAAGAAAAAAAA 

TCAGTTCGAGGAA Reverse AGGGAACGCTCCAGGACTTATA 

Forward AAGAAAATCCCTGTGGGCCTT 
165b --- 

Reverse TGGTGAGAGATCTGCAAGTACGTT 

Forward CTGGAGCGTTCCCTGTGG 
189b --- 

Reverse TGGTGAGAGATCTGCAAGTACGTT 

 

 



Microenvironment changes (in pH) affect VEGF alternative splicing 

 97 

ELISA, Protein extraction and western blotting 

Culture supernatants, from RL95 in different conditions, were collected and used to 

measure human VEGF by ELISA (Oncogene Research Products) under conditions 

described by the supplier. 

 

To extract total proteins the pellets were suspended in a buffer containing 1% NP40, 

10% glycerol, 50 mM Tris-HCl pH 7.5, 0.1% sodic azid and 150 mM NaCl, 

supplemented with protease and phosphatase inhibitors. After 30 minutes in ice, 

lysates were centrifuged for 15 minutes at 4ºC and 12000 rpm. 

 

Equal proteins amount were separated by sodium dodecyl sulphate-polyacrylamide 

gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose membranes. Blots 

were incubated over night with an antibody against phosphorilated SR proteins 

(mouse anti-SR proteins 1(H4) from Zymed) at a concentration of 10 µg/ml. 

Antibodies against P-AKT, P-ERK, P-JNK (Santa Cruz Biotechnology, Santa Cruz, 

CA), P-p38 (Cell Signaling) and actin (Sigma) were also used at a concentration of 

100ng/ml, 400ng/ml, and with a dilution of 1:500, 1:1000 and 1:2000 respectively. 

Western blotting was performed following conventional protocols. Blots were 

revealed with the ECL (Amersham) system, according to manufactories instruction. 

The bands were quantified with ImageJ program. 

 

siRNA for SR proteins 

One day before transfection, 1x105 RL95 cells were plated in 500 µl of growth 

medium without antibiotics in a 24-well culture vessel. 50 pmols of each siRNA 

(SFRS1 for SF2/ASF; SFRS3 for SRp20 and SFRS5 for SRp40 from Ambiom 

Company). The RNA and 1µl of Lipofectamine 2000 (Invitrogen) were diluted 

separately in 50 µl of OptimEM I Reduced Serum Medium without serum. After 5 

minutes of incubation, the two dilutions were combined and incubated for 20 minutes 

at room temperature. This mix was then added to the cells and incubated for 6 hours 

at 37ºC and 5% CO2. After transfection, we changed the medium and analyzed its 

effects 72 hours after. 
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Abstract 

 

VEGF undergoes alternative splicing to produce several isoforms with different 

properties and functions. SR proteins have been described as important for both 

constitutive and alternative splicing. Here, we applied a bioinformatics screening for 

putative SR proteins binding sites in VEGF mRNA and an RNAi screening for the 

same proteins to find which of them could be responsible for changes in the VEGF 

isoforms pattern. SC35, ASF/SF2, Tra2β, 9G8, and SRp55 proteins have putative 

binding sites in different exons of VEGF. However when looking for RNAi results, 

only changes in VEGF isoforms pattern mediated by Tra2β knockdown was in 

concordance with the bioinformatics results, i.e., Tra2β have putative binding sites at 

exons 5 and 8 and its downregulation induced a decrease in VEGF121 (formed by 

exon5-exons8 junction) and an increase in VEGF189 (formed by exon5-6-7-exon8 

junction). 

 

Taken together, we show that the combination of two distinct exploratory approaches 

such as bioinformatics and RNAi, could help us to clarify the VEGF alternative 

splicing regulation. Using them, we showed that Tra2β is a good candidate to control 

the VEGF121 production. 
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Introduction 

 

Vascular endothelial growth factor (VEGF) has different isoforms that are originated 

by alternative splicing of its exons 6 and 7 [45].  

 

These 2 exons codify for heparin binding domains and are responsible for the 

different properties of VEGF isoforms, to bind heparin (at the membrane or 

extracellular matix level) [305] and consequently to bind its receptors [43, 44, 196]. 

VEGF121 lacks both exons 6 and 7 and thus it is a diffusible protein, while VEGF189 

has both exons 6 and 7 is retained at the cell membrane and extracellular matrix due 

to its high affinity to heparin, and the other 2 isoforms, VEGF145 and VEGF165 have 

only exon 6 or 7 respectively have intermediate properties.  

 

The process of splicing is done by the spliceosome (a large dynamic macromolecular 

machine) but several others proteins are involved in the regulation of the spliceosome 

assembly [316]. Some of the proteins that were described to control constitutive 

splicing of all the genes by spliceosome regulation were later associated with the 

regulation of alternative splicing. These proteins belong to the serine/arginine-rich 

(SR) and heterogeneous nuclear ribonucleoprotein (hnRNP) family of proteins [221]. 

These 2 families have antagonist roles, since SR proteins have been described to bind 

preferentially to exonic splicing enhancers (ESE) leading to the recognition of splice-

site, and hnRNPs bind to exonic or intronic splicing silencers (ESS or ISS) that blocks 

the spliceosome assembly. 

 

The SR proteins family (SRp20, SC35, SRp46, SRp54, SRp30c, SF2/ASF, SRp40, 

SRp55, SRp75, and 9G8) is characterized by containing 1 or 2 copies of an RNA 

recognition motif (RRM) that bind preferentially to the ESE in the gene, and a C-

terminal domain rich in repetitive serine(S)-arginine(R) residues (the RS domain) that 

is responsible for the protein-protein interactions [317]. The analysis of the ESE 

recognized by the SR proteins showed that one protein can recognize several 
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sequences and the same sequence can also be recognized by other SR proteins; given 

this complexity, several bioinformatics approaches have been developed [318]. 

 

Using a specific bioinformatics program and viral verctor-based RNAi screening we 

were able to predict possible SR proteins that may regulate the VEGF alternative 

splicing.  
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Results 

 

Putative SR proteins binding sites in VEGF sequence 

VEGF has 8 exons separated by long introns that are characterized by the presence of 

the 3’ and 5’ splicing sites (exon-intron junction), the polypyrimidine tract (PY) and 

the branchpoint sequence (YNYURAY) that are represented in Figure V - 1. Most of 

the 5’ splicing sites are AG|GT (exon|intron) the exception are exons 5|intron 6 and 

exon 6|intron 7 and all the 3’ splicing sites are AG|. The process of alternative 

splicing of VEGF occurs between exon 5 and 8 as shown in Figure V - 1. In order to 

better understand the mechanism of alternative splicing of VEGF, the putative 

binding sites for SR proteins (described as a family of proteins involved in the control 

of both constitutive and alternative splicing) and Tra2β (SR-related protein) in the 

VEGF sequence, were screened using a bioinformatics program (The Splicing 

Rainbow) that takes into account previous sequences described for each protein, 9G8, 

SRp20, SC35, SF2/ASF, SRp40, SRp55, and Tra2β [248, 319-330]. 

 

Once these proteins have been described to bind preferentially to exonic splicing 

enhancers (ESE) we only looked for binding sites that were localized in the exons that 

were involved in alternative splicing, i.e. exon 5, 6, 7 and 8 of VEGF. 

 

From the list of binding sites found in VEGF sequence only those with higher scores 

(see methods) were taken into account as shown in Figure V - 2. In detail, the SR 

protein 9G8 has one putative binding site in exon 8 of VEGF; the SR proteins SRp20 

and SRp40 did not bind any exon involved in alternative splicing; SC35 seems to bind 

specifically to exons 6 an 7 of the VEGF; SRp55 have binding sites in exons 7 and 8; 

SF2/ASF in exons 5, 7, and 8; and finally Tra2β might bind to exons 5 and 8. 
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Figure V - 1. VEGF isoforms that are produced by alternative splicing. VEGF has 8 exons 

(sequence is represented in black capital letters) and 7 introns (sequence is represented in red normal 

letters) that are defined by sequences in the 5’ (AG|GT, some times only |GT is present) and 3’ (AG|) 

splicing sites, the polypyrimidine tract and the branchpoint sequence (YNYTRAY, where N is any 

residue, R is either A or G, and Y is either T or C). After alternative splicing, the main VEGF isoforms 

(VEGF121, 145, 165 and 189) differ in the presence or absence of exons 6 and/or 7 that codify for 

heparin-binding domains. The localization of the probes and primers used to amplify the different 

isoforms of VEGF are indicated by a line ( — ) or an arrow (      ) respectively. 
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Figure V - 2. Putative binding sites for SR proteins and Tra2β  in the VEGF sequence. These 

sequences represent the exons of VEGF where alternative splicing takes place (from exon 5 to 8). For 

each sequence is represented the 5’ (AG|GT or only |GT) and 3’ (AG|) splicing sites, the 

polypyrimidine tract, the branchpoint sequence (YNYTRAY, where N is any residue, R is either A or 

G, and Y is either T or C) and the specific binding sites for each SR protein and Tra2β. 

 

 

 

 

Proteins that affect VEGF isoforms pattern 

To investigate the impact of these SR proteins in the expression of the different 

VEGF isoforms, we used an RNAi-based approach and an endometrial cell line 

(RL95) that expresses all VEGF isoforms. With a lentiviral system, we infected these 

cells with 5 different shRNA against each SR (related) protein and evaluated the 

VEGF isoforms expression. As shown in Figure V - 3, downregulation of different SR 

(related) proteins really change the VEGF isoforms pattern. The most evident changes 

are observed when we downregulated SC35, which increased all the VEGF isoforms; 

the downregulation of SRp54 or SF2/ASF induced an increase only in isoforms 121, 

145 and 165 or 145, 165 and 189 of VEGF respectively; and the downregulation of 

Tra2β induced an increase in VEGF189 but a decrease in VEGF121. In contrast, we 
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could see that the downregulation of SRp40 did not change the expression of any 

isoform of VEGF. 

 

 

 

 

 

Figure V - 3. VEGF isoforms expression after downregulation of specific SR (related) proteins. 

For each SR protein, 5 different shRNA were used to induce its downregulation in the RL95 cell line; 

for each condition, the VEGF isoforms level were determinated by real time RT-PCR (represented as 

black dots). As a control instead of an shRNA it was used a GFP-scrambled sequence. 

 

 

 

 

Taken together, the bioinformatics and RNAi results showed us the SR (related) 

proteins that might have an important role in the regulation of VEGF alternative 

splicing (Table V - 1). In particular Tra2β seems to be a good candidate to 

specifically control the expression of VEGF121. Since it has putative binding sites in 

exons 5 and 8, if present, it could induce the expression of the isoform that contain 

these 2 exons together that is the case of VEGF121. When this protein was 
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downregulated it was not surprising that the isoform 121 of VEGF decreased and 

instead VEGF189, that contain the other exons between 5 and 8, was up-regulated. 

 

SRp40 seems to be a good negative control for a more detailed study, since it has no 

putative binding sites in the VEGF sequence and its downregulation did not affect the 

VEGF isoforms levels. The SR proteins that affect all the VEGF isoforms either by 

increasing (SC35) or decreasing (SRp75) its production may act indirectly by 

modulating the alternative splicing of a VEGF regulator, and this way influence the 

expression of VEGF instead of its alternative splicing. 

 

 

            Table V - 1. Summary of the bioinformatics and RNAi results. 

SR proteins VEGF variations after RNAi Binding sites in VEGF exons 

SRp20 ↓ VEGF121 No binding sites 

SC35 ↑ all VEGF isoforms Exon 6 and 7 

SRp54 ↑ VEGF121, 145, and 165 Not determined 

SF2/ASF ↑ VEGF145, 165, and 189 Exon 5, 7, and 8 

SRp75 ↓ all VEGF isoforms Not determined 

Tra2β ↑ VEGF189; ↓ VEGF121 Exon 5 and 8 

SRp40 Do not change No binding sites 

9G8 ↓ VEGF121 Exon 8 

SRp55 ↓ VEGF189 Exon 7 and 8 

SRp30c ↑ VEGF145, ↓ VEGF121 and 189 Not determined 
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Discussion 

 

VEGF, like many other genes, undergoes alternative splicing giving rise to different 

isoforms with different properties. This process is regulated by a huge number of 

proteins that include hnRNPs, SR proteins, and SR related proteins like splicing 

regulators (Tra2α and Tra2β), splicing coactivators, RNA helicases, and protein 

kinases [235]. To evaluate the importance of all these elements in the alternative 

splicing of VEGF a large screening using both bioinformatics and RNAi-based 

approaches was performed. At this time SR proteins family and the SR related-protein 

Tra2β have been studied. Surprisingly, Tra2β has, for now, a more clear effect in the 

regulation of VEGF alternative splicing, as it seems to induce VEGF121 expression.  

 

Tra2β possesses an RNA binding domain, together with two RS domains rich in 

arginine/serine dipeptide repeats like the SR proteins family and was first identified 

based on its prominent induction in cultured rat astrocytes exposed to hypoxia 

followed by a brief period of re-oxygenation [331]. 

 

Tra2β expression was enhanced in coronary arteries with intimal thickening, and 

atherosclerotic aorta; while in culture it was demonstrated that vascular smooth 

muscle cells (VSMC) submitted to hypoxia/re-oxygenation caused induction of Tra2β 

that was accompanied by cell proliferation [332]. The authors of this study postulated 

that Tra2β expression in vessels could be important for posttranscriptional regulation 

of multiple genes important in the vascular stress response. Here we find that VEGF 

could be one of the genes regulated by Tra2β in hypoxic conditions. It may be that 

under stress conditions Tra2β induce a change in VEGF isoforms pattern (increase 

VEGF121 isoform) to allow a more efficient and rapid response resulting in 

endothelial cells proliferation and tissue re-oxygenation. 

 

The study of other proteins known to regulate alternative splicing will allow us to 

gain a better understanding as to how the other VEGF isoforms are 
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produced/regulated. The analysis of the hnRNPs, the SR proteins antagonists, will be 

of extreme importance to understand some of the results obtained here.  

 

This study has contributed towards increasing our knowledge of the fundamental 

process of alternative splicing but since we are dealing with one of the most important 

genes in angiogenesis, knowing the mechanisms that regulate VEGF alternative 

splicing will have implications in our understanding of the process of angiogenesis 

such as helping us to explain tumor angiogenesis (tortuous and permeable vessels) 

versus physiologic angiogenesis (adequate neo-vascularization). As we described 

before, the VEGF isoforms pattern seems to change in tumor situations and according 

to the tumor aggressiveness. These changes could result from a different 

concentration in a key regulator of VEGF alternative splicing such as Tra2β. 
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Material and Methods 

 

Bioinformatics approach/program 

The splicing rainbow (Morais & Valcarcel EMBL 2002 at http://www.ebi.ac.uk/asd-

srv/wb.cgi?method=8) bioinformatic program was used to find putative binding sites 

for different SR proteins in the VEGF sequence. This program looks up in the 

sequence for 9G8, SRp20, SRp40, SRp55, Tra2β, SF2/ASF, and SC35 binding sites. 

From the list of binding sites received after the VEGF sequence analysis we only 

choose as putative binding sites the sequences with higher scores (S) that were in 

exons. In detail, a sequence was considered a putative binding site for 9G8, SRp20, 

and SF2/ASF if S > 6; for SRp40 and SRp55 if S > 5; for Tra2β if it has more than 7 

nucleotide matches with the sequence AAGAAGAA; and for SC35 if S > 5 (in a 8 

nucleotides sequence) or S > 7 (in a 7, 9, 10 or 11 nucleotides sequence). 

 

Cell line and cell culture conditions 

The RL95 cell line was kindly provided by Professor Steve Smith (currently Principal 

of the Faculty of Medicine, Imperial College, London UK). It was cultured in 50% 

high glucose Dulbecco’s Modified Eagle’s Medium (DMEM) medium (Sigma) and 

50% Nutrient Mixture F-12 Ham (Sigma), supplemented with 10% FBS, 100 µg/ml 

of streptomycin sulfate, 100U/ml of penicillin G sodium, 2mM of L-glutamine and 

0,1 µg/ml of amphotericin B as Fungizone. Cells were cultured at 37ºC in a 5% CO2 

atmosphere. 

 

RNAi for SR proteins 

The down-regulation of SR proteins expression in RL95 endometrial cell line was 

done by infection with a lentivirus that contained a plasmid with a short hairpin RNA 

(shRNA) that bind each SR mRNA. These virus were produced in Luis Moita 

Laboratory according to the rules and protocols described in the link: 

http://www.broad.mit.edu/genome_bio/trc/rnai.html.  
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Briefly, 4000 RL95 cells, were plated onto wells of 96-well-plate in 200 µl of 

DMEM/F-12 Ham medium (see cell culture conditions above). Next day, the cells 

were infected with lentiviruses that contained shRNAs for all the SR protein family 

(for each gene 5 shRNAs were used) and a gene that confers resistance to puromicin. 

These viruses were added together with polybrene (dilution of 1:1000) to cells in a 

total volume of 50 µl. Then the cells were centrifuged at 2200 rpm for 90 min at 37ºC 

and after that the total medium was substituted by 200 µl of fresh medium. After 38 

hours 50 µl of a 1:100 dilution of puromicin was added to cells to make sure that only 

the infected cells were going to be in the well. After 48 hours of drug addition, cDNA 

was done using a SuperScript™ III CellsDirect cDNA Synthesis Kit from Invitrogen 

and posterior analysis was done by real time RT-PCR.  

 

Real time PCR with TAQMAN 

The mRNA level of each VEGF isoform was measured by real time RT-PCR on the 

ABI Prism® 7900HT Sequence Detection System (Applied Biosystems) using 

specific primers and probes that are represented in Figure V - 1 (VEGF121: Forward 

5’-CCA GCA CAT AGG AGA GAT GAG CTT-3’, Reverse 5’- CGG CTT GTC 

ACA TTT TTC TTG TC-3’, Probe 6-FAM ACA GCA CAA CAA ATG TGA ATG 

CAG ACC AAA-TAMRA; VEGF145: Forward -5’-AAT GTG AAT GCA GAC 

CAA AGA AAG-3’, Reverse -5’- CAC ATA CGC TCC AGG ACT TAT ACC-3’, 

Probe 6-FAM AGA GCA AGA CAA GAA AAA AAA TCA GTT CGA GGA A-

TAMRA; VEGF165: Forward -5’- CCA GCA CAT AGG AGA GAT GAG CTT-3’, 

Reverse -5’- AGG CCC ACA GGG ATT TTC TT-3’, Probe 6-FAM ACA GCA CAA 

CAA ATG TGA ATG CAG ACC AAA-TAMRA; VEGF189: Forward -5’- AAT 

GTG AAT GCA GAC CAA AGA AAG-3’, Reverse -5’- AGG GAA CGC TCC 

AGG ACT TAT A-3’, Probe 6-FAM AGA GCA AGA CAA GAA AAA AAA TCA 

GTT CGA GGA A-TAMRA).  

 

The real time PCR program used consisted of an initial denaturation step at 95ºC for 

10 min followed by 40 cycles of at 95ºC for 15s and at 60ºC for 1 min. The 

housekeeping gene used to normalize the samples was 18S (Human 18S rRNA - 20x, 

Applied Biosystems). The relative expression of each sample was calculated with 
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respect to a standard calibration curve that represents a serial dilution of a cDNA 

positive for VEGF isoforms expression. Each sample was analyzed in triplicate and 

each PCR experiment included at least one non-template control well. 
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Since deletion of a single VEGF allele result in embryonic lethality [159, 160] this 

gene has a role in several pathways, including proliferation, migration, 

permeabilization, survival, and differentiation of endothelial cells, and also a role in 

survival and migration of many other cell types (for a review see [333, 334] or see 

Chapter I, section 2.5), its regulation is of extreme importance in the control of 

physiologic/pathologic processes. Regulation of VEGF occurs at several levels, 

including transcription, alternative splicing, mRNA stabilization, translation, and 

differential cellular localization of various isoforms. Although VEGF isoforms were 

known to exist since 1989, few studies focused on the regulation of VEGF alternative 

splicing. Here we provide some of the first evidence of the regulation of VEGF 

alternative splicing. 

 

The first step was to understand the importance of the different isoforms in 

regulating the vessels formation in physiologic and pathologic conditions. We show 

that each organ expresses its specific VEGF isoforms pattern, which may reflect its 

functions and the corresponding vessels type. Depending on these different functions 

of the vessels in a tissue, they could be thinner and ramified (e.g. in lung where 

VEGF189 is the predominant isoforms), more permeable (e.g. in bone marrow where 

VEGF121 is highly expressed), etc., which seems to be controlled by a specific 

pattern of VEGF isoforms. In a stress condition such as hypoxia, acidosis, etc., (in 

both physiologic or pathologic situations) the expression of VEGF is known to 

increase, to induce new blood vessels formation. Although it has been described that 

VEGF-A was up-regulated in endometrium, most likely as a result of hypoxia, during 

endometrium repair after menstruation [335], our results have revealed for the first 

time the coordinated expression of VEGF isoforms during the estrus cycle in mice. 

We could see the sequential expression of VEGF isoforms before the beginning of 

each new cycle. Immediately after tissue disruption, both in endometrium at the 

metestrus stage or in ovary at the time of ovulation, VEGF120 increases probably to 

recruit peripheral vessels or endothelial progenitors cells, allowing for vascular 

recovery. 
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The different (and most common) VEGF isoforms seem to have a role in vessel 

sprouting and maturation at middle and later steps of angiogenesis. In 2004, it was 

described that VEGF189 was responsible for induction of human neutrophil 

chemotaxis in extravascular tissue during the mid-late phase of the menstrual cycle 

[336]. These results were in agreement with a study performed in 2005 in primate 

samples of corpus luteum. There, the expression of VEGF isoforms was analyzed 

during the luteal phase. VEGF165 decreased until mid-late luteal stage increasing 

again at the end of this process of corpus luteum formation. In opposite, VEGF121 

had its maximal percentage of expression at mid-late stage [337]. The organs that 

comprise the female reproductive system are known to have cyclic changes that are 

controlled by hormonal variations during the estrus cycle in mice or menstrual cycle 

in human. It is also known that these hormones can regulate directly or indirectly the 

expression of VEGF [338, 339]. In this work, not only VEGF expression is shown to 

be altered during the estrus cycle, but also its isoforms pattern seems to be thinly 

regulated. The hormonal content at each step of the estrus cycle may have an 

important role not only in VEGF expression but also in VEGF alternative splicing, as 

suggested by Ancelin et al. in 2002 [146]. 

 

The cycle of VEGF isoforms expression seems to be important, not only for the 

female reproductive tract, but also in response to other stimulus like muscle acidosis 

during extreme exercise or other microenvironment changes after tissue injury. The 

expression of VEGF isoforms expression by the skeletal muscle during exercise was 

determined in 2005 by Gustafsson et al. [340]: VEGF165 was the isoform most 

abundantly expressed, followed by VEGF189, and VEGF121. After 2 hours of 

submaximal exercise they observed an increase in the relative proportion of isoform 

165 of VEGF followed by an increase in the relative proportion of VEGF189 6 hours 

after exercise. More recently, in 2007, Dore-Duffy, et al. [341] determined that a 

traumatic brain injury induced a VEGF response that was restricted to the VEGF120 

up-regulation. 

 

In tumor angiogenesis, where it is known that vessels are tortuous, irregular and 

leaky, and differ from normal capillaries [342], we observed a general decrease in the 
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percentage of VEGF165 and an increase in the percentage of the other isoforms of 

VEGF (more evident in more advanced tumor stage). A change in the VEGF isoforms 

pattern is not exclusive of the endometrial tumor samples. Although it was not 

described here, we have looked to VEGF isoforms pattern in different tumors such as 

cervical cancer and lung cancer, and in bone marrow samples of Myelodysplastic 

Syndrome (MDS).  

 

Cervical cancer is commonly associated with the infection by Human Papiloma Virus 

(HPV). The presence of this virus was associated with an increase in VEGF145 and 

189 in all samples from the initial steps of HPV infection to carcinoma. The 

VEGF121/165 ratio also changes during the cervical cancer progression. VEGF121 

(~33%) is less expressed than VEGF165 (~63%) in non-infected samples but the 

opposite is observed in samples of low-grade squamous intraepithelial lesions (L-

SIL), a pre-malignant condition where infection by HPV has already occurred. 

Regarding the normal cycle of VEGF isoforms, we could argue if this increase could 

be attributed to the first cell response to the stress, that in this case is the presence of 

the HPV. The expression of the viral oncoproteins E6 and E7 seems to up-regulate 

VEGF expression [343], and they may also have a role in the modulation of the 

VEGF isoforms pattern.  

 

Contrary to a normal bone marrow, where VEGF165 is predominantly expressed, in 

all MDS samples we found an increased expression of VEGF121. A recent study in 

human prostate cancer also showed that VEGF121 was increased in tumor samples, 

and that this up-regulation, resulted in a dramatic increase in prostate tumor 

angiogenesis [306]. 

 

Regarding lung tumors, a change in VEGF isoforms pattern was also observed but the 

pattern was different from the one observed in the situations above. In these tumor 

samples VEGF164 increased and VEGF188 decreased. We stated above that the 

VEGF isoforms pattern differs from organ to organ, and in the case of lung, 

VEGF188 is the most expressed isoform when compared to endometrium, cervix or 

bone marrow where VEGF165 is the predominant isoform. Thus the VEGF isoforms 
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change depends on its natural pattern of expression in each tissue. For example, in 

lung, the VEGF isoform most abundant (VEGF189) is decreased in tumoral 

conditions, and in ovary, cervix or endometrium, VEGF165 (most abundant isoform 

in normal tissue) is decreased during tumor development. Recently and in support of 

our results, it was shown that VEGF121 and 165 mRNA were up-regulated in non-

small cell lung cancer (NSCLC) compared to healthy lung tissues where VEGF189 

tended to be higher [344].  

 

It is clear that a similar result was obtained in different tumor types: the VEGF 

isoforms pattern is different from that observed in a non-tumoral tissue. VEGF121 is 

one of the isoforms that seems to be up-regulated in tumors that developed from 

tissues where VEGF165 was the most important/expressed VEGF isoform 

(endometrium, cervix, bone marrow, prostate, etc.). In 2004, it was demonstrated that 

only overexpression of VEGF121 improved oxygenation in MCF-7 breast tumors 

[311].  

 

The big difference from physiologic to pathologic angiogenesis is the fact that the 

first is regulated and controlled in time. In tumor angiogenesis the continuous 

expression of an altered VEGF isoforms pattern would probably induce the vessels 

defects that are observed in all tumors. To confirm this hypothesis, an analysis of 

VEGF isoforms pattern must be done in a “tumor follow-up study”, since all the 

samples we analyzed belong to different tumors types from patients with different 

ages and correspond to an isolated sample and a specific time point of tumor 

development. 

 

Other important isoforms of VEGF that have been demonstrated to be altered in 

phatologic situations are VEGFxxxb, the anti-angiogenic isoforms of VEGF (inhibits 

human tumor growth in mice [345]). It was shown to be expressed by podocytes in 

glomeruli (that are not sites of angiogenesis) [346], but its expression was 

significantly reduced, for example, in primary melanoma samples from patients who 

subsequently developed tumor metastasis compared with those who did not [347], and 
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in pre-eclamptic placentae (characterized by endothelial dysfunction) compared with 

normal plancenta [348]. 

 

In a second step we analyzed the microenvironment signals that could be responsible 

for a VEGF alternative splicing response. Hypoxia is one of the best studied 

microenviroment conditions associated with tumor progression, and has been 

implicated in the angiogenic switch. Nevertheless, increased glycolysis of cancers 

alters the microenvironment by producing H+ ions that diffuse along concentration 

gradients into adjacent normal tissues [349]. This acidification of the extracellular 

peritumoral environment is advantageous to the tumor because it: induces normal cell 

death producing potential space into which the tumor cells may proliferate [350, 351]; 

promotes angiogenesis through acid-induced release of vascular endothelial growth 

factor [313, 352]; indirectly promotes extracellular matrix degradation by inducing 

adjacent normal cells to release proteolytic enzymes [353, 354]; and inhibits immune 

response to tumor antigens [355]. This allows cancer cells to invade the adjacent 

normal tissue including metastasis formation [356]. 

 

In vitro, acidic conditions were shown to induce a shift in VEGF isoforms pattern in 

the endometrial cell line RL-95. In this situation we had a preferential increase in 

VEGF121, the soluble isoform of VEGF. In response to acidic medium, cells after 6h 

showed activation of the stress signaling pathways, p38 and JNK. Using specific 

inhibitors for these 2 pathways we demonstrated that only p38 activation induced a 

shift on VEGF isoforms pattern (see Figure IV - 3). For the first time, we have 

implicated a microenvironment change (acidosis) in the regulation of alternative 

splicing of VEGF (increased VEGF121), mediated by the stress signaling pathway, 

p38 activation. 

 

The implication of an external factor, and signaling pathways activation in the 

regulation of alternative splicing is starting to be addressed in different genes. In 

2004, Blaustein et al., showed that hepatocyte growth factor (HGF) modulate 

alternative splicing of fibronectin (stimulate inclusion of 2 (extra domain I-EDI and 

type III connecting segment-IIICS) of the 3 (EDI, EDII and IIICS) regions that could 
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be alternatively spliced) through phosphatidylinositol 3-kinase (PI3K)-dependent 

cascade [357] and that the laminin-rich basement membrane could block the effect of 

PI3K-mediated splicing through JNK signaling activation (i.e. inhibit EDI and IIICS 

fibronectin regions inclusion) [358].  

 

In a third step, we started to analyze the possible mechanisms that mediate the p38 

activation and VEGF alternative splicing. Since it has been described that a huge 

number of proteins belonging to the SR proteins family have an important role in the 

regulation of both constitutive and alternative splicing (see Chapter I, section 3.1.1.). 

 

In acidic conditions, the phosphorylation of the SR proteins increased at the same 

time that we observed a change in VEGF isoforms pattern, and an increase in p38 

activation. Thus, we hypothesized that these proteins could act in the regulation of 

alternative splicing of VEGF in a p38 dependent way. First of all, a bioinformatics 

screening was done and the putative binding sites for these SR proteins were 

addressed. From the proteins analyzed, 9G8, SC35, ASF/SF2, SRp55 and an SR 

related protein Tra2β have putative binding sites in the VEGF exons that are involved 

in the alternative splicing (exon 5, 6, 7, and 8). RNAi against each one of these 

proteins were then used to evaluate the effect of its knockdown in the pattern of 

VEGF isoforms. One of the most interesting results was obtained with Tra2β. This 

protein has putative binding sites at exons 5 and 8, and its down-regulation induced an 

increase in VEGF189 isoform and a decrease in VEGF121 isoform. If we remember 

that VEGF121 isoform is composed of exons 1,2,3,4,5-8 we could hypothesize that 

when Tra2β is binding to exon 5 and 8 it induces the splicing of the other exons 6 and 

7, favoring the increase in VEGF121. In its absence, the opposite append, i.e., 

VEGF121 decrease its expression and the isoform with exons 6 and 7 (that is 

VEGF189) is up-regulated. Recently in 2005, it was demonstrated that specific SR 

proteins could be regulating the alternative splicing in response to an external signal 

and a signaling pathway activation. These results showed that fibronectin alternative 

splicing induced by HGF via PI3K was mediated by the action of 2 SR proteins, 

SF2/ASF and 9G8 [359]. 
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A second class of alternative splicing regulators is the hnRNPs family that has 

antagonist effect of SR proteins by binding to silencers in both introns and exons in 

the pre-mRNA. Thus, the ratio between these 2 groups of regulators has been 

described to be of extreme importance for the decision between a spliced or not 

spliced exon. The analysis of these proteins is not completed but by bioinformatics 

analysis, we could see that there are putative binding sites in the VEGF introns and 

exons for some of the proteins that belong to the hnRNPs family. A complete 

screening for all the genes involved in alternative splicing would allow answering this 

question.  

 

To make difficult the process of alternative splicing regulation, non-coding RNAs 

have also been implicated in this process. For example, HBII-52 is a non-coding small 

nucleolar RNA that was found to regulate the alternative splicing of exon Vb of the 

serotonin receptor by binding to a complementary sequence in this exon [360]. 

 

In addition to alternative splicing regulation, the levels of each isoform of VEGF can 

also be modulated at the level of mRNA stability. Pagès et al., in 2000 [361], 

demonstrated that anisomycin (a strong activator of stress-activated protein kinases, 

SAPKs) increased VEGF mRNA stabilization through the activation of p38 kinase 

and JNK that induce the recruitment of HuR (one of the Hu family proteins) and 

PAIP2 (poly(A)-binding protein-interacting protein 2) to the AU-rich elements 

(AREs) in the 3’-untranslated region (3’ UTR) of VEGF mRNA [362]. By in vitro 

protein-protein interactions and co-immunoprecipitation experiments, HuR and 

PAIP2 seem to cooperate for VEGF mRNA stabilization. In opposite, TIS11b 

(tetradecanoyl phorbol acetate-inducible-sequence, a zinc-finger protein) interact with 

the 3’ UTR region of VEGF mRNA and decrease its stability [363]. Since the ARE 

sequence at the 3’ UTR of the VEGF mRNA is present in all the isoforms we could 

speculate that all isoforms have the same stability and that the differences observed in 

VEGF isoforms ratio are not due to a difference in mRNA stability. Nevertheless, 

more studies have to be done to address this important question. 
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To summarize, changes in the microenvironment pH (acidosis), activate the p38 

signaling pathway, that could induce an increase in the VEGF121 isoform by 

controlling the binding of Tra2β to exons 5 and 8 of VEGF pre-mRNA. In addiction 

other proteins or non-coding RNAs could be acting in the regulation of the others 

VEGF isoforms alternative splicing or could also be acting at the mRNA stability 

level (see Figure VI - 1). 

 

 

 

 

 

Figure VI - 1. Mechanisms that may coordinately regulate the expression of each VEGF isoform. 

In orange is schematically represented a possible model for VEGF121 alternative splicing regulation. 

In green other possibilities in the control of VEGF isoforms pattern are represented. 
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