
Józef Dulak · Alicja Józkowicz
Agnieszka Łoboda    Editors 

Angiogenesis 
and 
Vascularisation
Cellular and Molecular Mechanisms in 
Health and Diseases



Angiogenesis and Vascularisation



.
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Józef Dulak
Alicja Józkowicz
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Preface

There is no vertebrate life without blood vessels and blood circulation. Therefore,

formation of blood vessels is strictly connected with the continuous well-being

of human during development and adult life, and finally, disturbed—impaired or

exaggerated—angiogenesis leads to development or aggravation of disease.

Understanding the mechanisms of physiological and pathological vasculariza-

tion is thus really a matter of life and death. The discoveries of the last 25 years

have identified plethora of angiogenic mediators including transcription factors,

growth factors, cytokines, or extracellular matrix components. Recently, numerous

studies have highlighted the role of specific microRNAs in modulating angiogenic

signaling. Finally, the conditions in which cells are growing, like oxidative stress,

pro-inflammatory state, or hypoxic microenvironment, affect vessel formation and

may influence the effectiveness of therapies used for the treatment of angiogenesis-

dependent diseases.

Due to such a large area of research we, the editors and authors, are aware that

the chapters presented offer only the view on some limited aspects of vascular

biology. However, we do believe that this volume can fulfill its aim of presentation

of the field from a little bit different perspective than some other books on similar

subjects. We hope our wishes will meet the expectations of the readers.

The book is organized in three sections. Part I describes the major components

of the angiogenic process with the special emphasis on understanding the signifi-

cance of different populations of endothelial progenitor cells and the role of

specific mediators. A discussion on the mechanisms of lymphangiogenesis is

also presented in this part, together with the chapters devoted to endothelial cells

and their precursors. Part II continues by discussing the molecular mechanisms

of the angiogenic process, concentrating on the role of hypoxia, antioxidant genes,

and microRNAs. The significance of gaseous mediators, like carbon monoxide

and nitric oxide, is also discussed, presented with some broader perspectives

of involvement of Nrf2/heme oxygenase-1 pathway, nitric oxide synthases, and

the modulators of their activities. Accordingly, besides stimulators, like ETS

transcription factors or immediate early genes, the role of some novel angiogenic

inhibitors is also highlighted. Part III concentrates on the pathological aspects of

vascularization process in diabetes, rheumatoid arthritis, and cancer, discussing
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also some new modalities for potential therapies and presenting novel models for

investigation of angiogenesis.

There is no reason to describe in detail each chapter and its content which,

we hope, in total will be of interest for every reader of this book. In this preface

only some aspects of the book will be highlighted. No doubt, the reader can

recognize that this volume content reflects the scientific interests of book editors.

The significant part is devoted to the nature and role of potential endothelial

cell precursors as well as the involvement of hypoxia and gaseous mediators,

like carbon monoxide and nitric oxide, in angiogenesis. The obvious links

to inflammatory processes underlying the angiogenesis-related diseases, such

as cancer, diabetes, and rheumatoid arthritis, are indicated. The molecular

mechanisms are discussed with special emphasis on the role of microRNAs, as

well as the new emerging models of angiogenesis are presented.

The authors of the chapters did not avoid to address the controversies in vascular

biology. Among them are so-called endothelial progenitor cells (EPCs). Described

for the first time by Asahara and coworkers in 1997, EPCs have quite dominated the

field of angiogenesis translational research for several years. It appears, however,

that the nature of those putative progenitors was not clearly specified and their

blood-forming properties were exaggerated. Those issues are discussed in several

chapters in this book, and although not claiming to be comprehensive, the presented

views may help to clarify this continuous controversy. The initial hypothesis on

the plasticity, heterogeneity, or both of the bone marrow cells, claimed to be

able to differentiate into the endothelial cells, or even heart or brain cells, appears

to be misleading. Although still of course requiring the independent confirmation, a

hypothesis on the local stem or progenitor precursors in organs appears to be

attractive and may be more biologically valid than widely acclaimed, but not really

confirmed, presumptions on the miracle nature of bone marrow cells.

Another issue we want to highlight in this preface are microRNAs. Their

involvement in regulation of gene expression in angiogenesis is broadly discussed

in this book. Beside the separate chapter, Chap. 9, devoted solely to those regu-

latory molecules, microRNAs are also described in Chap. 8 on hypoxic regulation

of gene expression, in Chap. 14 presenting the zebrafish model of angiogenesis,

as well as in Chap. 17, in which the correlation between microRNAs and tumor

development is shortly discussed. Also, hypoxic regulation of angiogenesis is

described in Chaps. 3, 8, and 9 and is addressed from different points in many

others. The significance of the lowered oxygen level for regulation of angiogenesis

is being recognized both in physiological and particularly pathological conditions.

It links also to the role being played by nitric oxide synthase and nitric oxide

itself, as well as to antioxidant systems, such as that dependent on Nrf2 and

heme oxygenase-1. The role of those obviously cytoprotective pathways is

being now considered also in the context of blood vessel formation, adding more

noncanonical functions to these interesting, widely interconnected systems.
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We do hope that this book can be of some help for all who would like with

one volume to get a broader perspective on various aspects of blood vessel

formation. The book may be, as we believe, of help for graduate and PhD students

and scientists starting their research in vascular biology. We are grateful to our

colleagues, coauthors of all the chapters, for their willingness and efforts to

contribute to the work we present now to the scientific community.

Kraków, Poland Józef Dulak

Alicja Józkowicz

Agnieszka Łoboda
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Abstract

The endothelium forms a cellular lining of blood vessels in the circulatory

system, but its function goes far beyond the creation of a structural barrier

between blood and tissues. It is a multifunctional, complex organ, engaged in

numerous physiological and pathological processes. This chapter focuses on

several basic aspects related to endothelium and tries to answer the following

questions: what is the precursor of endothelial cell, how the endothelial cell
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gains venous, arterial or lymphatic fate, what are the main mechanisms respon-

sible for blood vessel formation and finally, is there any variety in structure and

function of endothelium throughout the vascular system?

Keywords

Endothelium • Hemangioblast • Endothelial cell differentiation • Angiogenesis

1.1 Introduction

The fascinating story of a vascular system and endothelium began almost 400 years

ago, when William Harvey discovered that blood circulates within a closed unit [1].

Shortly after that, Marcello Malpighi described a network of blood vessels in lungs

of a frog and 200 years later, these structures were found to be lined by cells, which

were called endothelium [2]. Further studies in the twentieth century undeniably

proved the inner cell monolayer lining the vessels to be a widespread (it is estimated

that adult blood vessels would double the circuit of the Earth, when laid end to end)

[3], complex, multifunctional organ, composed of 1–6 � 1013 cells [4], playing a

crucial role in physiological and pathological states [1].

Endothelium of circulatory system comprises many different types of endothe-

lial cells (blood and lymphatic, arterial and vein, capillary and large vessel endo-

thelium), which makes it a heterogeneous organ both structurally and functionally.

This chapter focuses on endothelial cell origin and function and provides an

overview of molecular mechanisms regulating endothelial cell differentiation and

blood vessel formation.

1.2 New Blood Vessel Formation: Basic Information

The existence of a functional circulatory system is a prerequisite for survival and

growth of the developing embryo. Therefore blood vessels and blood cells, appearing

in a parallel manner, form the functional cardiovascular system at the earliest during

embryogenesis. The first endothelial and blood cells develop in the yolk sac

hematopoietic islands on day 7 of mouse embryogenesis and over the next several

hours the circulatory system is greatly enhanced [5]. During embryonic development

blood vessels can be formed on the way of vasculogenesis or angiogenesis [6].

Vasculogenesis is the process of the formation of capillaries from primitive stem

cells and occurs mainly in early embryogenesis. It involves the creation of first blood

vessels: capillaries in the yolk sac and in the body of the embryo. In contrast,

angiogenesis is the formation of blood vessels from pre-existing capillaries by

proliferation and migration of fully differentiated endothelial cells. In embryonic

development it plays a leading role in vascularisation of organ rudiments [7].

Three factors play a key role in the process of blood vessel formation. The first is

the basic fibroblast growth factor (FGF2, bFGF), which induces the formation of

angioblasts from mesenchymal cells [8, 9]. It was shown that bFGF receptor

4 A. Grochot-Przęczek et al.



knockout (FGF-R1) mice die in early pregnancy. Studies using antisense RNA

sequence against bFGF or dominant-negative form of FGF-R1 demonstrated strong

vascular disorders in both embryo and yolk sac, evidencing the importance of the

route bFGF–FGF-R1 in the early vasculogenesis [10, 11]. The second most impor-

tant protein is a vascular endothelial growth factor (VEGF). VEGF protein family

includes VEGF-A, VEGF-B, VEGF-C, VEGF-D and placental growth factor

(PlGF). Among these, VEGF-A is the most well-characterised protein and plays a

key role in the migration and proliferation of endothelial cells. VEGF-A is

expressed in several isoforms, all of which transmit the signal through two receptors

with the function of tyrosine kinases VEGF-R1 (Flt-1) and VEGF-R2 (Flk-1, KDR)

[12]. During embryogenesis VEGF is released by mesenchymal cells located near

the blood islands [13]. The great importance of VEGF was demonstrated by the fact

that the exclusion of its single allele leads to the death of the embryo around day 11

[14, 15]. Full VEGF or Flk-1 gene knockout leads to the death of the embryo about

9 days after fertilisation, due to the weakening of the differentiation of endothelial

cells and the lack of formation of blood islands [14–16]. Exclusion of both alleles of

Flt-1 gene is also lethal, due to uncontrolled proliferation of angioblasts, leading to

abnormal vasculature [17]. The third crucial factor is angiopoietin-1 (Ang-1). Ang-

1, by binding to the receptor Tie-2, stimulates recruitment of pericytes, which cover

endothelial sprouts and stabilise them. Mutations in the genes of Ang-1 and Tie-2

cause vessel malformations [18, 19].

1.3 Endothelial Cell Origin and Differentiation

There is now an established body of knowledge about the origin of endothelial cells

and the mechanisms of their differentiation. New research and hitherto long-term

investigations have consistently adjudged the hypothesis, originally proposed

almost a century ago, of a common endothelial and hematopoietic precursor cell

of mesodermal origin, a hemangioblast [20–22]. This concept has been supported

by in vitro investigations of embryonic stem cell (ESC)-derived blast colony

forming cells (BF-CFC), an in vitro equivalent of a hemangioblast, which undergo

a bilineage differentiation into endothelial and hematopoietic cells when exposed to

VEGF-A and bone morphogenic protein-4 (BMP-4) [23–25]. Subsequent in vivo

studies trucked the potential hemangioblasts in mouse and zebrafish embryos [26,

27]. In contrary, a few studies suggested that endothelial and hematopoietic cells

arise independently from mesoderm [28, 29]. Therefore the existence of a

hemangioblast is still under debate, although majority of both in vitro and in vivo

studies support the concept of a common cell at the divergent point in endothelial-

hematopoietic differentiation [22].

Embryonic hemangioblasts are identified by coexpression of a mesodermal

marker, transcription factor Brachyury (Bry) and KDR, an antigen characteristic

for endothelial cells, but not specific (Fig. 1.1) [26, 30]. Importantly, a

hemangioblast might be regarded as multipotent cell, as Bry+KDR+ cells can

generate, apart from hematopoietic and endothelial cells, also vascular smooth

1 Endothelial Cell Origin, Differentiation, Heterogeneity and Function 5



muscle cells [26] and embryonic KDR+ cells give rise also to skeletal and cardiac

muscle cells [31]. VEGF signalling is crucial for endothelial and hematopoietic

cells to arise, as genetic KDR deficiency results in the absence of blood island in

developing embryo, and its lethality [16]. In vitro differentiation of KDR+

mesodermal cells showed that 10 % of seeded precursor cells give rise to

hematopoietic colony in the absence of VEGF. When KDR+ cells were exposed

to VEGF, 10 % of them formed endothelial colonies and 5 % hematopoietic ones

[32]. The upstream mechanisms activating KDR expression in mesodermal precur-

sor cells involve HoxB5 transcription factor [33]. Generation of the hemangioblast

from mesoderm is activated by BMP4 [34] and is mediated also by Gata2 transcrip-

tion factor, which drives the expression of KDR and Scl (stem cell leukaemia), two

downstream genes critical in hemangioblast differentiation [35].

Generally, the notion of a hemangioblast is rather related to embryonic develop-

ment, but there are also several indications for the existence of such a cell in a

postnatal life. The study by Pelosi et al. identified hemangioblast-like cells within

CD34+KDR+ subpopulation from bone marrow and cord blood. Such cells were

capable of bilineage differentiation as indicated by hemato-endothelial colony

formation. Endothelial identity of the differentiated cells was confirmed by VE-

cadherin expression, lack of CD45 and other hematopoietic markers, LDL uptake

and capillary-like structure formation. Of note, long-term proliferative capacity of

Fig. 1.1 Endothelial cell origin and differentiation. Hemangioblast Bry+ KDR+, a common cell at

the divergent point in endothelial-hematopoietic differentiation, derives from mesodermal Bry+

precursor cell. Subsequently, it differentiates either into a hemogenic endothelial cell, capable of

hematopoietic cell generation or into an angioblast, which is a precursor for arterial and venous

endothelial cells. The specific phenotype of cells and regulators of their differentiation are

indicated
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these hemangioblasts was confirmed [36]. Another evidence for the adult life

hemangioblast concept came from leukaemia model, where the BCR/ABL fusion

gene was found also in endothelial cells. This indicates that the rearrangement had

occurred in a common precursor cell [37].

The fact that both endothelial and the bone marrow-resident hematopoietic cells

originate from KDR+ precursor cells [38] may suggest that hemangioblast may

differentiate into hematopoietic cell indirectly, through an endothelial intermediate

cell: a hemogenic endothelium (Fig. 1.1). Such concept is supported by the evi-

dence that hematopoietic cells generated in aorta–gonad–mesonephrons (AGM)

region, one of the sites of definitive hematopoiesis, localise very closely to endo-

thelial surface of the aorta [39, 40], and hematopoietic clusters form tight junctions

with aortic endothelial cells [41, 42]. The study investigating the phenotype of cells

lining the chicken aortic lumen showed, that before the hematopoietic cluster

emergence, cells of the aortic endothelium were uniformly positive for KDR. The

appearance of the hematopoietic clusters was parallel with increase in CD45

expression and KDR downregulation, indicating that hematopoietic cells derive

from a kind of endothelial precursor [43]. Moreover, first steps of the

hemangioblast differentiation coincide with upregulation of endothelial markers,

such as Tie2, VE-cadherin (vascular-endothelial cadherin), CD31 and KDR. Func-

tional assays showed that such differentiated cells possess endothelial features and

can finally acquire CD41 marker and generate primitive and definitive

hematopoietic cells (Fig. 1.1) [44]. Accordingly, CD34+CD45� and

CD31+CD45� endothelial cells isolated from human yolk sac, embryonic AGM

region, embryonic and foetal liver and foetal bone marrow, co-cultured on MS-5

cell line (a mouse bone marrow stroma that supports the multilineage, long-term

development of human hematopoietic stem cells) generated hematopoietic cells

[45]. Other studies revealed that hematopoietic cells can be obtained from a single

hemogenic endothelial cell in vitro [44, 46] and hematopoietic stem cells were

shown to be generated from hemogenic endothelium in vivo [47, 48]. Molecular

mechanism responsible for generation of hemogenic endothelium from

hemangioblasts relies on the expression of Scl, as this intermediate endothelial

cell is not formed in the absence of Scl [44]. On the other hand, endothelial-

hematopoietic transition depends on Runx-1 (AML1) transcription factor [49–52].

The hemogenic endothelium can be distinguished from the angioblasts by cKit

expression and also the capacity to extrude Hoechst dye, which is the characteristic

for side population phenotype (Fig. 1.1) [53, 54].

A quest for an endothelial precursor cell in adult organisms led to the discovery

of so-called endothelial progenitor cells (EPCs). The EPC concept, although at the

beginning very promising, during several years of research was evolving and turned

out to be rather misleading [55, 56]. The EPC story started in 1997, when Asahara

and co-workers for the first time isolated human peripheral blood circulating CD34+

cells able to home to ischemic tissue and to facilitate angiogenesis [57]. Of note,

more than 30 years earlier, it had been demonstrated that cells circulating in

peripheral blood can endothelialise artificial grafts sewn in blood vessels [58].

Confirmation of this study was published in 1994, describing the circulating

1 Endothelial Cell Origin, Differentiation, Heterogeneity and Function 7



endothelial cells as endothelialisation fallout [59], which included CD34+ cells

[60]. Subsequent studies showed that EPCs are mobilised from their niches, such as

bone marrow, into peripheral blood, and migrate into hypoxic tissues where they

participate in neovascularisation [61–64], mainly in paracrine manner [55]. Usu-

ally, EPCs are defined as the peripheral blood or bone marrow mononuclear cells,

with the capability of adhesion to the extracellular matrix proteins, acLDL uptake

and lectin binding. In addition, EPCs should express endothelial antigens, such as

endothelial nitric oxide synthase (eNOS), CD31, VE-cadherin, von Willebrand

factor (vWF) and VEGF-R2 [65, 66]. The literature provides neither one definition

of EPCs nor a specific EPC phenotype, as well as presents several protocols of EPC

isolation and culture. And this was the main problem, the consequences of which

became apparent later on.

First paper, which drew attention to the heterogeneity of EPCs was published in

2004 [67]. It describes two subpopulations: early and late EPCs. Early EPCs are

spindle shaped, proliferate extensively in the second and third week after isolation

and can be maintained in the culture for 4 weeks. Late EPCs have cobblestone

morphology, characteristic for endothelial cells. In culture, they begin to appear

about 2–3 weeks after isolation, proliferate the fastest between the fourth and eighth

week and survive in vitro for about 12 weeks. Importantly, both cell subpopulations

have different expression of CD45, VEGF-R1, VEGF-R2 and VE-cadherin. Early

EPCs produce larger quantities of pro-angiogenic factors such as VEGF and IL-8,

which increase their paracrine potential for stimulation of blood vessel formation.

Late EPCs produce more nitric oxide and efficiently create the capillary-like

structures on Matrigel and effectively incorporate into the network formed by

mature endothelium. Unexpectedly, in vivo both populations have similar

vasculogenic potential [67]. Another example of the heterogeneity of EPCs was

described by Yoder et al. Subpopulation of CFU-EC (colony forming unit-

endothelial cells) was obtained by negative selection of cells on fibronectin.

CFU-EC showed a high expression of both hematopoietic and endothelial markers.

As explained by the authors, CFU-EC derived from hematopoietic stem cells, had

properties of myeloid progenitors, differentiated into phagocytic macrophages and

did not form functional blood vessels in vivo. ECFC subpopulation (endothelial

colony-forming cells) was isolated by positive selection on collagen I. These cells

appeared to be phenotypically closer to endothelium, because they did not exhibit

hematopoietic CD45, CD14 and CD115 antigen expression, and almost 100 %

expressed endothelial markers. Furthermore, in contrast to the CFU-EC, ECFC

showed a high proliferative potential and most importantly, in vivo formed fully

perfused vessels [68]. Finally, other papers revealed the true face of majority of so-

called EPCs, which are in fact not endothelial precursors but can be better described

as myeloid lineage-derived cells with pro-angiogenic properties. This problem was

raised in many experiments. For example, culture of monocytes in endothelial-

dedicated media resulted in a loss of CD14 and CD45 hematopoietic markers [69];

primary monocytes demonstrated a high level of most endothelial genes [69]; the

presence of monocytes was indispensable for CFU-EC to form a network on

Matrigel [69]; CD31+F4/80+ monocytes could be recruited to the damaged tissues

8 A. Grochot-Przęczek et al.



and were directly involved in the formation of blood vessels [70]; proteome

analysis showed that the presence of endothelial markers in early EPCs was a result

of the contamination of EPCs with platelet fragments and was not related to

endogenous synthesis [71]. Moreover, it was proven that EPCs are capable of

antigen presentation at a level similar to monocytes and much stronger than mature

endothelial cells and can co-stimulate naive lymphocytes. Thus, they are profes-

sional antigen-presenting cells [72]. Due to the fact of monocyte-endothelial mim-

icry of EPCs, all papers regarding these cells should be considered very carefully.

Of note, ECFC seem to the most constantly comply the rules to be called genuine

endothelial progenitor cells.

Our understanding of endothelial cell precursor biology is improving. Identifi-

cation of the hemangioblast and its derivative, a hemogenic endothelium, outlined

the molecular pathways regulating the emergence of endothelial and hematopoietic

cells and revealed that endothelium is in fact precedent to hematopoiesis on the

ladder of differentiation. Once a hemangioblast gains its identity towards an

endothelial cell, then a nascent endothelial precursor must choose whether to

become a lymphatic or blood endothelial cell, and if so, a vein or arterial

endothelium.

1.4 Arterial–Venous–Lymphatic Identity

The blood vascular system is a bipolar network of arteries and veins presenting

morphological, physiological, functional and molecular differences. Interestingly,

the first functional distinction between arteries and veins was described by William

Harvey, who observed that some vessels carry blood away from and some towards

the heart [73]. The research of the past two decades definitely showed that the

functional and structural differences between arteries and veins result from a

genetic designation and can be not attributed to physiological factors. The arterio-

venous fate of endothelial cell is appointed early during embryogenesis by genetic

mechanisms. Majority of the studies investigating the arterial and venous differen-

tiation were carried out on a zebrafish model, which is regarded to be an excellent

organism to study vascular development (see also Chaps. 13 and 14). The develop-

ment of the main trunk blood vessels in a zebrafish embryo starts when the

angioblast, which arise in a lateral mesoderm, migrate to the midline of a trunk,

aggregate and form a dorsal aorta and posterior cardinal vein [74]. On a cross

section, these two blood vessels are localised below the notochord (Fig. 1.2a). The

molecular pattern suggests that the endothelial cell arising from hemangioblast has

a default venous identity, until arterial-promoting cascade involving Notch signal-

ling is turn on and the cell gains arterial fate. Indeed, flt4, a venous marker, is

initially expressed in both arterial and venous primordia [75]. The master mediator

of a venous fate is chicken ovoalbumin upstream promoter-transcription factor II

(COUP-TFII), a nuclear receptor, which downregulates arterial Notch signalling,

releasing EphB4 and Flt4 from Notch-mediated repression (Fig. 1.2b) [76]. Studies

in a zebrafish model convincingly showed how the arterial differentiation is turn on
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and driven (Fig. 1.2a, b). Sonic hedgehog (Shh) protein was identified to act as a

master upstream regulator of the arterial identity. Shh is a diffusible protein, which

is produced in a notochord [77], and mediates the development of adjacent

structures, for example organisation and patterning of somites [78] and neural

tube [79]. Of note, mutation in sonic- you (syu) gene, which encodes Shh in

zebrafish [80], causes the failure of dorsal aorta and posterior cardinal vein devel-

opment and single-lumenized structure, positive for flt4, is formed instead [81]. It

was demonstrated that Shh drives the expression of somitic VEGF, which directly

provides a signal for arterial differentiation (Fig. 1.2a). Somitic VEGF activates

Notch signalling in endothelial cells, in zebrafish particularly notch5 [81], which is

expressed exclusively in dorsal aorta in the vasculature during embryonic develop-

ment [82]. Notch signalling drives arterial differentiation of endothelial cells by

induction of arterial-specific genes, such as ephrin-B2 (efnb2a) and downregulation
of venous markers, such as flt4 or ephb4a [81] (Fig. 1.2b). The repression of venous
genes is achieved by gridlock protein (Grl), a transcriptional repressor acting

downstream of Notch. Accordingly, disorders in the Notch-Grl signalling in

zebrafish selectively perturbs assembly of the artery with the venous expansion

[83]. The molecular pathway orchestrating arterial differentiation is already known,

but the issue why some cells choose arterial characteristic and why others remain

venous cells, demands further elucidation. In zebrafish embryos, the precursor cells

for the trunk artery and vein are mixed together in a lateral posterior mesoderm.

Later on their progeny is assigned either to dorsal aorta or to posterior cardinal vein

[83]. The cells found at the position of dorsal aorta respond to VEGF more strongly

Fig. 1.2 Establishment of arteriovenous cell identity. (a) The arteriovenous fate of endothelial

cell is appointed early during embryogenesis by genetic mechanisms, involving Shh-VEGF

signalling. (b) Notch and COUP-TFII are the key mediators of genes characteristic for arterial

and venous endothelial cells, respectively. NT neural tube, NO notochord, S somites, DA dorsal

aorta, PCV posterior cardinal vein
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than those placed at posterior cardinal vein, so apparently some angioblasts are pre-

differentiated and that is why they are more sensitive to VEGF signalling [81] and

subsequently differentiate into arterial endothelium. Although zebrafish studies

showed that arteriovenous cell fate is accomplished before the blood flow onset,

on the other hand, studies conducted in avian embryos demonstrated the ability of

embryonic endothelial cells to transdifferentiate from venous to arterial cell and

vice versa after the circulation is already initiated, but before the embryonic day 7,

when such arteriovenous lability does not occur any more [74, 84].

Determination of the arterial and venous fate of endothelial cell is one of the

initial steps needed to be resolved during formation of circulatory system. Soon

after that, another network of vessels is started to be established and this is a

lymphatic vasculature, which has a venous origin (Fig. 1.1). The expression of a

lymphatic markers such as lymphatic vessel endothelial hyaluronian 1 (Lyve-1) and

Prox-1 is initiated on day 9 of embryonic development on a subpopulation of

cardinal vein endothelial cells. COUP-TFII and Sox18 transcription factors are

the key regulators of lymphatic cell identity. Then the lymphatically committed

venous endothelial cells start to sprout and bud off, forming the primary lymphatic

sacs [85]. The exact molecular pathways regulating establishment of lymphatic

system are comprehensively described in the Chap. 2.

1.5 Angiogenesis: An Overview

Designation of the arterial, venous and lymphatic identity of endothelial cell is a

process parallel to formation of blood vessels de novo. Subsequent development of

vascular system relies on the expansion of the vessel network. This is achieved

mostly in a process of angiogenesis. Physiologically, apart from embryogenesis, it

occurs rarely and is limited to female reproductive system, growth of organs or

takes place in the response to injuries. Contrary to pathological angiogenesis, which

may last for years, physiological formation of blood vessels is a process strictly

restricted in time [86, 87].

Angiogenesis involves series of events, with a key position of endothelial cells

(ECs) responding to angiogenic factors produced either by endothelium or stromal

cells [88] (Fig. 1.3). Initiation of angiogenesis is completed in response to hypoxia,

to overcome oxygen depletion and starvation. Hypoxia-inducible factor-1α (HIF-

1α), which is stable and active under low oxygen tension, drives expression of

strong pro-angiogenic growth factors—among others VEFG, PDGF, Ang1 and

Ang2 [89–91]. They are prerequisite for angiogenesis and activate ECs for prolif-

eration, survival and migration via endothelial receptors: VEGF-R2, VEGF-R3

(VEGF and PDGF) and Tie2 receptor (Ang1) [87, 88, 92, 93], whereas VEGF-R1

is a decoy for VEGF [94].

Sprouting of capillaries from pre-existing blood vessels requires selection of a

specific site on a vessel, where ECs start to invade extracellular matrix (ECM). In

response to gradient of VEGF, one of the endothelial cells is induced into a tip cell

phenotype—proliferates slowly, becomes motile, protrudes filopodia and expresses
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high levels of proteases to facilitate digestion of ECM during migration. Stalk cells

follow a tip cell and proliferate extensively to elongate a new vessel. Determination

between tip and stalk identity is controlled by Notch and VEGF signalling in a

negative feedback loop. Hypoxia and VEGF induces expression of Notch ligand

(Dll4) in tip cells, which stimulates Notch pathway in neighbouring cells [86, 88,

91, 94]. Activated Notch signalling and high expression of VEGF-R1 with low

level of VEGF-R2 and VEGF-R3 in stalk cells limit filopodia formation, VEGF

responsiveness and therefore exclude them from a tip cell position [86, 88, 91].

Since capillaries are surrounded by basal membrane composed mainly of lamins,

collagens and proteoglycans, liberation of ECs requires firstly degradation of ECM.

This process is accomplished mainly by matrix metalloproteinases (MMPs),

although other proteases such as plasmin, uPA and tPA also contribute to ECM

degradation. Angiogenic factors can modulate their proteolytic activity, whereas

proteases in turn are responsible for releasing pro-angiogenic and anti-angiogenic

Fig. 1.3 Main stages of angiogenesis and their mediators. (a) Initial steps of angiogenesis involve

conversion of a quiescent EC of a vessel wall into a tip cell phenotype and dissociation of pericytes.

MMPs and other proteases degrade basal membrane and ECM components. (b) Proliferation and

migration of both tip and stalk cells occur in response to pro-angiogenic factors. (c) Formation of

lumen and anastomosis between two capillaries requires VEGF signalling and MMPs action and

involves rearrangement in junctions between ECs. (d) Finally, nascent vessels are stabilised by

adhesion of pericytes
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factors from ECM reservoir, as well as can inactivate membrane receptors for them

[86, 95, 96]. Subsequent migration of ECs is necessary for new blood vessels to be

formed. It involves reversible binding of ECs to ECM components as well as

assembly and disassembly of cytoskeletal elements [92, 97]. ECM is a modulator

of angiogenesis as it mediates the attachment of ECs and in basal conditions

promotes their quiescence. However it is also a scaffold for growth factors which

bind to it and become released during initial, proteolytic steps of angiogenesis

[95–97]. ECs are connected to ECM at focal adhesions, which together with actin

stress fibres are aligned in direction of migration [97]. Migration of endothelial cells

can be guided both towards the gradient of soluble chemoattractants (VEGF, Ang

and bFGF) and ECM components (collagen I, fibronectin), which activate small

GTPase of the Rho family to induce filopodia formation. Integrins, which are

heterodimeric, transmembrane receptors for extracellular components, link the

cell with ECM at focal adhesions [95, 97]. This in turn facilitates protrusion of

lamellopodia and afterwards—formation of new focal adhesion as well as assembly

of actin stress fibres, enabling the movement [97].

Proliferation and migration of ECs create network of tubes, unable to convey

blood, unless lumen is formed [86, 88]. Two main models of lumen establishment

are proposed—intracellular and intercellular. Intracellular mechanism involves

vacuoles generation, which subsequently fuse into transcellular lumen compart-

ment, that is secreted, so the multicellular lumen between neighbouring ECs can be

formed [86, 95, 98]. Intercellular model of lumen formation involves membrane

invagination between two cells of defined apical–basal polarity due to rearrange-

ment of tight junctions. It seems that both processes are dependent on VEGF-

induced small GTPase proteins, whereas lumen expansion involves MMPs activity.

Finally, two luminal segments integrate to create anastomosis. The fusion is

established by creating VE-cadherin junctions which consolidate connection, and

is facilitated by macrophages [86, 98, 99].

The final stage of angiogenesis is frequently termed arteriogenesis. It involves

coverage of primary tubes composed of ECs with mural cells—pericytes, which

directly envelop endothelium, and vascular smooth muscle cells (VSMC), which

are separated from ECs by a layers of ECM. By secreting components of ECM and

basal membrane they stabilise nascent vessels and regulate permeability. It is

proposed, that while VEGF is necessary for initial formation of vascular tree, vessel

maturation is mediated by Ang1 and only cooperation of these factors results in a

proper angiogenesis. Once incorporated, pericytes and VSMC mediate quiescence

of ECs, as contact with pericytes decreases endothelial proliferation, downregulates

responsiveness for VEGF and finally reduces branching and sprouting [86, 88, 100].

1.6 Endothelial Cell Heterogeneity and Function

For a long time endothelium was recognised as a monolayer lining blood and

lymphatic vessels, built up from a homogenous population of ECs, resting on a

basement membrane and functioning as a static barrier between the circulatory
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system and adjacent tissue. However, as it is exposed to a variety of tissue

environmental cues, affected by different metabolites, growth factors, cytokines,

oxygen tension and mechanical forces, not surprisingly it varies much throughout

the circulatory system. First of all, ECs of different organs are morphologically

distinct and contain specific subcellular structures. Secondly, it is now well

established that endothelium forms a metabolically active and dynamic structure

of multiply functions—regulating blood flow, vessel permeability, thrombosis and

thrombolysis, angiogenesis and immunity. Finally, endothelial heterogeneity has

been also described on the level of gene expression and antigen composition [92,

101–104]. Moreover, nowadays even anatomical criteria seems to be not enough for

the universal description of endothelium, since the phenomenon of vascular mim-

icry by other cell types was described [105]. Thus, finding an appropriate definition

of this versatile and multifunctional organ remains challenging.

1.6.1 Heterogeneity in Structure of Endothelium

Endothelium has been classically defined as continuous and fenestrated, depending

on the presence of specific structures and microdomains: fenestrae (with or without

diaphragms), caveolae (with or without stomatal diaphragms) as well as

transendothelial channels and vesiculo-vacuolar organelles [106].

The continuous, non-fenestrated endothelium forms an uninterrupted barrier

between blood and tissue. It lines large blood and lymph vessels (arteries, arterioles

and veins), capillaries (of myocardium, skin, muscles, lungs, kidney, vasa recta and

brain) and chambers of the heart. In continuous endothelium there are almost no

pores (neither fenestraes nor transendothelial channels), which are abundant in

other types of endothelium. Instead, ECs are tightly connected to each other,

surrounded by a basement membrane and characterised by numerous caveolae, as

well as vesiculo-vacuolar organelles (VVOs). In this manner polarity between

luminal and abluminal side of ECs is maintained and transcytosis enabled [101,

106]. Caveolae are recognised as single plasmolemmal vesicles with caveolin-1 as

major protein component, whereas VVOs are morphologically defined as chains of

interconnected vesicles spanning through cytoplasm of the endothelial cells.

Although VVOs were also regarded as clusters of caveolae, they are found in

mice lacking caveolin-1, what supports their status as independent and novel

structure [106, 107]. Caveolae and VVOs are frequently connected with stomatal

diaphragm, which may be found also in the neck of the caveola pore. This is a thin

protein barrier, the major component of which is plasmalemma vesicle-associated

protein (PV-1) [106].

Fenestrated endothelia are characterised by the presence of fenestrae

microdomains, which can be described as pores of regular size (~70 nm) in

endothelium, organised in planar clusters. Endothelium with fenestrae,

transendothelial channels (pores spanning in ECs from luminal to abluminal side)

and few caveolae is characteristic for capillaries of endocrine glands, choroid

plexus, digestive tract mucosa and peritubular part of kidney. These structures
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possess diaphragm containing PV-1 glycoproteins. In this manner selective perme-

ability and transendothelial transport, necessary for efficient absorption and secre-

tion, are accomplished. Similar structures, but without diaphragms, can be found in

kidney glomerulus, enabling blood filtration [92, 101, 106].

Finally, discontinuous or sinusoidal endothelium lines sinusoids of liver, spleen

and bone marrow. It lacks basement membranes and instead of caveolae it develops

clathrin-coated pits to accomplish high level of clathrin-mediated endocytosis. Its

fenestrate lack diaphragms, they are of larger diameter (~100–200 nm) and hetero-

geneous in size, often referred as gaps, enabling cell trafficking. Interestingly, it

seems that fenestrae subtended with diaphragms precede glomerular or sinusoidal

fenestraes, as they are developed in glomerulus and liver in embryonic life and are

replaced by non-diaphragm types later on [101, 106].

1.6.2 Heterogeneity in Expression of Markers and Phenotypes of
ECs

The common and major function of vessels lined with endothelium is providing

blood and lymph flow. However, the major conducting systems (arteries, veins and

lymph vessels) vary a lot in relation to their structure and properties. It is then not

surprising, that populations of ECs forming the innermost layer of vasculature are

distinct as well, depending on which part of circulatory system they function in.

Arteries have thick wall, able to pulsate and are devoid of valves. Arterial

endothelium has reduced permeability in comparison to the venous one due to

tighter junctions between ECs and decreased ability to mediate an inflammatory

response. There are however areas of arterial tree exposed to disturbed blood flow

and thus ECs in these sites are especially designated for activation, inflammation

and coagulation, due to expression of genes related to inflammation, oxidation and

lipid metabolism [2, 108, 109]. Arterial ECs express high level of actin and deposit

a thick layer of extracellular matrix, covered with vascular smooth muscle

cells. The main function of arteriolar ECs is to regulate vascular tone and

they are longer and narrower, but thicker, than their venous counterparts. They

align according to the blood flow and preferentially express Delta-like 4, activin-

receptor-like kinase 1, endothelial PAS domain protein, Hey1, Hey2 and neuropilin

1 [2, 108, 110].

Veins are larger in diameter but have thin and more flexible wall that is not

pulsating. Their endothelium is more permeable then arterial, with less extracellular

matrix, and possess a greater ability to mediate inflammatory response due to

expression of selectins and integrins [108, 110]. Postcapillary venules which have

prominent transcellular machinery and low level of tight junctions are predomi-

nantly well suited for this purpose and they are preferred site for leukocyte

trafficking and attachment of platelets. Venous ECs are short and wide, with the

exception of ECs of high endothelial vessels in lymph nodes, which have unique tall

and cuboidal shape and express specific adhesion molecules for constitutive

lymphocytes trafficking between blood and lymph [2, 110]. Genes preferentially
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expressed in ECs on the venal side include ephrinB4, neuropilin 2, COUP-TFII,

vWF and eNOS [2, 101, 111].

Capillaries are the major exchange vessels of circulation system. Due to their

low diameter these vessels comprise the majority of the endothelial surface of

circulation. To minimise the length of diffusion path, their wall is extraordinary

thin and made of flat ECs occasionally covered with pericytes [2]. They express

protein components of basement membrane, to which microvascular ECs are

tightly associated [108]. Microcirculation presents anti-coagulant phenotype, as

synthesises among others tissue factor pathway inhibitor (TFPI) and

thrombomodulin, whereas is devoid of tissue factor (TF) [112].

Lymphatic ECs make up a highly permeable structure devoid of basement

membrane, where ECs are connected by button-like junctions, which open and

close in response to interstitial pressure. Only major lymphatic vessels are

supported by smooth muscle cells and pericytes and their endothelium is continu-

ous and expressing higher level of NOS comparing to lymphatic capillaries [108,

113]. Lymphatic ECs synthesise also specifically membrane glycoprotein

podoplanin, which level is regulated by another protein characteristic for lymphatic

ECs—transcription factor Prox1 [104, 114]. LYVE-1 is an important component of

the extracellular matrix in capillary lymphatic endothelium but not in collective

lymph ducts, mediating cell migration in tissues [104, 113]. Its expression is not

however limited to lymphatic system, as can be also detected in hepatic sinusoidal

ECs [113].

Additionally to above differences, ECs significantly vary in structure and gene

expression pattern depending on an organ of origin and even vascular bed within a

given organ [102, 113]. For instance pulmonary capillary ECs contains large

caveolae, while bronchial microvascular endothelium provides increased perme-

ability [2]. Lung endothelial cell adhesion molecule-1 (Lu-ECAM-1) is specific for

pulmonary postcapillary ECs, bronchial circulation expresses E-selectin consecu-

tively in contrast to other vascular beds, tPA is the highest in brain and present in

bronchial but not in pulmonary vessels, whereas uPA is confined to renal ECs.

Hepatic sinusoidal ECs are characterised with high fenestration as well as endocy-

tosis machinery and do not express selectins [2, 92]. Glomerular ECs lack expres-

sion of PV-1, which is frequent in other types of endothelia, and actively synthesise

glycocalyx and basement membrane instead [2, 104, 106]. In contrast to other

vascular beds, glomerular, sinusoidal and lymphatic ECs are not positive for vWF

[2, 104]. Endocardial ECs are larger than ECs of other origins, express specific

components of gap junctions (e.g. connexin 43) and have elevated level of vWF and

eNOS in comparison to myocardial microvessels [2]. Thrombomodulin and P-

selectin levels are lowest in endothelium of brain vessels, which are characterised

by abundance of tight junctions and small amounts of caveolae [101, 112]. Indeed,

there are almost none markers, which could be specific and uniform for ECs. Even

the most frequently used platelet endothelial cell adhesion molecule-1 (PECAM-1,

also known as CD31), playing role in stabilisation of endothelial monolayer, is also

expressed on trophoblast or monocytes, whereas in liver it can be found in

periportal vessels, but not in sinusoidal intrahepatic ECs [92, 104]. Furthermore,

VE-cadherin despite its seemingly uniform expression seems to be restricted to
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arteries, arterioles and capillaries, with extremely low expression in venous ECs

[101, 115].

1.6.3 Heterogeneity of ECs Function

The location of ECs in the interface between the circulatory system and surrounding

tissue gives it an essential role in regulation a diversity of crucial properties of

cardiovascular system—vessels permeability, immune response, hemostasis and

blood tone. Surprisingly, the way these processes are modulated, strongly depends

on the condition of ECs. Quiescent endothelium has anticoagulant, anti-adhesive

and vasodilatory function with moderate level of permeability, whereas activated

ECs express pro-coagulant, pro-adhesive and vasoconstricting properties, with

elevated transmigration of immune cells [105] (Fig. 1.4). Such a broad heterogene-

ity of function makes ECs unique and indispensable for organisms homeostasis.

The major property of the interface created by ECs between blood and

surrounded tissue is semipermeability, enabling transport of fluids, ions,

macromolecules and cells in and out of blood. Under constitutive conditions,

continuous and physiologically controllable flux takes place in capillaries, the

major exchange vessels of circulatory system [101, 107]. After penetrating the

extracellular glycocalyx surface, covering ECs, fluids and small solutes move

passively via the paracellular route (between ECs), which is regulated by

interendothelial junctions [107, 116]. Adhere junctions which are composed of

cadherins and catenins, becoming phosphorylated–dephosphorylated in response

to changes in Ca2+ level, provide vessel permeability. Tight junctions, with

occludin and claudin as major protein components, are responsible for maintaining

endothelial barrier and apical–basal polarity [107]. Macromolecules use energy

dependent on transcellular route (via ECs itself), including VVOs, transcytosis

channels and caveolae, that may be either mediated by specific receptors or receptor

independent (fluid-phase transcytosis) [101, 107]. The level of permeability

depends directly on the presence of junctions, fenestrae and transcytosis machinery.

For instance, VEGF stimulation leads to changes in level of PV-1 as well as

regulates phosphorylation–dephosphorylation of protein components of junctions

and as a consequences—increases permeability of ECs. Similarly, pro-

inflammatory mediators such as histamine and thrombin increase permeability by

opening adhere junctions [107, 117]. Such inducible inflammatory permeability

takes place predominantly in postcapillary venules. This type of blood vessels

contains numerous VVOs, low level of tight junction and expresses preferentially

receptors for histamine, bradykinin and serotonin, which induce ECs retraction and

formation of intercellular gaps. Noteworthy, severe inflammatory state may cause

permeability dysfunction, often leading to oedema, in other segments of circulatory

system. This can be mediated by TNFα or VEGF which induce gaps and fenestrae

formation [101, 117].

By forming a physical barrier for immune cell infiltration, ECs exerts anti-

inflammatory function. However, upon viral or bacterial infection, ECs play an
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important role in development both adaptive and innate immune response. Due to

expression of MHC I and II, they are able to present antigen to memory T cells and

when stimulated with LPS, TNFα or IL-1β, ECs form a passage for leukocytes to

recruit immune cells into a tissue, as a first line of innate defence against pathogens.

Canonical multistep cascade of events leading to transmigration of immune cells

starts with releasing chemoattracting cytokines (IL-6, IL-8, G-CSF). Afterwards,

it involves initial attachment and rolling of leukocytes, which is mediated by

Fig. 1.4 Major functions of ECs in basal conditions and upon activation. Mediators of

(a) endothelial cell permeability, (b) inflammation, (c) coagulation, (d) fibrinolysis and

(e) vasodilatation are indicated (in blue – activators, in red – inhibitors)
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P-selectin interaction with oligosaccharide ligands on immune cells. The second

important component of immune-cells transmigration, E-selectin, is expressed on

ECs only after their activation [92, 101, 118–120]. Subsequently, firm adhesion

occurs due to interaction between integrins (LFA-1 and VLA-1) on leukocytes and

endothelial adhesion molecules—ICAM-1 and VCAM-1, induced on activated ECs

[92, 101, 103, 119]. Finally, leukocytes transmigrate through endothelium either by

transcellular passage or by paracellular route owing to disassembly of VE-cadherin

complex at tight junctions. Additionally, endothelium forms dome-like membrane

structures surrounding passage for leukocytes to limit the loss of barrier function

[101, 119]. Although such a close interaction between ECs and immune cells

predominantly occurs in postcapillary venules, where shear stress is the lowest, it

may also happen in other parts of circulatory system (large veins, arterioles,

capillaries) due to changes in adhesion protein and cytokines expression [92, 101,

118–120]. Leukocytes migration in basal conditions, involving L-selectin interac-

tion with its receptor on ECs, takes place in high endothelial venules of secondary

lymphoid organs (lymph nodes, appendix, tonsils) [101, 102], owing to the produc-

tion of potent chemoattractants for T cells and dendritic cells by ECs [118].

Importantly, ECs affect also hemostasis by influencing coagulation cascade,

platelet adhesion and promoting limited clot formation in case of haemorrhage.

ECs in basal conditions inhibit thrombin—a major pro-coagulant factor, activating

platelets and several coagulation enzymes. TFPI synthesised by ECs prevents

thrombin formation, while anti-thrombin III bound to heparin sulphate and

glycosaminoglycans on endothelium surface inhibits thrombin and counteracts

coagulation [92, 103, 112]. Additionally, ECs express predominantly

thrombomodulin, which after forming complex with thrombin, reduces its ability

to activate platelets, factors V and XIII and to cleave fibrinogen, facilitating instead

enzymatic activation of protein C. This in turn induces its anticoagulant properties—

ability to inactivate Va and VIIIa factors of coagulation cascade [103, 112]. How-

ever, ECs stimulated with thrombin or other factors (e.g. by bacterial infection and

pro-inflammatory cytokines, shear stress, hypoxia, thrombin) may be activated to

express TF and therefore to convert their phenotype to pro-coagulant type. TF

stimulates activation of factors IX and X of coagulation cascade and prothrombinase

activity resulting in fibrin formation, thus its expression in ECs occurs after vascular

injury. ECs are also major source of vWF, which is normally stored in

Weibel–Palade bodies and secreted upon activation, e.g. by thrombin. vWF

promotes coagulation by stabilisation of factor VIII and together with ECs-derived

platelet activating factor (PAF)—platelet activation and aggregation [92, 103, 112].

Similarly to leukocytes, platelets at first attach and then adhere to ECs to perform

clot formation during haemorrhage [92]. However in basal conditions their associa-

tion to endothelial surface is prevented by negatively charged glycosyaminoglycans

and prostacyclin (PGI2) produced by ECs also inhibits platelet aggregation [111,

112]. Finally, ECs influence the final effect of coagulation process—fibrin and its

fibrinolysis. Endothelial-derived urokinase-type plasminogen activator (uPA) is

expressed upon activation by proper stimuli (e.g. plasmin), whereas tissue plasmin-

ogen activator (tPA) is produced constitutively but is being cleared from circulation
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unless encounter its target—fibrin. Constitutively, ECs produce also small amount

of tPA inhibitor, plasminogen activator inhibitor-1 (PAI-1), and its synthesis is

upregulated potently due to thrombin and cytokines [92, 112]. Furthermore,

complexes of thrombomodulin and thrombin induce expression of thrombin

activatable fibrinolysis inhibitor (TAFI) which cleaves binding sites of plasmino-

gen/plasmin and tPA on fibrin and therefore impairs fibrin degradation [92, 103].

Finally, ECs are potent regulators of vasomotor tone and blood pressure, by

realising both vasodilators and vasoconstrictions, that occurs primarily at the level

of arterioles [110]. The dilation of blood vessels in response to acetylcholine,

leading to reduced blood pressure, was shown to be dependent on integrity of

endothelium [111, 121]. NO is a mediator of this effect as its relaxes vascular

smooth muscle cells due to activation of cGMP, as well as reduces their migration

and proliferation [92, 111, 122]. NO is constitutively produced in ECs from L-

arginine, by endothelial nitric oxide synthase (eNOS). However, thrombin, brady-

kinin, shear stress and acetylcholine stimulate eNOS, while cytokines upregulate

inducible NOS (iNOS) expression [92, 111]. Surprisingly, ECs in response to

superoxide anion, shear stress, thrombin or hypoxia synthesise also the most potent

endogenous vasoconstrictor, endothelin-1 (ET-1), which affects smooth muscle

cells by binding specific receptors on their surface [92, 111, 121]. In addition to

these major endothelium-derived vasomotor regulators, activated ECs produce also

PGI2, PAF and express angiotensin-converting enzyme (ACE). PGI2 by direct

interaction with receptors on vascular smooth muscle cells induces its relaxation,

while PAF may cause either vasodilating or vasoconstricting effects, depending on

a concentration, time and vascular bed examined [92, 111, 121]. The product of

ACE action, angiotensin II, is in turn vasoconstriction agent [111].

Concluding Remarks

Endothelium is a multifunctional, widespread and dynamic organ, influencing

the function of the whole organism. Therefore, a clear understanding of the

molecular mechanisms regulating endothelial differentiation, function and phys-

iology is a great challenge in the light of pro- and anti-angiogenic therapeutic

strategies. Particular attention is nowadays paid to application of precursor cells

capable of stimulation of neovascularisation in pathological conditions, such as

myocardial infarction, heart failure, impaired wound healing or peripheral artery

disease. No less important is gene therapy targeted on endothelial cell response

or application of vascularisation promoting/inhibiting compounds and

macromolecules.
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Abstract

The past two decades have significantly improved our understanding of the

mechanisms of lymphangiogenesis. Identification of lymphatic endothelial spe-

cific immunohistochemical markers and development of new experimental

animal models have been instrumental in the identification of a number of

molecular players regulating growth and remodeling of the lymphatic vascula-

ture during embryonic development. Studies with different models of geneti-

cally deficient mice identified also a spectrum of primary lymphedema

phenotypes. Recent findings have highlighted the role of lymphangiogenesis in

various pathological conditions. It was clearly demonstrated that lymph vessels

are active participants in acute and chronic inflammation, organ transplant

rejection, metastatic tumor dissemination, and hypertension. Therefore, the

specific targeting of the lymphatic vasculature could be a promising approach

for pro- or anti-lymphangiogenic treatment in inflammatory disorders, graft

rejection, lymphedema, and cancer.

Keywords

Lymphatic endothelial cells • VEGF-A • VEGF-C • VEGF-D • VEGFR-3 •

Inflammation • Tumor • Metastasis

2.1 Developmental and Physiological Lymphangiogenesis

Lymphangiogenesis means the growth and formation of new lymphatic vessels. It is

an important biological process which is essential in both, physiological and in

pathological processes. In adults, physiological lymphangiogenesis occurs only in

corpus luteum formation during luteal phase of the menstrual cycle and in the

endometrium during pregnancy [1, 2]. Except for these situations, under normal

physiological conditions and similarly to blood system, lymphatic vessels remain in

inactive state. Pathological lymphangiogenesis, defined as the abnormal formation

of new lymphatic vessels from preexisting ones, is known to occur upon inflamma-

tory and tumor-related stimulations. It occurs in processes of wound healing, tissue

and organ regeneration, in acute and chronic inflammation, autoimmunity, allograft

rejection, and tumor growth and tumor metastasis [1, 3, 4].

During embryogenesis lymphatic vascular system starts to develop significantly

later than the blood vascular system. It arises when the embryonic cardiovascular

system is already established and functional. In mice, blood vessels start to develop

at embryonic day 7.5 (E 7.5) [5], whereas molecular markers of lymphatics can be

seen in the jugular region at approximately E 9.5 [6]. In humans embryos, lym-

phatic vessels development starts at about gestation week 6–7, and this is 3–4 weeks

after the development of the first blood vessels [7]. At that time, distinct

subpopulations of endothelial cells in the lateral parts of the anterior cardinal

primitive veins commit to the lymphatic lineage and then sprout laterally to form

the first morphological structures of developing lymphatics—primary lymph sacs

[1, 6]. Research on human embryos revealed that there are six sacs in humans and
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eight sacs in mice [8, 9]. In human embryos, the lymph sacs consist of paired

jugulo-axillary lymph sacs, located in the area of the junction of the subclavian vein

and the internal jugular vein, paired lumbo-iliac lymph sacs, which give the origin

of the lymph vessels of the inferior part of the body, the single retroperitoneal

lymph sac, and the single cisterna chyli [10, 11].

The peripheral lymphatic vessels grow from the primary lymph sacs by endo-

thelial budding and then by sprouting and forming capillaries surrounding tissues

and organs, except for the central nervous system, bone marrow, and retina, which

remain free of lymphatics [12, 13]. The lymphatic vasculature growth resembles

that of blood vascular system development—new lymphatic vessels integrate into

primitive lymphatic capillary network, which is followed by remodeling and

maturation to form an established lymphatic system.

Lymphatic vasculature is formed by lymphatic endothelial cells (LECs), which

are highly related to blood endothelial cells (BECs). The origin of LECs during

embryogenesis has been controversial and the object of debate for the last century.

Recent experiments using genetically engineered mouse models and in vivo fluo-

rescent, dynamic imaging of embryonic lymphangiogenesis in zebrafish strongly

confirmed the venous origin of mammalian lymphatic vasculature [6, 14–17]. This

is in accordance to “centrifugal” theory, first proposed by Florence Sabin (1902),

the American anatomist, who postulated that lymph sacs are venous derivatives

[12]. The alternative, “centripetal” theory, first postulated by Huntington and

McClure (1910), proposes that primary lymphatic endothelial cells develop directly

from mesenchymal progenitor cells, which are called lymphangioblasts [18].

Even though the venous origin of mammalian lymphatic vasculature is now

established, other mechanisms of LECs differentiation are still possible. It was

showed that lymphatic vascular system of birds has dual origin—from embryonic

veins and mesenchymal lymphoblasts. The deep parts of the jugular lymph sacs are

derived from the jugular segments of the cardinal veins and the superficial/dermal

lymphatics are derived from local lymphangioblasts. The two compartments fuse

then to form the whole lymphatic system [19]. Lymphangioblasts have also been

revealed in murine embryos in which scattered mesenchymal cells expressed both

lymphoendothelial (e.g., LYVE-1—lymphatic vessel endothelial hyaluronan recep-

tor 1, PROX1—Prospero homeobox protein 1) and leukocyte (e.g., CD45) markers.

These cells seem to form peripheral parts of the lymphatic vessels during develop-

ment [20, 21]. At present, it is not known whether similar resident mesenchymal

precursors contribute to the lymphatic vasculature during normal development in

humans. However, it was demonstrated that circulating bone marrow-derived

endothelial precursor cells may be the source of LECs during pathological

lymphangiogenesis. These cells express both myeloid progenitor markers (e.g.,

CD68, CD11b) and LECs markers (e.g., LYVE-1, PROX1, podoplanin) and are

capable of undergoing lymphatic differentiation upon inflammatory stimulation.

Although LECs can be derived from several progenitor types, CD11b+ monocytes

have been identified as the main source [22]. Transdifferentiation of macrophages

into LECs was observed in vivo [23] and has been described in human transplanted

kidney [24], in a mouse corneal injury model [25], and in peritumoral lymphatic

vessels of fibrosarcoma in irradiated mice [24]. Nevertheless, incorporation of bone
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marrow-derived progenitor cells into the endothelium of newly formed lymphatic

vessels seems to be at the level of few percent of all LECs [26]. Growing body of

evidence suggest that they rather support growth of lymphatic vessels via locally

secreting pro-angiogenic activities than by transforming into LECs [27].

2.2 Molecular Mechanisms of Lymphangiogenesis

Our knowledge of the molecular mechanisms of lymphangiogenesis has improved

significantly in recent years, mostly thanks to progress in the identification of a

number of regulators and markers specific to the crucial stages of lymphatic

vascular development (Table 2.1).

Studies with various models of genetically deficient mice identified also a

spectrum of lymphedema phenotypes, ranging from edematous embryos with

chylous ascites and severe vascular defects associated with perinatal lethality to

more subtle manifestations of lymphatic function defects [28].

The crucial steps of mammalian developmental lymphangiogenesis are

presented in Fig. 2.1 and are described below.

2.2.1 Commitment to Lymphatic Endothelium Cell Identity

Shortly after the separation of arteries and veins, at E 9.0 in mice and gestation

week 6 in humans, distinct population of VEGFR-3+ cells of the anterior cardinal

vein start to lose blood endothelial characteristics and acquire LECs identity. The

first indicator of lymphatic endothelial competence among subset of VEGFR-3+

endothelial cells in the cardinal vein is an integral membrane glycoprotein—

LYVE-1 [17]. Physiological function of LYVE-1, especially during embryogene-

sis, has remained unclear. It has been suggested that LYVE-1 is involved in both

cell adhesion/transmigration and as a scavenger for hyaluronan turnover [29].

However, LYVE-1 has been found not to be obligatory for normal lymphatic

development and function. Lyve-1-knockout mice develop normal lymphatic sys-

tem [30].

In contrast to LYVE-1, homeobox transcription factor PROX1 is essential in

lymphangiogenesis [6]. It regulates expression of the lymphatic phenotype genes of

Lyve-1 and podoplanin in VEGFR-3+/LYVE-1+ cells. PROX1 expression in the

VEGFR-3+/LYVE-1+ cells of the cardinal vein is followed by the budding and

sprouting migration in a polarized manner, and finally formation of primary lym-

phatic sacs [6, 17]. Prox1-knockout mice embryos fail to develop primary lym-

phatic sacs and consequently lymphatic vessels. They develop edema and die

before birth at E13.5 [31].

The regulation of Prox1 in differentiating LECs is currently poorly understood.

Recent experiments on genetically deficient mice demonstrated that Prox1 gene

expression is directly induced by the transcription factor SOX18 (sex determining

region Y, SRY-box 18) and by orphan member of the nuclear receptor superfamily,

COUP-TFII (Chicken ovalbumin upstream promoter transcription factor II)
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Table 2.1 Key molecular factors during developmental lymphangiogenesis

Factors Function

Defects in lymphatic vascular system in genetic deficiency

Animal model Human syndrome

Transcription factors

SOX18 � Direct induction

of expression of

PROX1

(�/�) Mice

embryos develop

edema and die

before birth due to

lack of lymphatic

vasculature

Recessive and dominant forms of

hypotrichosis–lymphedema–telangiectasia

COUP-

TFII

� Interacts with

PROX1 to

maintain LEC

phenotype

(�/�) at an early

embryonic stage

results in failed

formation of pre-

LECs;

(�/�) at a later

developmental

stage results in loss

of LEC identity,

gain of blood ECs

fate, and impaired

lymphatic vessel

sprouting

PROX1 � Master regulator

that determines

LECs identity

� Regulator of

LYVE-1 and

podoplanin gene

expression

(�/�) Mice

embryos develop

edema and die

before birth due to

lack of lymphatic

vasculature

FOXC2 � Major regulator

of lymphatic

capillaries versus

collecting

lymphatic vessels

phenotype

specification

(�/�) Mice show

loss of valves in

the collecting

vessels and

impaired

patterning of

capillaries

Lymphedema-distichiasis (LD) syndrome

Receptors/transmembrane proteins

LYVE-1 � Mediates cell

adhesion and

transmigration

� Scavenger for

hyaluronan

turnover

(�/�) Mice

develop normal

lymphatic system

VEGFR-3 � Mediates a

critical pathway
for lymphatic

vessel growth

(�/�) Mice die

during early

embryonic

development,

before emergence

of lymphatic

vessels, due to

Heterozygous missense point mutation

have been found in several families with

Milroy’s disease

(continued)
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Table 2.1 (continued)

Factors Function

Defects in lymphatic vascular system in genetic deficiency

Animal model Human syndrome

defective

remodeling and

maturation of large

blood vessels

(�/+)

Heterozygous

missense point

mutation (Chy

mutant mice)

results in

hypoplasia of

cutaneous

lymphatic

capillaries and

lymphedema of

posterior limbs

Nrp2 � Co-receptor of

VEGFR-3

(�/�) Mice

develop transient

hypoplasia of

lymphatic

capillaries;

surviving Nrp2-
deficient mice

regenerate

lymphatic

capillaries starting

at 7th day after

birth

Podoplanin � Transmembrane

glycoprotein

� Essential in

lymphovascular

separation

(�/�) Mice

develop abnormal

lympho-venous

connections,

dilated and

dysfunctional

lymphatic vessels,

lymphedema, and

die perinatally due

to respiratory

failure

Ephβ2 � Role in

remodeling and

maturation of

lymphatic

vasculature

(�/�) Mice

develop major

lymphatic defects,

including lack of

hierarchically

organized network,

ectopic SMCs

coverage in

(continued)
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Table 2.1 (continued)

Factors Function

Defects in lymphatic vascular system in genetic deficiency

Animal model Human syndrome

lymphatic

capillaries, lack of

luminal valve

formation and

chylothorax; they

die 3 weeks after

birth

Integrin

α9β1
� Adhesion

receptor

� Directly binds

VEGF-C and -D

and promotes

LECs adhesion and

migration

(�/�) Mice

embryos display

dysplastic

lymphatic valves

and die 6–12 days

after birth because

of bilateral

chylothorax

Missense mutation is associated with

congenital chylothorax in fetuses

Growth factors

VEGF-C � Critical for the

development of the

lymphatic

vasculature

� Major

chemotactic and

survival factor for

LECs

� Essential for the

formation of

lymph sacs from

embryonic veins

(�/�) Mice

embryos develop

edema and die

before birth due to

complete absence

of lymphatic

vasculature

(�/+) Newborn

mice have

hypoplasia of the

lymphatic vessels

and develop severe

lymphedema in

adulthood

VEGF-D � Promotes

migration and

proliferation of

LECs

(�/�) Newborn

mice develop

slight lymphatic

dysfunction as a

decrease in the

abundance of

lymphatic vessels

in the lungs

AM � Vasodilator and

diuretic peptide

� Necessary in

early stages of

lymphatic vascular

development

(�/�) Mice

embryos display

decreased LECs

proliferation,

hypoplastic

lymphatic sacs,

interstitial

lymphedema, and

die in mid-

gestation

(continued)

2 Developmental and Pathological Lymphangiogenesis 33



Table 2.1 (continued)

Factors Function

Defects in lymphatic vascular system in genetic deficiency

Animal model Human syndrome

Ang2 � Context-

dependent agonist

or antagonist of

Tie2 receptor;

� Essential during

remodeling and

maturation of

lymphatic vessels

(�/�) Mice have

abnormal postnatal

lymphatic network

due to defective

remodeling and

develop

subcutaneous

edema and chylous

ascites shortly after

birth

Others

Spred1/2 � Cytoplasmic

adaptor proteins

� Negative

regulation of

VEGF-C-VEGFR-

3 signaling

pathway

(�/�) Mice

embryos display

subcutaneous

hemorrhage,

edema, blood-

filled dilated

lymphatic vessels,

and die in utero

Aspp1 � Cytoplasmic

adaptor protein

� Important for

the initial

assembly of

lymphatic vessels

during

embryogenesis

(�/�) Mice

embryos display

subcutaneous

edema and

disorganized

lymphatic

vasculature;

(�/�) Adult mice

have resolved

impaired function

of cutaneous

lymphatic

drainage, but still

had abnormal

patterns in

collecting

lymphatic vessels

SYK and

SLP-76

� Tyrosine kinase

(Syk) and adaptor

protein (SLP-76)

� Role in the

process of

lymphovascular

separation

(�/�) Mice

embryos develop

abnormal arterio-

venous shunts,

manifested as

blood filled

lymphatic vessels

with mosaic

expression of

LYVE-1

(continued)

34 A. Chachaj and A. Szuba



Table 2.1 (continued)

Factors Function

Defects in lymphatic vascular system in genetic deficiency

Animal model Human syndrome

Fiaf � Regulates

separation of

lymphatic and

blood vessels in

the intestine

(�/�) Mice

develop normally

until birth but

postnatally have

blood-filled

intestinal

lymphatic vessels

with decreased

PROX1 expression

Akt1 � Erine/threonine

protein kinase that

probably

coordinates signals

from different

pathways during

lymphatic vessel

remodeling and

maturation

(�/�) Mice

develop

insufficient

coverage of

collecting

lymphatic vessels

by SMCs

Emilin-1 � Component of

the anchoring

filaments in

lymphatic vessels

(�/�) Mice

develop various

lymphatic defects,

including

hyperplasia,

irregular pattern of

lymphatic vessels,

dysfunctional

junctions,

reduction of

anchoring

filaments, and mild

lymphedema

CCBE1 � Binds to

collagen and

vitronectin in the

extracellular

matrix

� Essential

regulator of

lymphatic vessel

formation

(�/�) Zebrafish

completely lacks

lymphatic

vasculature

One of the form of autosomal recessive

hereditary lymphedema (Hennekam

syndrome)
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Fig. 2.1 Embryonic development of the mammalian lymphatic vasculature
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[32, 33]. Sox18-knockout mice, similarly to Prox1-knockout mice, develop edema

and die before birth [32]. In humans, mutations in the transcription factor SOX18

were recently identified in recessive and dominant forms of hypotrichosis–lymphe-

dema–telangiectasia [34]. Coup-tf2 deficiency at an early embryonic stage results in

failed formation of pre-lymphatic ECs (pre-LECs). Coup-tf2 deficiency at a later

developmental stage results in loss of LEC identity, gain of blood ECs fate, and

impaired lymphatic vessel sprouting [35]. Nevertheless, the signals leading to

SOX18 and COUP-TFII expression in VEGFR-3+/LYVE-1+ cells remain

unknown.

2.2.2 Lymphatic Endothelial Cell Proliferation and Migration

During early embryonic development of vascular endothelial growth factor recep-

tor 3 (VEGFR-3), a cell surface tyrosine kinase receptor (also known as Flt4) is

expressed at similar levels in BECs and LECs. As embryonic development

progresses, its expression is decreasing in BECs and becomes restricted to the

endothelium of lymphatic vessels [36, 37].

VEGFR-3 mediates a critical pathway for lymphatic vessel growth and mainte-

nance. Mutant mice deficient for Vegfr-3 die during early embryonic development

(at E 9.5), before emergence of lymphatic vessels, due to defective remodeling and

maturation of large blood vessels [37]. Heterozygous missense mutations in Vegfr-3
gene that inactivate tyrosine kinase in the encoded protein in mice (Chy mutant

mice) results in hypoplasia of cutaneous lymphatic capillaries and lymphedema of

posterior limbs. Chy mutant mice are used as a useful model for studies of heredi-

tary lymphedema and its therapy [38]. In humans, similar heterozygous missense

point mutations in the gene encoding VEGFR-3 were found in several families with

Milroy’s disease, a rare autosomal dominant lymphedema, characterized by hypo-

plastic lymphatic capillaries in the skin [39].

VEGFR-3 is exclusively activated by two ligands—vascular endothelial growth

factor-C (VEGF-C) and vascular endothelial growth factor-D (VEGF-D). They are

homodimeric glycoproteins closely related in structure and secreted during

embryogenesis by mesenchymal cells surrounding cardinal veins, vascular smooth

muscle cells (SMCs), and BECs [3, 4, 40]. In humans, both VEGF-C and VEGF-D

bind to not only VEGFR-3 but also to VEGFR-2 (also known as Flk-1/KDR).

VEGFR-2 is a blood vessel receptor [41], implicated in signaling for angiogenesis

[42]. Therefore, in humans, VEGF-C and VEGF-D induce not only

lymphangiogenesis but also blood vessel growth, the latter through VEGFR-2

activation in BECs [43–45]. In mice, VEGF-C activates both receptors [46],

whereas VEGF-D activates only VEGFR-3 [41].

VEGF-C, like VEGFR-3, is critical for the development of the lymphatic

vasculature. Sprouting and growing lymphatic vessels contain specialized tip

cells at their leading edge, which sense and respond to chemoattractants. VEGF-

C is a major chemotactic and survival factor for LECs [16, 46]. It is essential for the

formation of lymph sacs from embryonic veins. Homozygous Vegfc(�/�) mice die
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before birth due to fluid accumulation in tissues as a result of a complete absence of

lymphatic vasculature [16]. Heterozygous Vegfc(+/�) newborn mice have hypo-

plasia of the lymphatic vessels and develop severe lymphedema in adulthood [16].

VEGF-D promotes migration and proliferation of LECs like VEGF-C [47].

However, surprisingly, mice with targeted inactivation of Vegf-d develop only a

slight lymphatic dysfunction as a decrease in the abundance of lymphatic vessels in

the lungs, suggesting that VEGF-D is dispensable for lymphangiogenesis [48].

An integral part of VEGF-C/D-VEGFR-3 signaling pathway is the interaction of

VEGF-C and VEGF-D with neuropilin-2 (Nrp2). Neuropilin-1 (Nrp1) is expressed

by arterial BECs, while Nrp2 is expressed by venous BECs and by LECs. Nrps do

not have their own enzymatic signaling activity, but they act as co-receptors of

VEGF receptors. Both, VEGF-C and VEGF-D, bind to Nrp2 and this way increase

the affinity of LECs toward VEGF-C/D [49]. Nrp2 is associated with VEGFR-3

only in visceral and deep lymphatics, but not in cutaneous ones. Nrp2 binds VEGF-

C and enables lymphangiogenesis in visceral organs in VEGFR-3 mutant mouse

(Chy mouse). Similar mechanism may explain normal development of visceral

lymphatics and dysplasia of cutaneous lymphatics in patients with Milroy’s disease

[38]. Nrp2-deficient mice develop hypoplasia of lymphatic capillaries, but the

development of collecting vessels, such as the thoracic duct, is not affected.

These defects are transient, and surviving Nrp2-deficient mice regenerate lymphatic

capillaries starting at 7th day after birth [50, 51]. It was also shown that Nrp1-
deficient mice survive only until around E13.5, whereas Nrp1/Nrp2 double-

deficient mice die around E8.5 [52]. Therefore, it was suggested that Nrp1 com-

pensate for the loss of Nrp2, which may explain the mild consequences observed in

Nrp2-deficient mice [53].

VEGF-C-VEGFR-3 signaling pathway was shown to be negatively regulated by

the action of Spred (Sprouty-related) proteins, which suppress the phosphorylation

of growth factor-induced MAP kinase signaling. Spred1/2 double-knockout mice

develop subcutaneous hemorrhages, edema, blood-filled dilated lymphatic vessels

and die by E15.5 [54]. This phenotype closely resembles the one observed in

Syk(�/�) or slp-76(�/�) mice with defects in the separation of lymphatic vessels

from blood vessels (see below) [55].

Adrenomedullin (AM) signaling is another transduction pathway necessary in

early stages of lymphatic vascular development. AM is a multifunctional vasodila-

tor and diuretic peptide, which was shown to be under the control of the PROX1.

Genetic blockade of AM signaling in mice results in decreased LECs proliferation,

occurrence of hypoplastic lymphatic sacs, development of interstitial lymphedema,

and death in mid-gestation [56].

Defects in lymphatic vessel development have been also reported in apoptosis-

stimulating protein of p53 (Aspp1)-knockout mice [57]. Aspp1(�/�) mice embryos

showed subcutaneous edema and disorganized lymphatic vasculature. However,

Aspp1(�/�) adult mice was shown to have resolved impaired function of cutaneous

lymphatic drainage seen during embryogenesis, but still had abnormal patterns in

collecting lymphatic vessels [57]. The lymphatic vascular function of Aspp1 was
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demonstrated to be independent of p53 and may be linked instead to C-terminal Src

kinase (Csk) [57, 58].

Additionally, sphingosine-1-phosphate (S1P), known to be implicated in a

variety of biologic processes, such as inflammatory responses and angiogenesis,

recently was also reported to be the first identified bioactive lipid which plays a role

during lymphangiogenesis. S1P induces migration and capillary-like tube forma-

tion, but not proliferation of human LECs in vitro, and promotes the outgrowth of

new lymphatic vessels in vivo. S1P promotes lymphangiogenesis by stimulating

S1P/Gi/phospholipase C/Ca
2+ signaling pathways [59].

Finally, there is a number of other growth factors which also were revealed to

regulate early stages of lymphangiogenesis, including transforming growth factor-β
1 (TGF-β1) [60], platelet-derived growth factor - β (PDGF-β) [61], fibroblast

growth factor 1 (FGF-1), FGF-2 [44, 62], insulin-like growth factor 1 (IGF-1),

IGF-2 [63], hepatocyte growth factor (HGF) [64], and growth hormone (GH) [65].

However, because global effects of these growth factors gene targeting result in

other early-onset phenotypes, it is not known whether they directly contribute to the

development of the lymphatic vascular system [1, 4].

2.2.3 Lymphovascular Separation

There are only two sites where lymph mixes with the blood in the subclavian veins.

This suggests the existence of molecular mechanisms underlying the process of

lymphovascular separation during embryonic development.

One such mechanism involve the function of podoplanin, transmembrane

mucin-like protein, which is expressed at E11.5 in the cardinal vein and later in

PROX1-positive LECs [66, 67]. Targeted inactivation of podoplanin results in

abnormal lung development, abnormal lympho-venous connections, dilated and

dysfunctional lymphatic vessels, lymphedema, and perinatal lethality due to respi-

ratory failure [67]. The defect in lympho-venous separation in these mice is a result

of deficiency of platelet activation by podoplanin. Platelet aggregation is required

for constriction of the opening between the cardinal vein and the lymphatic sacs. It

is induced by binding of podoplanin to C-type lectin receptor 2 (CLEC-2) expressed

on the surface of platelets. CLEC-2 activation by podoplanin leads to activation of

hematopoietic signaling proteins SYK (spleen tyrosine kinase) via its substrate

adaptor protein SLP-76 (Src-homology 2 domain-containing leukocyte protein of

76 kDa) in the platelets [68]. Mice with homozygous mutations in either Syk or slp-
76 develop abnormal arterio-venous shunts, manifested as blood filled lymphatic

vessels with mosaic expression of LYVE-1 [55, 69].

Fasting-induced adipose factor (Fiaf), also known as angiopoietin-like protein 4

(Angptl4), is the other molecular player that regulates separation of lymphatic and

blood vessels, but only in the intestine. Fiaf-knockout mice develop normally until

birth but postnatally have blood-filled intestinal lymphatic vessels with decreased

PROX1 expression [70].
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2.2.4 Remodeling and Maturation of Primitive Lymphatic Vessels

Remodeling and maturation of lymphatic vessels begins around E14.5 and lasts

until birth. These processes are less understood than earlier events of

lymphangiogenesis. They include the transformation of primitive lymphatic plexus

into a hierarchical network of lymph vessels, composed of collecting lymphatic

vessels and lymphatic capillaries.

Collecting lymphatic vessels contain intraluminal valves, basement membrane,

and are covered with SMCs. Lymphatic capillaries consist of basement membrane

and pericytes. Remodeling of collecting lymphatic vessels involves formation of

intraluminal valves and recruitment of SMCs. New capillaries arise by sprouting

from preexisting vasculature.

During these processes interactions between LECs and surrounding extracellular

matrix are essential. Maturation steps are accompanied by reduced expression of

LECs markers that were implicated in actively growing vessels, including VEGFR-

3, LYVE-1, and PROX1 [4, 71, 72].

FOXC2, the forkhead transcription factor, is the major molecular regulator

responsible for the specification of lymphatic capillaries versus collecting lym-

phatic vessels phenotype. Early steps of developmental lymphangiogenesis proceed

normally in the absence of FOXC2. Its expression is upregulated in all developing

lymphatic vessels between E14.5 and E15.5, and in adults the highest expression is

observed in the endothelial cells of lymphatic valves [73, 74]. The nuclear factor of

activated T cells (NFATc1), which expression is controlled by VEGF-C-VEGFR-3

signaling, cooperates with FoxC2 to generate the genetic program involved in the

maturation process [75]. Mutations in the human FoxC2 gene are the cause for the

hereditary lymphedema-distichiasis syndrome (LD), an autosomal dominant dis-

ease characterized by late onset leg lymphedema and metaplasia of meibomian

glands [76]. In contrast to Milroy’s disease, lymphatic vasculature in LD is normal

or hyperplastic, but lymphatic vessels are insufficient, most probably due to lack of

lymphatic valves abnormal patterning and the presence of ectopic SMCs [73].

Inactivation of FoxC2 in mice has similar consequences like in LD syndrome—

collecting lymphatic vessels lack valves, the lymphatic capillaries acquire an

excessive sheath with basal lamina components and SMCs, and they begin to

express blood vascular endothelial cell markers such as endoglin and PDGF-β [73].
Angiopoietins and Tie receptors are also essential during remodeling and matu-

ration of lymphatic vessels. There are three members of the angiopoietin family:

Ang1, Ang2, and Ang3 (in mouse)/4 (in human). They bind to the Tie1/Tie2

endothelial-specific receptors tyrosine kinase, which are expressed at low levels

in LECs and regulate interactions between endothelial cells and mural cells [77].

Ang1 can activate both Tie1 and Tie2 [78, 79], Ang2 is suggested to be a context-

dependent agonist or antagonist of Tie2 signaling [80], and Ang3 (from mouse) and

Ang4 (from human) are interspecies orthologs that both act as Tie2 agonists [81].

Ang1 and Ang2 were shown to be indispensable in remodeling and maturation of

blood vessels and normal development of heart, whereas in lymphatic vessel

development activation of Ang2 seems to be crucial [80, 82]. Ang2-deficient
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mice have defective postnatal blood and lymphatic vessel structures, such as

incomplete regression of hyaloid artery, and distorted leaky lymphatic vessels—

irregularly patterned hypoplastic lymphatic capillaries and collecting vessels

lacking proper smooth muscle cell coverage. They present subcutaneous edema

and chylous ascites shortly after birth [80]. Ang2 also seems to prevent premature

coverage of lymphatic vessels with SMCs [80]. FoxC2 and NFATc1, by repressing

Ang2 expression, initiate the recruitment of pericytes and SMCs to the maturing

lymphatic vessels [75]. Lack of Ang2 can be largely corrected by replacing it with

Ang1. However, abnormal persistence of the hyaloid artery cannot be rescued,

indicating that although Ang1 and Ang2 have redundant roles in the development of

the lymphatics, they do not have that in the development of blood vessels [80].

EphrinB2, one of the transmembrane ligands of the Eph group, and its receptor,

Ephβ4, regulate lymphatic endothelial cell sprouting during the remodeling process

[83]. In mice, genetic deficiency in the cytoplasmic PDZ-interaction domain of

Ephrinβ2 results in lack of hierarchically organized lymphatic vessel network

consisting of lymphatic capillaries and collecting vessels and lead to postnatal

lethality 3 weeks after birth [83].

The serine/threonine protein kinase AKT1 is a major signal transducer and is

downstream of various receptor protein kinases involved in the regulation of

lymphatic development, including VEGFR-3, TIE-2, PDGFR-β, and Ephβ4. It is
therefore plausible that AKT1 may coordinate signals from the different pathways

during lymphatic vessel remodeling and maturation. Akt1-deficient mice showed

insufficient coverage of collecting lymphatic vessels by SMCs [84].

2.2.5 Interactions Between LECs and Surrounding Extracellular
Matrix

Recent studies have highlighted the importance of the extracellular matrix (ECM)

in the generation of new lymphatic vessels. However, the molecular mechanisms

underlying interactions between LECs and surrounding ECM remain largely

unknown.

Unlike BECs, LECs do not adhere to continuous basement membrane and form

an intimate association with adjacent interstitial tissue. Instead of adhering to basal

lamina, capillary LECs are attached to anchoring filaments composed of fibrillin

and emilin-1, which anchor the LECs cytoskeleton with the fibrous components of

ECM (i.e., collagen, fibronectin, tenascin C, vitronectin, laminin) through the

transmembrane integrin and FAK molecule [85, 86]. Anchoring filaments are the

characteristic feature of initial lymphatic vessels. Forces applied through these

anchoring filaments enhance lymphatic permeability and promote tissue drainage

[85].

ECM provides important growth-promoting signals for lymphatic vessels. In

addition, proteins of extracellular matrix, like collagen and fibronectin, were shown

to enhance tyrosine phosphorylation of VEGFR-3 through activation of integrin

α9β1 [85].
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LECs express multiple integrins other than α9β1, including α1β1, α2β1, α3β1,
α4β1, α5β1, α6β1, and αvβ3, but their importance in developmental

lymphangiogenesis remain unclear, since majority of integrin-deficient mice

show no apparent developmental defects in lymphangiogenesis or in lymphatic

function [85].

So far, only one of the integrins expressed by LECs, α9β1, was shown to be

essential in embryogenic lymphangiogenesis. α9β1 directly binds VEGF-C and

VEGF-D and promotes LECs adhesion and migration [87]. Integrin α9β1-deficient
mice die 6–12 days after birth because of bilateral chylothorax. This mouse

embryos display dysplastic lymphatic valves, characterized by disorganized fibro-

nectin matrix and short cusps, which results in retrograde lymphatic flow [88]. In

humans, missense mutation in the α9 integrin gene is associated with congenital

chylothorax in fetuses [89]. Among several extracellular matrix ligands for α9β1
(fibronectin, tenascin-C, fibronectin, osteopontin), fibronectin seems to be the most

important. Mice deficient for the EIIIA domain of fibronectin exhibit similar defects

in lymphatic valves like those deficient for α9β1 [88].

Emilin-1, an ECM glycoprotein associated with elastic fibers, is a component of

the anchoring filaments in lymphatic vessels [90]. Emilin1-deficient mice have

hyperplastic and disorganized lymphatic vessels with a reduced number of anchor-

ing filaments and dysfunctional junctions, and they show impaired lymphatic

drainage function resulted in mild lymphedema [90].

Recent studies demonstrated also important function of extracellular collagen in

the regulation of developmental lymphangiogenesis. In the in vitro study LECs

incorporated into collagen type I scaffolds exhibited a significantly higher survival

rate than BECs [91]. In the experiment using zebrafish and mouse models, CCBE1

(collagen and calcium-binding EGF domain-containing protein 1) was identified as

an essential regulator of lymphatic vessel formation [92]. CCBE1 binds to collagen

and vitronectin in ECM. Lack of CCBE1 expression prevents the budding of new

lymphatic endothelial cells from the cardinal vein [92]. Ccbe1-targeted zebrafish

completely lacks lymphatic vasculature [92]. In humans, mutations in CCBE1 were
found to cause one of a form of autosomal recessive hereditary lymphedema—

Hennekam syndrome, in which patients have lymphedema, lymphangiectasias, and

other cardiovascular anomalies [93]. However, whether CCBE1 acts as only a

guiding molecule for growing lymphatics or whether it also promotes LECs prolif-

eration warrants further studies.

Apart from the influence of various growth factors and ECM elements on

lymphangiogenesis, it has become increasingly clear that the biophysical microen-

vironment may also influence the growth of lymph vessels. Changes in blood flow,

which are the mechanical stimuli in the form of shear stress [94] were shown to be

sufficient to induce blood vessel growth and remodeling of ECM [95]. Recent

in vitro and in vivo studies point either to a role of a slow flow of interstitial fluid

through the interstitium as an important morphoregulator and lymphangiogenic

factor [96]. Interstitial flow was found to regulate the generation of VEGF-C in the

tissue [97] and to induce lymphatic capillary formation [98].
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2.2.6 Postnatal Maturation of Lymphatic Vessels

Recent data reveal that postnatal maturation of lymphatic vessels differs from

embryonic one. VEGF-C-VEGFR-3 signaling pathway is absolutely required for

the maintenance of lymphatic vasculature only during the first 2 weeks after birth.

After that time postnatal lymphatic vascular mechanism of lymphatic vessels

maturation becomes independent of VEGF-C, VEGF-D, and VEGFR-3 [99]. How-

ever, although the VEGF-C-VEGFR-3 pathway is not needed for the growth of the

lymphatic vessels after 2 weeks after birth, it is functional, because

lymphangiogenesis can be stimulated by VEGF-C [100].

Possible postnatal factors responsible for the VEGF-C/VEGF-D-VEGFR-3-

independent pathway of maturation of lymphatic vessels include VEGF-A, HGF,

angiopoietins, and integrins [99].

Furthermore, it was shown that whereas transgenic overexpression of VEGF-C

induces lymphangiogenesis during embryogenesis, after birth lymphatic vessel

growth predominantly is stimulated by VEGF-D. That indicates additional, still

unrecognized, maturation signals in postnatal lymphatic maturation [99].

2.3 Lymphangiogenesis in Human Diseases

2.3.1 Inflammatory Lymphangiogenesis

Inflammation is the major cause of lymphangiogenesis in adults. There is increasing

evidence that lymphatic vessels have an active role in acute and chronic inflamma-

tion and contribute to the pathophysiology of these conditions.

Increased lymphatic vessel density (LVD) has been documented in both clinical

studies and experimental models of acute and chronic inflammation, including

chronic airway infection [101], inflammatory bowel disease [102], rheumatoid

arthritis [103], psoriasis [104, 105], corneal injury [25], UVB skin inflammation

[106], skin irradiation [107], and rejecting renal transplants [108].

In acute inflammation, like in wound healing, new lymphatic vessels appear in

the area of inflammation concurrently with blood vessels but regress earlier [109,

110]. In wound healing of the pig’s skin lymphatic vessels were observed from day

5 after injury. Only few lymphatic vessels persisted on day 9, and none was found

on day 14 [110]. In acute inflammation, unlike in chronic one, lymphatic vessels

rather enlarge than sprout [109]. In chronic inflammation, newly formed lymphatic

vessels persist for at least 12 weeks after recovery [101, 111].

Inflammatory lymphangiogenesis facilitates the absorption of tissue edema from

inflammatory site [101, 112]. Inhibition of VEGF-C/VEGF-D–VEGFR-3 signaling

pathway, by blocking lymphangiogenesis, increases edema and inflammation, e.g.,

exacerbates pulmonary edema in a mouse model ofMycoplasma pulmonis infection
[101] or leads to prolonged edema and inflammation after UVB irradiation [113].

Lymphatic vessels serve also as the principal conduit for microbial and self-

antigens, antigen-presenting cells, and leukocytes from inflamed tissues to the
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lymph nodes (LNs) and other secondary lymphoid organs. They also contribute to

inflammation resolution. Thus, lymphangiogenesis enhances immune responses

during inflammation and help to clear the sites of resolving inflammation.

Lymphatic vessels may actively participate in the inflammatory process locally

by secreting number of chemokines that enhance trafficking of immune cells to

LNs, including CCL21 (also known as secondary lymphoid chemokine, SLC),

CXCL12, and CCL27. CCL21 is a ligand for CCR7 receptor, expressed on mature

dendritic cells, CCR7+ T, and B cells [114]. CCL21 expression in LECs was shown

to be upregulated by VEGF-C or enhanced fluid flow [115]. CXCL12 is a chemo-

kine, the expression of which is upregulated by hypoxia and which acts via its

CXCR4 receptor located on dendritic cells [116]. CCL27 is a ligand for CCR10

receptor, located on CCR10-positive T cells [117].

LECs secret also sphingosine-1-phosphate (S1P), a bioactive lipid synthesized

by sphingosine kinases, which guide migration of lymphocytes expressing S1P1

receptor [118]. In addition, LECs can express some specific adhesion molecules

mediating leukocyte adhesion to the lymphatics, including ICAM-1 and VCAM-1

[119], E-selectin (also named CD62E or ELAM-1, endothelial leukocyte adhesion

molecule-1) [120], CLEVER-1 (Common Lymphatic Endothelial and Vascular

Receptor-1) [121], Mannose receptor 1 [122], podoplanin [108], and LYVE-1

[123].

The most important signaling pathway for inflammatory lymphangiogenesis,

like in the developmental one, is VEGF-C–VEGFR-3 axis. VEGF-D has a similar

but less potent effect than that of VEGF-C [109]. VEGF-C and VEGF-D are

elevated during inflammation and are produced by a variety of cells residing at

inflamed sites, including macrophages, dendritic cells, neutrophils, mast cells, and

fibroblasts [1].

VEGF-A is also elevated at the sites of various inflammatory conditions. It is the

major driver of angiogenesis, blood vessel remodeling, and hyperpermeability in

inflamed tissue, leading to edema formation, but also plays an important role in

inflammatory lymphangiogenesis [124]. VEGF-A mediates process of

lymphangiogenesis directly, by binding to its receptor, VEGFR-2. VEGFR-2 is

predominantly located on vascular endothelium but has also been demonstrated in

LECs. Binding to this receptor has been shown to promote proliferation and

migration of VEGFR-2-positive LECs in vitro [125], but only hypertrophy and

enlargement of lymphatic vessels without inducing sprouting of LECs in vivo

[126]. Indirect VEGF-A effect on lymphangiogenesis include activation of

macrophages that produce high levels of VEGF-C/-D [127] and increasing of

VEGFR-3 expression in LECs [128].

Expression of VEGF-A is strongly upregulated by activation of NF-κB (nuclear

factor kappa-light-chain-enhancer of activated B cells) during inflammation [124].

NF-κB is constitutively expressed in LECs. It also upregulates expression of

PROX-1 and VEGFR-3 in them [129] and stimulates secretion of several

chemoattractants, such as CCL2, CCL5, and CX3CL1 [130]. It results in greater

sensitivity of lymphatic vessels to VEGF-C and VEGF-D produced by immune
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cells [130] and in increased mobilization of dendritic cells and macrophages at

inflammatory sites [112].

Other stimulators of inflammatory lymphangiogenesis at the sites of tissue

inflammation are several proinflammatory cytokines and growth factors produced

mainly by immune cells, including TNF-α [1], IL-3 [130], IL-7 [131], FGF-2 [44],

PDGF-β [61], IGF-1, IGF-2 [63], HGF [132], GH [65], Fiaf [70], and S1P [59].

Some of these factors promote lymphangogenesis directly, independently of

VEGR-3 signaling, e.g. PDGF-β [61], IGF-1, IGF-2 [63], and GH [65], while

others—indirectly, i.e., via upregulation of VEGF-C.

Inflammatory lymphangiogenesis can be observed not only in inflamed periph-

eral tissue (extranodal lymphangiogenesis) but also in its draining LNs (intranodal

lymphangiogensis) and even in uninvolved peripheral tissue that drains to the same

lymph node [126]. Moreover, chronic inflammation in autoimmunity, graft rejec-

tion, or chronic infection induces accumulation of lymphoid cells that resemble

LNs and are termed “tertiary lymphoid organs.” They occur, e.g., in thyroiditis,

sialitis, rheumatoid arthritis, and chronic kidney graft rejection, and are the sites of

locally perpetuating autoimmune reactions that support autoantigenic epitope

spreading [133]. Lymphangiogenesis within these “tertiary lymphoid organs” is

also known to take place [28].

Pathophysiology of lymphangiogenesis at these different sites largely overlaps.

Nevertheless, because of the structure and function of LNs, intranodal

lymphangiogenesis mechanisms appear to be more complicated than in inflamed

peripheral tissue. LNs collect lymph flowing from multiple areas, heavily populated

with various immune cells and, consequently, are the site of tense microenviron-

ment where vigorous immune reactions take place. Like in extranodal

lymphangiogenesis, during inflammation in LNs the main signaling pathways are

VEGF-C/VEGF-D-VEGFR-3, and VEGF-A-VEGFR-2. The main source of these

cytokines are follicular B cells [126, 134], CD11b macrophages (migrated from the

peripheral tissue) [112, 135], and fibroblast-type reticular stromal cells [136].

Several key TNF family members, lymphotoxin λ and LIGHT (homologous to

lymphotoxins), have also been shown to play significant roles in intranodal

lymphangiogenesis [28, 137, 138]. In addition, intranodal lymphangiogenesis can

be regulated not only by the local intranodal signals but also by remote inflamma-

tory factors transported via lymphatics from inflamed tissue into the draining LNs

[126].

The most unique features of intranodal lymphangiogenesis are the strong nega-

tive regulatory mechanisms. VEGF-A, which initially promotes lymphangiogenesis

and angiogenesis within LNs, was demonstrated to suppress certain aspects of the

ensuing immune responses at the later phase of lymphangiogenesis within LNs

[134]. T cells, which constitutionally reside in large quantities inside LNs, appear to

antagonize B cell-driven lymphangiogenesis in the lymph node via interferon-γ
signals [139]. TGF-β inhibits lymphangiogenesis, either in cultured human LECs,

as well as in inflammatory settings and tumors [60, 140, 141]. This negative

regulation indicates that lymphangogenesis in LNs is determined by the balance

between pro-lymphangiogenic and anti-lymphangiogenic molecules, produced
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locally in lymph node and drained from the peripheral tissue [112, 142]. That

explains, e.g., that LPS injection promotes intranodal lymphangiogenesis, whereas

concanavalin-A, as T cell mitogen, does not, although both agents induce potent

inflammatory reactions in the skin [142]. Negative regulation of lymphangogenesis

within LNs also comprises mechanisms for regression of inflammation-induced

lymphangiogenesis during resolution of inflammation [143]. Indeed, when inflam-

mation in lymph node resolves, newly formed intranodal lymphatic vessels readily

regress [142, 144]. It is in contrast to newly formed lymphatic vessels in peripheral

tissues, which may persist after the resolution of chronic inflammation for at least

12 weeks [101, 111]. This relative stability of newly formed lymphatic vessels in

chronic inflammation within peripheral tissues also clearly differs from the

corresponding changes in newly formed blood vessels which rapidly regress after

inflammation is resolved [101]. The mechanism and biological significance of this

difference is unknown. Possibly, it may reflect long-term microenvironment

remodeling of peripheral tissue that prepares more efficiently the immune system

for potentially repeatable inflammatory episodes [143].

2.3.2 Lymphangiogenesis in Cancer

Lymphatic metastases represent the first site of tumor dissemination in many solid

tumors. Haematogenous metastasis can occur without sentinel lymph node (SLN)

metastasis, but likely in a minority of cases [75, 145]. Status of LNs metastasis

plays a major role in cancer staging, prognosis, and applied therapy in most human

malignancies.

Historically, lymphatic vessels were regarded as a passive contributor in tumor

pathophysiology that simply provides channels for tumor cells to transit to LNs.

Recent studies have highlighted a much more complex, active role of the lymphatic

vasculature in tumor spread. Tumor-associated lymphatics are not only routes for

cancer cells, but they directly facilitate tumor spreading and also comprise an active

link between tumor and immunological system [146]. Lymphangiogenesis and

tumor metastatic process are mediated by a complex series of interactions between

tumor cells, inflammatory cells, endothelial cells, extracellular matrix components

and multiple growth factors, chemokines, cytokines, and stromal molecules

secreted by them [146].

Studies of several types of cancers overwhelmingly show that lymphovascular

invasion of the tumor and lymphatic vessel density (LVD) detected by immunohis-

tochemistry correlate with LNs and distant metastasis and with poor prognosis

[147].

The most important signaling pathway in tumor-induced lymphangiogenesis is,

like in developmental lymphangiogenesis, VEGF-C–VEGFR-3 axis. VEGF-D is

also overexpressed in tumors and its acting resembles that of VEGF-C, but it has

been much less studied than VEGF-C [148]. The main sources of VEGF-C are

tumor cells and tumor macrophages [149]; however, it may be also produced by

many other inflammatory cells that infiltrate tumor site [1].
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Studies in mouse tumor models showed that stimulation by VEGF-C results in

lymphatic vessel growth and sprouting, both within the tumor and peripherally

around the tumor [150]. VEGF-C also promotes formation of intercellular gaps,

which facilitate tumor cell entry into the lymphatic vessels, and circumferential

dilation of collecting vessels, leading to increased flow rates of lymph and enhanced

passage of clusters of tumor cells to the sentinel LNs [1, 151]. Forced expression of

VEGF-C or VEGF-D in tumor results in lymphangiogenesis and increased tumor

dissemination to regional LNs, even in tumors that normally do not metastasize [3,

150]. Conversely, inhibiting the VEGF-C/VEGF-D–VEGFR-3 pathway results in

decreasing by approximately 60–70 % of LNs metastasis in a variety of experimen-

tal tumor models, including melanoma, fibrosarcoma, breast cancer, lung cancer,

and gastric cancer [152]. An increasing number of studies in human cancers,

including prostate, gastric, thyroid, colorectal, esophageal, and lung carcinoma

also have shown a strong correlation between the expression of VEGF-C (or

VEGF-D), tumor lymphangiogenesis, lymph node and distant organ metastasis,

and poor prognosis of survival [1, 3, 151, 153].

VEGF-A is also expressed in tumors, and its overexpression has also been shown

to strongly promote lymphangiogenesis within primary tumor and sentinel LNs,

and to endorse lymph node metastasis [154].

Lymphangiogenesis within tumor begins at least 1 week after the beginning of

angiogenesis [151]. That indicates that tumor lymphangiogenesis is regulated not

only by lymphangiogenic growth signals but also by tumor-specific microenviron-

mental factors. They may include interstitial pressure due to leaky tumor blood

vessels and mechanical pressure due to the proliferating tumor cells [155]. Tumor-

associated lymphatics are formed mainly by sprouting and splitting from

preexisting lymphatic vessels in surrounding tissues [156]. There is also evidence

that bone marrow-derived cells have ability to differentiate into LECs [25]; how-

ever, it was demonstrated that this contribution of LECs within tumor-associated

lymphatics amounts to approximately 3 % [26].

Although the main molecular pathways of lymphangiogenesis during develop-

ment and in cancer are similar, there are several characteristic features of tumor-

associated lymphangiogenesis. During embryogenesis, prolymphangiogenic

factors, including VEGF-C, are secreted by BECs and SMCs to induce lymphatic

vessel development in a highly organized manner. Tumor site is the area of acting

of multiple cytokines, growth factors, proteinases that affect lymphangiogenesis,

and are produced not only by BECs and SMCs, but also by tumor cells, tumor

infiltrating immune cells, and tumor stromal cells [146, 155]. These

lymphangiogenic factors are not secreted in the specific, accurate order, like during

embryogenesis, but totally in a chaotic manner. That causes that the tumor-

associated lymphatic vessels are disorganised and without hierarchical vascular

arrangement. Lymphatics within tumor are also patchy and not homogenously

distributed within tumors. They rather grow in necrotic areas or peripheral regions

of tumor mass. Therefore, it is still controversial whether intratumoral lymphatics

are functional and vital for lymphatic metastasis [147, 155]. Especially, mechanis-

tic studies have elucidated that intratumoral lymphatic vessels may be poorly
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functional due to high intratumoral pressure [152]. Conversely, lymphatic vessels

in the tumor periphery are functional and can drain colloids from the tumor site [1,

151, 152].

To spread from the primary tumor and establish metastases in LNs, tumor cells

have to disconnect from the tumor mass, enter lymphatic vessels by interaction with

LECs, survive during the passage in lymphatic vessels, and escape from immune

surveillance to form metastatic foci [139].

Immune cells that infiltrate tumor stroma facilitate tumor progression via the

remodeling of intratumoral ECM and induction of intratumoral angiogenesis and

lymphangiogenesis [157]. Macrophages are the major components of infiltrating

inflammatory cells in tumor mass [158]. They are attracted by VEGF-C secreted by

tumor cells and then, in turn, secrete prolymphangiogenic factors which stimulate

the process of tumor lymphangiogenesis [157]. Other immune cells are also

recruited to most tumors and contribute to lymphangiogenesis, e.g., tumor-

associated LECs recruit leukocytes via secreting various chemokines. Infiltrating

leukocytes modulate tumor-associated vascular growth and tumor progression, e.g.,

by secreting angiogenic and lymphangiogenic factors [155]. Tumor-associated

fibroblasts produce high quantities of hyaluronan that promotes tumor

lymphangiogenesis, presumably by stimulating malignant cells to secrete specific

lymphangiogenic factors [159].

Lymphatic vessels themselves also may facilitate tumor cell recruitment into

lymphatic vessels. LECs activated by factors produced by tumors, such as VEGF-

C, produce chemokines that can guide tumor cells toward the lymphatic vessels,

utilizing similar mechanisms as in inflammation. For example, CCL21 and

CXCL12, produced by LECs, appear to attract some tumor cells that express their

receptors, accordingly CCR7 and CXCR4 [115, 160, 161]. These chemokines and

their receptors play a critical role in mediating lymphatic cancer metastasis. CCL21

secreted by LECs, but also by tumor cells, has also been suggested to participate in

the modulation of tumor microenvironment to be immunotolerant [160]. Moreover,

alterations of the lymphatic endothelial junctions and expression of cell adhesion

molecules by LECs, like CLEVER-1, may also play a role in tumor-induced

metastasis via lymphatics [162].

In comparison with the low survival rate of tumor cells in blood circulation, it

seems that tumor cells are ready to survive and proliferate in LNs and even in

lymphatic vessels when the flow is blocked [151, 163]. It was shown that tumor

cells become highly invasive after they spread further from LNs [164]. That

indicates that tumor cells could acquire some capacity of leukocytes for vascular

invasion [165].

Recent studies have demonstrated that lymphangiogenesis occurs not only at the

primary site but also within draining LNs, even before tumor cells colonize the

nodes [166, 167]. This “seed-and-soil” theory suggests that “the seed” (cancer) can

remotely modify “the soil” (lymph node) to prepare it for its later arrival. The

expansion of lymphatic network in the sentinel LNs is mediated mainly by remote

secretion of VEGF-C and VEGF-A at the primary tumor site, from which they are

transported via lymphatic vessels [167]. The induction of lymphangiogenesis
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within LNs strongly promotes cancer metastasis to distant LNs and organs. Arrival

of metastatic cells further enhances lymphangiogenesis in lymph nodes [167].

Increased levels of lymphangiogenic growth factors are found in blood of cancer

patients and they correlate with reduced survival. It indicates that tumor-derived

prolymphangiogenic factors can act not only within sentinel LNs but more gener-

ally [168]. VEGF-A, for example, was shown to mobilize bone marrow precursor

cells at concentrations typically found in the blood of cancer patients [169]. Thus,

there might be the mechanisms by which tumor cells prepare distant organs for their

metastases; however, this remains to be further investigated [168].

The scheme of lymphangiogenesis in cancer is presented in Fig. 2.2.

2.3.3 Lymphangiogenesis in Hypertension

Recent experimental studies on rats (DSS—Dahl’s salt sensitive rats) have

demonstrated that lymphatic vessels may play a crucial role in the pathogenesis

of hypertension.

A high salt diet in DSS rats induces hypertension and sodium accumulation

within skin glycosaminoglycans. The local hypertonicity in the skin interstitium

promotes macrophages infiltration [170, 171]. They express tonicity-responsive

enhancer binding protein (TonEBP), a transcription factor of vascular endothelial

growth factor-C (VEGF-C) [171]. VEGF-C, secreted by macrophages, stimulates

not only lymphangiogenesis but also induces endothelial nitric oxide synthase

(eNOS) expression. Lymphangiogenesis in the skin of rats on high salt diet was

displayed by both increased number of lymph capillaries and also by its increased

diameters, reflecting hyperplasia of the preexisting lymph capillary network in

response to dietary salt loading [171]. Macrophages infiltration into the skin in

response to osmotic stress induces the TonEBP/VEGF-C regulatory axis without

concomitant TNFλ expression. It proves that skin lymphangiogenesis in response to

osmotic stress differs from inflammatory lymphangiogenesis [172].

Macrophages-driven lymphangiogenesis and increased nitric oxide (NO) pro-

duction are like buffering system to maintain blood pressure in the states of high salt

load. New, hyperplastic, and dilated lymph vessels are enabled to efficiently drain

increased interstitial fluid. Inhibition of these buffering mechanisms in the skin of

rats on high salt diet (by macrophages depletion or inhibition of VEGF-C signaling)

aggravates salt-sensitive hypertension. Further researches should elucidate if these

mechanisms can lead to additional regulation of blood pressure in humans.

2.4 Therapeutic Modulation of Lymphangiogenesis

Pro- and anti-lymphangiogenic therapies are still in experimental phase. Studies on

therapeutic modulation of lymphangiogenesis are currently conducted on animal

models (Table 2.2). However, as more insights on the molecular pathways of

lymphatic differentiation emerge, novel potential targeted therapies might be

established.
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Fig. 2.2 Lymphangiogenesis in cancer

50 A. Chachaj and A. Szuba



2.4.1 Pro- and Anti-lymphangiogenic Therapy in Inflammatory
Disorders

Anti-lymphangiogenic therapies using monoclonal antibodies against VEGFR-

2 (anti-VEGFR-2 Ab) inhibit angiogenesis and lymphangiogenesis in animal

models of psoriasis [173, 174] and chronic skin inflammation [175] and have

produced promising results in preclinical studies. Similarly, treatment with

anti-VEGFR-2 Ab in mouse model of rheumatoid arthritis impeded both

lymphangiogenesis and joint inflammation [176].

Conversely, therapy with monoclonal antibodies against VEGFR-3

(anti-VEGFR-3 Ab) in the same model of rheumatoid arthritis resulted in the

intensification of inflammation, despite inhibition of lymphangiogenesis [176].

Anti-VEGFR-3 Ab was also used in mouse model of chronic skin inflammation

and the results were similar. This therapy prolonged inflammatory edema formation

regardless of inhibition of lymphangiogenesis. In contrast, increased production of

VEGF-C or VEGF-D reduced severity of both chronic and acute skin inflammation

and diminished dermal edema, by enhanced lymphatic drainage from the area of

inflammation [109, 175].

Pro-lymphangiogenic therapy was also successfully applied in mouse model of

acute UVB-induced inflammation of the skin. UVB irradiation of the skin causes

enlargement of lymphatic vessels with impairment of their clearance function and

inflammatory macrophage infiltration in the cutis. These symptoms were associated

with downregulation of VEGF-C expression. Activation of VEGF-C-VEGFR-3

Table 2.2 Therapeutic modulation of lymphangiogenesis established in different diseases on

animal models

Pro-lymphangiogenic

therapies Anti-lymphangiogenic therapies

Therapy in inflammation

VEGF-C, VEGF-D Anti-VEGF-2 Ab

� In acute UVB-induced

inflammation

� In chronic skin

inflammation

� In psoriasis

� In rheumatoid arthritis

� In chronic skin inflammation

Therapy in graft rejection

Anti-VEGFR-3 Ab

Inhibitor of Ang2 (?)

Therapy in secondary lymphedema

VEGF-C, VEGF-D

Therapy in cancer

1. Inhibitors of VEGF-C—VEGFR-3 axis (anti-VEGR-3 Ab,

soluble VEGFR-3, anti Nrp2, indoline (MAZ51), enediynyl peptide

inhibitor celecoxib)

2. Hyperforin, aristoforin

3. Antagonists of integrin α4β1
4. Inhibitors of VEGF-A pathway
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signaling pathway via injection of VEGF-C reversed the effects caused by UVB

irradiation and might represent a strategy to treat or prevent cutaneous

photodamage [106].

Although pro-lymphangiogenic therapies seem to be beneficial in acute and

chronic inflammatory disorders, they also have their risks. Endorsement of lym-

phatic drainage theoretically may result in increased systemic exposure to unfiltered

pathogens and inflammatory mediators. In addition, stimulation of lymphatic vessel

growth in cancer patients may enhance metastatic spread and modulation of the

immune system.

2.4.2 Anti-lymphangiogenic Therapy in Graft Rejection

Another major application of anti-lymphangiogenic treatments has been attempted

to control allogenic immune response in organ transplantation.

Increased lymphangiogenesis after organ transplantation enhances delivery of

antigen-presenting cells to draining LNs and provokes unwanted immune responses

[177, 178].

Preventing graft rejection after transplantation were investigated by application

of anti-VEGFR-3 Ab in animal models of transplanted cornea [179] and pancreas

islet cells [177]. Suppression of lymphangiogenesis in these experimentally

designed transplantations improves survival of cornea and pancreatic islet cells

[177]. It has been suggested that short-term selective inhibition of

lymphangiogenesis before transplantation might help prevent early postoperative

access of inflammatory cells to the lymphatic system and in this manner improve

overall graft survival [178]. In addition, the novel anti-lymphangiogenic

candidate—inhibitor of Ang-2—may prevent graft rejection [180].

2.4.3 Pro-lymphangiogenic Therapy in Secondary Lymphedema

VEGF-C gene transfer via adenoviruses, adeno-associated viruses, or naked

plasmids, as well as the application of recombinant VEGF-C protein represent

novel promising therapies for lymphedema. Accordingly, VEGF-C gene therapies

were shown to stimulate formation of new lymphatic capillaries and alleviated

edema in preclinical animal models of primary or secondary lymphedema [1, 181].

Pro-lymphagiogenic therapy was also used as a part of experimental LNs

transplantation in mouse model of axillary lymphadenectomy. It was demonstrated

that collecting lymphatic vessels can be regenerated and fused to LNs transplants

after LNs removal. Treatment with adenovirally delivered VEGF-C or VEGF-D

induced robust growth of the lymphatic capillaries, which matured and became

functional. VEGF-C therapy improved also the success of LNs survival. Without

application of VEGF-C the transplantation would lead to atrophy of LNs structure.

LNs transplantation associated with VEGF-C therapy provides thus a working

model for treating individuals with secondary lymphedema due to cancer [182].
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2.4.4 Anti-lymphangiogenic Therapy in Cancer

Blocking tumor-induced lymphangiogenesis has emerged as an attractive therapeu-

tic goal in cancer treatment. Although over the past two decades many key factors

have been identified as important regulators for tumor lymphangiogenesis, the

major focus in anti-lymphangiogenic therapy has been targeting VEGF-C/

D–VEGFR-3 signaling pathway [183]. Many experimental mouse models of

tumor lymphangiogenesis have been employed to test different approaches for

repressing this signaling pathway. Preclinical and clinical trials on animal models

of many types of cancer using antibodies to neutralize lymphatic growth factors,

anti-VEGFR-3 Ab or soluble VEGFR-3, demonstrated reduction of tumor

lymphangiogenesis and, to varying degrees, metastasis to LNs and distant organs

[151, 184–187]. Experiments using indirect approaches to inhibit VEGF-

C–VEGFR-3 signaling axis, e.g., with antibodies against the Nrp-2 [188], with

enediynyl peptide inhibitor, that has been developed to block the furin-mediated

processing of pro-VEGF-C to mature VEGF-C [189], with indoline (MAZ51), that

is able to inhibit activation of VEGFR-3 in response to ligands [190, 191], or with

celecoxib (COX-2 inhibitor), that causes downregulation of VEGF-C expression

[192], showed similar results.

Beyond inhibiting VEGF-C/D—VEGFR-3 signaling pathway, a variety of other

lymphangiogenesis inhibitors have been defined and developed. Among them is

hyperforin, and his synthetic form—aristoforin. Both of them have potent

antitumor, anti-angiogenesis, and anti-lymphangiogenesis properties [193]. At

low concentrations of both substances, LECs enter cell-cycle arrest, whereas higher

concentrations induce apoptosis of LECs [193]. Antagonists of integrin α4β1 were

also demonstrated to significantly inhibit lymphangiogenesis in wound healing and

pathologic lymphangiogenesis in skin tumor models [194].

Although these anti-lymphangiogenic therapies in cancer have encouraging

results tested in animal models, they may cause possible significant side effects in

humans [168]. Fluid homeostasis requires an intact lymphatic system and inhibition

of lymphangiogenesis may increase the risk of lymphedema. Theoretically,

therapies that inhibit VEGF-C/D—VEGFR-3 signaling should be safe for

preexisting lymphatic vessels in the adults, because VEGF-C/D—VEGFR-3 sig-

naling is not required for the maintenance of preexisting lymphatic vasculature

[186]. Indeed, inhibition of the VEGFR-3 pathway in adult mice did not affect

normal lymphatic vessels [99]. Nevertheless, the risk of lymphedema during

such therapies have to be taken into account. In addition, inhibition of

lymphangiogenesis may interfere with physiological processes such as wound

healing or tissue regeneration, and preexisting vessels that will be not affected

by targeted therapy may serve as potential routes for cancer cell dissemination

[168, 195].

Tyrosine kinase inhibitors of the VEGF-A pathway, as inhibitors of angiogenesis

and lymphangiogenesis, are being evaluated in clinical trials in advanced colorectal

cancer, renal cell, breast, and non-small-cell lung cancer. Although they have some

anti-lymphangiogenic properties, they are focused on anti-angiogenic and
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anti-tumor growth effects, and not anti-lymphangiogenic ones [183]. It was

demonstrated that these inhibitors are well tolerated, display low toxicity, and

have beneficial effects on overall and regression-free survival. However, there are

also observations that they inhibit only tumor growth and angiogenesis but not LNs

metastasis. Therefore, applying a combination of inhibitors of both, VEGF-A and

VEGF-C, possibly may be more effective in inhibition of tumor progression [196].

References

1. Alitalo K, Tammela T, Petrova TV (2005) Lymphangiogenesis in development and human

disease. Nature 438:946–953

2. Xu F, Stouffer RL (2009) Existence of the lymphatic system in the primate corpus luteum.

Lymphat Res Biol 7:159–168

3. Achen MG, McColl BK, Stacker SA (2005) Focus on lymphangiogenesis in tumor metasta-

sis. Cancer Cell 7:121–127

4. Karpanen T, Alitalo K (2008) Molecular biology and pathology of lymphangiogenesis. Annu

Rev Pathol 3:367–397

5. Breier G, Breviario F, Caveda L, Berthier R, Schnurch H, Gotsch U, Vestweber D, Risau W,

Dejana E (1996) Molecular cloning and expression of murine vascular endothelial-cadherin

in early stage development of cardiovascular system. Blood 87:630–641

6. Wigle JT, Oliver G (1999) Prox1 function is required for the development of the murine

lymphatic system. Cell 98:769–778

7. van der Putte SC (1975) The development of the lymphatic system in man. Adv Anat

Embryol Cell Biol 51:3–60

8. Lewis FT (1909) On the cervical veins and lymphatics in four human embryos. With an

interpretation of anomalies of the subclavian and jugular veins in the adult. Am J Anat

9:33–43

9. Sabin FR (1909) The lymphatic system in human embryos, with consideration of the system

as a whole. Am J Anat 9:43–91

10. Faul JL, Berry GJ, Colby TV, Ruoss SJ, Walter MB, Rosen GD, Raffin TA (2000) Thoracic

lymphangiomas, lymphangiectasis, lymphangiomatosis, and lymphatic dysplasia syndrome.

Am J Respir Crit Care Med 161:1037–1046

11. Wiegand S, Eivazi B, Barth PJ, von Rautenfeld DB, Folz BJ, Mandic R, Werner JA (2008)

Pathogenesis of lymphangiomas. Virchows Arch 453:1–8

12. Sabin F (1902) On the origin of the lymphatics system from the veins and the development of

the lymph hearts and thorarcic duct in the pig. Am J Anat 1:367–391

13. Sabin F (1904) On the development of the superficial lymphatics in the skin of the pig. Am J

Anat 3:183–195

14. Srinivasan RS, Dillard ME, Lagutin OV, Lin FJ, Tsai S, Tsai MJ, Samokhvalov IM, Oliver G

(2007) Lineage tracing demonstrates the venous origin of the mammalian lymphatic vascu-

lature. Genes Dev 21:2422–2432

15. Yaniv K, Isogai S, Castranova D, Dye L, Hitomi J, Weinstein BM (2006) Live imaging of

lymphatic development in the zebrafish. Nat Med 12:711–716

16. Karkkainen MJ, Haiko P, Sainio K, Partanen J, Taipale J, Petrova TV, Jeltsch M, Jackson

DG, Talikka M, Rauvala H, Betsholtz C, Alitalo K (2004) Vascular endothelial growth factor

C is required for sprouting of the first lymphatic vessels from embryonic veins. Nat Immunol

5:74–80

17. Oliver G (2004) Lymphatic vasculature development. Nat Rev Immunol 4:35–45

18. Huntington GC, Mc Clure CFW (1910) The anatomy and development of the jugular lymph

sacs in the domestic cat (Felis domestica). Am J Anat 10:177–311

54 A. Chachaj and A. Szuba



19. Wilting J, Aref Y, Huang R, Tomarev SI, Schweigerer L, Christ B, Valasek P, Papoutsi M

(2006) Dual origin of avian lymphatics. Dev Biol 292:165–173

20. Buttler K, Kreysing A, von Kaisenberg CS, Schweigerer L, Gale N, Papoutsi M, Wilting J

(2006) Mesenchymal cells with leukocyte and lymphendothelial characteristics in murine

embryos. Dev Dyn 235:1554–1562

21. Buttler K, Ezaki T, Wilting J (2008) Proliferating mesodermal cells in murine embryos

exhibiting macrophage and lymphendothelial characteristics. BMC Dev Biol 8:43

22. Ran S, Montgomery KE (2012) Macrophage-mediated lymphangiogenesis: the emerging role

of macrophages as lymphatic endothelial progenitors. Cancers (Basel) 4:618–657

23. Asahara T, Kawamoto A (2004) Endothelial progenitor cells for postnatal vasculogenesis.

Am J Physiol Cell Physiol 287:C572–579

24. Religa P, Cao R, Bjorndahl M, Zhou Z, Zhu Z, Cao Y (2005) Presence of bone marrow-

derived circulating progenitor endothelial cells in the newly formed lymphatic vessels. Blood

106:4184–4190

25. Maruyama K, IiM, Cursiefen C, JacksonDG, KeinoH, TomitaM, Van Rooijen N, Takenaka H,

D’Amore PA, Stein-Streilein J, Losordo DW, Streilein JW (2005) Inflammation-induced

lymphangiogenesis in the cornea arises from CD11b-positive macrophages. J Clin Invest

115:2363–2372

26. Zumsteg A, Baeriswyl V, Imaizumi N, Schwendener R, Ruegg C, Christofori G (2009)

Myeloid cells contribute to tumor lymphangiogenesis. PLoS One 4:e7067

27. Grunewald M, Avraham I, Dor Y, Bachar-Lustig E, Itin A, Jung S, Chimenti S, Landsman L,

Abramovitch R, Keshet E (2006) VEGF-induced adult neovascularization: recruitment,

retention, and role of accessory cells. Cell 124:175–189

28. Mounzer RH, Svendsen OS, Baluk P, Bergman CM, Padera TP, Wiig H, Jain RK, McDonald

DM, Ruddle NH (2010) Lymphotoxin-alpha contributes to lymphangiogenesis. Blood

116:2173–2182

29. Fraser JR, Kimpton WG, Laurent TC, Cahill RN, Vakakis N (1988) Uptake and degradation

of hyaluronan in lymphatic tissue. Biochem J 256:153–158

30. Gale NW, Prevo R, Espinosa J, Ferguson DJ, Dominguez MG, Yancopoulos GD, Thurston G,

Jackson DG (2007) Normal lymphatic development and function in mice deficient for the

lymphatic hyaluronan receptor LYVE-1. Mol Cell Biol 27:595–604

31. Hong YK, Harvey N, Noh YH, Schacht V, Hirakawa S, Detmar M, Oliver G (2002) Prox1 is a

master control gene in the program specifying lymphatic endothelial cell fate. Dev Dyn

225:351–357

32. Francois M, Caprini A, Hosking B, Orsenigo F, Wilhelm D, Browne C, Paavonen K,

Karnezis T, Shayan R, Downes M, Davidson T, Tutt D, Cheah KS, Stacker SA, Muscat

GE, Achen MG, Dejana E, Koopman P (2008) Sox18 induces development of the lymphatic

vasculature in mice. Nature 456:643–647

33. Srinivasan RS, Geng X, Yang Y, Wang Y, Mukatira S, Studer M, Porto MP, Lagutin O,

Oliver G (2010) The nuclear hormone receptor Coup-TFII is required for the initiation and

early maintenance of Prox1 expression in lymphatic endothelial cells. Genes Dev 24:696–707

34. Irrthum A, Devriendt K, Chitayat D, Matthijs G, Glade C, Steijlen PM, Fryns JP, Van

Steensel MA, Vikkula M (2003) Mutations in the transcription factor gene SOX18 underlie

recessive and dominant forms of hypotrichosis-lymphedema-telangiectasia. Am J Hum

Genet 72:1470–1478

35. Lin FJ, Chen X, Qin J, Hong YK, Tsai MJ, Tsai SY (2010) Direct transcriptional regulation of

neuropilin-2 by COUP-TFII modulates multiple steps in murine lymphatic vessel develop-

ment. J Clin Invest 120:1694–1707

36. Kaipainen A, Korhonen J, Mustonen T, van Hinsbergh VW, Fang GH, Dumont D, Breitman

M, Alitalo K (1995) Expression of the fms-like tyrosine kinase 4 gene becomes restricted to

lymphatic endothelium during development. Proc Natl Acad Sci USA 92:3566–3570

2 Developmental and Pathological Lymphangiogenesis 55



37. Dumont DJ, Jussila L, Taipale J, Lymboussaki A, Mustonen T, Pajusola K, Breitman M,

Alitalo K (1998) Cardiovascular failure in mouse embryos deficient in VEGF receptor-3.

Science 282:946–949

38. Karkkainen MJ, Saaristo A, Jussila L, Karila KA, Lawrence EC, Pajusola K, Bueler H,

Eichmann A, Kauppinen R, Kettunen MI, Yla-Herttuala S, Finegold DN, Ferrell RE, Alitalo

K (2001) A model for gene therapy of human hereditary lymphedema. Proc Natl Acad Sci

USA 98:12677–12682

39. Karkkainen MJ, Ferrell RE, Lawrence EC, Kimak MA, Levinson KL, McTigue MA, Alitalo

K, Finegold DN (2000) Missense mutations interfere with VEGFR-3 signalling in primary

lymphoedema. Nat Genet 25:153–159

40. Achen MG, Jeltsch M, Kukk E, Makinen T, Vitali A, Wilks AF, Alitalo K, Stacker SA (1998)

Vascular endothelial growth factor D (VEGF-D) is a ligand for the tyrosine kinases VEGF

receptor 2 (Flk1) and VEGF receptor 3 (Flt4). Proc Natl Acad Sci USA 95:548–553

41. Baldwin ME, Catimel B, Nice EC, Roufail S, Hall NE, Stenvers KL, Karkkainen MJ, Alitalo

K, Stacker SA, Achen MG (2001) The specificity of receptor binding by vascular endothelial

growth factor-d is different in mouse and man. J Biol Chem 276:19166–19171

42. Millauer B, Wizigmann-Voos S, Schnurch H, Martinez R, Moller NP, Risau W, Ullrich A

(1993) High affinity VEGF binding and developmental expression suggest Flk-1 as a major

regulator of vasculogenesis and angiogenesis. Cell 72:835–846

43. Cao R, Eriksson A, Kubo H, Alitalo K, Cao Y, Thyberg J (2004) Comparative evaluation of

FGF-2-, VEGF-A-, and VEGF-C-induced angiogenesis, lymphangiogenesis, vascular

fenestrations, and permeability. Circ Res 94:664–670

44. Kubo H, Cao R, Brakenhielm E, Makinen T, Cao Y, Alitalo K (2002) Blockade of vascular

endothelial growth factor receptor-3 signaling inhibits fibroblast growth factor-2-induced

lymphangiogenesis in mouse cornea. Proc Natl Acad Sci USA 99:8868–8873

45. Saaristo A, Veikkola T, Enholm B, Hytonen M, Arola J, Pajusola K, Turunen P, Jeltsch M,

Karkkainen MJ, Kerjaschki D, Bueler H, Yla-Herttuala S, Alitalo K (2002) Adenoviral

VEGF-C overexpression induces blood vessel enlargement, tortuosity, and leakiness but no

sprouting angiogenesis in the skin or mucous membranes. FASEB J 16:1041–1049

46. Kukk E, Lymboussaki A, Taira S, Kaipainen A, Jeltsch M, Joukov V, Alitalo K (1996)

VEGF-C receptor binding and pattern of expression with VEGFR-3 suggests a role in

lymphatic vascular development. Development 122:3829–3837

47. Byzova TV, Goldman CK, Jankau J, Chen J, Cabrera G, Achen MG, Stacker SA, Carnevale

KA, Siemionow M, Deitcher SR, DiCorleto PE (2002) Adenovirus encoding vascular

endothelial growth factor-D induces tissue-specific vascular patterns in vivo. Blood

99:4434–4442

48. Baldwin ME, Halford MM, Roufail S, Williams RA, Hibbs ML, Grail D, Kubo H, Stacker

SA, Achen MG (2005) Vascular endothelial growth factor D is dispensable for development

of the lymphatic system. Mol Cell Biol 25:2441–2449

49. Karpanen T, Heckman CA, Keskitalo S, Jeltsch M, Ollila H, Neufeld G, Tamagnone L,

Alitalo K (2006) Functional interaction of VEGF-C and VEGF-D with neuropilin receptors.

FASEB J 20:1462–1472

50. Yuan L, Moyon D, Pardanaud L, Breant C, Karkkainen MJ, Alitalo K, Eichmann A (2002)

Abnormal lymphatic vessel development in neuropilin 2 mutant mice. Development

129:4797–4806

51. Xu Y, Yuan L, Mak J, Pardanaud L, Caunt M, Kasman I, Larrivee B, Del Toro R, Suchting S,

Medvinsky A, Silva J, Yang J, Thomas JL, Koch AW, Alitalo K, Eichmann A, Bagri A

(2010) Neuropilin-2 mediates VEGF-C-induced lymphatic sprouting together with VEGFR3.

J Cell Biol 188:115–130

52. Takashima S, Kitakaze M, Asakura M, Asanuma H, Sanada S, Tashiro F, Niwa H, Miyazaki

Ji J, Hirota S, Kitamura Y, Kitsukawa T, Fujisawa H, Klagsbrun M, Hori M (2002) Targeting

of both mouse neuropilin-1 and neuropilin-2 genes severely impairs developmental yolk sac

and embryonic angiogenesis. Proc Natl Acad Sci USA 99:3657–3662

56 A. Chachaj and A. Szuba



53. Oliver G, Srinivasan RS (2008) Lymphatic vasculature development: current concepts. Ann

N Y Acad Sci 1131:75–81

54. Taniguchi K, Kohno R, Ayada T, Kato R, Ichiyama K, Morisada T, Oike Y, Yonemitsu Y,

Maehara Y, Yoshimura A (2007) Spreds are essential for embryonic lymphangiogenesis by

regulating vascular endothelial growth factor receptor 3 signaling. Mol Cell Biol

27:4541–4550

55. Abtahian F, Guerriero A, Sebzda E, Lu MM, Zhou R, Mocsai A, Myers EE, Huang B,

Jackson DG, Ferrari VA, Tybulewicz V, Lowell CA, Lepore JJ, Koretzky GA, Kahn ML

(2003) Regulation of blood and lymphatic vascular separation by signaling proteins SLP-76

and Syk. Science 299:247–251

56. Fritz-Six KL, Dunworth WP, Li M, Caron KM (2008) Adrenomedullin signaling is necessary

for murine lymphatic vascular development. J Clin Invest 118:40–50

57. Hirashima M, Sano K, Morisada T, Murakami K, Rossant J, Suda T (2008) Lymphatic vessel

assembly is impaired in Aspp1-deficient mouse embryos. Dev Biol 316:149–159

58. Langton PF, Colombani J, Aerne BL, Tapon N (2007) Drosophila ASPP regulates C-terminal

Src kinase activity. Dev Cell 13:773–782

59. Yoon CM, Hong BS, Moon HG, Lim S, Suh PG, Kim YK, Chae CB, Gho YS (2008)

Sphingosine-1-phosphate promotes lymphangiogenesis by stimulating S1P1/Gi/PLC/Ca2+

signaling pathways. Blood 112:1129–1138

60. Clavin NW, Avraham T, Fernandez J, Daluvoy SV, Soares MA, Chaudhry A, Mehrara BJ

(2008) TGF-beta1 is a negative regulator of lymphatic regeneration during wound repair. Am

J Physiol Heart Circ Physiol 295:H2113–2127

61. Cao R, Bjorndahl MA, Religa P, Clasper S, Garvin S, Galter D, Meister B, Ikomi F, Tritsaris

K, Dissing S, Ohhashi T, Jackson DG, Cao Y (2004) PDGF-BB induces intratumoral

lymphangiogenesis and promotes lymphatic metastasis. Cancer Cell 6:333–345

62. Chang LK, Garcia-Cardena G, Farnebo F, Fannon M, Chen EJ, Butterfield C, Moses MA,

Mulligan RC, Folkman J, Kaipainen A (2004) Dose-dependent response of FGF-2 for

lymphangiogenesis. Proc Natl Acad Sci USA 101:11658–11663

63. Bjorndahl M, Cao R, Nissen LJ, Clasper S, Johnson LA, Xue Y, Zhou Z, Jackson D, Hansen

AJ, Cao Y (2005) Insulin-like growth factors 1 and 2 induce lymphangiogenesis in vivo. Proc

Natl Acad Sci USA 102:15593–15598

64. Kajiya K, Hirakawa S, Ma B, Drinnenberg I, Detmar M (2005) Hepatocyte growth factor

promotes lymphatic vessel formation and function. EMBO J 24:2885–2895

65. Banziger-Tobler NE, Halin C, Kajiya K, Detmar M (2008) Growth hormone promotes

lymphangiogenesis. Am J Pathol 173:586–597

66. Breiteneder-Geleff S, Soleiman A, Kowalski H, Horvat R, Amann G, Kriehuber E, Diem K,

Weninger W, Tschachler E, Alitalo K, Kerjaschki D (1999) Angiosarcomas express mixed

endothelial phenotypes of blood and lymphatic capillaries: podoplanin as a specific marker

for lymphatic endothelium. Am J Pathol 154:385–394

67. Schacht V, Ramirez MI, Hong YK, Hirakawa S, Feng D, Harvey N, Williams M, Dvorak

AM, Dvorak HF, Oliver G, Detmar M (2003) T1alpha/podoplanin deficiency disrupts normal

lymphatic vasculature formation and causes lymphedema. EMBO J 22:3546–3556

68. Suzuki-Inoue K, Kato Y, Inoue O, Kaneko MK, Mishima K, Yatomi Y, Yamazaki Y,

Narimatsu H, Ozaki Y (2007) Involvement of the snake toxin receptor CLEC-2, in

podoplanin-mediated platelet activation, by cancer cells. J Biol Chem 282:25993–26001

69. Sebzda E, Hibbard C, Sweeney S, Abtahian F, Bezman N, Clemens G, Maltzman JS, Cheng

L, Liu F, Turner M, Tybulewicz V, Koretzky GA, Kahn ML (2006) Syk and Slp-76 mutant

mice reveal a cell-autonomous hematopoietic cell contribution to vascular development. Dev

Cell 11:349–361

70. Backhed F, Crawford PA, O’Donnell D, Gordon JI (2007) Postnatal lymphatic partitioning

from the blood vasculature in the small intestine requires fasting-induced adipose factor. Proc

Natl Acad Sci USA 104:606–611

2 Developmental and Pathological Lymphangiogenesis 57



71. Maby-El Hajjami H, Petrova TV (2008) Developmental and pathological

lymphangiogenesis: from models to human disease. Histochem Cell Biol 130:1063–1078

72. Albrecht I, Christofori G (2011) Molecular mechanisms of lymphangiogenesis in develop-

ment and cancer. Int J Dev Biol 55:483–494

73. Petrova TV, Karpanen T, Norrmen C, Mellor R, Tamakoshi T, Finegold D, Ferrell R,

Kerjaschki D, Mortimer P, Yla-Herttuala S, Miura N, Alitalo K (2004) Defective valves

and abnormal mural cell recruitment underlie lymphatic vascular failure in lymphedema

distichiasis. Nat Med 10:974–981

74. Dagenais SL, Hartsough RL, Erickson RP, Witte MH, Butler MG, Glover TW (2004) Foxc2

is expressed in developing lymphatic vessels and other tissues associated with lymphedema-

distichiasis syndrome. Gene Expr Patterns 4:611–619

75. Norrmen C, Ivanov KI, Cheng J, Zangger N, Delorenzi M, Jaquet M, Miura N, Puolakkainen

P, Horsley V, Hu J, Augustin HG, Yla-Herttuala S, Alitalo K, Petrova TV (2009) FOXC2

controls formation and maturation of lymphatic collecting vessels through cooperation with

NFATc1. J Cell Biol 185:439–457

76. Fang J, Dagenais SL, Erickson RP, Arlt MF, Glynn MW, Gorski JL, Seaver LH, Glover TW

(2000) Mutations in FOXC2 (MFH-1), a forkhead family transcription factor, are responsible

for the hereditary lymphedema-distichiasis syndrome. Am J Hum Genet 67:1382–1388

77. Augustin HG, Koh GY, Thurston G, Alitalo K (2009) Control of vascular morphogenesis and

homeostasis through the angiopoietin-Tie system. Nat Rev Mol Cell Biol 10:165–177

78. Saharinen P, Kerkela K, Ekman N, Marron M, Brindle N, Lee GM, Augustin H, Koh GY,

Alitalo K (2005) Multiple angiopoietin recombinant proteins activate the Tie1 receptor

tyrosine kinase and promote its interaction with Tie2. J Cell Biol 169:239–243

79. Davis S, Aldrich TH, Jones PF, Acheson A, Compton DL, Jain V, Ryan TE, Bruno J,

Radziejewski C, Maisonpierre PC, Yancopoulos GD (1996) Isolation of angiopoietin-1, a

ligand for the TIE2 receptor, by secretion-trap expression cloning. Cell 87:1161–1169

80. Gale NW, Thurston G, Hackett SF, Renard R, Wang Q, McClain J, Martin C, Witte C, Witte

MH, Jackson D, Suri C, Campochiaro PA, Wiegand SJ, Yancopoulos GD (2002)

Angiopoietin-2 is required for postnatal angiogenesis and lymphatic patterning, and only

the latter role is rescued by Angiopoietin-1. Dev Cell 3:411–423

81. Lee HJ, Cho CH, Hwang SJ, Choi HH, Kim KT, Ahn SY, Kim JH, Oh JL, Lee GM, Koh GY

(2004) Biological characterization of angiopoietin-3 and angiopoietin-4. FASEB J

18:1200–1208

82. Vikkula M, Boon LM, Carraway KL 3rd, Calvert JT, Diamonti AJ, Goumnerov B, Pasyk KA,

Marchuk DA, Warman ML, Cantley LC, Mulliken JB, Olsen BR (1996) Vascular

dysmorphogenesis caused by an activating mutation in the receptor tyrosine kinase TIE2.

Cell 87:1181–1190

83. Makinen T, Adams RH, Bailey J, Lu Q, Ziemiecki A, Alitalo K, Klein R, Wilkinson GA

(2005) PDZ interaction site in ephrinB2 is required for the remodeling of lymphatic vascula-

ture. Genes Dev 19:397–410

84. Zhou F, Chang Z, Zhang L, Hong YK, Shen B, Wang B, Zhang F, Lu G, Tvorogov D,

Alitalo K, Hemmings BA, Yang Z, He Y (2010) Akt/Protein kinase B is required for lymphatic

network formation, remodeling, and valve development. Am J Pathol 177:2124–2133

85. Chen J, Alexander JS, Orr AW (2012) Integrins and their extracellular matrix ligands in

lymphangiogenesis and lymph node metastasis. Int J Cell Biol 2012:853703

86. Gerli R, Solito R, Weber E, Agliano M (2000) Specific adhesion molecules bind anchoring

filaments and endothelial cells in human skin initial lymphatics. Lymphology 33:148–157

87. Vlahakis NE, Young BA, Atakilit A, Sheppard D (2005) The lymphangiogenic vascular

endothelial growth factors VEGF-C and -D are ligands for the integrin alpha9beta1. J Biol

Chem 280:4544–4552

88. Bazigou E, Xie S, Chen C, Weston A, Miura N, Sorokin L, Adams R, Muro AF, Sheppard D,

Makinen T (2009) Integrin-alpha9 is required for fibronectin matrix assembly during lym-

phatic valve morphogenesis. Dev Cell 17:175–186

58 A. Chachaj and A. Szuba



89. Ma GC, Liu CS, Chang SP, Yeh KT, Ke YY, Chen TH, Wang BB, Kuo SJ, Shih JC, Chen M

(2008) A recurrent ITGA9 missense mutation in human fetuses with severe chylothorax:

possible correlation with poor response to fetal therapy. Prenat Diagn 28:1057–1063

90. Danussi C, Spessotto P, Petrucco A, Wassermann B, Sabatelli P, Montesi M, Doliana R,

Bressan GM, Colombatti A (2008) Emilin1 deficiency causes structural and functional

defects of lymphatic vasculature. Mol Cell Biol 28:4026–4039

91. Podgrabinska S, Braun P, Velasco P, Kloos B, Pepper MS, Skobe M (2002) Molecular

characterization of lymphatic endothelial cells. Proc Natl Acad Sci USA 99:16069–16074

92. Hogan BM, Bos FL, Bussmann J, Witte M, Chi NC, Duckers HJ, Schulte-Merker S (2009)

Ccbe1 is required for embryonic lymphangiogenesis and venous sprouting. Nat Genet

41:396–398

93. Alders M, Hogan BM, Gjini E, Salehi F, Al-Gazali L, Hennekam EA, Holmberg EE,

Mannens MM, Mulder MF, Offerhaus GJ, Prescott TE, Schroor EJ, Verheij JB, Witte M,

Zwijnenburg PJ, Vikkula M, Schulte-Merker S, Hennekam RC (2009) Mutations in CCBE1

cause generalized lymph vessel dysplasia in humans. Nat Genet 41:1272–1274

94. Hahn C, Schwartz MA (2009) Mechanotransduction in vascular physiology and atherogene-

sis. Nat Rev Mol Cell Biol 10:53–62

95. Chiquet M, Gelman L, Lutz R, Maier S (2009) From mechanotransduction to extracellular

matrix gene expression in fibroblasts. Biochim Biophys Acta 1793:911–920

96. Rutkowski JM, Swartz MA (2007) A driving force for change: interstitial flow as a

morphoregulator. Trends Cell Biol 17:44–50

97. Goldman J, Conley KA, Raehl A, Bondy DM, Pytowski B, Swartz MA, Rutkowski JM,

Jaroch DB, Ongstad EL (2007) Regulation of lymphatic capillary regeneration by interstitial

flow in skin. Am J Physiol Heart Circ Physiol 292:H2176–2183

98. Ng CP, Helm CL, Swartz MA (2004) Interstitial flow differentially stimulates blood and

lymphatic endothelial cell morphogenesis in vitro. Microvasc Res 68:258–264

99. Karpanen T, Wirzenius M, Makinen T, Veikkola T, Haisma HJ, Achen MG, Stacker SA,

Pytowski B, Yla-Herttuala S, Alitalo K (2006) Lymphangiogenic growth factor

responsiveness is modulated by postnatal lymphatic vessel maturation. Am J Pathol

169:708–718

100. Enholm B, Karpanen T, Jeltsch M, Kubo H, Stenback F, Prevo R, Jackson DG, Yla-Herttuala

S, Alitalo K (2001) Adenoviral expression of vascular endothelial growth factor-C induces

lymphangiogenesis in the skin. Circ Res 88:623–629

101. Baluk P, Tammela T, Ator E, Lyubynska N, Achen MG, Hicklin DJ, Jeltsch M, Petrova TV,

Pytowski B, Stacker SA, Yla-Herttuala S, Jackson DG, Alitalo K, McDonald DM (2005)

Pathogenesis of persistent lymphatic vessel hyperplasia in chronic airway inflammation. J

Clin Invest 115:247–257

102. Kaiserling E, Krober S, Geleff S (2003) Lymphatic vessels in the colonic mucosa in ulcera-

tive colitis. Lymphology 36:52–61

103. Zhang Q, Lu Y, Proulx ST, Guo R, Yao Z, Schwarz EM, Boyce BF, Xing L (2007) Increased

lymphangiogenesis in joints of mice with inflammatory arthritis. Arthritis Res Ther 9:R118

104. Kunstfeld R, Hirakawa S, Hong YK, Schacht V, Lange-Asschenfeldt B, Velasco P, Lin C,

Fiebiger E, Wei X, Wu Y, Hicklin D, Bohlen P, Detmar M (2004) Induction of cutaneous

delayed-type hypersensitivity reactions in VEGF-A transgenic mice results in chronic skin

inflammation associated with persistent lymphatic hyperplasia. Blood 104:1048–1057

105. Henno A, Blacher S, Lambert C, Colige A, Seidel L, Noel A, Lapiere C, de la Brassinne M,

Nusgens BV (2009) Altered expression of angiogenesis and lymphangiogenesis markers in

the uninvolved skin of plaque-type psoriasis. Br J Dermatol 160:581–590

106. Kajiya K, Sawane M, Huggenberger R, Detmar M (2009) Activation of the VEGFR-3

pathway by VEGF-C attenuates UVB-induced edema formation and skin inflammation by

promoting lymphangiogenesis. J Invest Dermatol 129:1292–1298

2 Developmental and Pathological Lymphangiogenesis 59



107. Jackowski S, Janusch M, Fiedler E, Marsch WC, Ulbrich EJ, Gaisbauer G, Dunst J,

Kerjaschki D, Helmbold P (2007) Radiogenic lymphangiogenesis in the skin. Am J Pathol

171:338–348

108. Kerjaschki D, Regele HM, Moosberger I, Nagy-Bojarski K, Watschinger B, Soleiman A,

Birner P, Krieger S, Hovorka A, Silberhumer G, Laakkonen P, Petrova T, Langer B, Raab I

(2004) Lymphatic neoangiogenesis in human kidney transplants is associated with immuno-

logically active lymphocytic infiltrates. J Am Soc Nephrol 15:603–612

109. Huggenberger R, Siddiqui SS, Brander D, Ullmann S, Zimmermann K, Antsiferova M,

Werner S, Alitalo K, Detmar M (2011) An important role of lymphatic vessel activation in

limiting acute inflammation. Blood 117:4667–4678

110. Paavonen K, Puolakkainen P, Jussila L, Jahkola T, Alitalo K (2000) Vascular endothelial

growth factor receptor-3 in lymphangiogenesis in wound healing. Am J Pathol

156:1499–1504

111. Yao LC, Baluk P, Feng J, McDonald DM (2010) Steroid-resistant lymphatic remodeling in

chronically inflamed mouse airways. Am J Pathol 176:1525–1541

112. Kataru RP, Jung K, Jang C, Yang H, Schwendener RA, Baik JE, Han SH, Alitalo K, Koh GY

(2009) Critical role of CD11b+ macrophages and VEGF in inflammatory lymphangiogenesis,

antigen clearance, and inflammation resolution. Blood 113:5650–5659

113. Kajiya K, Hirakawa S, Detmar M (2006) Vascular endothelial growth factor-A mediates

ultraviolet B-induced impairment of lymphatic vessel function. Am J Pathol 169:1496–1503

114. Forster R, Davalos-Misslitz AC, Rot A (2008) CCR7 and its ligands: balancing immunity and

tolerance. Nat Rev Immunol 8:362–371

115. Issa A, Le TX, Shoushtari AN, Shields JD, Swartz MA (2009) Vascular endothelial growth

factor-C and C-C chemokine receptor 7 in tumor cell-lymphatic cross-talk promote invasive

phenotype. Cancer Res 69:349–357

116. Kabashima K, Shiraishi N, Sugita K, Mori T, Onoue A, Kobayashi M, Sakabe J, Yoshiki R,

Tamamura H, Fujii N, Inaba K, Tokura Y (2007) CXCL12-CXCR4 engagement is required

for migration of cutaneous dendritic cells. Am J Pathol 171:1249–1257

117. Wick N, Haluza D, Gurnhofer E, Raab I, Kasimir MT, Prinz M, Steiner CW, Reinisch C,

Howorka A, Giovanoli P, Buchsbaum S, Krieger S, Tschachler E, Petzelbauer P, Kerjaschki

D (2008) Lymphatic precollectors contain a novel, specialized subpopulation of podoplanin

low, CCL27-expressing lymphatic endothelial cells. Am J Pathol 173:1202–1209

118. Ledgerwood LG, Lal G, Zhang N, Garin A, Esses SJ, Ginhoux F, Merad M, Peche H, Lira

SA, Ding Y, Yang Y, He X, Schuchman EH, Allende ML, Ochando JC, Bromberg JS (2008)

The sphingosine 1-phosphate receptor 1 causes tissue retention by inhibiting the entry of

peripheral tissue T lymphocytes into afferent lymphatics. Nat Immunol 9:42–53

119. Johnson LA, Clasper S, Holt AP, Lalor PF, Baban D, Jackson DG (2006) An inflammation-

induced mechanism for leukocyte transmigration across lymphatic vessel endothelium. J Exp

Med 203:2763–2777

120. Wyble CW, Hynes KL, Kuchibhotla J, Marcus BC, Hallahan D, Gewertz BL (1997) TNF-

alpha and IL-1 upregulate membrane-bound and soluble E-selectin through a common

pathway. J Surg Res 73:107–112

121. Salmi M, Koskinen K, Henttinen T, Elima K, Jalkanen S (2004) CLEVER-1 mediates

lymphocyte transmigration through vascular and lymphatic endothelium. Blood

104:3849–3857

122. Irjala H, Johansson EL, Grenman R, Alanen K, Salmi M, Jalkanen S (2001) Mannose

receptor is a novel ligand for L-selectin and mediates lymphocyte binding to lymphatic

endothelium. J Exp Med 194:1033–1042

123. Baluk P, Fuxe J, Hashizume H, Romano T, Lashnits E, Butz S, Vestweber D, Corada M,

Molendini C, Dejana E, McDonald DM (2007) Functionally specialized junctions between

endothelial cells of lymphatic vessels. J Exp Med 204:2349–2362

124. Kiriakidis S, Andreakos E, Monaco C, Foxwell B, Feldmann M, Paleolog E (2003) VEGF

expression in human macrophages is NF-kappaB-dependent: studies using adenoviruses

60 A. Chachaj and A. Szuba



expressing the endogenous NF-kappaB inhibitor IkappaBalpha and a kinase-defective form

of the IkappaB kinase 2. J Cell Sci 116:665–674

125. Hong YK, Lange-Asschenfeldt B, Velasco P, Hirakawa S, Kunstfeld R, Brown LF, Bohlen P,

Senger DR, Detmar M (2004) VEGF-A promotes tissue repair-associated lymphatic vessel

formation via VEGFR-2 and the alpha1beta1 and alpha2beta1 integrins. FASEB J

18:1111–1113

126. Angeli V, Ginhoux F, Llodra J, Quemeneur L, Frenette PS, Skobe M, Jessberger R, Merad M,

Randolph GJ (2006) B cell-driven lymphangiogenesis in inflamed lymph nodes enhances

dendritic cell mobilization. Immunity 24:203–215

127. Sawano A, Iwai S, Sakurai Y, Ito M, Shitara K, Nakahata T, Shibuya M (2001) Flt-1, vascular

endothelial growth factor receptor 1, is a novel cell surface marker for the lineage of

monocyte-macrophages in humans. Blood 97:785–791

128. Mallory BP, Mead TJ, Wiginton DA, Kulkarni RM, Greenberg JM, Akeson AL (2006)

Lymphangiogenesis in the developing lung promoted by VEGF-A. Microvasc Res 72:62–73

129. Kang S, Lee SP, Kim KE, Kim HZ, Memet S, Koh GY (2009) Toll-like receptor 4 in

lymphatic endothelial cells contributes to LPS-induced lymphangiogenesis by chemotactic

recruitment of macrophages. Blood 113:2605–2613

130. Flister MJ, Wilber A, Hall KL, Iwata C, Miyazono K, Nisato RE, Pepper MS, Zawieja DC,

Ran S (2010) Inflammation induces lymphangiogenesis through up-regulation of VEGFR-3

mediated by NF-kappaB and Prox1. Blood 115:418–429

131. Al-Rawi MA, Watkins G, Mansel RE, Jiang WG (2005) The effects of interleukin-7 on the

lymphangiogenic properties of human endothelial cells. Int J Oncol 27:721–730

132. Cao R, Bjorndahl MA, Gallego MI, Chen S, Religa P, Hansen AJ, Cao Y (2006) Hepatocyte

growth factor is a lymphangiogenic factor with an indirect mechanism of action. Blood

107:3531–3536

133. Armengol MP, Juan M, Lucas-Martin A, Fernandez-Figueras MT, Jaraquemada D, Gallart T,

Pujol-Borrell R (2001) Thyroid autoimmune disease: demonstration of thyroid antigen-

specific B cells and recombination-activating gene expression in chemokine-containing

active intrathyroidal germinal centers. Am J Pathol 159:861–873

134. Shrestha B, Hashiguchi T, Ito T, Miura N, Takenouchi K, OyamaY, Kawahara K, Tancharoen S,

Ki IY, Arimura N, Yoshinaga N, Noma S, Shrestha C, Nitanda T, Kitajima S, Arimura K,

Sato M, Sakamoto T, Maruyama I (2010) B cell-derived vascular endothelial growth factor A

promotes lymphangiogenesis and high endothelial venule expansion in lymph nodes. J Immunol

184:4819–4826

135. Kim KE, Koh YJ, Jeon BH, Jang C, Han J, Kataru RP, Schwendener RA, Kim JM, Koh GY

(2009) Role of CD11b+ macrophages in intraperitoneal lipopolysaccharide-induced aberrant

lymphangiogenesis and lymphatic function in the diaphragm. Am J Pathol 175:1733–1745

136. Chyou S, Ekland EH, Carpenter AC, Tzeng TC, Tian S, Michaud M, Madri JA, Lu TT (2008)

Fibroblast-type reticular stromal cells regulate the lymph node vasculature. J Immunol

181:3887–3896

137. Zhu M, Fu YX (2011) The role of core TNF/LIGHT family members in lymph node

homeostasis and remodeling. Immunol Rev 244:75–84

138. Zhu M, Yang Y, Wang Y, Wang Z, Fu YX (2011) LIGHT regulates inflamed draining lymph

node hypertrophy. J Immunol 186:7156–7163

139. Tammela T, Alitalo K (2010) Lymphangiogenesis: molecular mechanisms and future prom-

ise. Cell 140:460–476

140. Oka M, Iwata C, Suzuki HI, Kiyono K, Morishita Y, Watabe T, Komuro A, Kano MR,

Miyazono K (2008) Inhibition of endogenous TGF-beta signaling enhances

lymphangiogenesis. Blood 111:4571–4579

141. Shull MM, Ormsby I, Kier AB, Pawlowski S, Diebold RJ, Yin M, Allen R, Sidman C,

Proetzel G, Calvin D et al (1992) Targeted disruption of the mouse transforming growth

factor-beta 1 gene results in multifocal inflammatory disease. Nature 359:693–699

2 Developmental and Pathological Lymphangiogenesis 61



142. Kataru RP, Kim H, Jang C, Choi DK, Koh BI, Kim M, Gollamudi S, Kim YK, Lee SH, Koh

GY (2011) T lymphocytes negatively regulate lymph node lymphatic vessel formation.

Immunity 34:96–107

143. Kim H, Kataru RP, Koh GY (2012) Regulation and implications of inflammatory

lymphangiogenesis. Trends Immunol 33:350–356

144. Mumprecht V, Roudnicky F, Detmar M (2012) Inflammation-induced lymph node

lymphangiogenesis is reversible. Am J Pathol 180:874–879

145. Fisher B, Fisher ER (1966) The interrelationship of hematogenous and lymphatic tumor cell

dissemination. Surg Gynecol Obstet 122:791–798

146. Li T, Yang J, Zhou Q, He Y (2012) Molecular regulation of lymphangiogenesis in develop-

ment and tumor microenvironment. Cancer Microenviron 5:249–260

147. Van der Auwera I, Cao Y, Tille JC, Pepper MS, Jackson DG, Fox SB, Harris AL, Dirix LY,

Vermeulen PB (2006) First international consensus on the methodology of

lymphangiogenesis quantification in solid human tumours. Br J Cancer 95:1611–1625

148. Stacker SA, Caesar C, Baldwin ME, Thornton GE, Williams RA, Prevo R, Jackson DG,

Nishikawa S, Kubo H, Achen MG (2001) VEGF-D promotes the metastatic spread of tumor

cells via the lymphatics. Nat Med 7:186–191

149. Schoppmann SF, Fenzl A, Nagy K, Unger S, Bayer G, Geleff S, Gnant M, Horvat R, Jakesz

R, Birner P (2006) VEGF-C expressing tumor-associated macrophages in lymph node

positive breast cancer: impact on lymphangiogenesis and survival. Surgery 139:839–846

150. Mandriota SJ, Jussila L, Jeltsch M, Compagni A, Baetens D, Prevo R, Banerji S, Huarte J,

Montesano R, Jackson DG, Orci L, Alitalo K, Christofori G, Pepper MS (2001) Vascular

endothelial growth factor-C-mediated lymphangiogenesis promotes tumour metastasis.

EMBO J 20:672–682

151. He Y, Rajantie I, Pajusola K, Jeltsch M, Holopainen T, Yla-Herttuala S, Harding T, Jooss K,

Takahashi T, Alitalo K (2005) Vascular endothelial cell growth factor receptor 3-mediated

activation of lymphatic endothelium is crucial for tumor cell entry and spread via lymphatic

vessels. Cancer Res 65:4739–4746

152. Padera TP, Kadambi A, di Tomaso E, Carreira CM, Brown EB, Boucher Y, Choi NC,

Mathisen D, Wain J, Mark EJ, Munn LL, Jain RK (2002) Lymphatic metastasis in the

absence of functional intratumor lymphatics. Science 296:1883–1886

153. McAllaster JD, Cohen MS (2011) Role of the lymphatics in cancer metastasis and chemo-

therapy applications. Adv Drug Deliv Rev 63:867–875

154. Hirakawa S, Kodama S, Kunstfeld R, Kajiya K, Brown LF, Detmar M (2005) VEGF-A

induces tumor and sentinel lymph node lymphangiogenesis and promotes lymphatic metas-

tasis. J Exp Med 201:1089–1099

155. Alitalo K (2011) The lymphatic vasculature in disease. Nat Med 17:1371–1380

156. He Y, Rajantie I, Ilmonen M, Makinen T, Karkkainen MJ, Haiko P, Salven P, Alitalo K

(2004) Preexisting lymphatic endothelium but not endothelial progenitor cells are essential

for tumor lymphangiogenesis and lymphatic metastasis. Cancer Res 64:3737–3740

157. Condeelis J, Pollard JW (2006) Macrophages: obligate partners for tumor cell migration,

invasion, and metastasis. Cell 124:263–266

158. Pollard JW (2004) Tumour-educated macrophages promote tumour progression and metas-

tasis. Nat Rev Cancer 4:71–78

159. Koyama H, Kobayashi N, Harada M, Takeoka M, Kawai Y, Sano K, Fujimori M, Amano J,

Ohhashi T, Kannagi R, Kimata K, Taniguchi S, Itano N (2008) Significance of tumor-

associated stroma in promotion of intratumoral lymphangiogenesis: pivotal role of a

hyaluronan-rich tumor microenvironment. Am J Pathol 172:179–193

160. Shields JD, Kourtis IC, Tomei AA, Roberts JM, Swartz MA (2010) Induction of

lymphoidlike stroma and immune escape by tumors that express the chemokine CCL21.

Science 328:749–752

62 A. Chachaj and A. Szuba



161. Muller A, Homey B, Soto H, Ge N, Catron D, Buchanan ME, McClanahan T, Murphy E,

Yuan W, Wagner SN, Barrera JL, Mohar A, Verastegui E, Zlotnik A (2001) Involvement of

chemokine receptors in breast cancer metastasis. Nature 410:50–56

162. Irjala H, Alanen K, Grenman R, Heikkila P, Joensuu H, Jalkanen S (2003) Mannose receptor

(MR) and common lymphatic endothelial and vascular endothelial receptor (CLEVER)-1

direct the binding of cancer cells to the lymph vessel endothelium. Cancer Res 63:4671–4676

163. Karpanen T, Egeblad M, Karkkainen MJ, Kubo H, Yla-Herttuala S, Jaattela M, Alitalo K

(2001) Vascular endothelial growth factor C promotes tumor lymphangiogenesis and

intralymphatic tumor growth. Cancer Res 61:1786–1790

164. Kozaki K, Miyaishi O, Tsukamoto T, Tatematsu Y, Hida T, Takahashi T (2000) Establish-

ment and characterization of a human lung cancer cell line NCI-H460-LNM35 with consis-

tent lymphogenous metastasis via both subcutaneous and orthotopic propagation. Cancer Res

60:2535–2540

165. Kraizer Y, Mawasi N, Seagal J, Paizi M, Assy N, Spira G (2001) Vascular endothelial growth

factor and angiopoietin in liver regeneration. Biochem Biophys Res Commun 287:209–215

166. Qian CN, Berghuis B, Tsarfaty G, Bruch M, Kort EJ, Ditlev J, Tsarfaty I, Hudson E, Jackson

DG, Petillo D, Chen J, Resau JH, Teh BT (2006) Preparing the “soil”: the primary tumor

induces vasculature reorganization in the sentinel lymph node before the arrival of metastatic

cancer cells. Cancer Res 66:10365–10376

167. Hirakawa S, Brown LF, Kodama S, Paavonen K, Alitalo K, Detmar M (2007) VEGF-C-

induced lymphangiogenesis in sentinel lymph nodes promotes tumor metastasis to distant

sites. Blood 109:1010–1017

168. Witte MH, Dellinger MT, McDonald DM, Nathanson SD, Boccardo FM, Campisi CC,

Sleeman JP, Gershenwald JE (2011) Lymphangiogenesis and hemangiogenesis: potential

targets for therapy. J Surg Oncol 103:489–500

169. Spring H, Schuler T, Arnold B, Hammerling GJ, Ganss R (2005) Chemokines direct

endothelial progenitors into tumor neovessels. Proc Natl Acad Sci USA 102:18111–18116

170. Titze J, Machnik A (2010) Sodium sensing in the interstitium and relationship to hyperten-

sion. Curr Opin Nephrol Hypertens 19:385–392

171. Machnik A, Neuhofer W, Jantsch J, Dahlmann A, Tammela T, Machura K, Park JK, Beck

FX, Muller DN, Derer W, Goss J, Ziomber A, Dietsch P, Wagner H, van Rooijen N, Kurtz A,

Hilgers KF, Alitalo K, Eckardt KU, Luft FC, Kerjaschki D, Titze J (2009) Macrophages

regulate salt-dependent volume and blood pressure by a vascular endothelial growth factor-

C-dependent buffering mechanism. Nat Med 15:545–552

172. Machnik A, Dahlmann A, Kopp C, Goss J, Wagner H, van Rooijen N, Eckardt KU, Muller

DN, Park JK, Luft FC, Kerjaschki D, Titze J (2010) Mononuclear phagocyte system depletion

blocks interstitial tonicity-responsive enhancer binding protein/vascular endothelial growth

factor C expression and induces salt-sensitive hypertension in rats. Hypertension 55:755–761

173. Halin C, Fahrngruber H, Meingassner JG, Bold G, Littlewood-Evans A, Stuetz A, Detmar M

(2008) Inhibition of chronic and acute skin inflammation by treatment with a vascular

endothelial growth factor receptor tyrosine kinase inhibitor. Am J Pathol 173:265–277

174. Schonthaler HB, Huggenberger R, Wculek SK, Detmar M, Wagner EF (2009) Systemic anti-

VEGF treatment strongly reduces skin inflammation in a mouse model of psoriasis. Proc Natl

Acad Sci USA 106:21264–21269

175. Huggenberger R, Ullmann S, Proulx ST, Pytowski B, Alitalo K, Detmar M (2010) Stimula-

tion of lymphangiogenesis via VEGFR-3 inhibits chronic skin inflammation. J Exp Med

207:2255–2269

176. Guo R, Zhou Q, Proulx ST, Wood R, Ji RC, Ritchlin CT, Pytowski B, Zhu Z, Wang YJ,

Schwarz EM, Xing L (2009) Inhibition of lymphangiogenesis and lymphatic drainage via

vascular endothelial growth factor receptor 3 blockade increases the severity of inflammation

in a mouse model of chronic inflammatory arthritis. Arthritis Rheum 60:2666–2676

177. Yin N, Zhang N, Xu J, Shi Q, Ding Y, Bromberg JS (2011) Targeting lymphangiogenesis

after islet transplantation prolongs islet allograft survival. Transplantation 92:25–30

2 Developmental and Pathological Lymphangiogenesis 63



178. Dietrich T, Bock F, Yuen D, Hos D, Bachmann BO, Zahn G,Wiegand S, Chen L, Cursiefen C

(2010) Cutting edge: lymphatic vessels, not blood vessels, primarily mediate immune

rejections after transplantation. J Immunol 184:535–539

179. Albuquerque RJ, Hayashi T, Cho WG, Kleinman ME, Dridi S, Takeda A, Baffi JZ, Yamada

K, Kaneko H, Green MG, Chappell J, Wilting J, Weich HA, Yamagami S, Amano S, Mizuki

N, Alexander JS, Peterson ML, Brekken RA, Hirashima M, Capoor S, Usui T, Ambati BK,

Ambati J (2009) Alternatively spliced vascular endothelial growth factor receptor-2 is an

essential endogenous inhibitor of lymphatic vessel growth. Nat Med 15:1023–1030

180. Yan ZX, Jiang ZH, Liu NF (2012) Angiopoietin-2 promotes inflammatory

lymphangiogenesis and its effect can be blocked by the specific inhibitor L1-10. Am J

Physiol Heart Circ Physiol 302:H215–223

181. Szuba A, Skobe M, Karkkainen MJ, Shin WS, Beynet DP, Rockson NB, Dakhil N, Spilman

S, Goris ML, Strauss HW, Quertermous T, Alitalo K, Rockson SG (2002) Therapeutic

lymphangiogenesis with human recombinant VEGF-C. FASEB J 16:1985–1987

182. Tammela T, Saaristo A, Holopainen T, Lyytikka J, Kotronen A, Pitkonen M, Abo-Ramadan

U, Yla-Herttuala S, Petrova TV, Alitalo K (2007) Therapeutic differentiation and maturation

of lymphatic vessels after lymph node dissection and transplantation. Nat Med 13:1458–1466

183. Duong T, Koopman P, Francois M (2012) Tumor lymphangiogenesis as a potential therapeu-

tic target. J Oncol 2012:204946

184. Roberts N, Kloos B, Cassella M, Podgrabinska S, Persaud K, Wu Y, Pytowski B, Skobe M

(2006) Inhibition of VEGFR-3 activation with the antagonistic antibody more potently

suppresses lymph node and distant metastases than inactivation of VEGFR-2. Cancer Res

66:2650–2657

185. Wong SY, Haack H, Crowley D, Barry M, Bronson RT, Hynes RO (2005) Tumor-secreted

vascular endothelial growth factor-C is necessary for prostate cancer lymphangiogenesis, but

lymphangiogenesis is unnecessary for lymph node metastasis. Cancer Res 65:9789–9798

186. Pytowski B, Goldman J, Persaud K, Wu Y, Witte L, Hicklin DJ, Skobe M, Boardman KC,

Swartz MA (2005) Complete and specific inhibition of adult lymphatic regeneration by a

novel VEGFR-3 neutralizing antibody. J Natl Cancer Inst 97:14–21

187. Lin J, Lalani AS, Harding TC, Gonzalez M, Wu WW, Luan B, Tu GH, Koprivnikar K,

VanRoey MJ, He Y, Alitalo K, Jooss K (2005) Inhibition of lymphogenous metastasis using

adeno-associated virus-mediated gene transfer of a soluble VEGFR-3 decoy receptor. Cancer

Res 65:6901–6909

188. Caunt M, Mak J, Liang WC, Stawicki S, Pan Q, Tong RK, Kowalski J, Ho C, Reslan HB,

Ross J, Berry L, Kasman I, Zlot C, Cheng Z, Le Couter J, Filvaroff EH, Plowman G, Peale F,

French D, Carano R, Koch AW, Wu Y, Watts RJ, Tessier-Lavigne M, Bagri A (2008)

Blocking neuropilin-2 function inhibits tumor cell metastasis. Cancer Cell 13:331–342

189. Basak A, Khatib AM, Mohottalage D, Basak S, Kolajova M, Bag SS (2009) A novel

enediynyl peptide inhibitor of furin that blocks processing of proPDGF-A, B and

proVEGF-C. PLoS One 4:e7700

190. Kirkin V, Mazitschek R, Krishnan J, Steffen A, Waltenberger J, Pepper MS, Giannis A,

Sleeman JP (2001) Characterization of indolinones which preferentially inhibit VEGF-C- and

VEGF-D-induced activation of VEGFR-3 rather than VEGFR-2. Eur J Biochem

268:5530–5540

191. Kirkin V, Thiele W, Baumann P, Mazitschek R, Rohde K, Fellbrich G, Weich H,

Waltenberger J, Giannis A, Sleeman JP (2004) MAZ51, an indolinone that inhibits endothe-

lial cell and tumor cell growth in vitro, suppresses tumor growth in vivo. Int J Cancer

112:986–993

192. Liu H, Yang Y, Xiao J, Lv Y, Liu Y, Yang H, Zhao L (2009) Inhibition of cyclooxygenase-

2 suppresses lymph node metastasis via VEGF-C. Anat Rec (Hoboken) 292:1577–1583

193. Rothley M, Schmid A, Thiele W, Schacht V, Plaumann D, Gartner M, Yektaoglu A, Bruyere

F, Noel A, Giannis A, Sleeman JP (2009) Hyperforin and aristoforin inhibit lymphatic

64 A. Chachaj and A. Szuba



endothelial cell proliferation in vitro and suppress tumor-induced lymphangiogenesis in vivo.

Int J Cancer 125:34–42

194. Garmy-Susini B, Avraamides CJ, Schmid MC, Foubert P, Ellies LG, Barnes L, Feral C,

Papayannopoulou T, Lowy A, Blair SL, Cheresh D, Ginsberg M, Varner JA (2010) Integrin

alpha4beta1 signaling is required for lymphangiogenesis and tumor metastasis. Cancer Res

70:3042–3051

195. Thiele W, Sleeman JP (2006) Tumor-induced lymphangiogenesis: a target for cancer ther-

apy? J Biotechnol 124:224–241

196. Schomber T, Zumsteg A, Strittmatter K, Crnic I, Antoniadis H, Littlewood-Evans A, Wood J,

Christofori G (2009) Differential effects of the vascular endothelial growth factor receptor

inhibitor PTK787/ZK222584 on tumor angiogenesis and tumor lymphangiogenesis. Mol

Cancer Ther 8:55–63

2 Developmental and Pathological Lymphangiogenesis 65



Vascular-Resident Endothelial Side
Population Cells 3
Hisamichi Naito and Nobuyuki Takakura

Contents

3.1 Tissue-Resident Adult Stem/Progenitor Cells and Side Population Cells . . . . . . . . . . . . . . . . 69

3.2 Stem/Progenitor Cells in the Peripheral Vascular System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

3.2.1 Vascular Wall Stem and Progenitor Cells (Fig. 3.1) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

3.2.2 Endothelial Progenitor Cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

3.3 Isolation and Characterization of Endothelial Side Population Cells . . . . . . . . . . . . . . . . . . . . 73

3.3.1 Isolation of Endothelial Side Population Cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

3.3.2 EC–SP Cells Do Not Originate from Bone Marrow Cells . . . . . . . . . . . . . . . . . . . . . . . 75

3.3.3 Proliferation and Colony Formation of EC–SP Cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

3.4 Therapeutic Potential of Endothelial Side Population Cells and Perspectives . . . . . . . . . . . 76

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

Abstract

Postnatal neovascular formation was originally thought to be mediated by

angiogenesis, which is defined as the formation of new blood vessels from

pre-existing endothelial cells (ECs). However, over the last decade, it has been

proposed that vasculogenesis, that is, de novo blood vessel generation from

endothelial progenitor cells (EPCs) derived from bone marrow, may persist

into adult life. Nonetheless, it is still a matter of debate as to what extent the

EPCs contribute to new vessel formation in the adult.
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In the peripheral blood vessels, the presence of different stem and progenitor

cell types residing in the media and adventitia of the vascular wall has been

suggested. These stem/progenitor cells were reported to have the ability to

differentiate into ECs in culture and form capillary-like microvessels in

ex vivo assays. However, the precise roles of these cells during angiogenic

growth are not well defined. We recently isolated a novel endothelial stem/

progenitor-like cells from the intima of adult murine blood vessels using the

Hoechst method in which stem cell populations are identified as side

populations. This vascular endothelial side population cell possesses colony-

forming ability, generates large numbers of ECs, and when transplanted into

ischemic lesions, these cells contribute to the newly formed long-term surviving

blood vessels and restore blood flow completely. Our discovery of vascular

endothelial side population cells that have features of endothelial stem/progeni-

tor cells may lead to the identification of new targets for vascular regeneration

therapy as well as vascular disrupting therapy.

Keywords

Endothelium • Side population • FACS analysis • Heterogeneity • Stemness •

Regeneration

Abbreviations

BM Bone marrow

ECs Endothelial cells

EPCs Endothelial progenitor cells

FACS Fluorescence-activated cell sorting

HAECs Human aortic endothelial cells

HC Hematopoietic cell

HSC Hematopoietic stem cell

HUVECs Human umbilical vein endothelial cells

KSL c-Kit+ Sca-1+, and Lineage�

MP Main population

SMCs Smooth muscle cells

SP Side population
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3.1 Tissue-Resident Adult Stem/Progenitor Cells and Side
Population Cells

Tissue stem cells are undifferentiated cells that have the ability to perpetuate

themselves through self-renewal and to generate committed progenitor cells that

differentiate into the tissue-specific cell lineages [1, 2]. Identification of these rare

populations of adult stem cells in most tissues or organs has emerged as an

attractive source of multipotent stem/progenitor cells for regenerative medicine.

The tissues and organs harboring a small number of these specific adult stem/

progenitor cells include bone marrow (BM), lung, liver, pancreas, heart, brain,

intestinal epithelium, skin, adipose tissues, skeletal muscles, limbus, retina, breast,

vascular walls, ovaries, uterus, prostate and testis. In general, these adult stem/

progenitor cells are localized within a restricted tissue microenvironment known as

a niche, consisting of neighboring cells that tightly regulate their functions through

direct interactions and release of specific soluble factors [2, 3].

Adult stem cells have most commonly been isolated by fluorescence-activated

cell sorting (FACS) with antibodies directed against specific stem cell markers.

Among mammalian tissues, the hematopoietic system is the most advanced in terms

of our knowledge of stem cell markers. The surface marker schemes for

hematopoietic stem cells (HSCs) are primarily based on using c-Kit (K), Sca-1

(S), and Lineage markers (L), resulting in the so-called KSL population (c-Kit+,

Sca-1+, and Lineage�). KSL cells represent about 0.1 % of all BM cells and are

enriched for progenitors, but bona fide stem cells comprise only about 10 % of the

KSL population [4]. All long-term HSC activity in adult mouse BM is believed to

be contained within a population marked by the composite phenotype of KSL, Thy-

1.1lo, Slamf1+, Tie2+, Flk2�, and CD34� [5–10].

The other strategy to identify HSCs is based on their marked ability to efflux

fluorescent dyes. Previous studies using Hoechst 33342 for enrichment of HSC

exploited the fluorescence only at the blue emission wavelength [11]. With the use

of two emission wavelengths, Goodell et al. reported a small and distinct cell

population that has HSC properties [12]. They showed that this population

correlates closely with cells expressing other cell surface markers previously

identified on HSC. These cells contain the vast majority of HSC activity in murine

BM and were shown by competitive repopulation experiments to be enriched at

least 1,000-fold for in vivo reconstitution activity. These investigators also

demonstrated that the exclusion of Hoechst 33342 by SP cells is an active process

involving multidrug resistance transporter 1 (MDR1), a member of the ATP-

binding cassette (ABC) family of transporter proteins. To confirm this notion,

they applied the MDR1 inhibitor verapamil and showed that Hoechst 33342

exclusion by SP cells is blocked in its presence. However, verapamil is not specific

only for the MDR1 transporter. Furthermore, an antibody to MDR1 does not

identify SP cells exclusively, because MDR1 is expressed by 60–65 % of BM

cells [13]. Thus, MDR1 cannot be taken as a single marker to identify and isolate SP

cells, and additional transporters are likely to be involved in defining the SP

phenotype. Consistent with this view, although both MDR1 and ABCG2 are
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expressed in BM SP cells, it is now believed that ABCG2 is the sole transporter

accounting for dye efflux by SP cells isolated from BM [14].

The main advantage of this SP purification approach is its potential application

to stem cells of other tissues for which no stem cell-specific surface markers are

known. Since this method was reported, stem and progenitor populations in differ-

ent tissue have been identified including in the heart, mammary gland, liver, lung,

testis, epidermis, skeletal muscle, and others [15–21]. Moreover, identification of

cancer stem-like cells has further raised interest in the Hoechst–SP method, and SP

cells have been identified in a number of cancers [22, 23].

On the other hand, some reports suggest that Hoechst dye efflux is not a common

property of all stem cells. Indeed, several differentiated tissues including intestine,

kidney, and ECs of the blood–brain barrier constitutively express ABC transporters

[24–26]. Moreover, the main disadvantage of the Hoechst–SP method is that ABC

transporter-mediated dye efflux is an active metabolic process that is easily affected

by the staining technique employed [27]. This high sensitivity to staining conditions

led to discrepancies in results between laboratories, which in turn led to questioning

the reliability of the Hoechst–SP method itself. Also, the FACS equipment, espe-

cially the UV laser, needed for SP analysis is not available to all investigators,

which is a general limitation of SP analysis. However, if these difficulties can be

overcome, the Hoechst–SP method can be applied to identify stem and progenitor

cells of less-studied tissues for which there are as yet no specific surface markers.

Among the latter, heart-resident progenitor cells may be one of the most well-

characterized cell populations in terms of Hoechst–SP analysis. Hierlihy et al.

presented the first evidence for the existence of an SP cell population in the adult

heart [28]. They showed the stem cell-like activity of cardiac SP cells in a

methylcellulose stem cell culture system, where approximately one colony per

50,000 cells plated was seen. These cells were capable of differentiating into the

cardiomyocyte lineage in coculture experiments with primary cardiomyocytes.

Cardiac SP cells represent 0.03–2.0 % of total mononuclear cardiac cells and

generally express Sca1 but not hematopoietic markers, such as CD45 [21, 29–31].

Although the dye efflux property has been found to be a valid feature for isolating

potential stem/progenitor cells, the SP populations are often heterogeneous. In

several studies, combining the SP assay with additional phenotyping significantly

increased the purity of the stem cells. Pfister et al. identified specific subpopulations

within cardiac SP cells, including Sca1+CD31� SP cells, which were found to be

enriched for cardiomyogenic potential [31]. This group also showed that following

myocardial injury, cardiac SP populations are acutely depleted and are

reconstituted to normal levels by both self-proliferation and selective homing of

BM cells [32]. Furthermore, Oyama et al. demonstrated the functional capacity of

exogenous cardiac SP cells in vivo. They showed that when delivered intrave-

nously, neonatal cardiac SP cells were able to migrate to areas of myocardial injury

in a rat model of cryo-injury. Using immunohistochemical staining, they also

showed that implanted cells were able to differentiate into cardiomyocytes, endo-

thelial cells, smooth muscle cells, and fibroblasts [21]. However, the ability of
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endogenous resident cardiac SP cells to differentiate into cardiac myocytes or to

contribute to functional repair of damaged heart has not yet been evaluated.

Furthermore, the localization of cardiac SP cells and their niche are both unknown.

3.2 Stem/Progenitor Cells in the Peripheral Vascular System

The blood vessels in the body had long been considered to merely function as a

transport compartment for the blood. However, it is now appreciated that the

vasculature is one of the main tissues in the body with an area extending to more

than 900 m2 [33]. Regarding the vasculature as a large tissue, it would not be

unexpected that blood vessels should harbor resident stem cells and progenitor

cells. Indeed, over the past decade, several types of stem and progenitor-like cells

have been proposed in the peripheral vasculature [34, 35].

3.2.1 Vascular Wall Stem and Progenitor Cells (Fig. 3.1)

The normal blood vessel is composed of three layers with different

characteristics: the tunica intima, tunica media, and tunica adventitia. The tunica

intima is the innermost layer containing a layer of ECs supported by an internal

Fig. 3.1 Stem and progenitor cells in the vascular wall. Resident stem/progenitor cells have been

identified in the vascular wall in large arteries, i.e., endothelial progenitor cells (EPCs) and

CD31+CD45� side population (SP) cells in the tunica intima, CD31+Sca1+ SP cells in the tunica

media, CD34+CD31�VEGFR2+ immature cells in the vasculogenic zone, and Sca1+ immature

cells in the tunica adventitia
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elastic lamina. The media is composed of several layers of smooth muscle cells

(SMCs) surrounded by an external elastic lamina. The tunica adventitia is the

outermost layer of the blood vessel and consists of loose connective tissue made

up of fibroblasts, collagen fibers, and adipose tissue with a mixture of small

capillaries and nerves known as the “vasa vasorum” and “nervi vasorum.”

It is believed that ECs at the intima are terminally differentiated mature cells that

still possess proliferative capacity. Only a few reports suggest the existence of

resident stem and progenitor cells in the EC layer. From the observation that early

passage (3 and 4) human umbilical vein endothelial cells (HUVECs) and human

aortic endothelial cells (HAECs), which are derived from vessel walls and consid-

ered to be differentiated mature ECs, can be passaged for at least 40 population

doublings, Ingram et al. hypothesized the existence of EPCs in vessel walls. By

using single cell assays to test the proliferative and clonogenic potential of single

HUVECs and HAECs, they showed that 28 % of single cells in cultured HUVECs

and 27 % of HAECs formed EC colonies containing more than 2,000 cells. Based

on these results, they suggested that a complete hierarchy of EPCs may exist in the

vessels [36]. More recently, we isolated a novel endothelial stem/progenitor-like

cell from the intima of adult murine blood vessels [37].

Sainz et al. isolated progenitor cells from the tunica media of adult murine aorta

[38]. They digested aorta enzymatically and mechanically and found side popula-

tion cells by FACS analysis in the cell fraction. These side population cells were

characterized as CD31� Sca1+ and could differentiate into ECs and SMCs in vitro.

However, as the authors declared that no living ECs from the intima were found in

the digestions of the intima/media fraction, whether SP cells were present in the EC

fraction could not be assessed.

For a long time, the tunica adventitia has been considered as an inactive

component only supporting the blood vessel structurally. However, it is now well

accepted that the adventitial cells can be activated in response to a variety of stimuli

such as injury or atherosclerotic lesion formation [39]. Recently, the presence of

stem and progenitor cells in the adventitia that have differentiation potential to ECs

and/or SMCs has been reported by several groups. Hu et al. isolated Sca1+ progeni-

tor cells from the adventitia in aortic roots of adult apolipoprotein E-deficient mice

that are used as atherosclerosis models and showed that these cells were able to

differentiate into SMCs in vitro and in vivo [40]. At the region between the media

and adventitia, Zengin et al. identified CD34+CD31�VEGFR2+ vascular wall

progenitor cells that can form capillary sprouts and designated this region the

“Vasculogenic Zone” of blood vessels [41]. Moreover, Passman et al. described a

novel domain of sonic hedgehog (Shh) signaling that is restricted to the adventitia

of large and medium-sized vessels and which co-localizes with the “Vasculogenic

Zone” [42]. Furthermore, Pasquinelli et al. identified resident angiogenic mesen-

chymal stromal cells that can differentiate into ECs in vitro at the region between

the media and adventitia [43]. However, the contribution of these stem and progen-

itor cells to neovascular ECs in vivo has not been elucidated yet.
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3.2.2 Endothelial Progenitor Cells

BM-derived EPCs recruited to the site of new vessel formation contribute to new

blood vessel formation by differentiating into ECs and can thus be considered as EC

progenitor cells. Following the proposal that EPCs are involved in an important

mechanism for new vessel formation via postnatal vasculogenesis [44], several

groups have demonstrated their functional contribution during many pathological

states including limb ischemia, myocardial infarction, cerebral infarction, diabetic

retinopathy, and tumor neovascularization [45]. Notably, it has been proposed that

BM-derived ECs could constitute more than 50 % of all ECs in tumor neovessels

[46]. However, there is no simple definition of EPCs and various methods to isolate

them have been reported. In most studies, EPCs are defined as cells expressing

CD34, CD133, or VEGFR2 (KDR) in the peripheral blood or BM. Currently, there

are several ongoing clinical trials based on this concept. On the other hand, some

reports question whether EPCs indeed contribute to ECs in the newly formed blood

vessels. De Palma et al. reported the absence of GFP-positive ECs in mouse tumor

xenograft vasculature after transplantation of BM progenitor cells expressing GFP

[47]. They further demonstrated that monocytes expressing the Tie2 receptor (Tie2-

expressing monocytes) are proangiogenic cells that are selectively recruited to

tumors and promote angiogenesis in a paracrine manner [48]. Gothert et al.

suggested that BM cells do not contribute to tumor endothelium and demonstrated

a lineage relationship between pre-existing endothelium and newly generated

tumor endothelial cells by using endothelial-specific tamoxifen-inducible reporter

mice, namely endothelial-SCL-Cre-ERT [49]. Also, several groups showed that

BM-derived cells are not incorporated into new blood vessels in a hind limb

ischemia model, tumor xenograft model, and APCmin tumor model [50–52].

Moreover, Okuno et al. showed that proangiogenic effects of macrophages, but

not endothelial differentiation, are the major contribution of BM-derived cells to

wound healing [53]. More recently, Rinkevich et al. demonstrated that circulating

cells do not contribute to angiogenesis by genetic fate mapping and clonal analysis

of individual cells [54]. These findings suggest that in the adult organism, BM-

derived EPCs do not contribute to vascular growth by incorporating into blood

vessels but may function as supporting cells. Therefore, the concept that ECs

residing at peripheral blood vessels have proliferative capacity and thus that ECs

of the pre-existing vasculature play a central role in supplying neovascular ECs

during angiogenesis needs to be reconsidered.

3.3 Isolation and Characterization of Endothelial Side
Population Cells

3.3.1 Isolation of Endothelial Side Population Cells

The Hoechst–SP method has been applied by Sainz et al. to analyze cells from the

aorta, as described above [38]. However, because of the difficulty in isolating viable

ECs, these investigators were not able to test for the possible existence of
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endothelial SP cells. The isolation of living ECs has often proven a difficult task and

different techniques have been employed to purify primary ECs. In early reports,

tissues were minced and digested enzymatically, after which they were cultured in

dishes and ECs subsequently selected by complex purification techniques [55]. A

more successful protocol has been described by several groups using magnetic bead

sorting or FACS [56, 57]. However, these techniques often require culturing of cells

and there are few protocols for separating large numbers of purified primary ECs

[58]. When cells are isolated from their original environment, molecular changes

will occur, which might affect the characteristics of the primary EC. In order to

avoid these changes to primary ECs, a method that can isolate a large number of

primary ECs by FACS was applied to test whether endothelial SP cells were present

in ECs from hind limbs of adult mice [37].

Because previous studies of tissue-resident SP cells had analyzed total cell

suspensions from tissues or organs, they were very heterogeneous and contained

several types of cell including hematopoietic progenitors [59]. This led to

difficulties in isolating lineage-specific stem/progenitor cells. Therefore, to test

the possibility that SP cells are present within the EC fraction, we first gated cells

using the EC marker CD31 and the hematopoietic cell (HC) marker CD45. Among

cells positive for CD31, but negative for CD45 (CD31+ CD45� ECs), about 1 %

were in the SP gate, confirmed by their disappearance in the presence of the drug

efflux pump inhibitor, verapamil. This small endothelial SP (EC–SP) population

was distinct from the main population (MP) of ECs (Fig. 3.2). In addition, these

EC–SP cells were also identified by using transgenic mice with a GFP reporter

under the transcriptional control of the VE-cadherin promoter, rendering ECs

recognizable as GFP positive. This clearly demonstrated that EC–SP cells are

Fig. 3.2 Identification of endothelial side population cells. (a) Flow cytometric analysis of cells

from hind limb muscle stained with anti-CD31 and anti-CD45 antibodies. CD31+CD45� ECs are

shown in the black gate. (b) Hoechst 33342 staining of CD31+CD45� ECs shown in (a).

Approximately 1 % of the ECs are in the SP gate (red). (c) Flow cytometric analysis following

treatment with the ATP-binding cassette (ABC) transporter inhibitor verapamil, demonstrating

inhibition of Hoechst efflux from SP cells
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true ECs and not contaminations of HCs or mesenchymal cells. Moreover surface

marker phenotyping revealed that these EC–SP cells were positive for VE-cadherin,

Flk-1, and Sca-1, but negative for the hematopoietic lineage markers CD45, B220,

CD4, CD8, Ter119, Gr-1, or CD11b or the pericyte marker PDGFR-beta, which is

identical to EC–MP cells. However, in contrast to EC–MP cells, EC–SP cells

strongly expressed CD133, which is a stem/progenitor cell marker in several

tissues. They also expressed little CD34, similar to CD34-negative long-term

repopulating HSCs. Regarding ABC transporters, the expression of which

correlates with SP phenotype, ABCB1a, ABCG2, ABCB2, and ABCA5 were

higher in EC–SP than EC–MP cells. However, the difference in the level of

expression of each of these transporter genes was not great, but it remains possible

that several together may mediate effects in a synergistic manner and could

determine the functionality of the EC–SP phenotype [60]. The quiescence of stem

cells is a critical biological phenomenon for protecting the stem cell compartment

from senescence [61]. As with other tissue-resident stem cells, about 95 % of the

EC–SP cells were in G0 (dormant), as shown by cell cycle analysis with simulta-

neous DNA/RNA staining with Hoechst 33342 and Pyronin Y.

3.3.2 EC–SP Cells Do Not Originate from Bone Marrow Cells

Hoechst analysis using VE cadherin-promoter GFP reporter mice showed that

EC–SP cells are phenotypically true ECs. Furthermore, to confirm that EC–SP

cells are not identical to EPCs, BM transplantation from GFP mice into irradiated

wild-type mice was performed and the absence of GFP-positive EC–SP cells

documented. The contribution of EPCs to the vasculature is a matter of debate;

however; the hind limb ischemia model using these BM chimeric mice suggested

only a minor contribution of EPC to peripheral ECs, as assessed by histology. In

addition, in our hands GFP-positive ECs were rarely observed by FACS analysis.

Among a few GFP-positive ECs in this model, EC–SP cells could not be detected

[37]. Moreover, this was also confirmed in a BM transplantation model using

neonates, in which their BM cells were replaced by the injection of BM cells

from GFP mice into the liver of wild-type neonates within 12 h of birth [62].

This model allows us to ask whether EPCs derived from BM undergo an EC

transition at the growing stage and become ECs and/or EC–SP cells. Again,

FACS analysis of adult mice that had undergone BM transplantation shortly after

birth showed no contribution of GFP-positive BM-derived cells to the

CD31+CD45� ECs in the periphery [37]. These two BM transplantation models

clearly show that at least for the ECs of lower limb muscle, ECs and EC–SP cells do

not originate from BM cells and are distinct from EPCs. The origin of these EC–SP

cells is currently unknown. The lectin perfusion assay revealed that more than 90 %

of the EC–SP cells are lectin positive, indicating that EC–SP cells reside in the

intra-luminal cavity of the blood vessels [37]. It is possible that EC–SP cells

originate from angioblasts or undifferentiated embryonic/neonatal-type ECs that

reside in the inner surface of the blood vessel from the early stage of development.
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Another possibility is that EC–SP cells may emerge at different sites of the body

and migrate to the inner surface of blood vessels and reside there as CD31+ VE

cadherin+ cells undistinguishable from other ECs.

3.3.3 Proliferation and Colony Formation of EC–SP Cells

A common hallmark of stem cells and progenitor cells is their ability to proliferate

and generate differentiated progeny [63]. In hematopoiesis, the most proliferative

progenitor that can be cultured in the absence of a stromal cell monolayer is termed

the high proliferative potential colony-forming cell (HPP-CFC) [64]. For the ECs,

Ingram et al. suggested the existence of high proliferative potential endothelial

colony-forming cell (HPP-ECFC) in peripheral and umbilical cord blood EPCs,

HUVECs, and HAECs [36]. However, in the case of primary ECs, the existence of

HPP-ECFC was not demonstrated, perhaps because of the difficulty of isolating and

culturing EC, as described above. To address the question of whether EC–SP cells

possess colony-forming potential, culture systems supporting primary ECs without

feeder cells are required. However, culturing single EC without contact with

neighboring ECs is very difficult. Therefore, we used OP9 feeder cells established

from calvaria of newborn osteopetrosis (op/op) mutant mice that possess a mutant

csf-1 gene encoding macrophage colony-stimulating factor, which are used to

support growth of EC and HCs [65]. To assess the proliferative potential of the

EC–SP cells, 103 EC–SP cells, EC–MP cells, or CD31+CD45� ECs were sorted and

cultured on OP9 feeder cells. After 10 days, EC–SP cells generated more than

tenfold the number of cord-like vascular colonies, as well as five- to tenfold more

ECs than EC–MP cells or CD31+CD45� ECs. Time-lapse analysis of a single

EC–SP cell confirmed clonal expansion of cord-like vascular colonies from single

cells, clearly showing the existence of high proliferative potential colony-forming

ECs (Fig. 3.3). Moreover, long-term culture-initiating cell (LTC-IC) assays

revealed that more ECs having higher proliferative potential were generated from

EC–SP cells than could be generated by EC–MP cells. The frequency of cells with

the capacity to form colonies was assessed by limiting dilution assays. In the

EC–SP and EC–MP cells, 1 in 6.6 and 1 in 66 of the cells possesses colony-

forming ability, respectively [37]. These results clearly show that EC–SP cells are

colony-forming stem/progenitor-like EC in the peripheral vasculature of adult

mice.

3.4 Therapeutic Potential of Endothelial Side Population Cells
and Perspectives

The potential of stem cell therapies and regenerative medicine is seductive, offering

the possibility of repairing or replacing the tissue damaged by disease or injury. For

vascular regenerative medicine, two modalities are practiced for induction of new

vessel formation: administration of angiogenic growth factors and cell
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transplantation. The angiogenic growth factors employed in preclinical and clinical

studies have been administered as recombinant proteins or by gene transfer and

include vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF),

and hepatocyte growth factor (HGF). Thus far, clinical trials using angiogenic

growth factors delivered in this way for the treatment of myocardial or peripheral

ischemia have not shown convincing efficacy [66–68]. Transplantation of periph-

eral blood or BM-derived mononuclear cells has shown a certain degree of efficacy

in therapeutic angiogenesis [69, 70]. However, it has become apparent that benefi-

cial effects of these cell transplantation therapies were mainly achieved by their

direct paracrine action on stromal cells and ECs, rather than through their physical

engraftment into host vasculature [71]. In addition, conditioned medium from

CD34-positive cells from human umbilical cord was shown to be therapeutically

equivalent to the cells themselves, at least in a wound healing model [72]. Taken

together, these data show that it is still an arduous task to regenerate whole blood

vessels. In this regard, EC–SP cells that possess colony-forming stem/progenitor-

like properties may be strong candidates for stem and progenitor cell transplanta-

tion therapy.

The hind limb ischemia model revealed that induction of ischemia triggered

EC–SP cells to leave the dormant state, enter the cell cycle, and begin to proliferate.

The percentage and absolute number of EC–SP cells increased 1 day after induction

of ischemia, peaked after 3 days at about 4 % of total ECs, and gradually declined to

the steady-state level after 2 weeks [37]. The colony-forming ability of the

increased numbers of EC–SP cells was comparable to that in the steady state.

Fig. 3.3 Single EC–SP cells form EC colonies. (a) Schematic representation of the co-culture

system of EC–SP cells from the EGFP mouse with OP9 stromal cells. (b) Time-lapse analysis of

EC–SP cells. A single EC–SP cell starts to move and divide on culture days 3–4. ECs continuously

divide and form large colonies
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Moreover, EC–SP analysis of the BM transplantation model revealed that the

EC–SP cells proliferating after the induction of ischemia are not derived from

BM cells. Transplantation of EC–SP cells in the hind limb ischemia model

completely restored the blood flow by a mechanism involving their physical

engraftment into the host vasculature in the form of ECs partially covered by host

smooth muscle cells. Moreover, the blood vessels constituted by EC–SP cells

persisted for at least 6 months thereafter, implicating a long-term contribution of

EC–SP to ECs as a component of functional blood vessels (Fig. 3.4). This is quite

different from the situation with BM-derived progenitor cells because endothelial-

like cells derived from BM cells have disappeared 3 months after injection in the

hind limb ischemia model [73]. A stem cell system is required for the tissue

maintenance [74], and this must also apply to the vascular system. Furthermore,

long-term contribution of the cells constituting tissues and maintaining tissue

homeostasis is a required stem cell property. Therefore, the long-term contribution

of EC–SP cells as ECs must be defined as a stem cell property.

Antiangiogenic approaches aimed at blocking vessel growth in cancer and eye

disease led to the approval of therapeutics targeting VEGF [75]. However, only a

fraction of cancer patients show benefit, because tumors acquire resistance

mechanisms or become refractory to VEGF inhibitors [76]. In the tumor vascula-

ture, although their function remains to be elucidated, EC–SP cells are present at

higher proportions than in the normal vasculature. We confirmed that they possess

high colony-forming ability in vitro [37]. The development of resistance to drugs is

often associated with multidrug efflux pumps; it is possible that EC–SP cells that

have high expression of drug pumps may be a cause of drug resistance targeting

ECs.

Further analysis is required to clearly show that EC–SP cells can constitute the

endothelial stem cell systems in the peripheral vasculature. To establish this, tissue

Fig. 3.4 EC–SP cells generate functional blood vessels. GFP+EC–SP cells (5 � 103) were

transplanted into the ischemic limb of wild-type mice. Fluorescent stereomicroscopic images of

hind limb muscle of EC–SP-transplanted mice are shown. Many GFP+ blood vessels filled with

blood are generated. Note that EC–SP cells contribute not only to small capillaries but also larger

arterioles and venules
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localization of stem cells may help to identify niche cells supporting the latter. So

far, no markers identifying EC–SP cells have been discovered. Therefore, localiza-

tion of these cells in vivo cannot be elucidated. In vivo lineage tracing studies with

specific markers for EC–SP cells would open new perspectives on understanding

mechanisms of angiogenesis.

Self-renewal is the process by which stem cells produce at least one stem cell by

symmetric or asymmetric cell division to perpetuate the stem cell pool [2]. Serial

transplantation assays are required to test the ability of EC–SP cells to undergo self-

renewal. Furthermore, serial transplantation of EC–SP cells and EC–MP cells could

reveal a hierarchy system of ECs. Moreover, it would be interesting to know

whether EC–SP cells in different organs produce ECs having different

characteristics, such as morphological heterogeneity referred to as continuous,

fenestrated, and discontinuous.

Recent studies provide a new mechanistic concept of functional specialization of

ECs during different phases of angiogenesis. After receiving pro-angiogenic

signals, EC become motile and invasive and protrude filopodia. These spearhead

new sprouts called tip cells, which probe for environmental guidance cues. In

contrast, stalk cells following the tip cell establish a lumen and proliferate to

support sprout elongation [77]. During the transition from active sprouting to

quiescent ECs, tip and stalk cells adopt a “phalanx cell” phenotype (resembling a

phalanx formation of ancient Greek soldiers) characterized as lumenized, nonproli-

ferating, and immobile, which promotes vessel integrity and stabilizes the vascula-

ture [78, 79]. Mechanisms for selection of the tip cell phenotype were recently

proposed to be based on initial stochastic differences in soluble (s) Flt-1 expression

by individual ECs of a developing vessel [80]. This results in localized VEGF

inactivation and thus more active angiogenic stimuli in the area of the migrating

sprout. In our in vivo regeneration assay using EC–SP cells, we observed new

vessels sprouting from newly developed blood vessels generated by EC–SP cells.

This strongly suggests that EC–SP cells have the potential to generate both tip cell

and stalk cell phenotypes in the active sprouting state and a phalanx cell phenotype

in the quiescent state. In the latter, the level of sFlt1 mRNA is not high, as it is in

EC–SP cells; however, it is possible that tip cells generated from EC–SP cells start

to express high levels of sFlt1. Little is known about the mechanisms of EC–SP cell

activation under ischemic conditions. Identifying the signals that are responsible for

EC–SP activation would help clarify the relationship between these cells and

EC–SP cells.

In consideration of the evidence that EC–SP cells do exist, we hypothesize that

the ECs in peripheral blood vessels are not homogeneous and that certain of them

retain their original hierarchical stem/progenitor characteristics. We propose a

“heterogeneous angiogenesis model” in which resident stem/progenitor ECs play

a central role in producing a number of ECs (Fig. 3.5).
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Abstract

Proteases play an important role in various aspects of angiogenesis. First,

pericellular proteolysis facilitates matrix degradation as well as migration and

invasion of capillary sprouts into its surrounding matrix. (Membrane-type)

matrix metalloproteases [(MT-)MMPs], ADAM(TS) metalloproteases, serine

proteases, their inhibitors, and occasionally cysteine proteases are important

players in pericellular proteolysis. The specific location and short exposure of

protease activity can be explained by a tread-milling model with internalization

of protease–receptor complexes as was proposed for MT1-MMP/MMP2 and

urokinase/urokinase receptor complexes. Second, proteolytic events play a role

in regulating VEGF-induced sprouting, such as proteasomal degradation of

hypoxia inducible factors (HIFs), Notch-mediated cell signaling, and turnover

of VEGF receptors. Third, proteases can activate and modify growth factors and
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receptors and thus generate split products with new biological functions and

contribute to cell recruitment. Proteases likely also contribute to formation of

anastomoses, which is required to restore circulation. Finally, new biological

functions are also acquired by generation of split products from and modifications

of matrix proteins. They include angiogenesis-inhibiting matrikines, and modified

fibrin forms with altered angiogenic properties, which may bear perspective for

tissue engineering applications.

Keywords

Matrix metalloproteinases • Cysteine proteases • VEGF • Hypoxia • HIF •

Notch signaling

4.1 Introduction

In many physiological and pathological situations, angiogenesis is an important

process. Its regulation by a tight balance between pro- and anti-angiogenic factors is

fascinating. An important group of proteins that contributes to this balance is that of

proteases. The importance of protease activity for cardiovascular development is

reflected by prenatal death or major defects during development in animals with

deficiency of many different proteases. Deficiencies of various hemostasis

regulating proteases cause early developmental problems due to angiogenesis

defects rather than to coagulation disturbances [1].

It is not surprising that proteolytic activity is required for detachment of endo-

thelial cells from their basement membrane and for creating space in the interstitial

tissue to facilitate the formation of new blood vessels. In addition, proteases are

required for the migration of endothelial cells, pericytes, and angiogenesis-

modulating monocytes. Movement within tissues involves the interplay between

iterating degradation and generation of cell–matrix interactions, which act together

with contractile changes in the intracellular cytoskeleton. However, proteases are

also involved in many more processes that regulate angiogenesis. On one hand, the

action of proteases has intracellular effects, for example, the γ-secretase complex

facilitates receptor-mediated cell signaling for specific receptors; caspases regulate

apoptosis; and lysosomal enzymes cause degradation and turnover of cellular

proteins and receptor–ligand complexes. On the other hand, proteolytic modifica-

tion of growth factors and in particular matrix proteins outside the cell converts

existing molecules into proteins or peptides with new angiogenesis-modulating

features.

As several reviews have surveyed a number of these aspects, we refer to more

extensive references in previous reviews [2–6]. In this chapter we describe several

aspects of proteases in the regulation of angiogenesis. After a short survey of the

major groups of proteases that are involved in angiogenesis, we elaborate on the

action of proteases in sprouting via vascular endothelial growth factor (VEGF)-

signaling, cell migration and invasion, stem/progenitor cell recruitment, and
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proteolytic modifications of growth factors, receptors, and matrix proteins that

modulate angiogenesis.

4.2 Classes of Proteases Involved in Angiogenesis

Proteases are classified based on their mechanism of catalysis; a distinction into six

different classes can be made: metalloproteinases and serine-, aspartic-, cysteine-,

threonine-, and glutamic proteases [7]. In angiogenesis the most dominant protease

classes are serine proteases, metalloproteinases, in particular the matrix

metalloproteinase (MMP) family and two related families ADAM (a disintegrin

and metalloproteinase domain) and ADAMTS (ADAM with thrombospondin

motifs), and cysteine proteases.

4.2.1 Serine Proteases

The class of serine proteases is the largest and most identified class of proteases in

the human degradome. This endopeptidase group contains well-known proteases,

e.g., chymotrypsin, trypsin, elastase, plasmin, and kallikreins. Generally, the inac-

tive zymogen is activated by removal of a pro-peptide on the N-terminal side of the

protease, leading to exposure of its catalytic triad. With respect to vascular

remodeling, a well-studied serine protease family is the plasminogen activator—

plasmin system, consisting of tissue-type plasminogen activator (tPA), urokinase

plasminogen activator (uPA), and their substrate plasminogen. The zymogen plas-

minogen can be activated by two different plasminogen activators, tPA and uPA,

both cleaving Arg561–Val562 between the kringle 5 and protease domain. While tPA

is mainly responsible for active plasmin generation during fibrinolysis in blood and

body fluids, uPA is responsible for plasmin activity at the cell surface during cell

migration and invasion. Activation of plasminogen by uPA is facilitated by the uPA

receptor (UPAR) on the cell surface, leading to very specifc and localized proteo-

lysis [8, 9]. The proteolytic activity of plasmin spans a wide range of extracellular

matrix components, including collagen, fibrin, laminin, fibronectin, and

proteoglycans [10]. This range is broadened by the fact that plasmin is involved

in the activation of other proteases, as was shown for several matrix metallopro-

teinases [11].

The activation of plasminogen into active plasmin is not only tightly regulated

by tPA and uPA but also by plasminogen activator inhibitor 1 and 2 (PAI-1, PAI-2).

Plasmin activity is rapidly quenched by α2-antiplasmin and α2-macroglobulin.

Proteolysis via the uPA-plasmin system favors tumor invasion and angiogenesis.

Accordingly, high levels of PAI-1 are correlated with a poor prognosis of cancer

patients [12]. The endogenous plasmin inhibitor α2-antiplasmin inactivates plasmin

very rapidly in the fluid phase, whereas membrane-bound plasmin is rather

inaccessible for α2-antiplasmin [13]. VEGF cleavage by plasmin regulated by
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α2-antiplasmin was shown to alter re-endothelialization after vascular injury [14].

Circulating α2-macroglobulin is an inhibitor of both plasmin and MMP activity.

4.2.2 Matrix Metalloproteinases

The class of matrix metalloproteinases contains over 20 different zinc-dependent

endopeptidases. The members of this family can be classified into two groups based

on their structural features: secreted MMPs and membrane-type MMPs (MT-MMP),

containing an additional transmembrane and intracellular domain (MT1,2,3,5-MMP)

or a GPI anchor (MT4,6-MMP). The soluble MMPs occur as a zymogen until its

pro-peptide is removed or disrupted; upon activation the MMP catalytic domain with

its highly conserved zinc-binding region becomes available. The hemopexin domain

determines the substrate specificity of the MMPs. During transport from the Golgi

complex to the cell membrane, MT-MMPs are processed intracellularly by furin-like

enzymes, by which they become active. Together, the members of the MMP class of

proteases can digest all known extracellular matrix macromolecules, affecting a

variety of pathological conditions, e.g., tumor growth, atherosclerosis, and heart

failure [15–17]. For specific information on MMP structure, biochemistry, and

substrate specificities, we refer to comprehensive reviews on these topics [10,

18–21]. MMP-2, MMP-9, and MT1-MMP are in particular recognized as important

regulators of angiogenesis [2, 5, 22]. Besides MMP regulation on transcriptional and

activation levels, their activities on the cell surface are regulated by complex forma-

tion with other proteins and internalization [23]. Trafficking and turnover of MT1-

MMP is essential for its proper function in cell signaling and invasion [24, 25].

Moreover, MMP activity is regulated by tissue inhibitors of metalloproteinases

(TIMPs) and the inhibitor RECK (Reverse-inducing cysteine-rich protein with

Kazal motifs) [26, 27]. TIMPs not only play a role in the inhibition of MMP activity

but also can possess other biological functions. TIMP-2—via sphingosine-1-phos-

phate (S1P) and Rho-kinase—can interfere with the formation of adherence junctions

in endothelial cells, leading to reduced vascular sprouting [28]. TIMP-2 can suppress

fibroblast growth factor-induced angiogenesis, independent of MMP inhibition [29].

Differential regulation and broad localization of TIMPs is associated with their

specific biological functions.

Two large protease families that are related to MMPs are the ADAMs and

ADAMTSs. ADAMs have a membrane-spanning domain and can act as

ectodomain sheddases of cell surface receptors or cell adhesion molecules. In

general, ADAMs influence cell surface remodeling, ectodomain shedding, growth

factor availability, and cell–cell and cell–matrix interactions. For example, ADAM-

10 and -17 facilitate the cleavage of ectodomains of Notch-1 and Tie-1 upon

binding with their ligands Delta-like ligand 4 and angiopoietin-1. In contrast to

the latter proteases, ADAMTS are secreted proteins, wherein the thrombospondin

motif facilitates its localization in the extracellular matrix (ECM) and occasionally

causes inhibition of angiogenesis. Most of the ADAMTSs are anti-angiogenic or

tumor suppressors, whereas ADAMTS1, ADAMTS4, and ADAMTS18 were

reported to be pro-angiogenic [30]. Where the inhibition of TIMPs on secreted
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MMPs is universal, the inhibition appears to be more selective for the ADAM and

ADAMTS family members. For example, TIMP-3 can inhibit the proteolytic

activity of ADAM-12 and 17, and ADAMTS4 and -5. On the other hand, the

TIMPs cannot inhibit the action of ADAM-8 and 9.

4.2.3 Cysteine Proteases

Cysteine cathepsins are a subfamily within the cysteine proteases. Cysteine

cathepsins are mainly endopeptidases that are intracellularly located in

endolysosomal vesicles and responsible for protein degradation. Similarly as serine

proteases and MMPs, the zymogen is activated upon removal of the pro-peptide.

Cathepsins are mainly active at a rather acid pH and therefore usually active in

lysosomes and involved in protein turnover. A few cathepsins including cathepsin

B can be active on the cell surface after binding to other proteins (see [3] for

details). Several reports suggest a role of cathepsin B in angiogenesis, which might

be indirect. Kostoulas et al. proposed that cathepsin B can degrade TIMP-1 and

TIMP-2 and thereby enhance MMP activity [31]. Moreover, cathepsin L is involved

in the recruitment of progenitor cells that contribute to neovascularization in

ischemic hindlimbs [32]. Cathepsins B and S showed increased expression in a

tumor environment including possible secretion and membrane exposure. Potential

extracellular roles of cathepsins are cleavage of ECM molecules, e.g., laminin,

collagen type IV and tenascin C, cell-adhesion molecules, and activation of other

enzymes involved in proteolysis [33]. Cysteine cathepsins were shown to enhance

tumor growth, invasion, and angiogenesis [33]. Moreover, these proteases can

activate UPAR-bound pro-uPA to active uPA leading to plasmin generation [34].

In the following sections we will review specific functions of proteases with

respect to positive and negative effects on various aspects of the regulation of

angiogenesis.

4.3 Proteases in VEGF-Induced Sprouting

A key feature of injury-induced angiogenesis is hypoxia and the induction of VEGF

(VEGF-A). In this sequence of events, proteases are important in cell signaling both

in the leading sprouting endothelial cells (tip cell) as well as in the adjacent

endothelial cells. Hypoxia causes the survival of HIF-1α (hypoxia inducible factor

1α), which together with HIF-1β forms the transcription factor HIF-1 that induces

many genes including VEGF, a key regulator of angiogenesis. In the presence of

oxygen, HIF-1α is rapidly hydroxylated at two proline residues and an asparaginyl

residue. The proline hydroxylation causes the binding of the Von Hippel Lindau

protein, after which HIF-1α becomes degraded in the proteasomes after poly-

ubiquitinylation. Additionally, the hydroxylation of the Asp-residue of HIF-1 by

the asparaginyl hydroxylase FIH-1 (factor inhibiting HIF-1) interferes with the

binding of p300 protein and thereby inhibits the formation of an active transcription

initiation complex. Thus, in well perfused tissues HIF-1α, although continuously
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synthesized, is unable to induce angiogenesis, due to its continuous rapid proteo-

lytic degradation and its inability to form a suitable transcription activation com-

plex. In the absence of oxygen no proline and asparaginyl hydroxylations occur and

HIF-1 strongly induces the synthesis of VEGF and other angiogenesis stimulating

factors. Macrophages and bone marrow niche cells can maintain some HIF-1

activity even in normoxic conditions. Interestingly, recent studies point to a role

of the non-proteolytic cytoplasmic domain of MT1-MMP, which can bind and

suppress FIH-1 in these cells and thereby allows nuclear HIF-1 to induce the

expression of new genes [35, 36].

VEGF is normally secreted in large isoforms that bind to heparan sulfates in the

tissue and is referred to as matrix-bound VEGF. The matrix-bound VEGF provides

spatial information [37] that contributes to the formation of an organized vascular

network. If the VEGF165 is degraded byMMP-9, VEGF split products are generated

that resemble the properties of the short isoform VEGF121. This (soluble) VEGF121
and the split products (e.g., 113N-terminal amino acids of VEGF, VEGF113) cannot

bind to heparan sulfates and induce a chaotic pattern of newly formed sprouts, in

contrast to the matrix-bound isoforms [38].

The endothelial cells on the tip of a capillary sprout recognize matrix-bound

VEGF by VEGF receptor-2 (VEGFR2) that is present on filopodial extrusions of

these cells. Initially, one had observed that the presence of VEGFR2 was not altered

at the invasive front of the cell during angiogenesis. However, new insights show

rapid internalization and degradation of the VEGF-VEGFR2 complex. Thus, the

increased availability of VEGFR2 in angiogenic conditions was masked by the

enhanced turnover at the invasive front [39]. This increase is unmasked by inhibi-

tion of lysosomal proteins or internalization of the VEGF-VEGFR2 complex.

Sprouting is limited because endothelial tip cells regulate the sprout-initiating

properties of adjacent endothelial cells. Suppression of sprout formation occurs via

the VEGF-mediated induction of the protein DLL-4 (delta like ligand 4). DLL-4

binds to the receptor Notch-1, upon binding two subsequent proteolytic cleavages

of Notch occur. First, Notch-1 is cleaved on the cell surface by the

metalloproteinase ADAM-17 or ADAM-10. Subsequently, a second proteolytic

cleavage occurs at the cytoplasmic side by the aspartate proteinase presenilin in

the γ-secretase complex, after which the liberated cytoplasmic tail translocates to

the nucleus where it can induce gene transcription. As a consequence, the gene

expression profile of the cell is altered, i.e., the expression of VEGFR2, VEGFR3,

and neuropilin-1 are reduced, and simultaneously the VEGF-quenching VEGFR1 is

increased [40, 41]. The Notch-1-induced expression profile affects the

responsiveness of the endothelial cell, by which it becomes a stalk cell. Stalk

cells are less involved in sprouting, but rather in cell division and the subsequent

formation of a more stable vascular structure. Notch signaling was reported to

mediate the VEGF-induced activation of MMP-9 and MT1-MMP and the

subsequent activation of MMP-2 [42]. This is an intriguing observation as Notch

activation occurs in the stalk cells. It may contribute to further widening of the

initial endothelial sprout and further invasion into the tissue. The lumen of newly

formed blood vessels forms either by fusion of intracellular vesicles [43] or by
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regulated dissociation of part of the intercellular junctions [44]. It is unknown

whether proteases are involved in lumen formation per se, but the simultaneous

widening of the newly formed vascular structure requires proteases for remodeling

of the tissue surrounding the vascular structure. Further vessel stabilization only

occurs after formation of a basement membrane and association of pericytes with

the newly formed endothelial tubular structure.

4.4 Migration, Invasion, and Pericellular Proteolysis

Migration and invasive growth of cells involved in angiogenesis requires a del-

icately balanced interplay between detachment and formation of new cell adhesions

that enables the cell to pull itself forward through the extracellular matrix. To make

this possible, spatially limited proteolytic activities occur on the cell surface,

usually at locations of cell–matrix contact. It has become clear that either

membrane-bound proteases are involved or multiprotein complexes are built in

lipid rafts of the cell membrane which regulate and harbor proteases. The MT-

MMPs and several ADAM family members have a transmembane domain or GPI-

anchor, which binds them directly to the membrane [10, 30]. uPA and its receptor

UPAR form a multiprotein complex with integrins and other proteins in focal

adhesions [8]. Other proteases bind indirectly to the surface of the endothelial

cells, such as plasmin(ogen) that binds to plasminogen receptors, MMP-2 that

binds to MT1-MMP or αvβ3-integrin, and MMP-9 that interacts with CD44 [45].

MMP-2 is activated in complex with MT1-MMP in a process that is facilitated by

TIMP-2. Activation of the protease from its pro-form can occur after secretion or

directly on the cell surface (Fig. 4.1), but for other proteases the activation occurs

Fig. 4.1 Schematic representation of pericellular proteolytic activity during matrix invasion.

Various proteases act on the cell surface, such as uPA bound to the GPI-anchored UPAR, plasmin

bound to plasmin(ogen) receptors, MT1-MMPs, and MMP-2 bound to MT1-MMP. GPI-anchor
glycophosphatidylinositol-anchor
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already within the cell before secretion or membrane exposure. For example, uPA is

secreted as a proenzyme, while MT1-MMP is activated by the serine protease furin

during its trafficking from the Golgi complex to the cell surface.

A tread-milling model was proposed for both the MT1-MMP/MMP-2 and the

uPA/UPAR complexes, explaining their role in cell migration [8, 46, 47]. This

model suggests that the protease is bound to its receptor, forms a complex with

associated proteins and then becomes activated. Subsequently, this protease is

active on a specific area of the cell surface for a limited time, and thereafter it is

inhibited and/or internalized. After internalization of the complex into endosomes,

the protease can be regenerated and transferred back to the surface, or it is degraded

in the lysosomes. Repeated small bouts of localized proteolytic activity are causing

local detachment and allow generation of new cell–matrix interactions. The continuous

de- and re-attachment of cell–matrix interactions enables the cell “to walk” along

matrix fibers and to degrade other obstructing matrix fibers simultaneously. In addition,

the mechanism provides a continuous mutual interplay between the proteolytic activity

on the cell surface and the continuously adapting filamentous actin cytoskeleton,

facilitating coordinated cell movement.

It is likely that proteases also play a role in the formation of anastomoses

between the newly formed vascular sprouts and the existing perfused vessels.

Anastomosis requires basement membrane degradation of the existing vessels and

local migration of cells to enable proper fusion of the vessels. MT1-MMP was

shown to play a role in Rac1- and Cdc42-mediated cell signaling that modulate such

processes [48, 49]. Furthermore, monocytes have been indicated as important cells

that control anastomosis formation [50]. In addition to their local action, their

recruitment involves migration and invasion with a similar pericellular proteolysis

participation as depicted above for the sprouting endothelial cell. The same applies

to the recruitment of pericytes, which are necessary to stabilize the newly formed

vessels.

4.5 Proteolytic Modification of Growth Factors and Receptors

During and preceding cell invasion into the extracellular matrix network, proteases

can also activate or degrade growth factors and liberate matrix-bound growth

factors. Plasminogen activators play an important role in the activation of latent

transforming growth factor-β. Hepatocyt growth factor (HGF) is activated by HGF

activating factor, a protease that is related to plasmin. VEGF can be liberated in an

active state from a complex with connective tissue growth factor by the proteolytic

action of MT-MMPs [51]. Stromal derived factor-1 (SDF-1) is trimmed by the

carboxypeptidase thrombin activatable fibrinolysis inhibitor (TAFI) or the

dipeptidyl peptidase DPPIV/CD26, which alter the affinity of SDF-1 for heparan

sulfates. SDF-1 and its receptor C-X-C chemokine receptor type 4 (CXCR4) are

cleaved and inactivated by MT1-MMP and MMP-1, -2, and -13 [52]. Degradation

of the SDF-1/CXCR4 interaction and conversion of membrane-bound mKitL into
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soluble KitL by MMP-9 contribute to the mobilization of circulating angiogenesis

stimulating cells from the bone marrow niche.

Proteolytic modification of cellular receptors is a rapidly growing field with

many implications. Shedding of receptors such as VEGFR2 and the insulin receptor

can cause microvascular rarefaction and—similar to VEGFR inhibition—

contribute to hypertension [53, 54]. Shedding of IL-6 receptor (IL-6R) in septic

conditions generates soluble IL-6R, which together with its adaptor protein gp130

can cause signaling in endothelial cells that are normally devoid of IL-6R [55].

ADAM-10 can generate soluble Ephrin (Eph) receptors by cleavage and shedding

of EphA2 and EphA3, and these cleavage products can inhibit tumor angiogenesis

in mice [56]. Indeed, a range of proteolytically modified proteins, in particular

matrix proteins, have been recognized that modulate angiogenesis.

4.6 Proteolytic Modification of Matrix Proteins: Matrikines
and Fibrin Forms

Proteins in the extracellular matrix, such as collagens and laminin, are degraded via

multistep proteolysis. The intermediate products have received considerable atten-

tion, not only as parameters of proteolytic action, but also because some of them

have angiogenesis inhibiting properties. Among these angiogenesis-modulating

split products, which are nowadays indicated as matrikines, are fragments of

collagens, like endostatin, tumstatin and canstatin, and laminin [57]. Several

other circulating proteins, in particular plasminogen and fibrinogen, can also be

degraded into anti-angiogenic fragments such as angiostatin and alphastatin,

respectively. These inhibitory molecules act via specific receptors or via interaction

with integrins [58].

Fibrinogen is an interesting molecule as it represents a temporary repair matrix.

In addition to its role in hemostasis, it plays a facilitating role in the invasion of cells

and capillary sprouts during the healing process [57, 59]. Multiple variants of fibrin

were shown to occur in the circulation of healthy individuals; some of these variants

are the result of partial proteolytic degradation [60–62]. Fibrin is primarily

synthesized in the liver as intact high molecular weight (HMW) fibrinogen,

which consists of six polypeptide chains, Aα2, Bβ2, and γ2, respectively

(Fig. 4.2). Partial proteolytic degradation of one fibrinogen Aα chain results in

low molecular weight fibrinogen (LMW), and partial degradation of both Aα chains

results in low molecular weight0 (LMW0) fibrinogen. The protease responsible for

this conversion has not yet been identified [61, 63]. Physiological conditions may

alter the ratio of the high and low molecular weight fibrinogen variants. Higher

levels of HMW fibrinogen were found in pre-eclampsia patients, together with

enhanced inflammatory responses and hypercoagulability [64]. In the acute phase

of, e.g., stroke, pulmonary embolism, angina pectoris, or intracerebral hemorrhage,

the fibrinogen levels in the circulation increase [65]. Specifically, the percentage of

intact fibrinogen increases after surgery and myocardial infarction as shown by

Holm and Godal [66]. The initial (3–4 days) increase in fibrinogen levels consists
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mostly of HMW fibrinogen, whereas only small and delayed increases in LMW

fibrinogen levels were observed (8–11 days). Together with the yet unknown

protease responsible for the HMW to LMW conversion, this implies that the

formation of LMW fibrinogen is a slow and multistep process.

On the functional level the occurrence of fibrinogen molecular weight variants

has substantial effects. When HMW and LMW fibrinogen are compared, LMW

fibrinogen shows impaired clotability, thinner and denser fibrin fibers, and possibly

slower fibrinolysis. These properties together with altered cell–matrix interactions

have substantial effects on angiogenesis in HMW and LMW fibrin matrices. HMW

fibrin matrices enhance the in vitro sprouting and in vivo angiogenesis when

compared to the natural mixture of fibrin variants [67]. In contrast to HMW fibrin,

the sprouting and in vivo angiogenesis are impaired in LMW fibrin when compared

to the natural fibrin mixture. Thus, higher HMWfibrinogen levels in the acute phase

might result in more optimal formation of vascular sprouts. Moreover, these fibrin

variants show differential regulation of multiple genes in endothelial cells, repre-

sentative for the influence of the matrix on cellular characteristics [68]. Fibrin

heterogeneity via proteolytic degradations seems to give a delicate balance to

angiogenesis.

4.7 Perspective

The protease family is one of many members in the fascinating complexity of

molecules that regulate neovascularization. In this review we elaborate on protease

action that is not limited to matrix degradation. In fact, proteases affect a wide range

of steps in the process of angiogenesis.

Fig. 4.2 Proteolytic degradation of native fibrinogen. Fibrinogen is composed of two similar

molecule halves, each consisting of an Aα-, Bβ-, and γ-chain. Various proteases can split the

fibrinogen molecule at different sites on both sides of the molecule. The conversion of HMW

toward LMW and LMW0 occurs at positions Aα269, 297, and 309, but the protease(s) involved are
not known yet
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Modulation of proteolytic activity during cell invasion and matrix remodeling

has been proposed as potential therapeutic approach for tumors and rheumatoid

arthritis. However, even though inhibition of proteases provides high expectations

in various pathologies, modulation of proteolytic activity in pathological conditions

appeared to be a complex process with yet limited success. Many antitumor MMP

inhibitors failed in the early phase clinical trials, due to extensive homology

between MMPs catalytic domains [69, 70]. In addition to MMP inhibition, the

serine-protease family of uPA/plasmin appears as a potential target for anticancer

therapy, and a few uPA inhibitors entered clinical trials [71]. In order to develop

successful anti-angiogenic treatments, increased knowledge on growth factor, cyto-

kine, and matrix modification by proteases are a necessity, together with their effect

on trafficking, shedding, and signaling of receptors. Increased knowledge on the

diversity of protease regulation and action, together with the development of

specific and locally applicable inhibitors, may contribute to improved anti-

angiogenic strategies. Recent developments using a degradomic discovery

approach might reveal new and unexplored sets of proteases and targets of their

action. In this degradomics approach, oligonucleotide microarrays, activity-based

probes, and fluorescence-based assay are used to profile and monitor protease levels

and activity [72].

A challenging new field is the role of proteases and their receptors in the

recruitment and homing of stem and progenitor cells that contribute to angiogene-

sis. Substantial evidence exists on the contribution of MMPs to stem or progenitor

cell recruitment. Active MMP-9 from bone marrow stromal cells causes shedding

of soluble Kit ligand (sKitL) that upon binding to its receptor on endothelial

progenitor cells results in migration of progenitor cells toward areas of vasculari-

zation [4, 73]. MT1-MMP has been implicated in progenitor cell mobilization via

granulocyte colony-stimulating factor and CD44 on progenitor cells [27]. MMP-

2 contributes to the release of stem/progenitor cells from the osteogenic niche by

degrading the interaction between SDF-1 and its receptor CXCR4 that binds these

cells to the local matrix [74]. Activation of tissue kallikreins (serine proteases) are

involved in endothelial progenitor cell recruitment in rheumatoid arthritis, possibly

via bradykinin type 2 receptor and CXCR4 [75]. Degradation of the extracellular

matrix can also release molecules that contribute to the homing and invasion of

stem and progenitor cells [76]. MMP-9 is involved in the incorporation of bone-

marrow derived endothelial progenitor cells into ischemic areas to stimulate vas-

cularization [77, 78]. In stem/progenitor cell migration into atherosclerotic lesions,

an important role for MMP-8 was revealed [79]. Research toward the roles of

proteases in stem and progenitor cell recruitment reveals a new aspect in the

diversity of protease action that is involved in angiogenesis.

Finally, recognition of the angiogenesis-modulating effects of subtle changes in

matrix proteins, as here illustrated for fibrin, bear the perspective of making matrix

structures with a high or low stimulatory effect on angiogenesis and for improving

tissue grafts that upon implantation in patients depend on an adequate

vascularization.

4 Multiple Roles of Proteases in Angiogenesis 95



Acknowledgments This work was supported by grants of The Netherlands Institute for Regen-

erative Medicine (NIRM, workpackage hypoxia and angiogenesis).

References

1. Carmeliet P, Collen D (1998) Development and disease in proteinase-deficient mice: role of

the plasminogen, matrix metalloproteinase and coagulation system. Thromb Res 91

(6):255–285

2. Egeblad M, Werb Z (2002) New functions for the matrix metalloproteinases in cancer

progression. Nat Rev Cancer 2(3):161–174

3. van Hinsbergh VWM, Engelse MA, Quax PH (2006) Pericellular proteases in angiogenesis

and vasculogenesis. Arterioscler Thromb Vasc Biol 26(4):716–728

4. Verloop RE, Koolwijk P, van Zonneveld AJ, van Hinsbergh VW (2009) Proteases and

receptors in the recruitment of endothelial progenitor cells in neovascularization. Eur Cytokine

Netw 20(4):207–219

5. van Hinsbergh VWM, Koolwijk P (2008) Endothelial sprouting and angiogenesis: matrix

metalloproteinases in the lead. Cardiovasc Res 78(2):203–212

6. Davis GE, Stratman AN, Sacharidou A, Koh W (2011) Molecular basis for endothelial lumen

formation and tubulogenesis during vasculogenesis and angiogenic sprouting. Int Rev Cell

Mol Biol 288:101–165

7. Lopez-Otin C, Bond JS (2008) Proteases: multifunctional enzymes in life and disease. J Biol

Chem 283(45):30433–30437

8. Blasi F, Carmeliet P (2002) uPAR: a versatile signalling orchestrator. Nat Rev Mol Cell Biol 3

(12):932–943

9. Andreasen PA, Egelund R, Petersen HH (2000) The plasminogen activation system in tumor

growth, invasion, and metastasis. Cell Mol Life Sci 57(1):25–40

10. Roy R, Zhang B, Moses MA (2006) Making the cut: protease-mediated regulation of angio-

genesis. Exp Cell Res 312(5):608–622

11. Lijnen HR (2001) Plasmin and matrix metalloproteinases in vascular remodeling. Thromb

Haemost 86(1):324–333

12. Van De Craen B, Scroyen I, Vranckx C, Compernolle G, Lijnen HR, Declerck PJ et al (2012)

Maximal PAI-1 inhibition in vivo requires neutralizing antibodies that recognize and inhibit

glycosylated PAI-1. Thromb Res 129(4):e126–e133

13. Syrovets T, Simmet T (2004) Novel aspects and new roles for the serine protease plasmin. Cell

Mol Life Sci 61(7–8):873–885

14. Matsuno H (2006) Alpha2-antiplasmin on cardiovascular diseases. Curr Pharm Des 12

(7):841–847

15. Kessenbrock K, Plaks V, Werb Z (2010) Matrix metalloproteinases: regulators of the tumor

microenvironment. Cell 141(1):52–67

16. Newby AC (2005) Dual role of matrix metalloproteinases (matrixins) in intimal thickening and

atherosclerotic plaque rupture. Physiol Rev 85(1):1–31

17. Spinale FG, Janicki JS, Zile MR (2013) Membrane-associated matrix proteolysis and heart

failure. Circ Res 112(1):195–208

18. Visse R, Nagase H (2003) Matrix metalloproteinases and tissue inhibitors of metallopro-

teinases: structure, function, and biochemistry. Circ Res 92(8):827–839

19. Nagase H, Woessner JFJ (1999) Matrix metalloproteinases. J Biol Chem 274

(31):21491–21494

20. Butler GS, Overall CM (2009) Updated biological roles for matrix metalloproteinases and new

“intracellular” substrates revealed by degradomics. Biochemistry 48(46):10830–10845

21. Rodriguez D, Morrison CJ, Overall CM (2010) Matrix metalloproteinases: what do they not

do? New substrates and biological roles identified by murine models and proteomics. Biochim

Biophys Acta 1803(1):39–54

96 E.M. Weijers and V.W.M. van Hinsbergh



22. Handsley MM, Edwards DR (2005) Metalloproteinases and their inhibitors in tumor angio-

genesis. Int J Cancer 115(6):849–860

23. Bauvois B (2012) New facets of matrix metalloproteinases MMP-2 and MMP-9 as cell surface

transducers: outside-in signaling and relationship to tumor progression. Biochim Biophys Acta

1825(1):29–36

24. Williams KC, Coppolino MG (2011) Phosphorylation of membrane type 1-matrix

metalloproteinase (MT1-MMP) and its vesicle-associated membrane protein 7 (VAMP7)-

dependent trafficking facilitate cell invasion and migration. J Biol Chem 286

(50):43405–43416

25. Galvez BG, Matias-Roman S, Yanez-Mo M, Vicente-Manzanares M, Sanchez-Madrid F,

Arroyo AG (2004) Caveolae are a novel pathway for membrane-type 1 matrix

metalloproteinase traffic in human endothelial cells. Mol Biol Cell 15(2):678–687

26. Brew K, Nagase H (2010) The tissue inhibitors of metalloproteinases (TIMPs): an ancient

family with structural and functional diversity. Biochim Biophys Acta 1803(1):55–71

27. Vagima Y, Avigdor A, Goichberg P, Shivtiel S, Tesio M, Kalinkovich A et al (2009) MT1-

MMP and RECK are involved in human CD34+ progenitor cell retention, egress, and mobili-

zation. J Clin Invest 119(3):492–503

28. Mascall KS, Small GR, Gibson G, Nixon GF (2012) Sphingosine-1-phosphate-induced release

of TIMP-2 from vascular smooth muscle cells inhibits angiogenesis. J Cell Sci 125(Pt

9):2267–2275

29. Seo DW, Li H, Guedez L, Wingfield PT, Diaz T, Salloum R et al (2003) TIMP-2 mediated

inhibition of angiogenesis: an MMP-independent mechanism. Cell 114(2):171–180

30. Kumar S, Rao N, Ruowen G (2012) Emerging roles of ADAMTSs in angiogenesis and cancer.

Cancers 4(4):1252–1299

31. Kostoulas G, Lang A, Nagase H, Baici A (1999) Stimulation of angiogenesis through cathepsin

B inactivation of the tissue inhibitors of matrix metalloproteinases. FEBS Lett 455(3):286–290

32. Urbich C, Heeschen C, Aicher A, Sasaki K, Bruhl T, Farhadi MR et al (2005) Cathepsin L is

required for endothelial progenitor cell-induced neovascularization. Nat Med 11(2):206–213

33. Mohamed MM, Sloane BF (2006) Cysteine cathepsins: multifunctional enzymes in cancer.

Nat Rev Cancer 6(10):764–775

34. Kobayashi H, Moniwa N, Sugimura M, Shinohara H, Ohi H, Terao T (1993) Effects of

membrane-associated cathepsin B on the activation of receptor-bound prourokinase and

subsequent invasion of reconstituted basement membranes. Biochim Biophys Acta 1178

(1):55–62

35. Sakamoto T, Seiki M (2010) A membrane protease regulates energy production in

macrophages by activating hypoxia-inducible factor-1 via a non-proteolytic mechanism. J

Biol Chem 285(39):29951–29964

36. Nishida C, Kusubata K, Tashiro Y, Gritli I, Sato A, Ohki-Koizumi M et al (2012) MT1-MMP

plays a critical role in hematopoiesis by regulating HIF-mediated chemokine/cytokine gene

transcription within niche cells. Blood 119(23):5405–5416

37. Chen TT, Luque A, Lee S, Anderson SM, Segura T, Iruela-Arispe ML (2010) Anchorage of

VEGF to the extracellular matrix conveys differential signaling responses to endothelial cells.

J Cell Biol 188(4):595–609

38. Lee S, Jilani SM, Nikolova GV, Carpizo D, Iruela-Arispe ML (2005) Processing of VEGF-A

by matrix metalloproteinases regulates bioavailability and vascular patterning in tumors. J Cell

Biol 169(4):681–691

39. Nakayama M, Nakayama A, van Lessen M, Yamamoto H, Hoffmann S, Drexler HCA et al

(2013) Spatial regulation of VEGF receptor endocytosis in angiogenesis. Nat Cell Biol 15

(3):249–260

40. Jakobsson L, Franco CA, Bentley K, Collins RT, Ponsioen B, Aspalter IM et al (2010)

Endothelial cells dynamically compete for the tip cell position during angiogenic sprouting.

Nat Cell Biol 12(10):943–953

4 Multiple Roles of Proteases in Angiogenesis 97



41. Potente M, Gerhardt H, Carmeliet P (2011) Basic and therapeutic aspects of angiogenesis. Cell

146(6):873–887

42. Funahashi Y, Shawber CJ, Sharma A, Kanamaru E, Choi YK, Kitajewski J (2011) Notch

modulates VEGF action in endothelial cells by inducing matrix metalloprotease activity. Vasc

Cell 3(1):2

43. Kamei M, Saunders WB, Bayless KJ, Dye L, Davis GE, Weinstein BM (2006) Endothelial

tubes assemble from intracellular vacuoles in vivo. Nature 442(7101):453–456

44. Strilic B, Kucera T, Eglinger J, Hughes MR, McNagny KM, Tsukita S et al (2009) The

molecular basis of vascular lumen formation in the developing mouse aorta. Dev Cell 17

(4):505–515

45. Mori H, Tomari T, Koshikawa N, Kajita M, Itoh Y, Sato H et al (2002) CD44 directs

membrane-type 1 matrix metalloproteinase to lamellipodia by associating with its

hemopexin-like domain. EMBO J 21(15):3949–3959

46. Tjwa M, Sidenius N, Moura R, Jansen S, Theunissen K, Andolfo A et al (2009) Membrane-

anchored uPAR regulates the proliferation, marrow pool size, engraftment, and mobilization of

mouse hematopoietic stem/progenitor cells. J Clin Invest 119(4):1008–1018

47. Uekita T, Itoh Y, Yana I, Ohno H, Seiki M (2001) Cytoplasmic tail-dependent internalization

of membrane-type 1 matrix metalloproteinase is important for its invasion-promoting activity.

J Cell Biol 155(7):1345–1356

48. Gonzalo P, Guadamillas MC, Hernandez-Riquer MV, Pollan A, Grande-Garcia A, Bartolome

RA et al (2010) MT1-MMP is required for myeloid cell fusion via regulation of Rac1

signaling. Dev Cell 18(1):77–89

49. Sacharidou A, Koh W, Stratman AN, Mayo AM, Fisher KE, Davis GE (2010) Endothelial

lumen signaling complexes control 3D matrix-specific tubulogenesis through interdependent

Cdc42- and MT1-MMP-mediated events. Blood 115(25):5259–5269

50. Fantin A, Vieira JM, Gestri G, Denti L, Schwarz Q, Prykhozhij S et al (2010) Tissue

macrophages act as cellular chaperones for vascular anastomosis downstream of VEGF-

mediated endothelial tip cell induction. Blood 116(5):829–840

51. Hashimoto G, Inoki I, Fujii Y, Aoki T, Ikeda E, Okada Y (2002) Matrix metalloproteinases

cleave connective tissue growth factor and reactivate angiogenic activity of vascular endothe-

lial growth factor 165. J Biol Chem 277(39):36288–36295

52. McQuibban GA, Butler GS, Gong JH, Bendall L, Power C, Clark-Lewis I et al (2001) Matrix

metalloproteinase activity inactivates the CXC chemokine stromal cell-derived factor-1. J Biol

Chem 276(47):43503–43508

53. Mourad JJ, Des Guetz G, Debbabi H, Levy BI (2008) Blood pressure rise following angiogen-

esis inhibition by bevacizumab. A crucial role for microcirculation. Ann Oncol 19(5):927–934

54. van der Veldt AAM, de Boer MP, Boven E, Eringa EC, van den Eertwegh AJM, van Hinsbergh

VW et al (2010) Reduction in skin microvascular density and changes in vessel morphology in

patients treated with sunitinib. Anticancer Drugs 21(4):439–446

55. Romano M, Sironi M, Toniatti C, Polentarutti N, Fruscella P, Ghezzi P et al (1997) Role of IL-

6 and its soluble receptor in induction of chemokines and leukocyte recruitment. Immunity 6

(3):315–325

56. Brantley DM, Cheng N, Thompson EJ, Lin Q, Brekken RA, Thorpe PE et al (2002) Soluble

Eph A receptors inhibit tumor angiogenesis and progression in vivo. Oncogene 21

(46):7011–7026

57. Arroyo AG, Iruela-Arispe ML (2010) Extracellular matrix, inflammation, and the angiogenic

response. Cardiovasc Res 86(2):226–235

58. Barczyk M, Carracedo S, Gullberg D (2010) Integrins. Cell Tissue Res 339(1):269–280

59. Laurens N, Koolwijk P, de Maat MP (2006) Fibrin structure and wound healing. J Thromb

Haemost 4(5):932–939

60. Holm B, Nilsen DW, Kierulf P, Godal HC (1985) Purification and characterization of 3

fibrinogens with different molecular weights obtained from normal human plasma. Thromb

Res 37(1):165–176

98 E.M. Weijers and V.W.M. van Hinsbergh



61. Henschen-Edman AH (2001) Fibrinogen non-inherited heterogeneity and its relationship to

function in health and disease. Ann N Y Acad Sci 936:580–593

62. de Maat MP, Verschuur M (2005) Fibrinogen heterogeneity: inherited and noninherited. Curr

Opin Hematol 12(5):377–383

63. Nakashima A, Sasaki S, Miyazaki K, Miyata T, Iwanaga S (1992) Human fibrinogen hetero-

geneity: the COOH-terminal residues of defective A alpha chains of fibrinogen II. Blood

Coagul Fibrinolysis 3(4):361–370

64. Manten GTR, Sikkema JM, Franx A, Hameeteman TM, Visser GHA, de Groot PG et al (2003)

Increased high molecular weight fibrinogen in pre-eclampsia. Thromb Res 111(3):143–147

65. Danesh J, Lewington S, Thompson SG, Lowe GDO, Collins R, Kostis JB et al (2005) Plasma

fibrinogen level and the risk of major cardiovascular diseases and nonvascular mortality: an

individual participant meta-analysis. JAMA 294(14):1799–1809

66. Holm B, Godal HC (1984) Quantitation of the three normally-occurring plasma fibrinogens in

health and during so-called “acute phase” by SDS electrophoresis of fibrin obtained from

EDTA-plasma. Thromb Res 35(3):279–290

67. Kaijzel EL, Koolwijk P, van Erck MG, van Hinsbergh VWM, de Maat MP (2006) Molecular

weight fibrinogen variants determine angiogenesis rate in a fibrin matrix in vitro and in vivo. J

Thromb Haemost 4(9):1975–1981

68. Weijers EM, Van Wijhe MH, Joosten L, Horrevoets AJ, de Maat MP, van Hinsbergh VWM

et al (2010) Molecular weight fibrinogen variants alter gene expression and functional

characteristics of human endothelial cells. J Thromb Haemost 8(12):2800–2809

69. Zucker S, Cao J (2009) Selective matrix metalloproteinase (MMP) inhibitors in cancer

therapy: ready for prime time? Cancer Biol Ther 8(24):2371–2373

70. Coussens LM, Fingleton B, Matrisian LM (2002) Matrix metalloproteinase inhibitors and

cancer: trials and tribulations. Science 295(5564):2387–2392

71. Ulisse S, Baldini E, Sorrenti S, D’Armiento M (2009) The urokinase plasminogen activator

system: a target for anti-cancer therapy. Curr Cancer Drug Targets 9(1):32–71

72. Overall CM, Blobel CP (2007) In search of partners: linking extracellular proteases to

substrates. Nat Rev Mol Cell Biol 8(3):245–257

73. Heissig B, Hattori K, Dias S, Friedrich M, Ferris B, Hackett NR et al (2002) Recruitment of

stem and progenitor cells from the bone marrow niche requires MMP-9 mediated release of

kit-ligand. Cell 109(5):625–637

74. Segers VFM, Tokunou T, Higgins LJ, MacGillivray C, Gannon J, Lee RT (2007) Local

delivery of protease-resistant stromal cell derived factor-1 for stem cell recruitment after

myocardial infarction. Circulation 116(15):1683–1692

75. Dai J, Agelan A, Yang A, Zuluaga V, Sexton D, Colman RW et al (2012) Role of plasma

kallikrein-kinin system activation in synovial recruitment of endothelial progenitor cells in

experimental arthritis. Arthritis Rheum 64(11):3574–3582

76. Reing JE, Zhang L, Myers-Irvin J, Cordero KE, Freytes DO, Heber-Katz E et al (2009)

Degradation products of extracellular matrix affect cell migration and proliferation. Tissue

Eng Part A 15(3):605–614

77. Iwakura A, Shastry S, Luedemann C, Hamada H, Kawamoto A, Kishore R et al (2006)

Estradiol enhances recovery after myocardial infarction by augmenting incorporation of

bone marrow-derived endothelial progenitor cells into sites of ischemia-induced neovascu-

larization via endothelial nitric oxide synthase-mediated activation of matrix

metalloproteinase-9. Circulation 113(12):1605–1614

78. Deryugina EI, Quigley JP (2010) Pleiotropic roles of matrix metalloproteinases in tumor

angiogenesis: contrasting, overlapping and compensatory functions. Biochim Biophys Acta

1803(1):103–120

79. Xiao Q, Zhang F, Lin L, Fang C, Wen G, Tsai TN et al (2013) Functional role of matrix

metalloproteinase-8 in stem/progenitor cell migration and their recruitment into atheroscle-

rotic lesions. Circ Res 112(1):35–47

4 Multiple Roles of Proteases in Angiogenesis 99



Serpins in Angiogenesis 5
Czeslaw S. Cierniewski and Joanna Boncela

Contents

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

5.2 Structure of Serpins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

5.3 Mechanism of Inhibition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

5.4 PAI-1: An Exception to the Rule . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

5.5 Serpins and Angiogenesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

5.5.1 Pro- and Antiangiogenic Properties of PAI-1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

5.5.2 Other Serpins and Angiogenesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

Abstract

Serpins (serine proteinase inhibitors) are the largest superfamily of protease

inhibitors. The serpins are structurally similar but functionally diverse proteins

that fold into a conserved structure and employ a unique suicide substrate-like

inhibitory mechanism. Most of them act as classical protease inhibitors, but there

are also serpins that inhibit other types of proteinases, e.g., caspases, or have

different, noninhibitory functions, e.g., hormone transport. Serpins are involved

in regulation of numerous biological pathways that initiate inflammation, coag-

ulation, fibrinolysis, complement activation responses, apoptosis, extracellular

matrix composition, and angiogenesis. The following serpins have been

identified as potential regulators of angiogenesis: plasminogen activator inhibi-

tor type 1 (PAI-1), kallistatin, protein C inhibitor, angiotensinogen, maspin,
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antithrombin, nexin-1, and pigment epithelial-derived factor. They exert mainly

antiangiogenic activity, by inhibition of proteolytic processes in which serine

proteases and matrix metalloproteinases (MMPs) are key players. Among them,

PAI-1 appears to be the most controversial serpin in angiogenesis; it may act

both as a pro- and antiangiogenic factor, depending upon the type of cells and

existing conditions. Taken together, serpins remarkably contribute to vessels

formation process; they are able to affect more than one of the angiogenic steps

and their activity extend beyond the inhibition of target proteinases.

Keywords

Serine protease inhibitors • Plasminogen activator inhibitor type 1 • Extracellu-

lar matrix • Endothelial cells migration • Plasmin-dependent proteolysis

5.1 Introduction

Serpins constitute a family of serine protease inhibitors that are identified by a

conserved tertiary structure and a unique suicide substrate-like inhibitory mecha-

nism. They are key regulators of numerous biological pathways that initiate inflam-

mation, coagulation, fibrinolysis, angiogenesis, apoptosis, extracellular matrix

composition, and complement activation responses. Serpins are found in viruses

and various organisms, including vertebrates. Over 1,500 different serpins have

been identified until now, with 36 serpins in humans [1, 2]. Based on the phyloge-

netic relationship of eukaryotic serpins, a consistent expandable nomenclature was

established that includes 16 clades (termed A-I) and a group of highly diverged

unclassified “orphans” [3]. However, many serpins are recognized, more fre-

quently, by the names from before this classification was established, e.g.,

SerpinA1, the first serpin in the classification, is better known as antitrypsin.

Human serpins exist extracellularly, and only members of clade B are present

intracellularly, in different cellular compartments. Most of them act as classical

protease inhibitors maintaining the homeostatic regulation of proteolysis. A deci-

sive factor for their inhibitory activity is the surface-exposed reactive center loop

(RCL) that provides a scissile peptide bond for the target protease. Once a protease

cleaves a serpin, it can become trapped in an irreversible complex and be removed

from the system [1, 2]. There are also serpins that inhibit other types of proteinases,

i.e., caspases (proteinase inhibitor-9/SerpinB9) [4] and the pepsin-like cysteine

proteases (α1 antitrypsin/SerpinA1) [5]. A few human serpins have different,

noninhibitory functions, such as (a) hormone transport—cortisol-binding globulin

(CBG/SerpinA6), thyroxine-binding globulin (TBG/SerpinA7) [6], (b) molecular

chaperones—HSP47 (SerpinH1) [7], (c) tumor suppressors—maspin (SerpinB5)

[8], (d) anti-angiogenic factor–pigment epithelium-derived factor (PEDF/SerpinF1)

[9], and (e) blood pressure regulators—angiotensinogen (SerpinA8) [10]. The role

of most human serpins is not yet fully understood and needs to be elucidated. They

demonstrate a diverse set of biologic functions that extend beyond the ability for
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these molecules to inhibit target proteinases; thus a key challenge is to identify their

partners and roles of noninhibitory activity.

5.2 Structure of Serpins

There is a high rate of conservation in structure among the members of the serpin

family. The protein’s average size is 350–400 amino acid residues, and the molecular

weight is 40–50 kDa. The serpin molecule is comprised of three β-sheets (A, B, C),
seven to nine α-helices, and the protease recognition site [11]. In the active conforma-

tion, RCL constitutes the 20–25 amino acid residue long flexible loop, which is

positioned at the top of the molecule’s body. The RCL binds to the active site of a

target protease. The composition and length of the reactive center loop have been shown

to be essential for the inhibition of proteases [1, 12]. Because the serpin is cleaved

during inhibition, inhibitory serpins are called “suicide” or “single use” inhibitors [13].

5.3 Mechanism of Inhibition

The serpin fold represents a unique metastable conformation and a reaction with

protease allows it to adopt the most stabilized conformation when RCL inserts

itself, as the fourth strand, into the A β-sheet. Currently, a serpin can adopt at least

four more stable conformations, termed cleaved, delta, latent, and polymeric states
[14–16]. The mechanism of serpin inhibition has been demonstrated to be a suicide

substrate-like one. In this inhibitory mechanism the proteases recognize RCL of

serpin as “bait” and cleave between two residues known as P1 and P10. This
region’s sequence is the primary determinant of inhibitory specificity. The initial

recognition and reaction of serpin by protease are similar to that of serine protease

acting on a substrate. Following cleavage, a covalent complex is formed with the

target proteinase and the cut end of RCL begins to insert itself into β-sheet A and to

transport the covalently bound protease with it. Upon complete loop insertion and a

massive conformational change of serpin, the protease is translocated from the one

pole of the serpin molecule to the other, its active site is distorted by being crushed

against the serpin core, and an irreversible covalent serpin–enzyme complex arises,

which is then a target for proteolytic degradation (the inhibitory pathway) [2, 11,

13, 17]. Such a “suicide cleavage” mechanism gives a rapid turnover of both

inhibitor and proteinase. During the translocation event there is a branch point

where the protease still has a chance to finish the proteolytic reaction and to be

released from the serpin (the noninhibitory pathway or the substrate pathway) [11]

(Fig. 5.1). The cleavage mechanism places particular constraints on the serpin fold,

which is common for all serpin inhibitors. In particular, the suicide inhibitory

mechanism requires a run of small side-chain amino acid residues in the proximal

“hinge” region, located seven residues N-terminal to the scissile bond, to allow

RCL insertion into β-sheet A. This flexible hinge region is absent in noninhibitory

serpin-fold proteins [18]. One of the important features of serpins is their ability to

bind various proteases and the nonprotease ligand. Binding the ligand to these
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serpins regulates their activity, which is similar to how PAI-1 is modified by

interaction with vitronectin [19]. Several human serpins, including antithrombin,

heparin cofactor II, protease nexin, PAI-1, and protein C inhibitor, have a binding

site for sulfated polysaccharides [20]. Upon binding of heparin or other negatively

charged polyanions, such as heparan sulfate and dermatan sulfate, the inhibitory

activity of serpins is greatly enhanced; for example, antithrombin inhibitory effi-

ciency increases 1,000-fold [21, 22]. This increased activity results from a substan-

tial conformational change of the serpin molecule whereby the RCL can exist in an

exposed enzyme-accessible conformation [1].

5.4 PAI-1: An Exception to the Rule

PAI-1, like most members of the serpin family, has a highly conserved structure

consisting of three β-sheets (A–C), nine α-helices (A–I), and a 26-residue-long

surface-exposed RCL. The residues of RCL designated as P16–P100 provide a bait
peptide bond, P1–P10, that mimics the normal substrates of PAI-1, i.e., urokinase-

type plasminogen inhibitor (u-PA) or tissue-type plasminogen activator (t-PA) [23].

In contrast to other serpins, the PAI-1 molecule demonstrates functional flexibility,

and its inhibitory activity is regulated by a self-inactivation mechanism. Under

normal physiological conditions, newly synthesized PAI-1 molecules are inherently

unstable with an apparent half-life of approximately 2 h in 37 �C and readily

Fig. 5.1 Branched pathway mechanism of PAI-1’s action. The serpin inhibition of protease

proceeds through an initial noncovalent Michaelis complex and subsequently stable covalent com-

plex of inhibitor and protease is formed (inhibitory pathway) or cleaved PAI-1 and active protease are

released (noninhibitory pathway or substrate pathway). P1 and P10 residues of RCL shown in red

104 C.S. Cierniewski and J. Boncela



convert from an active to a stable, inactive latent form. The latency transition of

PAI-1 involves insertion of its RCL as a strand into β-sheet A and results in

stabilization of the molecule structure (Fig. 5.2). The nonreactive latent form

does not react with target proteases. The latent form can be partially reactivated

in vitro by a denaturing agent [24] and also in vivo by mechanisms that still remain

unidentified [25]. PAI-1 mainly occurs as the active form bound to the vitronectin

that is present in the plasma or in ECM [26–29]. Vitronectin binds to PAI-1 with

high affinity [30] and maintains the active conformation of the inhibitor, alone or

with various metal ions [31]. The vitronectin-binding site on PAI-1 has been

located on the central β-sheet, i.e., the one that incorporates a surface-exposed

RCL and within the adjacent secondary structure [29, 32, 33]. Therefore, associa-

tion of vitronectin with the region in the vicinity of the reactive center interferes

with movements of the β-strands and thus inhibits a conversion of PAI-1 to the

latent form. Recently, in addition to vitronectin, α1-acid glycoprotein (AGP) was

identified as being able to bind to PAI-1. AGP is one of the major acute-phase

proteins. Although AGP was bound to PAI-1 with a lower affinity than vitronectin,

this reaction was strong enough to stabilize the active conformation of PAI-1 and to

prolong its inhibitory activity towards u-PA and t-PA [34]. The AGP binding also

stabilizes the active form of PAI-1 by restricting the movement of β-sheet A and

thereby preventing insertion of the reactive center loop [35]. Therefore, the com-

plex of PAI-1 with the α1-acid glycoprotein can play a role as an alternative

reservoir of the inhibitor’s physiologically active form, particularly during inflam-

mation or another acute-phase reaction.

Fig. 5.2 Active and latent PAI-1. In both structures, the proteinase recognition site (RSL) shown

in red represents a flexible stretch of 17 residues exposed in the active form which is spontaneously

inserted into the middle of β-sheet A to give a fully antiparallel β-sheet. Image courtesy of Prof.

Paul Declerck, University of Leuven, Belgium
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5.5 Serpins and Angiogenesis

5.5.1 Pro- and Antiangiogenic Properties of PAI-1

PAI-1 together with other components of the plasminogen activating system

participates in carrying out the VEGF-induced “angiogenic switch,” which involves

pericellular proteolysis that increases vascular permeability and supports both

endothelial cell proliferation and migration [36–40]. VEGF, a major positive

regulator of angiogenesis [41], and bFGF synergically induce the expression of

u-PA, t-PA, uPAR, and PAI-1, whereas TGF-β downregulates u-PA and enhances

PAI-1 production [42]. Also, hypoxia, an essential stimulus for angiogenesis, has

been reported to increase uPAR and PAI-1 expression in endothelial cells [43].

PAI-1 acts as an inhibitor of normal angiogenesis [44]. Paradoxically, PAI-1 has

been shown to enhance tumor angiogenesis and progression [44]. In response to

various cytokines in the tumor microenvironment, PAI-1 produced by adipocytes,

fibroblasts, or macrophages can promote angiogenesis, which is crucial to tumor

viability and dissemination. Interestingly, when endothelial cells are cocultured

with fibroblasts, PAI-1 mRNA and promoter activity are induced only in a single

row of fibroblasts adjacent to sprouting but not to quiescent endothelium [45]. This

suggests that there is a paracrine induction which may be crucial during sprouting,

i.e., during the stage in which the endothelial cells establish direct contact with the

fibroblasts. Then the local increase in PAI-1 expression may provide a mechanism

to counterbalance excessive pericellular proteolysis. However, it is not always clear

if these functions depend on the antiproteolytic activity of PAI-1, on its binding to

vitronectin, or on its interference with cellular migration or matrix binding.

PAI-1 is present in resting mature vessels, in which it averts both plasmin-

mediated proteolysis and uPAR-dependent cell–ECM adhesions [46]. Quiescent

endothelial cells express concomitant t-PA and PAI-1; thus net proteolysis is

prevented [42, 47]. When the endothelial cells migrate, they upregulate u-PA,

uPAR, and PAI-1, but the balance is shifted towards increased proteolysis [48].

Angiogenic endothelial cells require u-PA and plasmin to degrade ECM com-

ponents and to migrate. Besides the endothelial cells, PAI-1 is also expressed by

stromal and epithelial cells, where it is thought to play a role in the preservation of

matrix integrity [42]. Thus, plasmin proteolysis is controlled by a physiological

inhibitor such as PAI-1 to allow stabilization of the surrounding ECM and the

assembly of endothelial cells into tubes.

The key role played by PAI-1 in angiogenesis and tumor invasion was

demonstrated by studies using PAI-1 knockout mice which showed that tumor

angiogenesis of transfected malignant cells is severely reduced [49]. A PAI-1

deficiency in mice led to abolished angiogenesis in two models of tumor transplan-

tation [49, 50], in the mouse aortic ring assay [51, 52], and in the laser-induced

choroidal neoangiogenesis assay [53]. Both tumoral and choroidal vascularization

impaired in PAI-1 knockout mice could be restored in vivo by intravenous injection

of recombinant adenovirus-expressing PAI-1 [49, 53]. Consistently, a microvessel

outgrowth from the aortic rings was impaired when PAI-1_/_ mice were tested using

this quantitative in vitro model of angiogenesis. In this model, aortic explants
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derived from wild-type and gene-deficient mice (PAI-1�/�) were embedded in a

three-dimensional matrix of collagen. Microvessel sprouting was restored by addi-

tion of exogenous PAI-1 as a purified active rPAI-1 or by adenovirus-mediated

PAI-1 gene transfer. When other components of the plasminogen (Plg) activator

system were tested in the same model using aortic explants of gene-deficient mice

(Plg�/�, t-PA, u-PA, double t-PA�/�/u-PA�/�, uPAR) embedded in the colla-

gen matrix, the importance of controlled plasmin-mediated proteolysis in this

process was further confirmed. Angiogenesis was not remarkably affected in

t-PA, u-PA, or double t-PA/u-PA-deficient mice. This may indicate that the defi-

ciency of one plasminogen activator could be compensated for by upregulation of

the other activator [50]. A delay of microvessel outgrowth was observed with aortic

rings isolated from Plg�/� and a small acceleration in vessel outgrowth in the case

of mice with uPAR deficiency confirmed that plasmin-mediated proteolysis in fact

is a key event in angiogenesis. Further studies showed that tumor growth is

inhibited in PAI-1-deficient mice and stimulated in mice that overexpress PAI-1

[54]. However, in a transgenic mouse model, metastasizing breast cancer primary

tumor growth and vascular density were not different in PAI-1-deficient and wild-

type mice [55]. Recent studies have highlighted the importance of host-derived

PAI-1 as compared to tumor-derived PAI-1 for tumor growth and tumor angiogen-

esis [56, 57]. It was demonstrated that PAI-1 promotes tumor development at

physiological concentrations in mice, but it inhibits invasion and vascularization

at pharmacological concentrations [51]. Interestingly, high levels of PAI-1 in the

primary tumor tissue of patients with various types of solid cancer correlate with

disease recurrence and reduced survival [58]. PAI-1 was found to accelerate lung

metastasis formation of human fibrosarcoma cells [59].

The precise mechanism by which PAI-1 promotes angiogenesis has remained

largely indefinable. Originally it was suggested that the ability of PAI-1 to encour-

age angiogenesis is dependent on its protease inhibitor activity. This would imply

that PAI-1 does not advance angiogenesis by promoting de-adhesion of endothelial

cells from matrix proteins [50]. Based on other observations, PAI-1 has been

proposed to be a molecular switch that governs cell detachment by dissociating

vitronectin from uPAR, thereby promoting a migratory phenotype [60]. Some other

mechanisms of the proangiogenic activity of PAI-1 were also proposed; e.g., PAI-1

has been found to induce the internalization of u-PA/uPAR/PAI-1 complexes, after

which uPAR is recycled back to the plasma membrane, not randomly distributed

but focused on new adhesion areas at the leading edge of the cell. Such uPAR

relocalization was suggested as being crucial for endothelial as well as cancer cell

motility [60, 61]. PAI-1 was also described as inhibiting pro-apoptotic cell signal-

ing by blocking plasmin-mediated cleavage of the Fas ligand on the surface of

endothelial cells, thus protecting them from apoptosis mediated by Fas [62].

Consistently, in PAI-1-deficient mice there was increased plasmin generation that

stimulated the release of a soluble FasL fragment from the cell surface of the

endothelial cells. This soluble FasL fragment activates Fas expressed on the

endothelial cells and acts as a potent inducer of endothelial cell apoptosis. There-

fore, by preventing apoptosis of endothelial cells, PAI-1 would promote
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angiogenesis. There are numerous observations showing that PAI-1 may also be

implicated in controlling the generation of proteolytic fragments of ECM

components or other molecules that display angioregulatory activities, which are

either positive or negative. Particularly, angiostatin and endostatin, which are

antiangiogenic protein fragments derived from Plg and collagen XVIII, respec-

tively, upon limited proteolysis of Plg by plasmin, u-PA, and t-PA, were described

to inhibit tumor angiogenesis [63, 64]. The number of protein fragments showing

negative angiogenic regulator activity is increasing. Among them are fragments of

collagen type XV (restin) [65] or different chains of collagen type IV, such as

arresten, canstatin, and tumstatin derived from the α1 [66], α2 [67], and α3 chain

[68], respectively. Fragments of non-ECM molecules such as MMP-2 (PEX),

antithrombin [69], calreticulin (vasostatin) [70], and domain 5 of high-molecular-

weight kininogen (kininostatin) [71] were also identified to possess angioinhibitory

activity. Little is known, however, about the proteolytic pathway leading to their

generation and about their biological significance in vivo.

Paradoxically, PAI-1 has been shown to be proangiogenic and antiangiogenic

[50, 60, 72–74]. When utilizing PAI-1�/� mice it was shown that PAI-1 promotes

angiogenesis in the tumor microenvironment at low concentrations (in the

nanomolar range) but inhibits angiogenesis at extremely high concentrations

(micromolar concentrations) [51]. At low concentrations, PAI-1 was described to

act as a protease inhibitor, whereas at high concentrations it was postulated that it

swayed the balance between adhesion/detachment and migration of normal and

tumor cells [60, 75]. By blocking interaction between vitronectin, uPAR, and

integrins, PAI-1 may induce cell detachment from the extracellular matrix and

thus promote cellular migration and perhaps tumor invasion [60]. The relevance of

the latter mechanism to overall tumor growth and angiogenesis has not been

conclusively confirmed in vivo.

Conversely, there are data showing that PAI-1 can exhibit antiangiogenic activ-

ity. Administration of PAI-1 inhibits FGF-2-induced angiogenesis, which was

tested using chick chorioallantoic membranes [74]. Tumor cells transduced with

PAI-1 cDNA showed a reduction in primary tumor growth, tumor-associated

angiogenesis, and metastasis [75].

5.5.2 Other Serpins and Angiogenesis

Several serpins (kallistatin, protein C inhibitor, angiotensinogen, maspin, anti-

thrombin, nexin-1, and pigment epithelial-derived factor) have been recently

shown to exert an antiangiogenic activity, suggesting a common mechanism of

their effect on an endothelial cell proliferation and migration (Table 5.1).

Kallistatin (SerpinA4) is a specific inhibitor of tissue kallikrein [76, 77] but it has

also multiple biologic functions independent of the tissue kallikrein–kinin system,

such as blood pressure regulation [78], protection against inflammation [79], and

vasculature relaxation [80]. It has been located in vascular smooth muscle cells and

in endothelial cells of human blood vessels [81]. In contrast to kallikrein, kallistatin
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inhibits angiogenesis and the tumor growth. Native kallistatin inhibited VEGF- and

bFGF-induced proliferation, migration, and adhesion of cultured endothelial cells

as well as the microvessel formation in the Matrigel implants in mice [82]. The

kallistatin gene delivery suppresses spontaneous angiogenesis in the ischemic hind

limb and the tumor growth in nude mice [82]. It appears that the heparin-binding

domain, but not the reactive site loop of kallistatin, is essential for an inhibiting

VEGF-induced angiogenesis [83].

Protein C inhibitor (PCI), another member of serpins (SerpinA5), initially was

found to be an inhibitor of the activated PCI and later shown to be a potent inhibitor

of blood coagulation and fibrinolysis. Hence, it became known as the plasminogen

activator inhibitor-3 (PAI-3). However, studies using transgenic mice expressing

the human gene have suggested that PCI is also involved in regulation of lung

remodeling, tissue regeneration, vascular permeability, proteolysis in the kidney,

and tumor cell invasion [84]. A protease inhibitor-independent activity of PCI, the

prevention of anti-angiogenesis and metastasis of tumor cells, has also been

observed. In vivo angiogenesis in rat cornea and in vitro tube formation were

inhibited by recombinant intact PCI, by reactive site-modified PCI (R354APCI),

and by the N-terminal fragment of protease-cleaved PCI (NTPCI). Interestingly, the

anti-angiogenic activity of PCI was comparable to that of the cleaved antithrombin

and even stronger than that of PAI-1 or PEDF. It appears that, in addition to a

reactive site-dependent mechanism, protein C inhibitor may also regulate tumor

growth and metastasis independently of its protease inhibitory activity by inhibiting

angiogenesis [85] (Fig. 5.3).

Table 5.1 Serpins involved in angiogenesis regulation

Name

Gene

symbol Target proteinases

Number

of aa

Chromosomal

location

SWISS-

PROT

Proteinase

inhibitor 4,

kallistatin

SerpinA4 Kallikrein 427 14q32.1 P29622

Protein C

inhibitor, PAI-3

SerpinA5 Active protein C, thrombin,

factors Xa and Xia, kalikrein,

u-PA, t-PA

406 14q32.1 P05154

Angiotensinogen SerpinA8 – 485 1q42–q43 P01019

Maspin SerpinB5 – 375 18q21.3 P36952

Antithrombin SerpinC1 Thrombin 464 1q23–q25 P01008

Plasminogen

activator

inhibitor type 1

SerpinE1 Thrombin, u-PA, t-PA,

plasmin

402 7q21.3–q22 P05121

Nexin-1 SerpinE2 Thrombin, u-PA, t-PA,

plasmin, trypsin

398 2q33–q35 P07093

Pigment

epithelium-

derived factor

SerpinF1 – 418 17p13.3 P36955
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Angiotensinogen (AGT, SerpinA8) consists of a combination of an angiotensin I

function, located at the N-terminal end, and the presence of a serpin structure at the

opposite end. Angiotensin I, an inactive decapeptide that is converted by renin into

Ang II, is the main effector of the renin–angiotensin system. This leaves a much

larger fragment intact called des(angiotensin I)angiotensinogen [des(Ang I)AGT],

which accounts for more than 97 % of the molecule and apparently has no function.

Angiotensinogen and its renin-cleaved product, des(Ang I)AGT, are also angiogen-

esis inhibitors, both in vitro and in vivo at concentrations within the range of those

observed in the plasma [86]. Angiotensinogen and des(Ang I)AGT exhibited

similar anti-angiogenic effects when tested in different models of angiogenesis,

that is, in the CAM angiogenic assay, endothelial cell proliferation and migration,

and the formation of capillary-like structures on Matrigel.

Maspin is an epithelial specific member of serpins (SerpinB5). It is located in

both cytoplasm and the nucleus. After secretion, it can also be found to be

Fig. 5.3 Serpins in angiogenesis. Plasmin plays a central role by activating matrix metallopro-

teinases (MMPs) or by degrading extracellular matrix components. uPAR participates both in u-

PA activation, cell adhesion, and migration and in signal transduction. The latter requires associa-

tion of the uPAR/u-PA with integrins. The inhibitor PAI-1 and other serpins (protein C inhibitor,

nexin-1) control the activity of plasminogen activators (t-PA and u-PA). In addition, PAI-1 exerts

different effects by regulating cell adhesion and migration through its interaction with vitronectin

and by internalization of the uPAR/u-PA complex. Serpins such as kallistatin, angiotensinogen,

maspin, and antithrombin inhibit angiogenesis by undescribed mechanisms yet. However, all of

them block adhesion, migration proliferation, and tube formation by endothelial cells
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associated on cell membranes and in the extracellular matrix [87]. Its molecular

structure shows a homology to PAI-1, PAI-2, and ovalbumin [88]. As a tumor

suppressor, maspin functions to inhibit tumor cell migration and invasion, induces

tumor cell apoptosis, and is a potent angiogenesis inhibitor [89]. Extracellularly,

maspin seems to play a critical role in blocking the initiation step of the plasmino-

gen activation [89–91], while intracellularly appears to be connected with a

proapoptotic effect in tumor cells [92]. Recent studies showed that maspin inhibits

angiogenesis through controlling endothelial cell adhesion, migration, and an

adhesion-mediated cell signaling pathway. It activates β1 integrins, integrin-linked

kinase (ILK), and the FAK signal transduction pathway. Subsequent changes in

focal adhesion and cytoskeleton reorganization result in the attachment and spread-

ing of endothelial cell on the matrix [93]. Nuclear maspin gives better differentiated

epithelial phenotypes, a decreased tumor angiogenesis, the increased tumor sensi-

tivity to drug-induced apoptosis, and a more favorable pro gnosis. The nuclear

maspin correlated with better survival of lung adenocarcinoma [92], with signifi-

cantly the lower proliferation index Ki67 in lung adenocarcinoma and inversely

correlated with the VEGF-A level. It inhibited the oxidative stress-induced VEGF-

A production in tumor cells [94] and blocked tumor angiogenesis in the xenograft

tumor models [88, 89].

Antithrombin (SerpinC1) is an inhibitor of thrombin and other enzymes involved

in the clotting cascade. Although its intact native molecule does not show

antiangiogenic activity, after conversion into the cleaved, the stable locked, or the

latent form, it becomes a potent antiangiogenic and antitumor inhibitor. All three

forms are substantially similar to each other and differ significantly from the native

molecule [95]. The cleaved antithrombin and the latent antithrombin inhibited a

capillary endothelial cell proliferation and the growth of human SK-NAS neuro-

blastoma and Lewis lung carcinoma tumors in vivo. They acted selectively upon

endothelial cells and the tumor vasculature, but the precise mechanism of the

antiangiogenic activity of antithrombin has not been defined [96].

Nexin-1 (PN-1; Serpin E2) is a serine protease inhibitor produced by the most

cell types [97]. In vascular system, it is expressed by fibroblasts [98], smooth

muscle cells [99], and endothelial cells [100] in a tightly regulated manner. Nor-

mally, it is not present in blood plasma, but it may be rapidly released from the

activated platelets which can be considered as its reservoir [101]. PN-1 is the most

efficient tissue inhibitor of thrombin, plasminogen activators and plasmin, pro-

teases largely involved in tissue remodeling. Recent study showed that PN-1 is

antiangiogenic in vitro and ex vivo [102]. It inhibited the VEGF-induced endothe-

lial cell responses such as proliferation, migration, and capillary tube formation and

decreased cell spreading on the vitronectin. These effects did not require its

antiprotease activity but involved PN-1 binding to glycosaminoglycans. Consis-

tently, the aortic rings obtained from PN-1-deficient mice showed a significantly

enhanced sprouting. There was also the increased neovessel formation in the

Matrigel plug assay using PN-1-deficient mice as compared to the wild-type

mice. These effects were reversed by the addition of recombinant PN-1, indicating

that this serpin has direct antiangiogenic properties [102].
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Pigment epithelial-derived factor (PEDF; SerpinF1) was discovered as the most

potent inhibitor of angiogenesis. It was found to be twice as potent as angiostatin

and seven times as potent as endostatin [103]. Widely expressed throughout the

body, PEDF is a 50-kDa secreted glycoprotein that belongs to the noninhibitory

serpin. The PEDF molecule contains an α/β core serine-protease inhibitor domain,

three major β-sheets, and ten α-helices. Although PEDF does not inhibit either

serine or cysteine proteinases, it exerts diverse physiological activities including

anti-angiogenesis, anti-vasopermeability, antitumor, and neurotrophic activities

[104]. Interestingly, a variety of peptides derived from PEDF possess activities

similar to those of the parent molecule through interactions with the extracellular

matrix, binding to PEDF receptors, nuclear localization, and phosphorylation. One

of the advantages of using PEDF or its peptide fragments as a potential therapeutic

agent against tumor angiogenesis and against the tumor cell is its ability to target

new vessel growth and not disrupt the preexisting vasculature [105]. Mechanisms

by which PEDF functions are very complex and involve an inducing apoptosis in

endothelial cells, inhibiting their migration and the tube formation even in the

presence of VEGF as well as the decrease in expression of the VEGF [106].

PEDF initiates cell apoptosis via the activation of caspase-3 and DNA fragmenta-

tion and induces expression of the peroxisome proliferator-activated receptor γ and
p53 [107]. It also blocked the VEGF-induced endothelial cell migration and the

tube formation by inhibiting the phosphorylation of P13K/Akt at Ser 473 [106].

Apart from apoptosis, PEDF inactivates the VEGF-dependent pathway via

downregulating expression of the HIF-1α in tumor cells [108] and enhancing the

γ secretase-dependent cleavage of VEGFR1 [109]. Furthermore, PEDF has been

shown to be involved in differentiating cells into the mature phenotype as shown in

the case of osteoblasts [110], leading to slowing of the tumor growth and spread.

PEDF also increased adhesion of bone tumor cells to collagen type-1, the major

protein in a mature bone. Thus, PEDF, as an antiangiogenic factor, targets multiple

pathways playing a significant role in malignant tumor cells and in endothelial cells

leading to the tumor cell proliferation and the initiation of apoptosis [111].

Concluding Remarks

Angiogenesis is an important process during normal physiology and pathologic

conditions such as chronic inflammatory diseases and tumor growth. The expan-

sion of normal vasculature depends on the homeostatic balance between pro- and

antiangiogenic mediators. In tumor angiogenesis, a quiescent tumor may sud-

denly secrete and/or suppress angiogenic factors that will instantly produce

blood vessel growth and invasion of the surrounding tissues due to inducing

the imbalance between the levels of pro- and antiangiogenic signals [112].

Serpins are among many potent pro- and antiangiogenic molecules that are

upregulated under these conditions. Interestingly, serpins are able to affect

more than one of the angiogenic steps and the precise mechanism of their

antiangiogenic activity in vivo has not been defined. It is known that some of

them in addition to blocking serine proteases can express other protease-

independent activities.
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Abstract

Endothelial gene expression is controlled by a few families of transcription

factors (TF) which form regulatory networks. Amongst the most important are

the ETS factors, a large family of which at least 19 members are expressed in

human endothelial cells at some point throughout development. Through inter-

action with other TF families and co-regulators, ETS factors control most

aspects of endothelial biology, from early differentiation in the embryo to

homeostasis, angiogenesis and inflammation in the adult. Several ETS family

members have been shown to be essential for vascular development and angio-

genesis and to regulate processes from cell migration to survival and growth.

Amongst the list of ETS targets genes involved in angiogenic pathways are
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growth factor receptors for vascular endothelial growth factor and angiopoietins.

ETS factors also control cell adhesion, matrix remodelling and cytoskeletal

dynamics, processes essential for tissue homeostasis, which therefore influence

the viability and stability of new vascular networks. Most ETS proteins have

been shown to activate transcription; however, a few can also act as transcrip-

tional repressors. Several ETS factors can control the same target genes, raising

the question of possible redundancy in the system. Data from a variety of in vivo
models are shedding new light on the different roles of ETS factors in vascular

development, adult angiogenesis and endothelial homeostasis. In this review

some general properties of ETS factors in the endothelium are discussed and

then two of the best characterised ETS proteins in endothelial cells, Ets-1 and

Erg, which exemplify the complex picture of distinct and overlapping targets

and functions, are presented.

Keywords

ETS transcription factors • Angiogenesis • Endothelial homeostasis • Ets-1 • Erg

6.1 Introduction

By controlling gene expression, transcription factors (TF) are crucial in determin-

ing lineage identity and cellular phenotypes; therefore these proteins play essential

roles in normal development and disease. TF act in complex, dynamic networks

with other TF and transcriptional cofactors, integrating multiple signals. Based on

motif analysis of the regulatory regions of endothelial-specific genes and on

functional studies, several major families of TF have been identified as regulators

of endothelial gene expression: the ETS, Sox, Forkhead, GATA and Kruppel-like

families. This review will focus on the endothelial members of the ETS family and

their role in angiogenesis.

6.2 The ETS Transcription Factor Family

ETS transcription factors are essential for basic cellular functions such as prolifer-

ation and survival [1]. Some members of the ETS family are ubiquitously expressed

and are part of the basic cellular machinery of response to extracellular stimuli,

such as the MAPK signalling pathway. Their dysfunction or dysregulated expres-

sion is associated with several human diseases, predominantly cancers [2, 3], but

also chronic inflammatory diseases such as rheumatoid arthritis and systemic lupus

erythematosus [4, 5]. Over the last 15 years, reports by many groups on the

phenotypes of ETS-deficient mice have revealed that ETS factors are particularly

important for lineage differentiation of the haematopoietic and vascular lineage

(reviewed in [6]) and for neuronal development [7].
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The founding member of this family, v-ets, was originally identified as a viral

oncogene, part of a fusion protein expressed by a transforming retrovirus in the E26

avian leukaemia (hence ETS, for E-26 transformation specific [8]). Since then, 28

ETS genes have been identified in the human genome [9] and 26 in the mouse [10];

nearly two-thirds are ubiquitously expressed in adult tissue [11]. Whilst some

appear to have fairly restricted expression profiles, no ETS factor is uniquely

expressed in the endothelium.

6.2.1 ETS Factors Functional Domains

ETS factors are characterised by the presence of the ETS domain, a highly

conserved 85 amino acids winged helix–turn–helix DNA-binding domain,

consisting of three α-helices and four β-strands [12, 13]. On the basis of phyloge-

netic analysis of the highly conserved DNA-binding domains, the ETS family has

been subdivided into subfamilies (reviewed in [14]) (Fig. 6.1).

The ETS domain mediates binding to a core DNA sequence 50-GGA(A/T)-30.
NMR and X-ray crystallography studies of ETS domains have shown that helix-3

binds in the major groove of the basic DNA sequence [18, 19]. ETS binding sites

have been identified in the promoter/regulatory regions of over 200 genes and ETS

proteins have been estimated to bind between 5 and 15 % of gene promoters,

including many housekeeping genes [9]. ETS proteins control expression of key

regulators of cell proliferation, differentiation and survival (reviewed in [3, 6, 20]).

The conservation of DNA-binding properties among ETS proteins raises the ques-

tion of how individual family members’ binding to the same sequence can elicit

specific gene expression programmes. Flanking sequences to the core motif have

been shown to influence binding affinities [14]. However, a genome-wide analysis

of DNA-binding profiles for all human and mouse ETS factors has found that the

DNA-binding specificities of ETS proteins fall into four distinct classes only [21],

suggesting that DNA-binding specificity differences alone cannot explain the

diversity of the ETS family.

The ETS domain also mediates protein binding: various ETS factors including

Ets-1, Ets-2, Fli-1 and Erg (ETS-related gene) have been shown to interact directly

with the Jun/Fos heterodimer via the ETS domain [17, 22] and evidence of

transcriptional cooperation or repression between these two transcription families

is available (see below). Partnerships with non-ETS proteins may also stabilise

ternary complexes and help provide additional DNA-binding specificity and

stability.

Almost one-third of ETS proteins contain a region of 65–100 residues named

“Pointed” or PNT domain (Fig. 6.1), which has been implicated in signal transduc-

tion and protein–protein interactions (reviewed in [16]). The PNT Domain may

have different functions in different ETS factors [23, 24]. For example, in Ets-1 and

Ets-2, the monomeric PNT domain supports docking of the ERK2 kinase [25],

which phosphorylates Ets-2, thus increasing its binding to the co-activator CBP

[26]. In other ETS proteins, polymerisation through the PNT domain may favour
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association between ETS factors, as in the case of Etv-6/Tel [27]. Thus, through its

diverse functions, the PNT domain may contribute to regulating specificity and

activity of the ETS transcription factors.

The vast majority of ETS factors act as transactivators of gene transcription.

Some ETS factors can also act as transcriptional repressors, depending on the

target, on post-translational modifications or specific structural properties and

possibly on the recruitment of different co-factors (reviewed in [28]). Only one

Fig. 6.1 Structural and functional domains of the ETS family of transcription factors and of the

ETS factor Erg p55. (Top) domain organisation of the human ETS proteins, grouped according to

Hollenhorst et al. [14]. (Bottom) domain structure of the Erg factor (isoform p55) and attributed

functions. From the N-Terminus, the following domains have been described and functionally

characterised: N-Terminal (NTER) (amino acids [aa] 1–114), interaction with the methyltrasferase

ESET [15]; Pointed (PNT) domain (aa 108–201), protein interactions [16]; Central domain (CD)

domain (aa 249–308), inhibition of cooperative Erg/AP-1 transactivation and protein–protein

interaction [17]; ETS domain (aa 307–392): DNA binding, Erg interaction with AP-1 [17];

transactivation domain (TA) (aa 433–479), involved in cooperative Erg/AP-1 transactivation
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ETS factor, Etv-6/Tel, has been found to act exclusively as transcriptional repres-

sor; Etv-6/Tel contains both an ETS and a PNT domain, and its ability to repress

gene expression depends on its ability to self-associate [27]. However, several other

ETS proteins which can act as transactivators also contain both domains [6],

suggesting a further level of complexity in the regulation of ETS factors’ function.

6.2.2 Control of ETS Protein Function by Alternative Splicing

Many ETS transcription factors have been shown to be present in multiple isoforms,

mostly arising from alternative splicing, which is emerging as an important mecha-

nism through which the function of these proteins is regulated. Alternatively spliced

members of the ETS family include Ets-1 [29], Fli-1 [30], Etv-1/ER81 [31], Erg

[32, 33], Etv-2/Tel [34] and Etv-2/ER71 [35]. In Ets-1, two inhibitory domains

surrounding and interacting with the ETS domain cause autoinhibition of DNA

binding [36]. Interestingly, this autoinhibition can be partly overcome by Ets-1

interaction with partners, thus enabling their cooperative binding to adjacent DNA

elements [37]. An isoform of Ets-1, encoded by an alternatively spliced mRNA,

lacks the intra-molecular inhibition of DNA binding [38].

Multiple isoforms have been described for the transcription factor Erg, produced

through differential mRNA splicing and alternative use of translational start codons

[32]. Although very limited data have been reported so far showing differences in

the transcriptional activity of Erg isoforms [39], a tissue-specific role for distinct

Erg splice variants was recently demonstrated by Vijayaraj et al. [40], suggesting

that this may be an important mechanism for the regulation of Erg’s function. This

is supported by evidence from prostate cancer tissues, where Erg is frequently over-

expressed due to its fusion to the androgen-responsive TMPRSS2 gene, and a

multitude of splice variants have been described [39, 41–44]. The identification

of specific Erg isoforms is currently being investigated as promising novel bio-

marker for prostate cancer [45].

6.2.3 ETS Factors as Targets of Signal Transduction Pathways

Proteins of the ETS family have been identified as key nuclear mediators of MAPK

pathway activation [46]. For example, ERK-1/2 has been shown to phosphorylate

Ets-2 in a number of cells lines, including NIH3T3 and RAW264 [47] and

macrophages stimulated with colony-stimulating factor-1 [48]. Other enzymes

such as Akt and JNK can also activate Ets-2 through phosphorylation [49].

Several kinases have been shown to phosphorylate Ets-1 and modulate its

activity. Activation of the GTPase Ras leads to Ets-1 phosphorylation on Threonine

38 through the MAPK (ERK 1/2) pathway, resulting in increased Ets-1 binding to

DNA [47].

Phosphorylation of ETS factors can influence their transactivation activity as

well as their interaction with other transcription factors (reviewed in [50]).
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For example, the EGF receptor can stimulate the transcriptional activity of Ets-1

and Ets-2, through phosphorylation of specific threonine residues within the PNT

domains [47, 51].

6.2.4 Transcriptional Networks Involving ETS Factors

Cooperation between TF from different families is a well-established mechanism

which has been described for several ETS proteins (reviewed in [24]). Ets-1 and

HIF-2α, a crucial mediator of hypoxic signalling in the endothelium, have been

shown to cooperate in the regulation of genes as diverse as vascular endothelial

growth factor (VEGF)-receptor (VEGFR)-2 [52] and VE-cadherin [132]. A com-

plex signalling network triggered by growth factors and involving these two

transcription factors has been described in the regulatory axis EGF/basic FGF >
ETS-1/HIF-2α > VEGF-R1 transcription [133].

Several studies dating back to the mid-1990s identified a synergy between

GATA and ETS factors, analysing motifs in the regulatory regions of many

endothelial genes including PECAM and VWF. Recently, chromatin immuno-

precipitation (ChIP) sequencing and expression profiling in HUVEC revealed that

35 % of the GATA-2-occupied sites contain canonical motifs for ETS factors [134].

Transcription factors interacting with conserved ETS and composite GATA/Tal1

motifs were shown to confer enhancer activity to the human endothelial Protein C

receptor gene [135]. Gata-2 and Ets-1 have also been shown to synergise in the

activation of Angiopoietin-2 [53].

The AP-1 transcription complex consists of c-Jun/Fos family proteins and plays

an important role in the signalling response to a vast array of stimuli [136].

Adjacent ETS and AP-1 binding sites occur in a large number of promoter/enhancer

elements [54, 137]. Ets-1 binds to AP-1 proteins via the DNA-binding domain

([138], and see above); this results in transcriptional cooperation. Functional

cooperation between Ets-1 and AP-1 is critical for the expression of many genes,

including cytokines [139] and matrix metalloproteinases (MMP) [140]. Interest-

ingly, the interaction between Ets-1 and AP-1 can also enhance transcription of

tissue inhibitors of MMP (TIMP)-1 [55], suggesting that this transcription partner-

ship controls the balance of tissue degradation. Other ETS factors that have been

shown to functionally interact with AP-1 are Ets-2 and Erg [17, 22].

Finally, several ETS factors have been shown to interact with each other. A

detailed study on Erg using a pull-down approach with GST-fusion recombinant

proteins showed that the main endothelial isoform, Erg p55 (also called Erg-3),

could form homodimers, as well as dimers, with other Erg isoforms and with other

members of the ETS family [17]. There is also evidence of functional interaction

between ETS factors: for example, Ets-2 function is influenced by Erg: in the case

of the stromelysin promoter, Ets-2 was shown to activate the stromelysin-1 gene in

a cell-based assay; however, Erg co-expression inhibited stromelysin-1 activation

by Ets-2 [56]. These studies exemplify the complex relationship between ETS

factors and the multiplicity of options they exploit in the control gene expression.
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Defining the interaction between ETS factors may also provide some insight into

the apparent redundancy of many ETS target genes (see Table 6.1).

6.3 The Role of ETS Transcription Factors in Endothelial Cells

6.3.1 ETS Target Genes in the Endothelium

ETS factors are crucial regulators of endothelial gene expression. Nearly all

endothelial enhancers and promoters characterised so far contain multiple essential

ETS binding sites. ETS target genes include several growth factor regulators such

as VEGF and angiopoietin receptors, cell adhesion molecules such as intercellular

adhesion molecule (ICAM)-2 and VE-cadherin, extracellular molecules such as

von Willebrand factor (VWF), matrix remodelling enzymes such as several MMP

and TIMPs and small GTPase and cytoskeletal regulators such as histone

deacetylase (HDAC)-6 and Rho J [57, 58]. Table 6.1 reports a list of some of the

genes regulated by ETS factors in the endothelium. From this partial summary, it is

easy to see how ETS transcription factors control the expression of genes that define

the endothelial lineage. Indeed, several ETS factors are involved in endothelial

specification; a recent report by Rafii’s group showed that the combination and co-

ordinated expression of three ETS factors, namely Etv-2, Erg-1 and Fli1, in a

complex cell culture environment, was able to reprogram amniotic cells into

vascular endothelial cells ([94] and discussed below).

Despite the number of reports on specific ETS factors regulating individual

genes, a GEO dataset search for genome-wide profiling of ETS targets in endothe-

lial cells reveals a surprisingly small number of studies. Two transcriptome

profiling studies carried out in human umbilical vein endothelial cells (HUVEC)

to identify targets of Erg have revealed that a large number of pathways are under

the control of this protein [57, 82]. Hopefully more of these experiments will be

carried out on other ETS factors. These, in combination with genomic mapping of

ETS factors’ DNA-binding sites in endothelial cells by ChIP sequencing, will

ultimately provide a comprehensive map of the gene targets specific for the

different family member.

Table 6.1 also highlights the apparent redundancy in this transcription family:

multiple ETS factors have been shown to transactivate, at least in vitro, the same

target genes. This is the case for VE-cadherin, which has been described as a target

for both Erg and Ets-1 [69, 70]. Interestingly, VE-cadherin expression also seems to

be controlled by an ETS factor which functions as repressor, Etv-6/Tel: loss of Etv-

6/Tel led to a significant increase in the expression of VE-cadherin in vitro [68].

Because ETS factors can form heterodimers with other ETS family members, it is

possible to speculate that the regulation of some shared target genes may be under

the control of ETS networks, whose composition may change depending on the

differentiation and/or activation state of the cells. Clearly such models will have to

be tested experimentally.
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Table 6.1 ETS target genes

Target gene and category Ets factor References

Growth control

Tie-1 Ets-1, Ets-2, NERF-2 [59]

Tie-2 Elf-1, NERF-2 [60, 61]

VEGF-receptor 1 (flt-1) Elf-1

Ets-1, Ets-2, Erg

[62]

VEGF-receptor 2 (flk-1) Erg

Ets-1

Ets-1

[63]

[64]

[52]

Neuropilin-1 Ets-1 [65]

VEGF Net [66]

Angiopoietin-2 Ets-1 [53, 67]

Delta-like 4 Tel [68]

Cell adhesion molecules and cytoskeleton

VE-cadherin Erg

Ets-1

[69, 70]

ICAM-2 Erg [71]

Robo-4 GABP [72]

HDAC-6 Erg [57]

Rho J Erg [58]

β3 integrin Ets-1 [73]

Extracellular matrix and related proteases

SPARC Erg [74]

Thrombospondin Erg [74]

MMP-1 Erg [56]

MMP-2 Ets-1 [54]

MMP-9 Ets-1 [73]

MMP-10 Ets-1 [75]

TIMP Ets-1 [55]

CD13/aminopeptidase N Ets-2 [76]

Endothelial homeostasis and apoptosis

Endoglin Fli-1, Erg, Elf-1 [77]

Haem oxygenase-1 (HO-1) Ets-1, Fli-1, Erg [78]

Bcl2, Bcl-XL, cIAP2 Ets-1 + Ets-2 [79]

Inflammation

eNOS Ets-1, Erg

Elf (R)

[80]

MCP-1 Ets-1 [81]

IL-8 Erg (R) [82, 83]

ICAM-1 Ets-1

Ets-2, ERM

Erg (R)

[84]

[85]

[83, 86]

Transcription

Egr-1 Ets-1, Net (R) [82, 87]

Fli-1 Ets-1 [88]

(continued)
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Nineteen ETS factors have been found expressed at some stage during endothe-

lial differentiation (reviewed in [6, 9]). Some ETS factors, such as Etv-2, are

transiently expressed in the developing vasculature in the embryo but

downregulated in the adult [95]. Other ETS factors, such as Erg and Fli-1, are

expressed during embryonic development and in quiescent adult ECs [9, 96]. In

adult endothelium, a small number of ETS factors are constitutively expressed,

such as Erg, whilst others such as Ets-1 are expressed at very low levels in

quiescent, resting cells and their levels can be upregulated by extracellular stimuli

(reviewed in [6]). These patterns of expression reflect the different and multiple

roles of ETS factors in endothelial cells, from driving differentiation and angiogen-

esis to controlling the response to inflammatory agents. It is also becoming evident

that some ETS factors which are expressed throughout the life of the endothelium

are essential for homeostasis and survival, as in the case of Erg (discussed below).

6.3.2 Vascular Development

In contrast with other tissues, no single transcription factor has been identified

which dictates endothelial cell lineage. Instead, a number of TF that are not cell-

type specific have been shown to act in a coordinate network to determine the

endothelial lineage. The picture emerging from in vivo studies on ETS-deficient or

mutant animals suggests that not all ETS factors are equally important for vascular

development, adult angiogenesis and endothelial homeostasis. Gene knockdown

experiments in Xenopus and Zebrafish have been carried out on most endothelial

ETS factors, with variable consequences on angiogenesis (reviewed in [96–98]). In

some cases, however, the phenotype of zebrafish knockdown was not as dramatic as

that subsequently found in knockout (KO) mice. For example, morpholino inhibi-

tion of Erg resulted in a mild defect in intersomitic vessel (ISV) patterning, and a

double knockdown with either Fli-1 or etsrp (the fish homologue of Etv-2) was
required to significantly disrupt angiogenesis [99, 100]. However, in the mouse, Erg

global deficiency results in embryonic lethality with multiple defects, including

vascular abnormalities [40]. This is confirmed by endothelial-specific deletion of

Table 6.1 (continued)

Target gene and category Ets factor References

Ets-1 Ets-1 [89]

JunB Ets-1, Ets-2 [90]

LMO2 Fli1, Elf1, Ets1 [91]

Haemostasis

Von Willebrand factor Erg [92]

Thrombomodulin Ets-1 [93]

The table reports selected ETS target genes in endothelial cells, grouped in functional categories.

(R) indicates repression of expression
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Erg (Randi et al., manuscript in preparation). These discrepancies indicate a level of

redundancy in the Zebrafish model which is not present in mouse.

A recent review summarises the published phenotypes of ETS KO and trans-

genic mice, as well as Zebrafish and Xenopus models [101]. To note, none of the

mouse KO reported in this list is endothelial specific. Because of the role of ETS

factors in many other processes, particularly haematopoiesis, which shares early

progenitors with endothelial differentiation, the phenotypes of global KO mice

cannot be accurately attributed to vascular defects. Despite these limitations,

some of the phenotypes seen in the KO mice clearly reflect defective vascular

development and angiogenesis. Three of the most significant are discussed below.

Etv-2 (Etrsp/Er71): The most dramatic phenotype in vascular development

caused by deletion or inactivation of an ETS protein is that of the Etv-2 KO. In

mouse embryo, Etv-2 expression is detected from embryonic postcoital day 7.5

(E7.5) in the yolk sac blood islands, which contain both blood and endothelial

precursors, and in the major blood vessels from E8.25 to E9.5 [102]. Etv-2 expres-

sion then decreases to disappear in adult endothelial tissue [95]. Homozygote

deletion of Etv-2 in mice results in embryonic lethality at E9–E9.5, with yolk

sac abnormality and dramatic loss of vascular structures [103]; both vascular and

haematopoietic lineages are absent in these mutants. In line with these studies,

morpholino-mediated knockdown of Etv-2 function in Xenopus and zebrafish

embryos results in similar phenotypes, with near complete absence of endothelial

markers [99]. Interestingly, Etv-2 was shown to cooperate with FoxO transcription

factors in determining endothelial differentiation: co-expression of FoxC2 and Etv-

2 resulted in ectopic vessel formation and strong induction of endothelial genes in

Xenopus embryos [104]. FOX:ETS motifs were identified within many endothelial

enhancers and promoters, including Tie-2, VEGF-R2 and VE-cadherin [104]. A

recent study has provided more evidence for the crucial role of Etv-2 and shed new

light on the relationship between different ETS factors in determining endothelial

identity. Ginsberg et al. showed that lineage-committed amniotic cells can be

reprogrammed into vascular endothelial cells by over-expression of three ETS

factors, namely Etv-2, Erg-1 and Fli-1 [94]. Expression of these ETS factors was

sufficient to switch on a panel of endothelial genes and, importantly, suppress

expression of nonvascular genes. The study indicated that Etv-2 is transiently

required to unlock the endothelial identity, whilst Erg and Fli-1 contribute to the

maintenance of the mature EC phenotype. This is in line with the role of Erg in

maintaining vascular stability in adult endothelium ([69] and see below). Together,

these factors can trigger reprogramming towards the endothelial lineage. Interest-

ingly, this phenotype required concomitant TGFβ inhibition [94].

Ets-1: At the other end of the spectrum, global deletion of Ets-1 has no effect on

vascular development. Despite its expression in the vascular endothelium of the

developing embryo, targeted deletion of the Ets-1 gene did not cause vascular

defects or embryonic lethality [70, 105, 106]; however, perinatal mortality was

about 50 %, depending on the genetic background. Crossing Ets-1 KO mice with

mice either deficient or defective in Ets-2 resulted in embryonic lethality at day

E14.5, with large, dilated blood vessels, oedema and haemorrhage suggesting

compensatory mechanisms between Ets-1 and Ets-2 [79].
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Erg: Between these two extremes are the phenotypes reported for several other

ETS factors which have been implicated in vascular development. Erg expression is
strongly linked with the development of the vascular tree. In the mouse embryo, Erg

expression appears as early as E8.0, in both intra and extra-embryonic endothelial

tissue such as the endothelium of dorsal aorta, the placental sinusoids and the yolk

sack blood islands. By day E10.5, endothelial expression is found in all vascular

structures [107, 108]. Global deletion of Erg results in embryonic lethality due to

multiple causes, with some defects in vascular remodelling [40]. Unpublished data

from our laboratory support these findings and shows that endothelial-specific

deletion of Erg causes embryonic lethality with severe vascular abnormalities

(Randi et al., manuscript in preparation).

6.3.3 Angiogenesis

Several studies have unequivocally demonstrated the importance of both constitu-

tive and inducible ETS factors in angiogenesis. In vitro models of tube formation,

cell migration and sprouting in co-culture have shown that most ETS factors play a

role in these processes (reviewed in [6]). ETS factors have been associated with

pathological angiogenesis, as in the case of tumour vascularisation [3] or in

response to ischaemia [109]. Table 6.2 shows a partial list of ETS factor and their

role in in vivo models of angiogenesis. However, in most of these models, ETS

factors are likely to control angiogenesis through multiple mechanisms and cell

types, not uniquely endothelial. As well as the lack of endothelial-specific models,

in vivo angiogenesis studies for ETS transcription factors are complicated by

embryonic lethality of several global ETS KO mice. Several approaches have

been taken to circumvent this issue, from in vivo downregulation of the ETS protein

through siRNA [69] to generation of transgenic animals with non-lethal mutations

affecting the function of the selected ETS factor [117].

6.4 Two ETS Factors Regulating Angiogenesis: Ets-1 and Erg

6.4.1 Ets-1

The role of Ets-1, the founding member of the family, in endothelial cells has been

extensively investigated. As mentioned above, Ets-1 is important for adult angio-

genesis but is not essential for vascular development. Several Ets-1 target genes

play a role in angiogenesis, and many are summarised in Table 6.1. In adult

endothelial cells, Ets-1 expression is low and can be upregulated by pro-angiogenic

stimuli, from growth factors such as basic fibroblast growth factor (FGF) and VEGF

[118] to hypoxia [109] and pro-inflammatory cytokines [71]. Whilst for many ETS

factors the data are mostly limited to a panel of target genes, in the case of Ets-1

complex pathways have been dissected, placing Ets-1 as the effector which

modifies the expression of specific targets following extracellular signals. Ets-1
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appears to mediate pro-angiogenic signals stimulated by growth factors such as

VEGF and acidic FGF [119], but also from less canonical pathways. For example,

the coagulation protein tissue factor has been shown to promote angiogenesis by

increasing Ets-1 DNA binding to its targets through the ERK1/2 pathway, which is

known to phosphorylate Ets-1 and modify its transcriptional activity [120].

The role of Ets-1 in angiogenesis in vitro has been demonstrated using a variety

of approaches, from over-expression via viral vectors, to ablation using antisense

oligonucleotides or dominant negative mutants ([121] and reviewed in [122]).

In vivo, Ets-1 has been shown to be a potent stimulator of angiogenesis: over-

expression of Ets-1 in a rat hindlimb ischaemia model induced neovascularisation

through the induction of angiogenic growth factors hepatocyte growth factor (HGF)

and VEGF [110]. Ets-1 expression has been associated with angiogenesis in chronic

inflammatory disease and tumour angiogenesis [123, 124]. Adenoviral-mediated

Table 6.2 ETS factors in in vivo models of angiogenesis

Ets

factor

Ets factor

manipulation Tools

Angiogenesis

model

Effect on

angiogenesis Reference

Ets-1 Over-

expression

Liposome transfection

of Ets-1 gene

Rat hindlimb

ischaemia

Increased [110]

Ets-1 Inhibition Adenovirus Ets-1 DNA

BD mutant

bFGF sponge (ear) Decreased [111]

Ets-1 Inhibition Adenovirus Ets-1 TA

mutant

Matrigel plug Decreased [112]

Ets-1 Inhibition Adenovirus Ets-1 TA

mutant; Intra-ocular

injection

Proliferative

retinopathy

Decreased [113]

Ets-1 Inhibition Adenovirus Ets-1 DNA

BD

Pancreatic

adenocarcinomas

xenographs

Decreased [114]

Ets-1 Inhibition Antisense Chick

chorioallantois

membrane

Decreased [115]

GABPα/
β

Over-

expression

Liposome transfection

of GAPB gene; Intra-

ocular injection

Corneal

neovascularisation

Decreased [116]

Elf-1 Inhibition Peptide B16 melanoma

tumour

Increased [61]

Erg Inhibition siRNA Matrigel plug Decreased [69]

Net (Elk-

3/Sap-2/

ERP)

Inhibition Antisense KSHV-GPCR

tumours

Decreased [66]

Summary of in vivo experiments on the role of ETS transcription factors in angiogenesis. All

models have been carried out in adult mice, unless otherwise specified. For the phenotype of ETS-

deficient mice which results in embryonic lethality, these have been recently reviewed [101]. DNA
BD DNA binding domain, TA transactivation domain
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expression of Ets-1 dominant negative significantly reduced tumour size and

microvessel density in a xenograft model of human pancreatic adenocarcinomas

[114] and suppressed retinal angiogenesis in mice [112, 113]. However, because of

the extent of conservation of the DNA-binding domain in the ETS family, often

used as dominant negative, concerns about the specificity of this approach ought to

be considered. Some of the in vivo studies on Ets-1 and other ETS factors are

summarised in Table 6.2.

6.4.2 Erg

Erg has become the focus of much attention in recent years because of its role in a

number of human tumours, from prostate cancer to haematological malignancies.

Erg over-expression in tumours has been shown to correlate with poor prognosis,

and as a consequence strategies aimed at targeting Erg in these patients are being

developed [125]. These approaches however often overlook the essential role of

Erg in the endothelium, both during development and in adult life. Erg is involved

in endothelial differentiation and lineage specification [74, 94, 126]. Over-

expression of Erg in zebrafish promotes the proliferation of mesodermal angioblasts

[100]. As discussed above, global as well as endothelial-specific deletion of Erg in

the mouse result in vascular defects during development in the mouse and embry-

onic lethality. Vascular defects were also visible in Erg transgenic mice containing

a single point mutation (Mld2) in the DNA-binding domain of Erg that significantly
inhibits Erg transactivation [127]. This mutation is associated with multiple defects

in definitive haematopoiesis and a failure to sustain self-renewal of haematopoietic

stem cells (HSCs), ultimately leading to exhaustion of HSCs and death at E11.5.

At variance with other transcription factors required for vascular development,

Erg expression is maintained throughout adulthood. Erg is the most abundantly

expressed ETS factor in resting adult EC [82, 107, 128, 129] and its expression,

although not uniquely endothelial, appears to be restricted to the haematopoietic/

endothelial lineage and to chondrocytes [107]. In endothelial cells, Erg drives the

expression of genes that define the endothelial lineage, such as endoglin, von

Willebrand factor, ICAM-2 and VE-cadherin (reviewed in [6]). As well as being

crucial during development, Erg plays a central role in adult endothelium, both in

the maintenance of homeostasis and during angiogenesis. Figure 6.2 summarises

the known functions of Erg in the endothelium. Several in vitro studies have shown
that Erg is essential for endothelial homeostasis and angiogenesis [57, 69, 126],

acting on a diverse array of endothelial processes and target genes. Many Erg target

genes have been implicated in angiogenesis (reviewed in [122]). Erg is essential for

endothelial junctional stability and endothelial survival [69], in established as well

as new vessels. Erg controls cell–cell junction assembly, stability and function

through expression of junctional adhesion molecules VE-cadherin, claudin-5 and

ICAM-2 [69, 71, 130]. Another critical function of Erg in the endothelium is to

control cell motility, migration and cytoskeletal dynamics. Microarray and network

analysis identified multiple pathways as potential mediators of these effects, two of
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which involve the histone deacetylase HDAC6 and the small GTPAse RhoJ [57,

58]. These targets and functions point to the essential role for this ETS factor in the

maintenance of endothelial homeostasis. However, Erg has also been implicated in

the regulation of growth factor receptors including VEGF-R1 [63] and VEGF-R2

[62], suggesting that this ETS factor may also play an important role in directly

regulating the response to angiogenic stimuli.

In endothelial cells, Erg acts both as a transactivator and a repressor of gene

expression. Erg binds to the promoters of pro-inflammatory molecules ICAM-1 and

IL-8 and represses their basal expression in resting EC, thus preventing leukocyte

adhesion to non-activated endothelium, an essential homeostatic property of

healthy blood vessels [82, 83, 86]. The molecular pathways through which Erg

mediates this repression involve inhibition of NF-κB p65 binding to the promoters

of ICAM-1 and IL-8 and other pro-inflammatory genes [83]. These data suggest

that Erg acts as a gatekeeper to inhibit the activity of low, constitutive levels of

nuclear NF-κB p65, to protect the endothelium from the activation of NF-κB target

genes and maintain homeostasis. The anti-inflammatory effects of Erg in endothe-

lial cells appear to be exerted through multiple mechanisms. Over-expression of

Erg in HUVEC via adenovirus resulted in inhibition of p65 phosphorylation by

tumour necrosis factor (TNF), and blockade of TNF-induced leukocyte adhesion

in vitro and acute inflammation in vivo [86]. Thus, the exciting potential for this

ETS factor as a target to prevent vascular inflammation and maintain endothelial

homeostasis is being explored. Structurally, Erg contains a PNT domain and several

other functional domains (Fig. 6.1); the key to its multiple roles in EC may reside

in the ability of these domains to mediate multiple interactions. For example, the

N-terminal domain of Erg has been shown to interact with the histone

methyltransferase ESET (for Erg-associated protein with a Set domain) [15].

Whether this interaction is crucial in mediating the repression of pro-inflammatory

endothelial genes remains to be determined.

The ability of Erg to repress inflammation is in contrast to that of other ETS

factors, including Ets-1, which has been shown to synergise with NF-κB in promot-

ing inflammation [131]. Interestingly, expression of pro-inflammatory ETS factors,

such as Ets-1, Ets-2 and ESE-1, is upregulated by pro-inflammatory agents, whilst

Fig. 6.2 The ETS-related

gene Erg controls vascular

homeostasis. In endothelial

cells, Erg controls

permeability and cell–cell

junctions, the actin and

tubulin cytoskeleton and

survival, is required for

angiogenesis and represses

inflammation. See text for

relevant references
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expression of Erg is downregulated by agents such as TNF and LPS [71, 82]. The

different expression levels and activities highlight the important role of ETS factors

in regulating inflammation.

Conclusions

Over the last two decades, major advances in the understanding of the role of

different ETS factors in the context of endothelial biology have been achieved.

The use of model organisms coupled with ETS factor transgenic and KO mouse

lines have highlighted the crucial role of ETS factors in vascular development.

The study of the role of endothelial ETS factors in angiogenesis in vivo has been
limited by the fact that, in many instances, deletion of an ETS factor in mice

causes embryonic lethality. One notable exception is Ets-1, and in the case of

this ETS family member, the evidence for its role in adult angiogenesis is

indisputable. With the generation of lineage-specific, conditional KO mice,

further data will become available on the contribution that various endothelial

ETS factors make to physiological and pathological angiogenesis in the adult, a

crucial step in the development of future therapeutic approaches. Despite the

interest in ETS factors in angiogenesis, there is still much to be done to define the

target genes and the transcriptional networks that control the function of these

transcription factors. A novel chapter in the understanding of the role of ETS

factors in endothelial biology and angiogenesis is likely to focus on microRNAs,

which are rapidly being recognised as both targets and regulators of ETS factors’

expression and function. Finally, the essential role of ETS proteins in the

maintenance of vascular homeostasis will need to be considered when develop-

ing anti-tumour strategies aimed at targeting those ETS factors which are over-

expressed in several types of cancer.
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Abstract

Immediate-early genes are those that are rapidly induced in response to a cellular

stimulus in the absence of protein synthesis and can influence the biology and

pathobiology of the cell. These span transcription factors, cytokines, growth

factors, enzymes, secreted factors, cytoskeletal proteins, transporters and anti-

apoptotic proteins that are attractive targets for the control of pathologic angio-

genesis. This chapter focuses on immediate-early genes and specifically their

regulation of processes underpinning angiogenesis.
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7.1 Immediate-Early Genes

Immediate-early genes (IEGs) are genes whose interphasic expression is transient

and rapid in response to many cellular stimuli (e.g. growth factors, mitogens, stress)

before de novo protein synthesis [1–3]. A large number of IEGs have been

identified representing master regulators that are involved in a multitude of cellular

functions including proliferation, differentiation, metabolism and immunity (for

review see [4–6]). Even though a majority of them are transcription factors, these

are also represented by cytokines, growth factors, enzymes, secreted factors, cyto-

skeletal proteins, transporters and anti-apoptotic proteins [5]. They are a diverse

group of mediators and exquisitely sensitive to changes in the local cellular

environment [5]. Their expression is activated by a range of signalling pathways

including mitogen-activated protein kinase (MAPK) and p38-MAPK [7–10]. At the

genetic level, chromatin structure may govern their rapid activation. Furthermore,

mRNA transcript length is generally shorter and more labile compared to other

genes, and, at the protein level, IEG products are generally unstable and rapidly

degraded via the proteasome, which may account for poor basal expression.

7.2 Angiogenesis

Angiogenesis is the formation of new blood vessels from the pre-existing vascula-

ture and is required in normal growth, development and other physiological

situations. This process is also a feature of pathological situations such as in ocular

disease, inflammatory disease, cardiovascular disease, tumour growth and meta-

stasis [11, 12]. Blood vessel formation is normally controlled by a delicate balance

of growth and inhibitory factors that can be disrupted and the consequence is either

an excess or lack of angiogenesis [13]. As a result, angiogenic processes and the

genes controlling these have become a target of choice for combating neovascular

diseases. Such therapeutic interventions have also allowed dissection of mechanis-

tic roles for these genes [14]. Greater understanding of the molecular and cellular

pathways involved in angiogenesis has facilitated the development of geno-

medicines. Among these approaches are gene-silencing technologies, such as

ribozymes, antisense oligonucleotides, small interference RNA (siRNA) and

DNAzymes. Many targets have been evaluated in different disease models

in vitro and in vivo. Below we discuss the diverse range of IEGs that have effects

on angiogenesis.

7.3 Immediate-Early Genes and Angiogenesis

IEGs are known to be widely induced during stress responses, exposure of cells to

mitogens and hormones. We review here (also see Fig. 7.1) several of these IEGs

which have been shown to be major mediators of angiogenesis and they represent a

class of proteins that are able to coordinate the plasticity of the cell and an integrated

rapid response.
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7.3.1 Transcription Factors

7.3.1.1 EGR Family
Early growth response (Egr) proteins represent a family of zinc finger transcription

factors that comprises of four members, Egr-1, Egr-2, Egr-3 and Egr-4 [15]. They

possess a conserved DNA-binding domain composed of three C2H2 zinc fingers.

Egr-1, Egr-2 and Egr-3 are transcriptional activators but Egr-4 has been described

as a transcriptional repressor [16].

Egr-1 is a 60–80 kDa nuclear protein induced by growth factors, hormones and

other mitogens contained in serum [17, 18] as well as shear stress [19]. It is a

transcription factor that binds to GC-rich elements in the promoters of many genes

required in different cellular processes including proliferation, differentiation and

mitogenesis [17]. Like most IEGs, its expression is transiently induced within

15–30 min in response to stimulus. Moreover, deficient mice are infertile due to

the deficiency of luteinising hormone controlled by Egr-1 [20]. Additionally, this

transcription factor regulates the expression of not only angiogenic factors like

FGF-2 [fibroblast growth factor 2 (basic)] but also anti-angiogenic factors such as

THBS1 (thrombospondin-1) and has the ability to modulate angiogenesis [21].

Interestingly, the transcriptional corepressor NAB2 and inhibitor of Egr-1 inhibits

angiogenesis in vitro [22]. It is also expressed in 15(S)-hydroxyeicosatetraenoic

acid [15(S)-HETE]-induced angiogenesis in dermal microvascular cells [23] and

overexpression of its dominant-negative mutant reduced endothelial cells (ECs)

migration, tube formation and angiogenesis in a matrigel plug assay [23]. In non-

steroidal anti-inflammatory drug (NSAID)-induced inhibition of angiogenesis, the

mechanism involved inhibition of Egr-1 activation in ECs followed by inhibition of

proliferation and inhibition of the transcription of the growth factors FGF-1 [fibro-

blast growth factor 2 (acidic)], FGF-2 and PDGF (platelet-derived growth factor)

[24]. Also in ECs, FGF-2 induces Egr-1 that in turn stimulates pro-angiogenic

factors. Furthermore, inhibition of Egr-1 by siRNA or antisense allowed suppres-

sion of HGF (hepatocyte growth factor)-mediated expression of pro-angiogenic

factors in squamous cell carcinoma [25]. Similarly, it has been shown to contribute

significantly to angiopoietin-1-induced angiogenesis in vitro by knockdown of Egr-
1 in HUVEC (Human umbilical vein endothelial cell) [26]. We showed that

DNAzymes targeting human (DzF) or mouse (ED5) Egr-1 reduced cellular migra-

tion, invasion, division and tubule formation in vitro as well as breast cancer growth
and angiogenesis in vivo [27]. In murine matrigel plug assays and rat corneal

assays, ED5 was also able to inhibit neovascularisation (Fig. 7.2) [26].

Another member of the Egr family, Egr-3, has also been shown to be important

in angiogenesis [28]. Like Egr-1, it is up-regulated by various stimuli, including

serum, growth factors such as VEGF (vascular endothelial growth factor) [29] and

hormones [30]. Knockdown of Egr-3 by siRNA reduced VEGF-inducible cell

growth, migration and tubulogenesis of ECs [31].

148 L. Prado-Lourenço et al.



7.3.1.2 NR4A Family of Nuclear Receptors
The NR4A (nuclear receptor subfamily 4 group A) subfamily includes Nur77

(NR4A1), Nurr1 (NR4A2) and Nor1 (NR4A3). These are transcription factors

with roles in differentiation, cell growth and cell death in different cell types

[32]. Nur77 also known as nerve growth factor IB (NGFIB) has been studied in

angiogenesis and is induced by VEGF [33]. This induction by VEGF can occur in a

PKD (protein kinase D)-HDAC5 (histone deacetylase 5) pathway-dependent man-

ner [34]. Consequently, inhibition by antisense or siRNA of its expression

suppresses VEGF-inducible angiogenesis, whereas adenoviral overexpression in

ECs leads to cell cycle arrest [35, 36]. Nur77�/� mice have no apparent vascular

defects, but in adult B16F1 melanoma growth and angiogenesis are greatly reduced

[35]. Additionally, histamine and serotonin, which increase vascular permeability,

stimulate angiogenesis through Nur77 [37]. Finally, it is also capable of regulating

microvessel permeability by targeting eNOS (endothelial NO synthase) [38].

7.3.1.3 AP-1 Family
Activator protein-1 (AP-1) is a transcription factor composed of certain proteins

including JunB, c-Jun, JunD, c-Fos, FosB, Fra-1 and Fra-2 or ATFs or CREB

proteins [39, 40]. To form active complexes, Jun proteins (c-Jun, JunB, JunD)

can both homo- or heterodimerise with Fos proteins (c-Fos, FosB, Fra-1, Fra-2),

whereas Fos proteins can only heterodimerise with Jun proteins. Jun homodimers

are less stable than a Jun–Fos heterodimers. Binding site(s) for these complexes are

present in the promoter or enhancer region of specific target genes. Deficiency in c-

Jun, JunB, Fra-1 and Fra-2 results in embryonic or early postnatal lethality [41].

AP-1 controls the expression of multiple genes and is linked with cell proliferation,

Fig. 7.2 ED5 blocks neovascularisation in rat corneas implanted with VEGF165-containing filter

discs. Figure shows representative corneas 5 days after treatment with an Egr-1 targeting

DNAzyme (ED5) or the same DNAzyme with its hybridising arms scrambled (ED5SCR). Di
disk, Li limbus. Compared with ED5SCR, ED5 inhibits the angiogenic response from the limbus

toward the disc [reproduced from Fahmy et al., Nature Medicine 9, 1026–1032 (2003) with

permission]
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migration and cell survival [42]. AP-1 factors generally regulate the expression of

metalloproteinases (MMPs) implicated in angiogenesis and tumoural angiogenesis

[41].

c-Jun plays a key regulatory role in neovascularisation and its activation is

associated with proliferation and angiogenesis in invasive breast cancer [43] and

known to deregulate both pro- and anti-angiogenic factors [44]. Moreover, c-Jun

can induce angiogenesis in rabbit skeletal muscle [45] and it has been recently

suggested that c-src induction by c-Jun may mediate angiogenic cell invasion [46].

c-Jun also induces cellular migration and invasion through induction of stem cell

factor [47]. Finally a peptide inhibitor of c-Jun promoted wound healing in vivo
[48]. Almost a decade ago, using catalytic DNA molecules targeting c-Jun (Dz13)

we demonstrated a clear link between c-Jun and angiogenesis [49]. In vitro, Dz13
inhibits ECs proliferation and migration, invasion and tubule formation. It also

suppresses the growth of solid tumours and angiogenesis, in part through its

inhibition of MMP-2 and MMP-9 [50]. Recent studies by our group have deter-

mined that Dz13 inhibits expression of FGF-2 and VEGF-A expression and

increases immune and inflammatory cell infiltration [51].

c-Fos can stimulate VEGF-D expression and induce angiogenesis in vivo and

in vitro [52]. It can also regulate the expression of stromelysin (MMP-3),

collagenase-1 (MMP-1) and MMP-9 suggesting a role in cellular invasion that is

indispensable to angiogenesis [53]. Additionally, endothelial morphogenesis in

collagen gels is inhibited by EGCG (epigallocatechin gallate) through down-

regulation of c-Jun, Ets-1 and c-Fos [54].

Similarly, Fra-1 induces the expression of extracellular matrix proteinases and of

the urokinase plasminogen activator system [urokinase-type plasminogen activator

(uPA) and uPA receptor (uPAR)] and mediates MMP-2 expression in angiogenesis

[55, 56]. Unexpectedly, studies using mice deficient in JunD demonstrated its anti-

angiogenic properties on cardiac capillary [57], whereas tumour angiogenesis is

impaired in JunB-deficient mice [58].

Investigators have attempted to inhibit AP-1 using a range of other approaches

but some of these studies can be considered incomplete because the composition of

AP-1 is not taken into account. For example TAM67, a dominant-negative mutant

of c-Jun unable to activate transcription [59], was used widely to demonstrate by

overexpression in vitro and in vivo inhibition of AP-1 [59] and angiogenesis

blockade in experimental tumours but its clinical use has had limitations [60].

More recent strategies include siRNA, decoys and peptides. c-Fos and c-jun

siRNA inhibit cell motility in epidermoid carcinoma cells [61]. Fra-1 siRNA was

able to inhibit invasion, angiogenesis and cell proliferation in breast cancer cells

[55]. Decoys for AP-1 were also developed and found to reduce its activity in

cancer [62].

Chemotherapeutic and chemopreventive agents have also been used to inhibit

AP-1 activity and angiogenesis such as quercetin, taxol and resveratrol. Natural

inhibitors have been discovered, one of which is the compound curcumin, one of

the principle components of the spice turmeric [63]. Curcumin also has anti-

proliferative properties, inhibiting tubule formation by rat lymphatic ECs [64].
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Hence there is evidence that inhibitors of this transcription factor could possess

active anti-angiogenic properties. AP-1 has also been the subject of previous drug

design attempts [65–67]. These studies identified several candidate compounds, but

there are no reports of in vivo studies. Recently the feasibility of inhibiting

selectively c-Fos/AP-1 in vivo with a small molecule inhibitor has been tested in

a preclinical model of arthritis with positive outcomes [68].

7.3.1.4 ATF3
Cyclic AMP (Adenosine monophosphate)-dependent transcription factor ATF-3 is

a member of the mammalian cAMP responsive element-binding (CREB) protein

family. ATF3 isoforms can heterodimerise with each other and with other tran-

scription factors such as c-Jun, ATF2 or Smad3. The protein functions either as a

transcriptional activator or repressor depending on the target gene and the situation

[69] and has a direct role in angiogenesis through the transcriptional repression of

Id1 that changes the expression levels of THBSP1 and VEGF [70]. Interestingly, its

expression was also found in atherosclerotic lesions, where ECs are under

programmed cell death [71]. Moreover, in vitro oxidative stress-induced angiogen-

esis in matrigel can be inhibited by ATF3 siRNA [72].

7.3.1.5 MYC
Myc (c-Myc) is a multifunctional nuclear transcription factor and mutations in this

gene have been associated with cancers [73] and tumour angiogenesis [74]. It is

induced by EPO (erythropoietin) in ECs [75] and studies in deficient mice have

revealed that it is essential for vasculogenesis, as well as tumoural and develop-

mental angiogenesis [76]. Furthermore, it has an essential role in cardiac angiogen-

esis leading to cardiac remodelling [77]. Conditioned media from c-Myc-

overexpressing cells promote ECs migration in vitro and neovascularisation of

the cornea in vivo [78]. Additionally, the mRNA of THBSP-1, an important

regulator in angiogenesis, was decreased after overexpression of c-Myc [79] and

an increase in tumour angiogenesis was associated with a Myc-activated miRNA

cluster [80].

7.3.1.6 Ets Family
The ETS (E-26) family is one of the largest families of transcription factors and is

defined by an ETS DNA-binding domain. This family has been involved in activa-

tion or repression of angiogenesis [81, 82] and c-ets-1 (Ets-1) has been widely

implicated in angiogenesis [83]. Indeed, Ets-1 controls angiogenesis by activating

uPA and MMP-1 [84] and target genes also include MMP-9 implicated in ECs

migration [85]. Both Ets-1 and Ets-2 are essential in embryonic development, with

lethality due to vascular defects [86].

7.3.1.7 Id1
The DNA-binding protein inhibitor Id1 is a helix–loop–helix (HLH) protein that

can form heterodimers with members of the basic HLH family of transcription

factors [87]. The encoded protein has no DNA-binding activity and therefore can
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inhibit the capacity of basic HLH proteins to transactivate gene expression. Id1- and

Id3-deficient mice exhibit vascular malformations in the forebrain, lack of vascular

branching and sprouting in the neuroectoderm. Impaired angiogenesis in

transplanted and spontaneous tumours was also observed [88] and overexpression

of Id1 in prostate cancer cells promotes angiogenesis through activation of VEGF

[89]. It has been proposed as a potential anti-angiogenic target for endothelial

progenitor cells [90].

7.3.1.8 SRF
Serum response factor (SRF) is a member of the MADS (MCM1, Agamous,

Deficiens, and SRF) box superfamily of transcription factors [91]. It binds to the

serum response element (SRE) in the promoter regions of target genes [92]. Such

elements are often present in IEGs promoters such as c-Fos and Egr-1 [93]. SRF is

essential in VEGF-induced angiogenesis [94]. A knockdown of SRF proteins in

ECs with antisense oligonucleotides impairs cell migration and proliferation [94].

Moreover, in vivo injection of an SRF antisense expression plasmid into gastric

ulcers in rats inhibits angiogenesis [94] and SRF ablation in ECs using a Tie1-Cre

transgenic line leads to embryonic lethality due to decreased vascular density and

oedema [95]. Deficient mice exhibit impaired expression of IEGs [96]. In a recent

study, mir483-5p, which targets SRF, is able to regulate angiogenesis [97].

7.3.1.9 CEBP-delta
CCAAT/enhancer-binding protein delta (CEBP-delta) is an intronless bZIP tran-

scription factor binding to certain promoters as a homodimer or as heterodimers

with CEBP-alpha [98]. It plays an important role in inflammation and has

implications in rheumatoid arthritis with reduced collagen-induced arthritis in

deficient mice for CEBP-delta compared to WT mice [98]. In addition a decreased

pannus proliferation and angiogenesis was also observed in deficient mice [99]. In

lymphangiogenesis and metastasis this transcription factor regulates VEGF-C auto-

crine signalling through HIF-1alpha [99].

7.3.2 Cytokines

Interleukin-6 (IL-6) is both a pro-inflammatory and anti-inflammatory secreted

cytokine produced at sites of acute and chronic inflammation [100]. IL-6-deficient

mice have impaired liver regeneration and abnormalities in IEGs expression [101].

This cytokine also activates VEGF expression and angiogenesis [102, 103].

Another member of this family, IL-8 is a chemokine produced and secreted by

macrophages and other cell types including ECs that store it in Weibel–Palade

bodies [104]. It is a member of the CXC chemokine family and is a major mediator

of the inflammatory response functioning as a chemoattractant and angiogenic

factor. Additionally, it has been implicated in cancer and tumoral angiogenesis

[105]. IL-8 induces migration and proliferation of HUVEC and can induce angio-

genesis when injected in rat cornea [105]. In vitro, treatment of melanoma cells by

152 L. Prado-Lourenço et al.



humanised ABX-IL8 antibodies reduced MMP-2 expression and metastasis [106].

Interestingly, a cross talk between IL-8 and c-myc (see above Transcriptions

factors) involving the hypoxia-inducible factors (HIFs) HIF-1 and HIF-2 has been

recently suggested [107]. However this transcriptional response activated by hyp-

oxia differs depending on the isoform: HIF-1 diminished the expression of IL-8,

whereas HIF-2 augmented its expression [107].

7.3.3 Growth Factors

Connective tissue growth factor (CTGF), also known as CCN2, is a member of the

CCN family of extracellular matrix-associated heparin-binding proteins that are

found at the cell surface or extracellular matrix [108]. Deletion of this gene is lethal

with defects in angiogenesis, with impaired interactions between ECs, pericytes and

collagen IV deficiency in the endothelial basement membrane [109]. This protein

has important roles in many biological processes, including cell adhesion, migra-

tion, proliferation and angiogenesis [110, 111]. It is a mitogen secreted by vascular

ECs and it can be up-regulated after VEGF stimulation [112]. However, a contro-

versial study showed that CTGF could be anti-angiogenic by binding to VEGF

[113] and this binding terminates when CTGF is digested by various MMPs [114,

115]. Nevertheless, a specific CTGF antibody was able to reduce tumour growth

and angiogenesis in an orthoptic mouse model of pancreatic cancer [116].

7.3.4 Enzymes

7.3.4.1 COX-2
Prostaglandin-endoperoxide synthase 2 or cyclooxygenase-2 (COX-2) is an

enzyme rapidly induced by various cytokines that catalyses prostaglandin produc-

tion from arachidonic acid [117]. This enzyme is pro-angiogenic, increasing VEGF

and FGF-2 production and inhibiting ECs apoptosis [118]. COX-2 was also found

to play a role in tumour angiogenesis [119] and it has been proposed as a therapeutic

target for cancer, chronic inflammatory disease and retinopathies [120]. Indeed,

COX-2 inhibitors can directly block angiogenesis [120].

7.3.4.2 DUSP1
Dual specificity protein phosphatase 1 (DUSP1) is a nuclear phosphatase member

of a large family and contains a highly conserved C-terminal catalytic domain and

an N-terminal Cdc25-like (CH2) domain. It is transcriptionally induced by growth

factors, oxidative and heat stress and specifically inactivates the MAPK pathway

in vitro by dephosphorylation of phosphothreonine and phosphotyrosine residues

[121]. Moreover, it plays a role in the regulation of stress responses and suppression

of apoptosis [122]. In ECs, VEGF can induce DUSP1 expression and play a role in

migration [123]. This enzyme is known to be a thrombin-responsive gene in ECs

[123] and to promote angiogenesis in lung cancer [124].
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7.3.4.3 TNFAIP3
Tumour necrosis factor alpha-induced protein 3 (TNFAIP3) is a zinc finger protein

and an ubiquitin-editing enzyme that can inhibit NF-kappa B activation and TNF-

mediated apoptosis [125]. TNFAIP3 was shown to be rapidly induced after TNF

exposure in ECs [126] and it was known that TNF play an important role in the

development and maintenance of inflammation. It has been associated with rheu-

matoid arthritis [127] and angiogenesis [128, 129].

7.3.4.4 Urokinase-type Plasminogen Activator
Urokinase-type plasminogen activator (uPA) is a serine protease involved in the

degradation of the extracellular matrix (ECM) necessary for the migration and

proliferation of ECs [130]. It was confirmed with siRNA approaches that down-

regulation of uPA reduces tumour angiogenesis and invasiveness in breast cancer

cells involving MMP-9 [131]. RNA interference using a bi-cistronic construct

targeting both uPAR and MMP-9 results in decreased angiogenesis in glioma [131].

7.3.5 Secreted Factors/Proteins

7.3.5.1 EGFL7/ZNeu1
EGF-like domain-containing protein 7 (EGFL7) is a secreted protein in ECs that

contains two epidermal growth factor-like domains. EGFL7/ZNeu1 regulates both

vasculogenesis and angiogenesis [132–134]. Loss of function in zebrafish shows

that it plays a role in tubulogenesis [135]. When EGFL7 was specifically

overexpressed in ECs in mice, it induced embryonic lethality with head

haemorrhage, cardiac and heartbeat defects, and head and yolk sac vasculature

defects [133].

7.3.5.2 Cyr61
Cysteine-rich angiogenic inducer 61 (CYR61) or CCN family member 1 (CCN1) is

a secreted matricellular protein from the same CCN family as CTGF/CCN2 (see

above). This ECM-associated signalling protein regulates many cellular activities

including cell adhesion, migration and angiogenesis [111, 136, 137]. Cyr61-

deficient mice have been generated but are unable to survive more than 24 h after

birth due to severe vascular defects [138, 139].

7.3.6 Transporters

7.3.6.1 SLC2A3/GLUT3
Glucose transporter 3 (GLUT3) or solute carrier family 2, facilitated glucose

transporter member 3 (SLC2A3) is a protein facilitating the transport of glucose

across the plasma membranes that can be induced by hypoxia, a major angiogenesis

activator [140]. It also has been associated with tumour blood formation in epithe-

lial ovarian carcinoma [141]. Supporting its implication in angiogenesis, HUVEC
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treated with a SLC2A3 siRNA showed a 27 % reduction in tube formation com-

pared with control siRNA [142].

7.3.7 Cytoskeletal Proteins

Verge (vascular early response gene) or APOLD1(apolipoprotein L domain

containing 1) is a protein playing a role in cytoskeleton reorganisation and vascular

permeability [143]. It is one of the most recent IEGs that has been implicated in

vascular function and is induced in cultured ECs by TNFα, FGF-2 and hypoxia and
developmentally regulated in the rat heart [143]. In addition to regulate angiogene-

sis, a role in barrier function was demonstrated with an adaptation to hypertonicity

[144]. Verge is rapidly induced after focal stroke and studies in deficient mice

revealed that this protein affects brain vasculature and blood–brain permeability

[145]. Moreover, after brain ischemia there is decreased oedema formation but no

change in stroke outcomes in the deficient mice [145].

7.3.8 Anti-apoptotic Proteins

Induced myeloid leukaemia cell differentiation protein Mcl-1 is a protein belonging

to the Bcl-2 (B-cell lymphoma 2) family and different isoforms have apparently

different activities. Indeed, isoform 1 inhibits apoptosis, whereas, isoforms 2/3

induce apoptosis. Morever, 3,6-di(2,3-epoxypropoxy)xanthone (EPOX) is a drug

that inhibits angiogenesis by ERK-dependent degradation of Mcl-1 suggesting that

novel Mcl-1 targeting drugs may be used to inhibit angiogenesis [146].

Concluding Remarks

Altogether, a range of strategies has been used with success to dissect the roles of

IEGs in angiogenesis even though some of them are transcription factors and are

usually considered difficult to target [147, 148]. These targeting approaches

include dominant-negative mutants, small molecule inhibitors, decoys, siRNA,

DNAzymes, peptides/antibodies and natural products. The mechanisms

involved in angiogenesis including degradation of the extracellular matrix,

ECs migration and proliferation, tube formation and vessel maturation are

complex and depend on tissue type. By impacting directly and rapidly on

endothelial growth and angiogenesis, IEGs represent an important class of

molecular targets. Nevertheless, it remains to be seen whether IEGs targeting

approaches will serve as useful tools in pathologic angiogenesis and related

human diseases.
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Abstract

Hypoxia is an important regulator of angiogenesis and it stimulates neovascu-

larization from existing blood vessels. At the molecular level, it occurs mostly

through transcriptional regulation of genes which contain a core consensus

sequence called hypoxia response element (HRE) via hypoxia inducible factors

(HIFs) action. The discovery of HIFs hydroxylases as a family of dioxygenases

that regulate HIFs dependently on the oxygen availability have significantly
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improved our understanding of the mechanisms of hypoxia signaling. Moreover,

a broad number of factors have been shown to influence HIF stability and their

effects could be mediated via several possible mechanisms including

nitrosylation, deacetylation, or oxidation. The induction of HIF leads to the

complex regulation of the pro- and antiangiogenic factors and extensive research

will be essential for thorough understanding of the role of hypoxia in disease

development and will help to identify new therapeutic targets for treatment of

such hypoxia-dependent disorders.

Keywords

Hypoxia inducible factor • HIF-1 • HIF-2 • HRE •MicroRNA • Oxidative stress •

Vascular endothelial growth factor • IL-8

8.1 Introduction

Oxygen is vital for living cells and it plays a fundamental role in their metabolism.

An inadequate oxygen supply to tissues and cells causes hypoxia, a state which can

restrict their functions. The ability to maintain oxygen homeostasis is essential to

the survival of all vertebrate species. On the other hand, several pathological

conditions like stroke (cerebral ischemia) and heart infarction (myocardial ische-

mia) may result from the detrimental effect of hypoxia. Moreover, hypoxia has been

recognized as one of the fundamentally important features of tumor growth and

metastasis.

The hypoxic response is primarily mediated by the family of hypoxia inducible

transcription factors (HIFs). Their activation leads to transcription of HIFs target

genes—nowadays more than 150 HIFs-dependent genes controlling different pro-

cesses including energy metabolism, cell growth and apoptosis, or vasomotor

control was identified (Fig. 8.1). Moreover, to counteract the undesirable effects

of low oxygen concentration, the new blood vessels providing oxygen to the

ischemic tissues are formed. The expression of pro-angiogenic factors like vascular

endothelial growth factor (VEGF) or interleukin-8 (IL-8) was thought to be strongly

increased in hypoxic conditions; however, recent studies underline the complexity

of angiogenic response after HIFs induction. The complication of cellular response

to low oxygen concentration may be also related to context specific effects of

individual HIF isoforms. Latest research underlined that HIF-1 and HIF-2 possess

both overlapping and unique target genes and may also trigger specific roles: HIF-1

predominantly drives the initial response to hypoxia (<24 h), whereas HIF-2 is

responsible for chronic response (>24 h).
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8.2 Stabilization of the Hypoxia Inducible Factor

8.2.1 The Hydroxylation of HIF-a as a Major Mechanism for Its
Destabilization

The discovery of the hypoxia response element (HRE), the oxygen-regulated

sequence, in the erythropoietin gene and the identification of the hypoxia inducible

factor-1 (HIF-1) as a master transcription factor binding this sequence [1, 2] had

started the intensive research in hypoxia field. Further studies performed in other

than erythropoietin-producing cells have revealed that the same regulatory element

is involved in the hypoxic regulation of gene expression indicating the presence of

the general oxygen-sensing system in mammalian cells.

It is now well established that the regulatory sequence, called HRE, comprises of

consensus-binding site (HBS, HIF-1-binding site) with a core motif (RCGTG) [3]

and HIF-1 ancillary sequence (HAS), located eight to nine nt down- or upstream of

HBS, which facilitates HIF-1-mediated transcription activation [4]. The existence

of HRE was confirmed in hundreds of genes regulated in hypoxic conditions.

HRE is recognized by HIFs transcription factors, a heterodimers consisting of

oxygen-labile α (HIF-α) and oxygen-independent β (HIF-β, also called aryl hydro-

carbon receptor nuclear translocator, ARNT) subunits. Both α and β subunits are

Fig. 8.1 Selected HIF-dependent genes. HIFs transactivate genes involved in a number of

adaptive processes in response to hypoxia including angiogenesis, energy metabolism, cell

migration, proliferation, etc.
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members of the bHLH/PAS (Basic Helix–Loop–Helix/PER-ARNT-SIM) domain

family [5]. Three genes encoding distinct HIF-α isoforms exist in humans: HIF1A,
encoding HIF-1α; EPAS1, encoding HIF-2α; and HIF3A, which is expressed as

multiple HIF-3α splice variants [5–7]. Mainly HIF-1α and HIF-2α mediate the

hypoxia-dependent signaling, whereas HIF-3α was shown to inhibit transcriptional

activity of HIF-1α [8]. Such difference in isoform-specific effects may be the result

of their structure: HIF-3α has high similarity to HIF-1α and HIF-2α in the bHLH

and PAS domains but it lacks the C-terminal transactivation domain (C-TAD),

which is required for transcriptional activation (Fig. 8.2).

Only HIF-β subunit is constitutively expressed and not regulated by oxygen

concentration. On the other hand, the expression of HIF-α subunits is strictly

controlled at the protein level. This occurs, predominantly, through the hydroxyl-

ation of specific proline residues (Pro402 and Pro564 in HIF-1, Pro405 and Pro531

in HIF-2, Pro490 in HIF-3) within oxygen-dependent degradation domain (ODDD)

present in α subunits [7, 9, 10]. The hydroxylation is performed by a class of

Fig. 8.2 The schematic structure of HIF-α isoforms. HIF-1α is closely related to HIF-2α, whereas
the variant of HIF-3α, HIF-3α1 lacks C-terminal transactivation domain (C-TAD), which is

required for transcriptional activation. However all α subunits are prone to oxygen-dependent

degradation by the von Hippel–Lindau protein (pVHL) E3 ligase complex. The modifications of

specific residues are highlighted above each protein, and the proteins that perform those

modifications are shown (PHDs, FIH-1)
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enzymes called prolyl hydroxylases (PHDs). They require molecular O2, 2-

oxoglutarate, iron ions (Fe2+), and ascorbic acid to be fully active, and they are

inhibited in hypoxic conditions [11]. From three PHDs identified so far and shown

to hydroxylate HIF-1α in vitro (PHD1, 2, and 3) [12], in vivo PHD2 isoform plays a

major role in normoxic HIF-1α regulation [13, 14]. Hydroxylated HIF-α is

recognized by the β-domain of von Hippel–Lindau tumor suppressor protein

(pVHL) and is targeted for degradation by the 26S proteasome [15–17]. This

process is preceded by the ubiquitination of the pVHLα domain by the elongin-C/

elongin-B/cullin-2 E3-ubiquitin-ligase complex. The requirement of oxygen for

PHDs functioning suggests that under hypoxic condition their activity is abrogated.

In fact, when the oxygen level drops down, HIF-α subunit escapes recognition by

the pVHL ubiquitin–ligase complex and proteasomal degradation and could be

transported to the nucleus. There, after dimerization with HIF-1β [18], the active

complex binds to HRE to induce transcription of numerous hypoxia-responsive

genes (Fig. 8.3).

Importantly, there are also other mechanisms responsible for the controlling of

the HIF-mediated transcription. To form an active HIF-α/β complex able to

transactivate numerous genes, the binding of specific coactivators, like p300/

CREB-binding protein (CBP) is necessary. Other than PHDs, oxygen-regulated

hydroxylase-domain protein termed factor-inhibiting HIF-1 (FIH-1) regulates the

binding of p300/CBP. FIH-1 modifies asparagine residue (Asn803 in human

Fig. 8.3 HIFs stabilization during hypoxia. Under normoxia, HIF-α is subjected to oxygen-

dependent prolyl hydroxylation by PHDs leading to pVHL E3 ligase complex binding and

ubiquitination and degradation by the 26S proteasome. Moreover, asparagine hydroxylation by

FIH-1 inhibits binding of the HIFα coactivator p300/CBP. In hypoxic conditions, both PHDs and

FIH-1 are not active and non-hydroxylated HIF-1α associates with HIFβ in nucleus. HIFα/HIFβ
heterodimer binds to HRE sequence at the promoters of HIF-responsive genes and upon binding to

the coactivators p300/CBP initiates their transcription
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HIF-1α, Asn851 in HIF-2α) in the C-TAD in the presence of oxygen, what leads to

blockage of recruitment of p300/CBP coactivator to HIF-α [19]. The regulation of

HIF-α by FIH-1 leads to the inhibition of interactions between HIF-α and transcrip-

tional coactivators via sterical hindrance caused by Asn hydroxylation. Similarly to

PHDs, FIH-1 activity is inhibited under hypoxic conditions, allowing the binding of

p300/CBP to HIF-1/2α, thus increasing HIF transactivation (Fig. 8.3).

8.2.2 Not Only Hydroxylation: ROS-Mediated HIFs Stabilization

In the past, reactive oxygen species (ROS) have been considered only as toxic by-

products of metabolic processes. It is also believed now that abnormally high levels

of ROS contribute to the oxidative stress-mediated damage leading to the develop-

ment of many diseases. However, recent studies underline the importance of the

low levels of ROS as a part of homeostatic signaling pathway. One of the ROS-

regulated pathway is the HIF signaling.

A numerous studies have presented so-called ROS hypothesis and underlined the

significance of ROS for HIF-1α stabilization [20–22]. It was proposed that hypoxia-

mediated production of superoxide at complex III of the mitochondrial electron

transport chain and its conversion to H2O2 by the superoxide dismutase (SOD)

directly inhibits PHDs enzymes by oxidizing the essential nonheme-bound iron.

However, recently Masson and colleagues have shown that PHDs have low sensi-

tivity to inhibition by H2O2. In contrast, the other HIF-hydroxylated enzyme, FIH-

1, was much more susceptible to H2O2-dependent inactivation [23]. These results

suggest that molecular mechanisms responsible for the interaction between ROS

and HIFs still have to be investigated.

On the other hand, there are other observations linking ROS and PHDs/HIF.

Sirtuins are NAD-dependent deacetylases involved in metabolism, stress response,

and longevity [24]. It was recently reported that the member of sirtuins family,

SIRT3, destabilizes HIF-1α by inhibiting ROS production and keeping PHDs in the

active state, thereby leading to HIF-1α degradation. In SIRT3 null cells, ROS level

is increased and it contributed to increased HIF-1α stabilization/activity and finally

to increased glycolysis and cellular growth [25]. Additionally, Bell et al. [26]

proved that SIRT3 modulates the progression of tumors in ROS- and HIF-

dependent way. The absence of SIRT3 led to increased ROS level and to activation

of pro-tumorigenic HIF-1α in normoxia and its hyperactivation in hypoxia. After

injection of HCT116 colorectal carcinoma cells with stable knockdown of SIRT3 to

immunodeficient Nu/Nu mice, the growing tumors were bigger than tumors derived

from control HCT116 cells. Additionally, when injected mice were subjected to

potent antioxidant, N-acetylcysteine (NAC), the rate of tumor growth and its size

was comparable to control conditions [26]. Moreover, there are other studies

suggesting the effect of SIRT3 on ROS production. SIRT3 can directly target

isocitrate dehydrogenase 2 (IDH2), a major source of NADPH in the mitochondria

[27] and SOD2, activating mitochondrial ROS scavenging [28] and consequently

influence cellular redox status and affect HIF signaling.
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8.2.3 Not Only Hydroxylation: The Role of (De)acetylation in HIFs
(De)stabilization

As mentioned above, SIRT3, a member of deacetylases family may regulate HIF

stabilization through ROS- and PHD-dependent signaling. However, the action of

SIRT3 and other members of sirtuins family may also rely on the direct

deacetylation of HIFs protein (Fig. 8.4).

Interestingly, it was shown that specific members of sirtuins family may exert

different effects on HIF transcription factors. Deacetylation of HIF-1α at Lys674 by

SIRT1 led to blocking p300 recruitment and consequently this repressed HIF-1

target genes [29]. On the other hand, the activity of HIF-2α increases after

deacetylation by the same nuclear SIRT1 [30]. Moreover, the expression of HIF-

2α-dependent genes, namely, VEGF, SOD2, and erythropoietin was also induced in

response to SIRT1 action [30]. SIRT1 was also able to downregulate PHD2 protein

level through deacetylase activity [31]. Importantly, SIRT1 is regulated by hypoxia

in HIF-1α- and HIF-2α-dependent manner what suggests both positive and negative

feedback loops between SIRT1 and HIFs [32]. Moreover, SIRT6 was also shown to

be a negative regulator of HIF-1α stability and protein as SIRT6-deficient cells

exhibit increased HIF-α activity [33].

Additionally, the direct involvement of sirtuins in the controlling angiogenic

response was underlined. SIRT1 was found to be highly expressed in the vascula-

ture during blood vessel growth, where via deacetylation of the forkhead transcrip-

tion factor Foxo1, a crucial negative regulator of blood vessel development inhibits

its anti-angiogenic activity [34]. Moreover, the knockout of SIRT1 led to

dysregulation of number of genes essential for vascular growth, maturation, and

Fig. 8.4 The regulation of angiogenic factors by sirtuins. SIRT1 and SIRT6 have direct, complex

effect on several factors involved in the angiogenic response, as they inhibit pro-angiogenic HIF-

1α, NFκB, as well as anti-angiogenic Foxo1 with concomitant upregulation of HIF-2α. SIRT3
indirectly, via inhibition of ROS, through several mechanisms including deacetylation of SOD2

and IDH2 proteins, activates PHDs leading to inhibition of HIF-1α
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remodeling resulting in the defective blood vessel formation and blunted ischemia-

induced neovascularization [34].

Sirtuins represent class III histone deacetylases (HDACs) enzymes and also

other members of HDACs have been reported to interact with and influence HIF-

1 activity. HDAC4 was found to modulate HIF-1α protein N-terminal lysine

acetylation level, stability, and HIF-1 activity [35]. On the other hand, inhibitors

of class I/II HDACs (HDACIs), like valproic acid or trichostatin A, have been

shown to downregulate HIF signaling by either reducing functional HIF-1α levels

or repressing HIF-α transactivation activity (reviewed in [36]).

The aberrant expression of HDACs was implicated in the cancer development

and the extensive number of HDAC inhibitors have been shown to exert the

antitumor effects. The molecular mechanism of the observed action may involve

HIFs regulation, however, as deacetylases play a role in numerous processes like

transcriptional regulation, epigenetic programming, chromosomal remodeling and

they regulate plethora of factors, HIFs modification represents only one possibility.

8.3 The Cross Talk Between HIFs and NFkB: The Implications
for Inflammatory Angiogenesis

Inflammatory reaction is not only characterized by the excessive expression of

inflammatory cytokines like TNF-α or IL-1β but is also associated with reduced

oxygen tension [37]. It was shown that various inflammatory stimuli like lipopoly-

saccharide (LPS) [38] or pro-inflammatory cytokines [39–41] are able to induce

HIF system under normoxic conditions. Such situation may be especially important

during tumor progression as inflammation can facilitate the development of cancer

[42, 43]. The cross talk between HIFs and inflammatory machinery may lead to the

upregulation of the expression of pro-angiogenic factors, resulting in the increased

vascular leakage, tumor vascularization, and finally metastasis. Moreover, a grow-

ing body of evidence indicates the presence and activation of HIF signaling in

various inflammatory diseases, like rheumatoid arthritis [44], asthma [45], or

atherosclerosis [46].

The regulation of HIF-1α by inflammatory cytokines was shown to occur both at

the transcriptional and translational level. Especially important seems to be the

interaction of HIFs and nuclear factor κB (NFκB) as both transcription factors are

induced by hypoxia and inflammation and influence each other. Importantly, not

only hypoxia may regulate HIF-1α mRNA level through NFκB [38, 47] but also in

normoxic conditions NFκB is a direct modulator of HIF-1α expression [48]. In fact,

the functional NFκB response element is present in the HIF-1α promoter at �197/

�188 base pairs upstream of the transcriptional start site [48]. First indication that

an active NFκB-binding site is present in HIF-1α promoter was shown in 2006,

when Frede and colleagues studied the effect of LPS on HIF-1α mRNA in human

monocytes and macrophages [38]. Additionally, during hypoxic induction of HIF-

1α in pulmonary artery smooth muscle cells, the binding of the NFκB subunits p50

and p65 to the HIF-1α promoter have been shown [47]. Finally, direct interaction
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(although with different affinity) of all NFκB family members—p65, RelB, c-Rel,

p52, and p50 with HIF-1α gene/promoter at an NFκB consensus site has been

reported, whereas a truncated version of the HIF-1α promoter construct which lacks

the NFκB site was not activated by the NFκB subunits [48].

Of note, the regulation of HIF by NFκB is evolutionary conserved—NFκB-
binding element was found to be conserved across different species [47]. Moreover,

recent work by van Uden et al. showed that even in Drosophila, NFκB regulates

HIF-1β (tango) and HIF-α (sima) levels and activity both in normoxia and hypoxia

[49].

As discussed earlier, sirtuins have been shown to associate, deacetylate, and

regulate the activity of HIF-1α. Similarly, NFκB acetylation status and transcrip-

tional activity could be modified by sirtuins. Sirtuins, although with different

mechanisms of action, act as a negative regulators of NFκB activity (reviewed in

[50]) (Fig. 8.4).

8.4 Nitric Oxide: Important Regulator of Hypoxia-Induced
Angiogenesis

As discussed above, the activation of HIF transcription factors has been increas-

ingly implicated in inflammatory diseases. A common hallmark of inflammatory

disorders is the increased synthesis of nitric oxide (NO) by induction and activation

of inducible nitric oxide synthase (iNOS). The implication of NO in the regulation

of angiogenic mediators as well as HIF transcription factor has been suggested in a

great number of papers.

In the past, several studies have shown the discrepant data concerning the effect

of NO on HIF-1α accumulation—both stabilization [51, 52] and destabilization [53,

54] have been reported. Such confusing results have been nicely explained by

Mateo and colleagues who have shown that NO may exert biphasic effect on

HIF-α stabilization, dependently on the concentration used. At low concentration,

up to 400 nM diminishment in HIF-1α stability was observed, whereas higher NO

concentrations (above 1 μM) increased HIF-1α stability [55].

Moreover, the discrepant data about NO-mediated effects could be the result of

variousNOdonors used in the experiments.Different factorswhich releaseNOare used,

mostly SNAP (S-nitroso-N-acetylpenicillamine), SIN-1 (S-morpholinosydnonimine),

GSNO (S-nitrosoglutathione), and DETA (diethylenetriamine NONOate). Unfortu-

nately, sodium nitroprusside (SNP), a complex compound which releases NO together

with iron ions and cyanides, was also used in many studies. SNP was shown to inhibit

HIF-1 accumulation in human glioblastoma A-172 cells, whereas in the same experi-

ment SNAP or GSNO increased HIF-1α accumulation [56]. Similarly, in the human

bladder cancer and in the human prostate cancer cell lines SNP decreased hypoxia-

induced HIF-1α protein level [57]. As mentioned earlier, SNP, after releasing NO, is

converted to ferrocyanide and ferricyanide. Cyanides, inhibitors of cytochrome c oxi-

dase, are cytotoxic molecules as well as iron which could be released from SNP is a
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possible toxic factor generatinghighly reactive radicals, such as hydroxyl radicals via the

Fenton reaction.

Importantly, NO-dependent accumulation of HIF-α might be a possible mecha-

nism responsible for increase in HIF-dependent gene expression in tumors. Both

increased NOS expression and NO level led to stabilization of HIF-1α protein in

human oral squamous cell carcinoma [58]. Similarly, in prostate cancer, Nanni and

colleagues have identified the nuclear co-localization between endothelial NOS,

estrogen receptor β, HIF-1α, and HIF-2α and they found that these proteins coop-

erate to activate transcription of protumorigenic genes [59].

The induction of HIF by NO may lead to the increased transcription of angio-

genic gene expression, and nowadays it is well proven that NO is an important

mediator of angiogenesis. We [60, 61] and others [62] have shown that NO is

significant regulator of VEGF signaling both in vitro and in vivo. In rat vascular

smooth muscle cells, IL-1β-induced NO production, NO donors, or plasmid deliv-

ery of NOS led to the upregulation of VEGF synthesis, which was abolished when

inhibitor of NOS, like L-NAME was added [60, 61]. In rat ischemic hindlimb

injected with eNOS cDNA increase in peripheral blood flow in ischemic tissue,

better vascularization (increased number of CD31-positive cells in muscles), and

increased VEGF level have been detected [62].

Similarly to discrepant data about HIF-1 accumulation, also there are results

showing inhibition of VEGF expression after SNP treatment [56, 63] again

indicating the importance of the appropriate NO donor usage. In our hands, direct

comparison of SNAP, SIN-1, DETA, GSNO, and SNP on VEGF production in rat

or human vascular smooth muscle cells showed that all donors, but not SNP,

potently upregulate VEGF release [61, 64]. These results strongly indicate that

NO increases VEGF level, but SNP cannot be used as a NO donor.

In summary, it seems that different effects of NO on HIF-1 or VEGF level

described in the literature may be the result of various methodological approaches

including different NO donors and various concentrations used.

The mechanism responsible for NO-mediated HIF modification relies mostly on

S-nitrosylation of critical cysteine residues of several key proteins involved in HIF

regulation, including HIF-1α itself but not on cGMP involvement. For example, NO

was shown to have inhibitory effect on PHDs 1–3 in vitro. In human embryonic

kidney cells stimulated with exogenous NO donor (GSNO) dose dependently

inhibition of PHD activity and reduction of HIF-1α hydroxylation leading to its

stabilization was observed [65]. Moreover, SNAP was shown to inhibit FIH-1

leading to enhanced HIF-1α C-TAD activity. Additionally, NO may S-nitrosylate

the VHL blocking its ubiquitination activity [66].

Interesting findings linkingNOandmitochondrial respiratory chainwere published

recently [67]. The authors based on the information that NO could be produced in the

mitochondria in the reaction catalyzed by cytochrome c oxidase (Cco/NO) [68]. To

find if NO produced in mitochondria could be responsible for HIF-α stabilization,

HEK 293.7 cells without NOS activity have been used. Interestingly, the cells used

Cco/NO activity to generate NO and further for the stabilization of HIF-1α [67].
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8.5 microRNA and Hypoxia-Induced Angiogenesis

Identified in 1993 as small, noncoding RNA molecules which bind to the 30 UTRs
of target mRNAs to negatively regulate gene expression [69], microRNAs have

been shown to be implicated in many different processes including angiogenesis.

To date, more than 1,500 human miRNAs have been reported (http://www.mirbase.

org) and it is suggested that they could regulate more than one-third of the mRNAs

produced.

In 2010, Chan and Loscalzo have introduced the term “hypoxamirs” to stress the

existence of a number of hypoxia-regulated miRNAs [70]. Several HIF-related

miRNAs have been identified till now, with the most prominent miR-210. More-

over, miR-20a, miR-20b, miR-199a, miR-424, miR-130a, miR-130b, and miR-155

have been shown to affect HIF expression, although it seems that only miR-20a

(encoded by miR-17-92 cluster), miR-20b, and miR-199a directly target the 30UTR
of HIF-1α [31, 71, 72].

From well-described hypoxamirs, miR-210 was shown to be regulated by both

HIF-1 and HIF-2 [73] and is able to target several angiogenic factors.

Overexpression of miR-210 in human umbilical vein endothelial cells increases

the expression of VEGF and its receptor, VEGF-R2 leading to increased renal

angiogenesis [74]. The receptor tyrosine kinase ligand Ephrin-A3, an important

regulator of endothelial cells survival, migration, and differentiation is another

example of angiogenic gene regulated by miR-210 [75]. Moreover, Notch signaling

pathway was suggested to be activated by miR-210 in a model of cerebral ischemia

[76].

Importantly, the overexpression of miR-210 has been detected in a variety of

cardiovascular diseases and solid tumors. Particularly, its high level characterizes

the renal clear cell carcinomas (RCCs), in which also HIF is overexpressed as a

consequence of pVHL inactivation. Its important role in tumor development may be

related to the fact that in response to hypoxia this miRNA regulates a wide spectrum

of genes involved not only in angiogenesis but also in the mitochondrial metabo-

lism, DNA repair, or cell survival.

8.6 Hypoxia and Angiogenic Regulators

8.6.1 Regulation of VEGF by HIFs: A Classic Example of Pro-
angiogenic Gene Regulation in Hypoxic Conditions

Angiogenesis is controlled through the equilibrium of pro- and anti-angiogenic

factors. However, under special conditions, e.g., during tumor development, the

level of pro-angiogenic factors increases and this facilitates the blood vessel

formation.

HIFs regulate the expression of more than 150 genes, including several, involved

in angiogenesis (Fig. 8.1), like VEGF, the major pro-angiogenic factor which is

known to enhance proliferation, survival, and tube formation by endothelial cells.
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The mechanism of VEGF regulation in hypoxic conditions is well known. It was

shown already in 1995 that the promoter of the VEGF gene contains HRE and

binding of HIF to this region increases the transcription of VEGF [77]. Moreover,

the stability of VEGF mRNA, which is very low under normoxia is dramatically

increased in hypoxia [78]. It is interesting, that whereas the average half-life of

eukaryotic mRNAs is 10–12 h, the half-life of VEGF mRNA is less than 1 h, e.g., in

PC12 rat pheochromocytoma cells it is about 40 min [79].

Post-transcriptional VEGF regulation may be controlled at least in part by RNA-

binding proteins (RBPs) and miRNAs. The VEGF 30UTR contains several impor-

tant cis-acting elements including CA-rich element (CARE) or AU-rich element

(ARE) and is regulated by its RBPs such as AUF1, tristetraprolin (TTP), hetero-

geneous nuclear ribonucleoprotein (hnRNP L), and HuR [80–83]. One of the

recently discovered factor with strong binding preference for the VEGF mRNA

50UTR is the DEAD-box RNA helicase DDX6 [84]. Some proteins like TTP and

AUF destabilize VEGF mRNA in macrophages and tumor cells, respectively [81,

82]. In contrast, the hypoxia-induced inhibition of DDX6 positively affects VEGF

expression [84].

The stabilization of labile VEGF mRNA relies largely on the activity of specific

RNA-binding protein HuR, a member of the Elav family of proteins found in

Drosophila. HuR binds to ARE in the VEGF 30UTR, forming an RNA–protein

complex in a hypoxia-inducible fashion [83]. Till now, the molecular details of how

HuR regulates VEGF expression are not well understood. It was suggested that the

mechanism of HuR action may be related to its protective effect against

endonucleases as a 40 bp region adjacent to the HuR-binding site in the VEGF

stability region has been identified to be susceptible to ribonucleases in the absence

of HuR [85].

Data accumulated over the last years have highlighted the significant roles for

miRNAs, small noncoding RNAs, for the regulation of VEGF signaling. Not only

VEGF but also its receptors and components of the intracellular signaling pathway are

controlled by different miRNAs, including miR-15, -16, -23, -27, -93, -200b, -221, or

miR-424 (reviewed in [86]). Recently, numerous studies indicate also the cross talk

between RBPs and miRNAs in the post-transcriptional regulation of gene expression,

like the interplay between HuR and miRNAs which associate with the HuR-regulated

mRNAs. Chang et al. indicated that HuR suppressed miR-200b expression and

antagonizes its anti-angiogenic effects, leading to increase in VEGF level [87].

The transcriptional regulation of VEGF by HIFs can be modulated by other

transcription factors. Interestingly, the complex regulation is achieved by the

members of E2F transcription factors family. This family consists of eight members

which may have the opposite effect on VEGF transcription. E2F7 and E2F8 were

shown to stimulate angiogenesis via transcriptional induction of VEGF [88]. The

key event in this regulation is the formation of an E2F7/8–HIF-1α transcriptional

complex that directly binds and stimulates the activity of VEGF promoter. The

positive regulation of VEGF transcription by E2F7/8 is quite surprising as these

factors are classified as repressors, and activation of VEGF transcription is unique

mechanism. However, the significance of these factors for angiogenic process is
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also provided by in vivo studies using E2F7�/�E2F8�/�mice. Deletion of the E2F7

and E2F8 genes causes serious vascular defects and lethality around embryonic day

10.5 [89]. In contrast, another member of E2F family, E2F1 negatively regulates

hypoxia-induced VEGF expression [90]. In hypoxic conditions, E2F1 associates

with p53 and downregulates VEGF expression exclusively, without affecting other

hypoxia-inducible genes. Importantly, E2F1�/� mice display enhanced angiogene-

sis, endothelial cell proliferation, and reperfusion in a hindlimb ischemia model,

resulting from enhanced VEGF expression [90].

Additional transcription factors play important role in the hypoxic regulation of

VEGF-driven angiogenesis. Related transcription enhancer factor-1 (RTEF-1) and

early growth response 1 (EGR-1) can both target VEGF to enhance angiogenesis

[91, 92]. RTEF-1 was shown to regulate HIF-1α both in normoxic and hypoxic

conditions and to increase capillary density and blood recovery after the hindlimb

ischemia [93]. Not only VEGF (VEGF-A) is a target gene of RTEF-1. Several

studies have shown that other genes involved in the regulation of vascular growth,

like fibroblast growth factor receptor-1, FGFR-1 [94], or VEGF-B [95] are

regulated by RTEF-1. Similarly, EGR-1 acts not only on VEGF. This transcription

factor was suggested to be a master regulator of angiogenic, inflammatory,

procoagulant, and permeability-related genes [92].

Finally, translation of VEGF mRNA is increased under low oxygen tension. It

was shown that even in such unfavorable stress conditions like hypoxia, when cap-

dependent initiation of translation is compromised, the synthesis of VEGF protein

is maintained at high level. This is because VEGF mRNA contains the internal

ribosomal entry site (IRES) in the 50UTR sequence and when cap-dependent

translation is suppressed under hypoxia this IRES-dependent translation

predominates [96].

8.6.2 Complex Effect of Hypoxia on Angiogenesis Stimulators:
Not Only Induction Is Observed

The hypoxia-induced upregulation of VEGF expression at mRNA and protein level

was shown in the multiple cell lines, including cancer cells. However, although

very important, VEGF is not the sole-acting angiogenesis factor. Among others,

there are platelet-derived growth factor (PDGF), placental growth factor (PlGF),

transforming growth factor-β (TGFβ), fibroblast growth factor (FGF), angiopoietins
(Ang), matrix metalloproteinases (MMP), or interleukin-8 (IL-8) (Fig. 8.5).

A lot of studies have found the correlation between HIF expression and

intratumoral microvascular density (reviewed in [97]). Since hypoxia is one of

the major inducers of tumor vasculature, HIFs and VEGF were suggested to be the

attractive targets for anticancer therapy. However, clinical data suggest that the

benefit of anti-angiogenic therapies with anti-VEGF antibodies does not last long,

as many patients encounter progression of cancers. This can be explained by the

recurrence of tumor angiogenesis through the compensatory production of
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mediators other than VEGF, indicating for the complex regulation of angiogenic

factors in response to hypoxia.

In relation to the above observations we demonstrated that 24 h incubation of

human microvascular endothelial cell line (HMEC-1) in the atmosphere of 1 % O2

led to decrease of PlGF expression, the stimulator of blood vessel growth [98].

Moreover, we have also shown that the expression of another pro-angiogenic agent,

IL-8 was downregulated by hypoxia/HIF-1 in endothelial cells [98, 99]. Impor-

tantly, in such conditions VEGF was induced, showing opposite effect of hypoxia

conditions on the expression of different pro-angiogenic factors. Next we reported

that in contrast to HIF-1, overexpression of HIF-2 isoform resulted in increased

expression of IL-8 [100]. The mechanism of the opposite effect of HIF-1 and HIF-

2 on IL-8 expression involves the recruitment of different transcription factors—IL-

8 inhibition by HIF-1 is mediated via the down-regulation of the NF-E2-related

factor 2 (Nrf2) transcription factor [99], whereas stimulatory effect of HIF-2 on IL-

8 relies on the induction of Sp-1 [100]. Moreover, c-Myc transcription factor plays a

crucial role in the regulation of HIF-1/HIF-2 mediated IL-8 expression. We have

shown that HIF-1α not only downregulates the level of c-Myc but concomitantly it

also increases the production of Mxi-1, c-Myc antagonist. On the other hand, HIF-

2α increases c-Myc activity [100].

There are a growing number of studies underlying the complexity of the regulation

of hypoxia-dependent angiogenesis regulators. Interestingly, in HIF-1-deficient colon

cancer cells, the hypoxic induction of VEGF was only partially blocked, whereas

NFκB-dependent increase in IL-8 expression was observed. What is more, HIF-1

inhibition did not influence vascularization of tumors—the microvessel density was

identical in tumors that had wild-type or knock-down HIF-1α [101]. The unexpected

and surprising results have been recently presented by Yu and Hales [102]. In lung

cancer tumor, long-term exposure to hypoxia repressed the growth of tumor and

decreased microvessel density in the tumor tissues. Importantly, the same conditions

led to acceleration of tumor progression and microvasculature in the colon cancer.

The mechanism responsible for the opposite effect of hypoxia on angiogenesis and

Fig. 8.5 Angiogenesis regulation—the balance between pro-and anti-angiogenic factors. The

balance between pro- and antiangiogenic factors is important for the quiescent endothelial cells.

Generally, the expression of proangiogenic factors increases whereas inhibitors of angiogenesis

decreases in hypoxic conditions; however, recent reports suggest the complex regulation of factors

regulating angiogenesis
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tumorigenesis in different tumor types observed in this study was not investigated in

details, however, the differences in the expression of Na+–K+ ATPase, a versatile

signal transducer, between these two tumor types was underlined. The inhibition of

the sodium pump expression was observed in lung cancer tumors but not in colon

cancer tumors. It is possible that the basal and hypoxia-induced expression of pro-

angiogenic mediators was different in these twomodels, but it was not checked in this

study. In another work [103], in the transgenic polyomavirus middle T breast cancer

mouse model, the exposure of mice to acute cyclic hypoxia did not influence the

primary tumor growth as well as lung metastasis. Interestingly, the number of CD31-

positive cells in hypoxic tumors was lower than in control tumors.

Importantly, several studies tried to correlate HIF-1 expression with the survival

rate of cancer patients. Although the general idea indicates that HIF-1 promotes

angiogenic-dependent tumor progression, there are also studies presenting opposite

results.

Volm and Koomagi have analyzed 96 paraffin-embedded sections obtained from

patients with non-small cell lung carcinomas (NSCLCs) [104] and reported no

relationship between HIF-1α or HIF-1β and proliferation. On the other hand,

significant correlation between HIF-1 expression and apoptotic markers was

detected. Surprisingly, patients with HIF-positive carcinomas had significantly

longer median survival times than patients with HIF-negative carcinomas. These

interesting results prompted the authors to check the expression of oncogene and

tumor suppressor products and proliferative, apoptotic, and angiogenic factors in

216 patients with long-term surviving NSCLCs patients. Again, from several

factors differentially expressed between control and studied patients, high level of

HIF-1β was observed in carcinomas of long-term survivors [105]. Finally, recent

data suggest also that activation of HIFs due to the inhibition of PHD2, can

paradoxically improve the effectiveness of antitumor therapy due to tumor vessel

normalization, increasing the delivery of chemotherapeutics [106].

8.6.3 Hypoxia-Regulated Angiogenic Inhibitors

As mentioned before, the regulation of pro-angiogenic factors by hypoxia/HIFs is

complicated and still not fully discovered process. Moreover, not only activators

but also inhibitors of angiogenesis (Fig. 8.5) could be regulated in HIF-dependent

manner. Generally, the results of different studies indicate the inhibitory effect of

HIFs activation on the regulation of angiogenic inhibitors. Thrombospondin-1

(TSP-1), a glycoprotein with major roles in cellular adhesion and vascular smooth

muscle proliferation and migration, was shown to be downregulated in hypoxic

conditions in different in vitro and in vivo models [98, 107, 108]. In the human

microvascular endothelial cells and pericytes, the expression of other potent anti-

angiogenic factor, endostatin was shown to be inhibited by hypoxia [109]. Addi-

tionally, the expression of angiostatin was decreased in a swine model of neonatal

hypoxia [110]. In contrast to the above studies, several work underline the impor-

tance of hypoxia-induced expression of anti-angiogenic and anti-apoptotic factors.
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One of the newly recognized hypoxia-overexpressed angiogenic inhibitor is

regulator of G protein signaling 5 (RGS5) [111]. The acceleration of RGS5 by

hypoxia is HIF-1 dependent and occurs also after treatment with cobalt chloride

(CoCl2), hypoxia-mimicking compound, stabilizing HIF as well as with prolyl

hydroxylase inhibitors, dimethyloxalylglycine (DMOG), or ethyl-3,4-dihydroxy-

benzoate (DHB). Importantly, RGS5 attenuates growth and induces apoptosis of

endothelial cells in vitro and hinders angiogenesis in vivo [111].

An and colleagues [112] reported hypoxic induction of response gene to

complement-32 (RGC-32), important modulator of cell proliferation. Increase in

RGC-32 expression is mediated by HIF-1, both at the transcriptional and posttran-

scriptional levels, and moreover, also VEGF stimulates RGC-32 expression. Nota-

bly, the overexpression of RGC-32 in endothelial cells inhibits cell proliferation

and migration via downregulation of another major angiogenic protein, FGF-2. In

vivo, anti-angiogenic effect of RGC-32 was tested in two different models: this

factor suppressed SW480 melanoma tumor growth as well as attenuated the blood

flow recovery after hindlimb ischemia. Additionally, the reduction of CD-31-

positive endothelial cells was observed in both experimental models.

Conclusions

Although extensive studies on the identifying molecular mechanisms of hypoxia-

regulated angiogenesis are performed in many laboratories worldwide, still much

work remains to be done to discover fully the mechanisms of hypoxia/HIF-

regulated expression of angiogenic factors and to transfer this knowledge to

translational medicine. Based on this information, optimal HIF-acting therapeutic

agents could be developed what will result in an improved clinical outcome.
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Abstract

Angiogenesis is a key biological response regulating embryonic development,

tissue repair, tumor growth, and metastasis. It requires complex regulation of

gene expression in a temporal-spatial manner. microRNAs (miRs) are 18–24

nucleotide-containing endogenous RNAs that exert substantial gene regulatory

effects via a posttranscriptional mechanism. Recent advance in basic research

revealed that miRs exert potent angiogenic control via direct targeting certain

critical secretory factors and transcription factors in a cell autonomous and
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non-cell autonomous manner. This chapter comprehensively summarizes the

current understanding in miR regulation of angiogenesis during embryonic

stage, tissue injury, as well as tumorigenesis. Approaches to deliver anti-miR

entity have been successfully developed in silencing miR level in vivo. miR-

based therapy might provide specific and effective solution for managing ische-

mic diseases or controlling tumor growth and metastasis.

Keywords

MicroRNAs • AngiomiRs • HypoxamiRs • Tissue repair • miR-210 • miR-200b •

miR-126

9.1 Introduction

The central dogma of molecular biology states that the flow of genetic information

is from DNA to RNA and then to protein [1]. Transcription, followed by translation,

has been thought as the rule of thumb for eliciting the biological actions in the cells.

The remaining nonprotein coding regions, which constitute enormous proportion of

the whole genome, were once disregarded as sequence having no discernible

functions and no selective advantage to the organism [2, 3]. In 1993, however,

the findings from Dr. Ambros and his colleagues had entirely shifted the paradigm

and redefined the function of these so-called “junk DNA.” They reported that

endogenous nonprotein coding short RNAs silence gene expression and dictate

the phenotype of the cells in Caenorhabditis elegans (C. elegans) [4]. Later findings
from the same group and others indicated that similar mechanisms are present in

plants and wide range of mammalian cells which are phylogenetically conserved [5,

6]. As the size of these RNAs is extraordinarily small, consisting of around 18–24

nucleotides, they were thus named “microRNAs” (miRs).

According to the miRBase (http://www.miRbas.org), more than 1,500 human

miRs have been identified [7] and were predicted to control the expression of over

30 % of genes in the entire genome [8]. In general, miRs silence gene expression via

complementarity binding with the 30 untranslated region (UTR) of target messenger

RNAs (mRNAs). Binding of miR to 30 UTR suppresses protein translation via

hindering translation initiation, elongation, and ribosomal protein assembly [9]. In

some cases, the mRNA–miR duplex triggers deadenylation and decapping of the 50

cap structure, leading to transcript instability [9]. The sequence responsible for 30

UTR interaction comprising of seven to eight nucleotides is known as “seed

sequence.” Such short sequence requirement allows a single miR to target multiple

mRNAs, thus exerting robust gene regulatory effects. Moreover, some of the targets

are transcription factors or repressors which further amplify particular biological

functions via transcriptional control of an array of genes.

The biogenesis of miRs is a highly orchestrated process, essentially requiring the

coordination of ribonucleases, RNA-binding proteins, and the miR genes [10].

Transcription and appropriate truncation of the nucleic acid, which is known as
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miR maturation, are vital for the correct miR strand synthesis. These small RNAs

are encoded as miR genes, locating in either intragenic or intergenic sequence in the

genome. Most miRs are generated by polymerase II, but certain large miR

transcripts can be transcribed by polymerase III [11]. Primary miR (pri-miR) firstly

interacts with a complex known as “microprocessor” consisting of DiGeorge

critical region 8 (DGCR8) and Drosha [12–14], resulting in cleavage to form a

premature miRs (pre-miRs). These pre-miRs are transported out from nucleus via a

double-stranded RNA-binding protein exportin-5 [15–17]. In the cytosol, pre-miRs

are further processed by forming double-stranded RNAs containing approximately

22 nucleotides. In order to elucidate the gene silencing effects, the double-stranded

RNA are unwound, correct mature miRs (known as guide strand) being selected and

incorporated into RNA-Induced Silencing Complex (RISC) [18]. Once loaded, the

guide strand is brought in close contact with the target mRNA, exerting gene

silencing effect via complementarity binding. RISC effector protein Argonaute-

2 (Ago2), via binding to cap region, conceals the interaction between eukaryotic

initiation factor (EIF) 4E and thus suppresses initiation of translation [19, 20]. Ago2

possesses endonuclease activity which exposes the 30 end of the mRNA, subse-

quently facilitating the degradation in an exonuclease-dependent mechanism [21].

An overview of the key processes involved in miR biogenesis is illustrated in

Fig. 9.1.

Fig. 9.1 An overview of miR biogenesis. miRs are transcribed as primary miRs (pri-miRs) which

are subsequently cleaved by Drosha/DGCR8 microprocessor to form premature miRs (pre-miRs).

The pre-miRs are transported from nucleus to cytoplasm via exportin-5. In the cytosol, pre-miRs

are further processed by dicer to form 22 nucleotide mature miRs, which are then loaded into

Argonaute-2 (Ago2)-associated RNA-inducing silencing complex (RISC) to elucidate gene silenc-

ing effects
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9.1.1 microRNAs and Angiogenesis

Angiogenesis plays an indispensable role in directing embryonic development,

tissue repair, tumor growth, and metastasis. Intervention of angiogenic response

has been focused as one of the effective strategies in managing life-threatening

disorders and associated complications [22–27]. With the increased recognition of

the miR-dependent control of intracellular signaling, cell–cell communication, and

miR-dependent cross talk between tissues/organs, investigations focusing on the

study of “angiomiRs,” miRs regulating angiogenesis, have been carried out exten-

sively. Understanding the molecular mechanisms will help developing miR-based

therapeutic strategies aiming at correction of aberrant angiogenesis [28–32]. In this

chapter, we will comprehensively summarize the current understanding of the miR-

dependent regulation of angiogenesis during developmental stage, tissue repair, and

tumorigenesis.

9.2 Role of microRNAs in Developmental Angiogenesis

9.2.1 Global Loss of miR: Dicer Deficiency

The first line of evidence supporting the notion of miR regulation of developmental

angiogenesis stemmed from the findings of Dr. Zhao’s group in 2005 [33]. The

striking phenotypic defect in angiogenesis of mouse embryo after homozygous

deletion of dicer pinpointed the critical role of miRs in dictating angiogenesis

during development [33]. Global depletion of miRs resulting from dicer knockout

leads to severe impairment in blood vessel formation [34] and reduces expression of

PECAM, an endothelial marker, in yolk sac [33]. Reminiscent of dicer-deficient

mouse embryo, genetic ablation of dicer in zebrafish results in perturbation of blood

circulation [35], suggesting that miR regulation of developmental angiogenesis is

highly conserved among species. In fact, this is consistent with the finding from our

group and others reporting that dicer knockdown in endothelial cells results in

severe impairment in angiogenic response [36–40]. Loss of dicer stalls endothelial

proliferation and migration [37–39]. Efforts in dissecting the underlying

mechanisms revealed that endothelial cells with dicer deficiency fails to effectively

produce reactive oxygen species (ROS), a critical intracellular signal promoting

endothelial proliferation and tubulogenesis, in response to angiogenic stimuli [39].

These findings are further supported by abrupt phenotypic defect in endothelial-

specific dicer knockout mice. Loss of dicer in endothelial cells, but not in other non-

endothelial region, is sufficient enough to compromise blood flow reestablishment

and endothelial proliferation in murine model of ischemic hindlimb [36]. Interest-

ingly, the honeycomb-like primary vascular structure is intact in dicer-deficient

mouse embryo [33], indicating that vasculogenesis and the initial steps of angio-

genesis are not affected in the mutants. It should be noted that embryonic lethality

of global dicer knockout animals [33, 35] is not likely due to miR deficiency in

endothelial cells since endothelial-specific dicer-deficient mice exhibit normal
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development and are indistinguishable from their littermate during embryonic stage

[36]. Loss of dicer in non-endothelial cells confers the embryonic lethality which is

independent of compromised angiogenesis during development.

9.2.2 Specific miRs in Developmental Angiogenesis

Since the discovery of dicer-dependent regulation of angiogenesis, scientists have

been trying to look for specific miRs regulating angiogenesis during development.

One of the first miRs identified as a key player in developmental angiogenesis is

miR-126 [41–43], a miR encoded from the intronic region of endothelial cell-

specific peptide EGF-like domain 7 (Egfl7). Injection of morpholinos (MOs)

targeting pri-miR-126 into fertilized eggs of zebrafish reduces the abundance of

endothelial cells in the developing vasculature, narrowed lumen diameter in bran-

chial arch vessels, and occasional cranial hemorrhages [42]. Similarly, genetic

ablation of miR-126 in mouse embryo results in 40–50 % of embryonic lethality

characterized by severe systemic edema, multifocal hemorrhages, ruptured blood

vessels, abnormal thickening of endothelial sprouts, retarded growth of the cranial

vessels, and impaired vascularization of retina [41, 43]. The pro-angiogenic effects

of miR-126 depend on the positive regulation of vascular endothelial growth factor

(VEGF) pathways. miR-126 targets sprouty-related, EVH1 domain-containing

protein 1 (SPRED1) [41–43], vascular cell adhesion molecule-1 (VCAM-1) [42,

44], and phosphoinositide 3-kinase regulatory subunit 2 (PI3KR2) [42, 43]. Of

noted, both SPRED1 and PI3KR2 exert negative effects on VEGF signaling via

repressing the activation of extracellular-regulated kinase 1/2 (ERK1/2) and Akt,

respectively. Thus, miR-126 induction in developing embryo silences SPRED1 and

PI3KR2, enabling VEGF signaling and directing proper angiogenesis.

Apart from miR-126, numerous VEGF-regulating miRs have been characterized

to play a key role in developmental angiogenesis. miR-10, for example, is highly

expressed in endothelium during blood vessel development. Anti-miR-10 injection

to zebrafish embryo significantly impairs the sprouting of intersegmental vessels

(ISVs) and displayed defective formation of the dorsal longitudinal anastomotic

vessels [45]. miR-10 directly targets Flt-1 [45], a decoy receptor for VEGF. In this

regard, elevated miR-10 expression during development silences Flt-1, resulting in

enhanced bioavailability of VEGF for activation of VEGFR2 (or KDR), the major

pro-angiogenic VEGF receptor in endothelial cells [45]. miR-30 family, another

miR cluster regulating VEGF signaling, has been shown to modulate the vascula-

ture development during embryonic stage. Bridge et al. reported that the expression

of miR-30b and -30c is downregulated from 18 to 30 h postfertilization of zebrafish

embryo, which corresponds to the temporal window of angiogenic sprouting [46].

Injection of synthetic miR-30 to fertilized eggs results in hyperbranching of ISVs in

a dose-dependent manner [46]. Experiments aiming at dissecting the underlying

mechanisms revealed that delta-like 4 (Dll4), a negative regulator of VEGF signal-

ing, serves as a direct miR-30 target. While overexpression of miR-30 mitigates

Dll4 expression in zebrafish embryo and endothelial cells, co-injection of Dll4
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target protector or KDR antisense partially attenuates the miR-30-induced exces-

sive ISV branching, indicating that Dll4/VEGF signaling plays an obligatory role in

mediating pro-angiogenic response of miR-30 [46]. The miR-dependent regulation

of developmental angiogenesis does not only confine in endothelial cells but also

occurs in non-endothelial compartment. An interesting observation in the findings

from Drs. Giraldez and Mishima’s group indicated that muscle-enriched miR-1/206

negatively regulates developmental angiogenesis via silencing VEGF [47]. Deliv-

ery of antisense MOs to zebrafish targeting miR-1/206 results in enlargement of

ISVs and enrichment of endothelial cells. Transplantation of ISVs from a miR-1/

206 MO-injected zebrafish to wild-type recipient, however, displays a normal

vessel phenotype. These data pinpointed that non-vessel-derived miR-1/206 is a

critical angiostatic signal. This miR cluster at physiological level prevents the

overproduction of VEGF, thus directing proper vasculature growth during develop-

ment in a non-cell-autonomous manner [47]. These findings not only revealed the

complex cross talk between vasculature and non-vessel compartment but also

underscored the indirect angiogenic control by non-endothelial miRs during devel-

opmental stage. Figure 9.2 summarizes the key miR-dependent pathways regulating

developmental angiogenesis.

Fig. 9.2 Role of miRs in developmental angiogenesis. Findings from basic research using mouse

embryo and zebrafish as models indicated that developmental angiogenesis is controlled by miR-

126, which directly targets SPRED-1 and PI3KR2, supporting angiogenesis via activation of both

ERK1/2 and Akt. miR-10 enables angiogenesis by targeting Flt-1 which enhances VEGF bioavail-

ability. miR-30 positively regulates angiogenesis via targeting Dll4, a negative regulator of

VEGFR2. Muscle-derived miR-1/206 modulates developmental angiogenesis by restricting

VEGF bioavailability
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9.3 microRNA-Dependent Tissue Regeneration Angiogenesis

9.3.1 Developmental AngiomiRs

Reestablishment of blood flow by angiogenesis is critical in dictating adult tissue

repair in response to injury. Sufficient blood supply not only delivers oxygen and

nutrients essential for reparative procedure but also enables mobilization of bone

marrow-derived stem cells for regeneration, a process known as stem cell homing.

Tissue repair revascularization shares similarities with developmental (both embry-

onic and postnatal) angiogenesis in terms of cellular morphological changes, pro-

duction of angiogenic factors, and mitogenic effects of vascular cells [48]. Notably,

recent publications revealed that angiomiRs regulate angiogenesis in both develop-

mental and adult stage. miR-126, for example, not only supports developmental

angiogenesis (see above section) but also controls angiogenic response during

ischemic injury. Treatment with anti-miR-126 reduces capillary density in the

gastrocnemius muscle in ischemic hindlimb model [49]. Angiogenic early

outgrowth cells (EOCs) isolated from chronic heart failure (CHF) patients reveal a

loss of miR-126 [50]. While ex vivo treatment of anti-miR-126 blocks angiogenic

behavior of EOCs impairing cardiac neovascularization, miR-126 delivery substan-

tially promotes tubulogenesis and facilitates the angiogenesis in themurinemodel of

myocardial infarction [50]. Transplantation of mesenchymal stem cells (MSCs)

overexpressing miR-126 improves myocardial blood flow and microvessel density

in ischemic heart [51, 52]. Similar to developmental angiogenesis, miR-126 induc-

tion results in activation of ERK1/2 and Akt pathways promoting cardioprotection

[52]. High level of miR-126 in circulating endothelial progenitor cells (EPCs)

correlates with better survival rate of CHF patients and is an independent predictor

for cardiac death in human ischemic cardiomyopathy [53].

9.3.2 Hypoxia-Responsive miRs (HypoxamiRs)

Tissue injury is either triggered by (ischemia) or associated with (hemorrhagic or

wounding) insufficient oxygen supply. As an immediate self-protective response,

cells acutely exposed to hypoxia (a state where partial pressure of oxygen is lower

than the physiological one) activate pathways essential for survival as well as

signals for reestablishing oxygen supply. Indeed, numerous angiogenic factors,

namely, VEGF, fibroblast growth factor (FGF), and hepatocyte growth factor

(HGF), are sensitive to low oxygen environment. Certain hypoxia-sensitive miRs,

known as hypoxamiRs, have been characterized to serve as key mediators in tissue

repair angiogenesis [54]. Among all candidates, miR-210 is one of those which

merit investigation owing to its robust induction under hypoxia in nearly all kind of

cells [25]. Both mature and primary miR-210 are upregulated under the condition of

low oxygen environment [55]. Given the fact that nearly 90 % of gene expression is

regulated by hypoxia-inducing factor (HIF) when oxygen is depleted, it is not

surprising that the transcription of miR-210 depends on HIF transactivation.
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Indeed, miR-210 promoter region contains HIF binding sites [55, 56]. Constitu-

tively active HIF-1 or HIF-2 induces miR-210 expression under normoxic

conditions [56]. Two genes located within 33 kb downstream of the miR-210

gene, namely, RASSF7 and HRAS, are hypoxia inducible, suggesting that the

local chromatin structure might facilitate the expression of genes within the loci

via a de novo synthesis mechanism [57, 58]. Fasanaro et al. firstly reported that

hypoxia-induced miR-210 enables angiogenesis via silencing receptor tyrosine

kinase ligand Ephrin-A3 [58]. Knockdown of miR-210 or overexpression of Ephrin

A-3 in endothelial cells blunts hypoxia-associated pro-angiogenic response [58].

Upregulation of miR-210 is associated with VEGF induction in renal ischemia/

reperfusion (I/R) injury [59] and Notch activation during cerebral ischemia [60].

Treatment with minicircle DNA carrying miR-210 significantly enhances angio-

genesis and improves cardiac functions during myocardiac infarction by targeting

protein tyrosine phosphatase 1B (Ptp1b) [61], a phosphatase inactivating VEGFR2

signal. Similarly, intra-articular injection of double-stranded (ds) miR-210

augments angiogenesis via upregulation of VEGF and FGF2 in a rodent model of

anterior cruciate ligament injury [62]. In this regard, hypoxia-induced miR-210

upregulation serves as an endogenous self-protective response compensating insuf-

ficient blood supply during ischemia. The pro-angiogenic effects of miR-210 were

not only evidenced in endothelial cells but also validated in stem (progenitor) cell-

mediated vasculogenesis. VEGF treatment induces differentiation of progenitor

cells towards an endothelial lineage with the concomitant induction of miR-210

[63]. Induction of miR-210 in stem cells phenocopies the effect of VEGF treatment

on tubulogenesis [63]. Interestingly, ex vivo miR-210 knockdown partially

attenuates the angiogenic ability of VEGF-treated stem cells, indicating that

VEGF-induced angiogenesis is partly due to miR-210 induction [63]. Apart from

direct modulation of angiogenic effectors, recent investigations unveiled that miR-

210 serves as a potent self-feed-forward signal further amplifying the hypoxic

response. Knockdown of miR-210 in hypoxia attenuates the HIF activity [64].

miR-210 directly silences glycerol-3-phosphate dehydrogenase 1-like (GPD1L)

[65], a positive regulator of prolyl hydroxylases (PHD2). In light of the fact that

PHD2 promotes the degradation of HIF, hypoxia-associated induction of miR-210

downregulates GPD1L and PHD2, thus preventing HIF degradation. Stabilized HIF

allows miR-210 promoter transactivation, supporting HIF signaling and therefore

establishing self-feed-forward loop.

miR-23�27�24 cluster is another well-characterized hypoxamiRs regulating

angiogenesis during tissue repair [66]. Kulshreshtha et al. reported that hypoxia

upregulates the expression of miR-24 via HIF activation [56]. During cardiac

ischemia, miR-24 is specifically upregulated in endothelial cells [67].

Overexpression of miR-24 induces endothelial cells apoptosis and impairs angio-

genesis in vitro [67]. Treatment with anti-miR-24 improves neovascularization and

cardiac function in a murine model of myocardial infarction [67]. The authors

identified that GATA binding protein 2 (GATA2) and p21-activated kinase PAK4

serve as direct targets of miR-24 which accounts for the angiostatic effects [67]. On

the contrary, miR-23 and -27 appear to exert pro-angiogenic effects during tissue
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injury. Laser-induced choroidal injury upregulates the expression of miR-23a, -23b,

-27a, -27b, and -24 [66]. Anti-miR-23/27 treatment blocks the choroidal neo-

vascularization (CNV) [66]. The pro-angiogenic effect of miR-23/27 is due to

direct silencing of angiostatic protein Sprouty-2 and soluble repulsive factor

semaphorin 6A (SEMA6A) [66]. This is in line with the findings from another

group reporting that miR-27a/b promotes embryonic vessel formation and inhibits

angiogenic response in human adult endothelial cells via silencing SEMA6A [68].

The presence of both pro-angiogenic and anti-angiogenic miRs in the same cluster

implies a possible self-regulatory mechanism aiming at achieving optimal angio-

genic signal and prevention of exaggerated angiogenic outcome.

On the other hand, certainmiRs such asmiR-16 familymembers (miR-503, -15a/b,

and -16) are downmodulated upon hypoxia exposure or HIF stabilization [69, 70].

Forced overexpression of miR-503 in endothelial cells retards proliferation,

compromises migratory capacity, and impairs tubulogenesis in vitro. miR-503 exerts

anti-angiogenic effects via silencing multiple transcripts including cyclin E1

(CCNE1) [71], cell division cycle 25 homolog A (CDC25a) [71], VEGF [70], FGF2

[70, 72], and FGFR1 [72]. Elevation of miR-503 was evidenced in myocardial

microvascular endothelial cells from diabetic rat [73] and diabetic ischemic limb

muscles from both mouse and human [71]. Inhibition of miR-503 normalizes post-

ischemic recovery and muscular neovascularization in diabetic mice, with the con-

comitant restoration of CDC25a and CCNE1 [71]. Similarly, the expression of miR-

16 and -15a/b is upregulated in blood or EPCs from patients suffering from ischemic

limb. Forced overexpression ofmiR-16 in endothelial cells stalls proliferation, impairs

migration, and inhibits tubulogenesis [74].miR-15a deliverymitigates endothelial cell

migration and differentiation [75]. Mesenchymal cells with miR-16 overexpression

attenuate the angiogenic commitment of endothelial cells in a coculture system [76].

The pro-angiogenic capacity is improved when the isolated EPCs are treated ex vivo

with anti-miR15a/16. These findings are further supported by the observation from

a recent study reporting that endothelium-selective miR-15a transgenic mice exhibit

impaired angiogenesis and blood flow in ischemic hindlimb [75]. Both miR-15a and

-16 directly silence the angiogenic factors and their receptors including VEGF [75],

FGF2 [75], VEGFR2 [74, 77], and FGFR1 [74, 77] to elucidate the angiostatic effects.

miR-200b is another angiostatic miR which is downregulated upon hypoxic

challenge and forced HIF stabilization [78]. Our group identified that HIF-

associated transcription factor v-ets erythroblastosis virus E26 oncogene homolog

1 (Ets-1—see Chap. 6 for review of Ets) serves as a direct target of miR-200b [78].

Indeed, hypoxia-associated induction of Ets-1 and pro-angiogenic behavior is

blunted upon delivery of exogenous miR-200b [78]. miR-200b not only targets

Ets-1 but also silences proteins essential for VEGF signaling such as VEGF [79]

and VEGFR2 [80, 81]. In human and murine diabetic retina, miR-200b is signifi-

cantly downmodulated, which is associated with VEGF overproduction. Treatment

with synthetic miR-200b blocks the overexpression of VEGF as well as attenuates

aberrant murine choroidal angiogenesis. Our group reported that dermal micro-

vascular endothelial cells exhibits downregulation of miR-200b acutely in response
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to injury. Forced overexpression of miR-200b in vivo not only blocks injury-

associated blood flow and endothelial abundance but also stalls wound closure

[81]. The downregulation of miR-200b is associated with an induction of endothe-

lial VEGFR2 and GATA2. While miR-200b inhibits tubulogenesis in vitro [78–81],

overexpression of GATA2/VEGFR2 attenuates the anti-angiogenic effects brought

by miR-200b delivery. Moreover, VEGF-induced ERK1/2 activation, a well-

known pro-angiogenic signal, is blunted in miR-200b overexpressing endothelial

cells [80], suggesting that downregulation of miR-200b supports VEGF signaling

during cutaneous wound injury. Interestingly, we further identified that miR-200b-

VEGFR2/GATA2 signaling is disrupted in diabetic skin wounds [81]. The aberrant

miR-200b expression is associated with exaggerated inflammatory response as

neutralization of tumor necrosis factor (TNF) α is able to restore wound angiogen-

esis and rectifies the corresponding downstream pathways [81]. It should be noted

that miR-200b is not only regulated by HIF but also modulates HIF activity. PHD2

is a predicted target of miR-200 family [82]. Overexpression of miR-200b silences

the expression of PHD2 with the concomitance stabilization of HIF [82]. However,

whether this feedback mechanism exists in endothelial cells remains elusive.

9.3.3 miRs Regulating HIF Signaling

Owing to their ability to interfere gene expression, miRs can directly act on HIF

protein (or proteins regulating HIF stability), thus fine-tuning hypoxic signaling.

One of the most well-characterized examples is the interaction of miR-17-92 cluster

on HIF-1α transcript. miR-17-92 cluster directly binds to the 30 UTR of HIF-1α and

negatively regulates its expression [83]. Interestingly, miR-17-92 cluster is

downregulated during hypoxic challenge via p53-dependent mechanism [84]. The

miR-17-92 cluster serves as an endogenous signal blocking angiogenesis. Delivery

of synthetic miR-17-92 cluster to endothelial cells blocks sprout formation in the

spheroid assay [85]. In particular, the potent angiostatic effect is partially attributed

by miR-17/20 as intravenous injection of antisense targeting these miRs (but not

miR-18a, -19a, or -20a alone) promotes endothelial cell proliferation in mouse [85].

The authors further characterized that Jak1, a key tyrosine kinase involved in

STAT3 pathway, serves as a direct miR-17 target [85]. miR-17 is highly specific

for pro-angiogenic control under physiological condition but not tumor angiogene-

sis. Anti-miR-17 treatment neither increases perfusion of the implanted tumors nor

affects tumor size [85], indicating a distinct discrepancy between miR regulation of

physiological and pathological angiogenesis. Another miR-17-92 cluster member

involved in angiostatic control is miR-92a. miR-92a not only controls the sprouting

of endothelial cells in vitro but also implicates in tissue repair angiogenesis [86].

Delivery of anti-miR-92a improves blood flow reestablishment in ischemic

hindlimb and promotes neovascularization during myocardial infarction [86].

miR-92a targets integrin αV (ITGA5) [86], which is a critical transmembrane

protein for endothelial migration.
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miR-199a is another hypoxamiR regulating tissue regeneration angiogenesis.

This intronic miR not only directly targets HIF but also silences SIRT1, a

deacetylase inhibiting PHD2 expression [87]. Interestingly, miR-199a is

downregulated during cardiac ischemia–reperfusion injury and upon hypoxia expo-

sure [87]. In this regard, ischemic or hypoxic challenge drives miR-199a

downregulation, leading to derepression of HIF. On the other hand, loss of miR-

199a results in elevation of SIRT1 expression, subsequently inhibiting PHD2

expression. These mechanisms act simultaneously enabling HIF stabilization. Inter-

estingly, we identified that miR-199a expression is downregulated in dermal micro-

vascular endothelial cells during cutaneous wounding [88]. Induction of miR-199a

blocks tubulogenesis in vitro while inhibition of endogenousmiR-199a enhances the

aggressiveness of endothelial cells [88]. We further characterized that Ets-1-matrix

metalloproteinase (MMP1) pathway is involved in miR-199a-dependent angiogenic

control [88]. Not only miR-199a itself but also another member of the same miR

cluster exerts angiostatic effect on endothelial cells. miR-214 lies in the same cluster

with miR-199a and the expression is under the control of the same promoter activity

[89]. It was reported that miR-214 is highly expressed in endothelial cells, vascular

smoothmuscle cells (VSMCs), and vascular fibroblasts (vFBs) [90, 91]. Induction of

miR-214 inhibits murine retinal developmental angiogenesis and exerts potent

angiostatic effect on embryonic endothelial cells (MEECs) and human adult micro-

vascular endothelial cells (HMECs). The underlying mechanism involving anti-

angiogenic effects of miR-214 depends on direct targeting Quaking (QKI) [90], a

RNA-binding protein regulating VEGF secretion.

9.3.4 Ischemia-Associated miRs

Using a high-throughput microarray analysis, Grundmann et al. reported that miR-

100 is significantly downregulated in adductor muscle and isolated endothelial cells

during ischemia [92]. Overexpression of miR-100 blocks the angiogenic effects and

proliferation of endothelial cells [92]. Experiments aiming at dissecting the under-

lying mechanism revealed that mammalian target of rapamycin (mTOR) serves a

direct target of miR-100 [92]. While intravenous injection of anti-miR-100

improves blood flow and endothelial cell proliferation in ischemic hindlimb, co-

treatment of rapamycin significantly reverses the protective effect of anti-miR-100

[92], indicating that miR-100 mediates angiostatic effect via rapamycin-dependent

pathway. The miR-dependent angiogenic control is not only restricted to endothe-

lial cells but also evidenced in bone marrow-derived stromal cells during ischemic

injury. A recent report from Dr. George’s research team indicated that miR-106b-

25 cluster, a miR cluster that is elevated in murine ischemic hindlimb model and

myocardial infarction, modulates bone marrow-derived stromal cell-dependent

tissue repair angiogenesis [93]. Mice with genetic deletion of miR-106-25 cluster

(miR-106-25 KO mice) reveal blunted blood flow reestablishment and neovascu-

larization in ischemic hindlimb model [93]. The bone marrow-derived cells from

miR-106-25 KO mice exhibit impaired tubulogenesis, with the concomitant
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reduction in secretion of pro-angiogenic factors [93]. Similar angiostatic effect of

miR-106-25 deficiency was observed in residential endothelial cells, suggesting

that this miR cluster serves as an angiogenic switch in both cell types by silencing

similar downstream targets. The authors further demonstrated that miR-106-25

targets phosphatase and tensin homolog (PTEN) [93], a negative regulator of Akt

pathway, thus supporting the survival and proliferation pathway during tissue repair

angiogenesis. Figure 9.3 summarizes the key miR-dependent pathways regulating

tissue repair angiogenesis.

9.4 Tumor Angiogenesis

9.4.1 miRs Regulating VEGF Signaling

Tumor angiogenesis is a key step for expansion of cancer cells as they require

enormous nutrient supporting proliferation and development. It is also critical for

malignant progression of a tumor. Of noted, metastasis accounts for more than 90 %

Fig. 9.3 An overview of angiomiRs in regulating tissue repair angiogenesis. miR-126 supports

angiogenic response via activation of ERK1/2 and Akt in response to injury. miR-210 promotes

angiogenesis via secretion of FGF2 and VEGF and repressing the expression of angiostatic

proteins such as Ephrin-A3 and PTP1B. Pro-angiogenic miRs including miR-23/27 and -106/25

cluster enable angiogenic response via Sprouty-2 as well as SEMA6A and PTEN, respectively,

during tissue injury. Angiostatic miRs, namely, miR-24, -503, -15a/16, -200b, -17-92 cluster, -17,

-92a, -199a, -214, -100, block angiogenesis by directly targeting numerous pro-angiogenic

transcripts including GATA2, PAK4, CCNE1, Cdc25a, VEGF, VEGFR2, FGF2, FGFR1, Ets-1,

HIF, Jak1, ITGA5, QKI, and mTOR
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of mortality associated with cancer [94]. It is thus of paramount importance to

understand the biological clues attributing to this pathological angiogenesis in

order to develop intervention inhibiting tumor growth and blocking the initiation

of metastasis. As mentioned in the early section, VEGF is the key soluble factor

supporting angiogenesis. Interestingly, a number of miRs that bind directly to VEGF

30 UTR have been implicated in tumor angiogenesis. miR-15/16, for example, is lost

in relapsed/refractory multiple myeloma (MM) patients [95, 96]. Similarly,

downregulation of these miRs was observed in sample from human nasopharyngeal

carcinoma [69]. Stable overexpression of miR-15a/-16 in the human myeloma cell

mitigates the VEGF expression and reduces the number of vessel in the tumor, with

the concomitant reduction in tumor volume [95]. After delivery of miR-15a and -16,

mice bearing myeloma tumor burden reveal significant improvement in survival rate

[95]. Another study reported that lower level of miR-29b is associated with meta-

static behavior with human luminal breast cancer [97]. The authors identified that

miR-29 directly interacts with the 30 UTR of VEGF to elucidate the angiogenic

control of tumor cells [97]. The angiostatic effect of miR-29b is also contributed by

direct silencing of other soluble factors such as platelet-derived growth factor

(PDGF) A, PDGFB, and PDGFC [97]. On the other hand, downregulation of miR-

195, a miR that directly interacts with VEGF 30 UTR, is associated with poor

prognosis of human hepatocarcinoma as well as higher microvessel density in the

tumor [98]. Conditioned medium from miR-195 overexpressing hepatocarcinoma

cells (HCCs) exhibits a blunted endothelial migration and capillary tube formation

[98]. This is associated with a reduced VEGF secretion from the HCCs in vitro and

impaired VEGF expression in xenografts from the miR-195 overexpressing HCCs

in vivo [98]. miR-195 not only targets VEGF but also silences VAV2, a guanine

nucleotide exchange factor (GEF) regulating Rac1 signaling, and CDC42 to nega-

tively modulate the metastatic behavior of HCCs.

Apart from targeting VEGF 30 UTR, a number of miRs regulate VEGF-directed

tumor angiogenesis via silencing transcription factors or cell surface receptors

essential for VEGF production. miR-107, a hypoxia-upregulated miR, directly

silences HIF1β in colon cancer cells. While blocking miR-107 induces HIF1β
expression in cervical cancer cells and colon adenocarcinoma, delivery of miR-

107 significantly downregulates HIF1β under normoxic and hypoxic condition [99].

Destabilization of HIF1β is associated with loss of VEGF secretion, reduced tumor

volume, and blunted vessel density in tumor xenograft [99]. Similarly, neuro-

blastoma cells reveal a loss of miR-145, a miR targeting HIF-2α, compared with

healthy dorsal ganglia [100]. Synthetic miR-145 delivery to neuroblastoma cells

not only blocks proliferation and migration but also inhibits angiogenic response of

endothelial cells. The angiostatic control is accompanied with the blunted VEGF

expression and reduced number of intratumoral vessels [100]. Another miR

controlling HIF-dependent VEGF production during tumorigenesis is miR-155.

Upregulation of miR-155 enables tumor angiogenesis by silencing Von

Hippel–Lindau (VHL), a protein facilitating HIF degradation, and is associated

with poor prognosis in triple negative breast cancer [101]. Forced overexpression of

miR-155 induces loss of VHL and accumulation of both HIF-1α and HIF-2α,
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enhances VEGF production, increases tumor size, and facilitates endothelial cell

accumulation in tumor xenograft [101]. miR-9, a miR that directly target E-Cadherin,

is enriched in breast cancer cells [94]. Elevated miR-9 leads to downregulation of

E-Cadherin, resulting in impaired β-catenin activity and subsequent compromised

VEGF expression [94]. Kumar et al. reported that loss of miR-34a was evidenced in

head and neck squamous cell carcinoma (HNSCCs) [102]. Downregulation of miR-

34a leads to derepression of E2F3, a E2F family of transcription factors regulating

cell cycle progression, resulting in elevated secretion of VEGF [102]. In glioma cells,

loss of miR-125b [103] and -128 [104] was evidenced compared with normal brain

tissues. Both miR-125b and -128 negatively regulate VEGF expression via silencing

Myc-associated zinc finger protein (MAZ) [103] and p70S6K1 [104], respectively.

Besides MAZ, miR-125b inhibits VEGF expression via direct silencing of HER3, a

receptor tyrosine kinase of the EGFR family, in ovarian cancer [105]. miR-148a/152

modulates VEGF expression via direct silencing of insulin-like growth factor 1

receptor (IGF1R) in breast cancer cells [106].

Not only VEGF production but also the expression of VEGF receptor is under

the control of miR during tumor angiogenesis. Würdinger et al. reported that

coculture of endothelial cells with glioma cells promotes the accumulation of

endothelial miR-296 [107]. Similarly, grade II and IV glioma endothelial cells

are enriched with miR-296 compared with endothelial cells from normal brain

[107]. In silico prediction and target validation experiments indicated that hepato-

cyte growth factor-regulated tyrosine kinase substrate (HGS) serves as a direct

miR-296 target [107]. Given the fact that HGS potentiates the degradation of

VEGFR2 [108, 109], miR-296 elevation in endothelial cells blocks HGS signaling,

which in turn increases functional VEGFR2 for VEGF to elucidate the biological

activity [107]. Indeed, intravenous injection of anti-miR-296 substantially blocks

tumor vasculature in the xenograft [107], indicating that it might serve as a potential

therapy to treat glioma in the patients.

Recently, it was reported that VEGF-mediated tumor angiogenesis is subjected

to be modulated by multiple miR regulation via a posttranscriptional gene silencing

mechanism. Chen et al. reported that hypoxia-sensitive miRs, namely let-7, miR-

103, and -107, are enriched in endothelial cells upon exposure to low oxygen [110].

The authors characterized that Ago1, an Argonaute protein involved in mammalian

transcriptional silencing mechanism, serves as direct target of let-7 and miR-103/-

107 [110]. Using an immunoprecipitation method, the authors identified that

hypoxia exposure abrogates the physical interaction between Ago1 and VEGF

transcript [110]. In this regard, hypoxia-induced upregulation of let-7 and miR-

103/-107 inhibits Ago1 expression, resulting in blunted interaction between Ago1

and VEGF transcript. A loss of Ago1-VEGF transcript association leads to relief of

posttranscriptional silencing of VEGF under the low oxygen environment and

subsequently results in elevation of VEGF secretion from tumor. Anti-miR treat-

ment blocks while Ago1 siRNA delivery facilitates angiogenic response in vivo in a

model of Matrigel-plug assay [110]. The elevation of let-7 and miR-103 is

associated with the loss of Ago1 in human breast cancer sample [110].
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9.4.2 miRs Regulating Secretory Factors

VEGF is not the sole soluble factor directing tumor angiogenesis. Hepatoma-

derived growth factor (HDGF), also known as high mobility group protein 1-like

2 (HMG-1 L2), exerts pro-angiogenic effect on endothelial cells supporting tumor

angiogenesis [111]. miR-214 directly targets HDGF 30 UTR and is downregulated

in human HCCs. Loss of miR-214 is associated with poor prognosis [112].

Conditioned medium from miR-214 overexpressing HCCs reveals blunted angio-

genic response of endothelial cells [112]. Ectopic expression of miR-214 signifi-

cantly suppresses orthotopic xenograft tumor growth and reduces microvessel

density [112]. It should be noted that miR-214 not only silences HDGF but also

directly targets endothelial nitric oxide synthase (eNOS) [112] and QKI [90] (see

above), implying that the miR-214-dependent angiostatic action relies on both

endothelial cells and cancer cells. Angiogenin is another soluble factor promoting

tumor angiogenesis [113, 114]. miR-221 [113] and miR-409-3p [114] negatively

modulate the expression of this factor in hepatocarcinoma and fibrosarcoma,

respectively, thus serving as an effective suppressor of tumor angiogenesis.

Thrombospondin 1 (TSP-1) is a glycoprotein that is secreted from cancer cells

and negatively regulates angiogenic response of endothelial cells. Sundaram et al.

reported that miR-194 targets TSP-1 in colon cancer cells, resulting in exaggerated

tumor angiogenesis [115]. While delivery of miR-194 in colon cancer cells results

in enhanced microvessel density and enlargement of vessel lumen in xenograft

tumor, overexpression of TSP-1 without the 30 UTR, but not the wild type, signifi-

cantly abrogates the pro-angiogenic effects [115]. This observation indicated that

miR-194 promotes tumor angiogenesis via repression of TSP-1 expression [115].

Besides miR-194, miR-17-92 is another miR cluster that modulates TSP-1 expres-

sion. Delivery of anti-miR17-92 to colon cancer cells results in reduction of TSP-1

expression [116]. The pro-angiogenic effect of miR-17-92 in tumor cells not only is

attributed by TSP-1 downregulation but also acts through a transforming growth

factor receptor (TGF) β-dependent mechanism. TGFβ receptor 2 (TGFBR2) serves
as a direct target of miR-17-92 [117]. Loss of TGFBR2 leads to impaired expres-

sion of clusterin [117]. Indeed, overexpression of clusterin in colon cancer cells is

sufficient to exert negative effect on tumor angiogenesis [117]. It should be noted

that miR-17-92 cluster in cancer cells promotes tumor angiogenesis [116, 117] but

on the other hand serves as a potent endogenous angiostatic signal in endothelial

cells [85]. A number of investigations revealed that the action of miR in cancer cells

under tumor microenvironment is completely different from that in endothelial

cells during tissue repair (see below).

9.4.3 miRs as Secretory Factors

Recently, it was reported that miRs are not only retained in the intracellular compart-

ment but also actively secreted out from the cells [25]. They are protected from

RNase degradation by enclosing in microvesicles or bound by proteins [118, 119].
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More importantly, the secreted miRs act on neighbor cells and elucidate potent

biological effects including angiogenic response in a paracrine manner. Zhuang

et al. reported the first time that tumor cell-secreted miR-9 stimulates endothelial

cells promoting tumor angiogenesis. Coculture of endothelial cells with melanoma

cells, but not normal skin melanocytes or fibroblasts, specifically induces miR-9

accumulation in endothelial cells [120]. The cultured medium contains microvesicles

which are enriched in mature miR-9 but not the pri-miR-9 [120]. While conditioned

medium induces endothelial cell migration and tubulogenesis, miR-9 knockdown in

tumor cells or in endothelial cells significantly abrogates this effect, indicating that

miR-9 secreted from tumor cells to endothelial cells contributes to the pro-angiogenic

effects [120]. This is in line with the in vivo observation indicatingmiR-9 knockdown

in murine lung carcinoma reduces microvessel density in xenograft tumor [120].

Efforts in understanding the underlying mechanisms uncovered that miR-9 directly

targets suppressor of cytokine signaling 5 (SOCS5), a negative regulator of JAK-

STAT pathway cells [120]. Pharmacological inhibition of JAK-STAT activation

alone is sufficient to block endothelial cell migration and angiogenesis [120]. Another

study reveals that metastatic cancer cell-derived miR-210 actively participates in

tumor angiogenesis. Data from miR microarray analysis revealed that miR-210 is

highly enriched in exosomes from metastatic breast cancer cell-conditioned medium

compared with that from non-metastatic or normal mammary epithelial cells [121].

Treatment of endothelial cells with miR-210-containing exosomes induces the

accumulation of mature miR-210 but not pri-miR-210 in endothelial cells, with the

concomitant enhancement of endothelial cell migration and capillary formation

in vitro [121]. The pro-angiogenic effect of miR-210 is attributed by downregulation

of Ephrin-A3 [121], which is similar to the observation in tissue repair angiogenesis

(see above section). Table 9.1 summarizes the current understanding of miR

regulation of tumor angiogenesis.

9.4.4 miRs Regulating Metastatic Angiogenesis

Cancer cell-derived miRs modulate the recruitment of endothelial cells mediating

tumor metastasis. Loss of miR-126 has been characterized in a number of human

cancers [122–124]. Downregulation of miR-126 results in induction of key down-

stream mediators including VEGF [124], insulin-like growth factor-binding protein

2 (IGFBP2) [125], and proto-oncogene tyrosine-protein kinase MER (MERTK)

[125]. IGFBP2 promotes the action of insulin growth factor (IGF)-1 on endothelial

cells leading to migratory and chemotatic phenotype [125]. MERTK captures and

lowers the bioavailability of growth arrest-specific 6 (Gas6), an anti-chemotatic

soluble factor, thus promoting endothelial cell recruitment [125]. While

overexpression of miR-126 attenuates metastatic behavior of cancer cells,

co-injection of endothelial cells with breast cancer cells to null mice reverses the

miR-126-associated metastatic defect [125], suggesting that miR-126-dependent

metastatic control relies on endothelial recruitment. Similarly, upregulation of miR-
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1908/199a-5p/199a-3p has been characterized in metastasized melanoma [126].

These miRs directly target the protein apolipoprotein E (Apo E) and its upstream

protein DNAJA4 [126]. While genetic inactivation of Apo E promotes metastasis,

treatment of recombinant Apo E rescues the miR-199a-5p-dependent metastasis of

melanoma [126]. Intriguingly, the miR-dependent metastatic regulation is likely to

be mediated by endothelial recruitment via Apo E-dependent activation of LRP8, a

low-density lipoprotein receptor that suppresses endothelial migration [126]. In this

regard, elevated miR-1908/199a-5p/199a-3p inhibits the expression of Apo E and

DNAJA4 in cancer cells, leading to loss of activation of LRP8 receptor in endo-

thelial cells and promotion of endothelial cell recruitment to the tumor cells. It is

noteworthy to mention that both endogenous miR-126 and miR-199a-5p exert

angiogenic control in endothelial cells [41–43, 88] (see above sections). However,

Table 9.1 Summarized table of miR regulating tumor angiogenesis

miRs Target(s) Cancer References

miRs regulating VEGF signaling

miR-15a/-16 VEGF Multiple myeloma cells [97, 98]

Nasopharyngeal carcinoma cells [71]

miR-29b VEGF, PDGF Breast cancer cells [99]

miR-195 VEGF, VAV2,

CDC42

Hepatocarcinoma cells [100]

miR-107 HIF-1β Cervical cancer cells Colon cancer cells [101]

miR-145 HIF-2α Neuroblastoma cells [102]

miR-155 VHL Breast cancer cells [103]

miR-9 E-Cadherin Breast cancer cells [96]

miR-34a E2F3 Head and neck squamous cell carcinoma

cells

[104]

miR-128 p70S6K1 Glioma cells [106]

miR-125b MAZ Glioma/endothelial cells [105]

HER3 Ovarian cancer [107]

miR-148a/-152 IGF1R Breast cancer [108]

miR-296 HGS Glioma/endothelial cells [109]

let-7, miR-103/-

107

Ago1 Breast cancer cells [112]

miRs regulating secretory factors

miR-214 HDGF, eNOS Hepatocarcinoma cells [114]

miR-221 Angiogenin Hepatocarcinoma cells [115]

miR-409-3p Fibrosarcoma cells [116]

miR-194 TSP1 Colorectal cancer cells [117]

miR-17-92 TSP-1 Colon cancer cells [118]

Clusterin via

TGFBRII

[119]

miRs as secretory factors

miR-9 SOCS5 Melanoma cells to endothelial cells [122]

miR-210 Ephrin-A3 Breast cancer cell to endothelial cells [123]
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the miR-dependent effects on endothelial cell recruitment to cancer cells are

entirely distinct from that on developmental/tissue repair angiogenesis. These

findings pinpointed the fact that miRs exert different biological actions in a cell

context-dependent manner. It also uncovered the complexity of different regulatory

mechanisms inphysiological angiogenesis versus tumor angiogenic control. Figure 9.4

illustrates a schematic diagram summarizing the major miR-dependent regula-

tion of metastatic angiogenesis.

Conclusions

In summary, miRs are the critical signaling molecules regulating angiogenesis

during developmental stage, tissue repair, and tumorigenesis through targeting

soluble factors, transcription factors, and surface receptors in cell autonomous

and non-cell autonomous manner. In light of the fact that miRs serve as master

angiogenic switches, miR-based therapy becomes an attractive strategy combat-

ing aberrant angiogenesis. Indeed, a number of investigations have provided

compelling evidence showing that antisense miR or miR supplementation

in vivo can effectively rectify the inappropriate angiogenesis during pathological

conditions. Insufficient angiogenesis in ischemic diseases can be treated with

Fig. 9.4 Involvement of miR in regulation of tumor angiogenesis during metastatic transforma-

tion. Loss of miR-126 stimulates endothelial cells in the tumor microenvironment via derepression

of VEGF. Reduction of miR-126 promotes the expression of IGFBP2 facilitating the IGF pathway

supporting tumor angiogenesis. Blunted miR-126 expression in cancer cells enables the expression

of MERTK, leading to the capture of anti-chemotatic factor Gas6 and subsequent switching of

endothelial cells to migratory phenotype. Elevated miR-199a/-1908 targets both Apo E and

DNAAJ4 resulting in reduction of Apo E. Loss of Apo E leads to impaired angiostatic signal

resulting in endothelial cell recruitment towards cancer cells
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angiomiR delivery aiming at facilitating perfusion. Excessive angiogenic

response during tumorigenesis can be attenuated by treating modified stable

form of antisense angiomiRs (known as antagomiRs or lock-nucleic acid anti-

sense). With the advancement of technology improving stability and efficiency

of synthetic miR/antisense miR, miR-based drugs targeting aberrant angiogene-

sis will be developed in the future. Indeed, the first miR-targeting drug has

already entered Phase 2 clinical trials in multiple centers treating hepatitis C

[127]. However, precaution needs to be taken concerning the specificity of the

miR-based delivery. As mentioned in the above section, some miRs, for exam-

ple, induce anti-angiogenic signals in cancer cells but exert potent pro-

angiogenic effects on endothelial cells. The choice of target miR(s), dosage,

and delivery approach are essential to determine the therapeutic value of the

miR-based intervention. Further investigations are required to figure out an

optimal dosage and appropriate route of administration of angiomiR-based

drugs targeting pathogenic angiogenesis.
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Abstract

The cytoprotective actions of Nrf2 transcription factor against vascular injuries

associated with oxidative stress and tissue ischemia are widely reported.

Amongst Nrf2 target genes, heme oxygenase-1 (HO-1) is responsible for at

least a part of such protective effects by playing strong antioxidant and anti-

inflammatory roles in the vascular system. Nonetheless, the area of Nrf2/HO-1

functioning could be extended to the control of vessel growth. Although the

angiogenic involvement of HO-1 in physiological states and under conditions of

tissue damage is well demonstrated, a direct role of Nrf2 in the process of blood

vessel formation is just coming to light. Nrf2 has been linked to known angio-

genic signaling pathways, comprising not only HO-1, but also vascular
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endothelial growth factor and hypoxia-inducible factor-1, and suggested to act in

normal vascular development as well as in the formation of blood vessels

nourishing tumor. Strikingly, Nrf2 deficiency may promote oxidative stress-

related inflammatory neovascularization accompanying damaged/ischemic tis-

sue regeneration. Thus, further studies are definitely required for a thorough

assessment of Nrf2 place in the processes of blood vessel formation.

Keywords

Heme oxygenase-1 • NF-E2-related factor 2 • Angiogenesis • Neovascu-

larization • Ischemia • Proangiogenic cells • Endothelial progenitor cells

10.1 Introduction

NF-E2-related factor 2 (Nrf2) is considered as the major player in cellular protection

against insults coming from heightened production of reactive oxygen species (ROS)

or electrophilic metabolites of xenobiotics/carcinogens. Under such stresses Nrf2 is

released from cytoplasmic repression of Keap1 protein, undergoes nuclear trans-

location and activates transcription of detoxifying and antioxidant genes such as

NAD(P)H:quinone oxidoreductase (NQO1), peroxiredoxin-1, or glutathione

S-transferases (GSTs) (reviewed in [1]). However, broader spectrumofNrf2 functions

is suggested since it also regulates genes of crucial importance in blood vessel

formation, such as interleukin-8 (IL-8) [2] and cytoprotective enzyme, heme

oxygenase-1 (HO-1) [3]. Proangiogenic effects of the latter are well defined and

comprise control of normal vascularization (vascular cells proliferation, migration,

and angiogenic capacity) as well as the involvement in tissue regeneration/revascular-

ization and proangiogenic cells homing in response to ischemic/oxidative injuries.

On the other hand, HO-1 contribution in tumor angiogenesis, a hallmark of cancer

growth and progression [4], seems to be more complex and rather tissue-dependent.

Nonetheless, for majority of the reported proangiogenic actions of HO-1, especially

important could be reciprocal regulation of HO-1 and proangiogenic factors, such as

vascular endothelial growth factor (VEGF) and stromal cell-derived factor-1 (SDF-1).

Regulation of HO-1 by Nrf2 provides grounds to assume that Nrf2 may not only

be involved in cellular protection but in the mechanisms of neovascularization as

well. Indeed, studies aiming at understanding of the proangiogenic function of Nrf2

are gathering pace. In addition to Nrf2 link to HO-1, its involvement in VEGF

signaling and cross talk with hypoxia-inducible factor-1 (HIF-1), a major mediator

of hypoxia-driven neovascularization, was suggested. Specifically, Nrf2 may con-

tribute to the angiogenic capacity of endothelial cells as well as functioning and

mobilization of proangiogenic cells. The role of Nrf2 in normal vascular develop-

ment, in inflammation-related neovascularization, as well as in growing tumor is

postulated.
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10.2 Nrf2/HO-1 as a Key Path Against Vascular Injury

Being a bZip transcription factor Nrf2 is a member of the Cap ‘n’ Collar family of

regulatory proteins and structurally consists of six functional Neh domains

(Neh1–Neh6). Among them, the amino-terminal Neh2 domain is responsible for

Keap1 binding leading to Nrf2 sequestration in the cytoplasm. The latter implies the

repression of antioxidant response element (ARE)-containing cytoprotective and

anti-inflammatory genes. Such situation occurs until electrophiles and oxidants will

switch on Nrf2-dependent cellular defense mechanisms (reviewed in [1]).

It is commonly believed that oxidative stress occurs in the course or is at the root

of cardiovascular diseases particularly by inducing endothelial cell dysfunction.

Increased ROS production may result, e.g., from tissue ischemia/reperfusion as

well as an occurrence of atherosclerosis risk factors, such as oxidized low-density

lipoproteins (OxLDLs) or hyperglycemia, the latter condition attributed to diabetes,

a metabolic disease with long-term vascular complications (angiopathies) [5–7]. In

such conditions Nrf2 protection system is considered to play pivotal role in vascular

cells. For example, phytochemical activation of Nrf2 protected human coronary

artery endothelial cells against hydrogen peroxide-induced apoptosis [8]. Similarly

we observed that in human microvascular endothelial cells (HMEC-1) as well as

murine bone marrow-derived proangiogenic cells (PACs) H2O2-dependent increase

in mortality is correlated with Nrf2 deficiency (Florczyk et al. in press). Moreover,

studies of Kim et al. revealed that in response to laminar flow the activation of

Nrf2 by ERK5 protein exerts atheroprotective effect in vascular endothelium [9].

Similarly Ashino et al. suggesting that Nrf2 system may be of importance in

counteracting atherosclerosis showed that Nrf2 depletion enhances vascular smooth

muscle cell (VSMC) migration in response to platelet-derived growth factor

(PDGF) or wound scratch and in Nrf2-deficient mice stimulates neointimal hyper-

plasia in a wire vascular injury model [10]. On the other hand, a defect in Nrf2

signaling was shown to constitute a mechanism for cellular stress hypersensitivity

in a genetic rat model of type 2 diabetes [11].

It is reasonable to assume that at least a part of the protective effects of Nrf2 could

be related to HO-1 activation, the proangiogenic actions of which, but also strong

cytoprotective, antioxidant, and anti-inflammatory functions in the vascular system,

are well understood. Interestingly, HO-1-assigned protection may come from each

of the enzyme activity products: biliverdin, ferrous ions, and carbonmonoxide (CO),

released as a result of heme degradation. Noteworthy, a set of HO-1 inducers,

including ROS/H2O2, OxLDLs, or 15d-PGJ2 (15-deoxy-D12,14-prostaglandin J2,

a natural ligand of peroxisome proliferator-activated receptor-gamma transcription

factor), act throughNrf2 (reviewed in [12]). Indeed, a wide spectrum of direct effects

of HO-1 against vascular injury, inflammation, and oxidative stress have been

demonstrated. For example, HO-1 protected retinal endothelial cells against high

glucose- and oxidative/nitrosative stress-induced toxicity [13]. The activation of

HO-1 was also shown to inhibit atherosclerotic lesion formation in LDL receptor

knockout mice [14]. Accordingly, in another model of atherosclerosis, namely,

apolipoprotein E (apoE)-deficient mice, an absence of HO-1 (HO-1�/�/apoE�/�
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mice) exacerbated atherosclerotic lesion formation and vascular remodeling [15].

Confirming HO-1 involvement in Nrf2-dependent protection Kim et al. reported,

e.g., that sulfasalazine induces HO-1 via ROS-dependent Nrf2 signaling leading to

suppression of neointimal growth [16]. On the other hand the induction of HO-1

partially reversed hampered in diabetes and oxidant damage-related vascular recruit-

ment of endothelial progenitor cells in rats [17].Moreover, pharmacologic induction

of HO-1 was shown to play a protective role in diabetic retinopathy in rats [18].

Accordingly, the absence of HO-1 exacerbated myocardial ischemia/reperfusion

injury in diabetic mice [19].

It is suggested that the protective effect ofNrf2/HO-1 against vascular injuries such

as atherosclerosis is especially due to anti-inflammatory response and antioxidant

actions in the vascular wall. Nonetheless, the area of Nrf2/HO-1 functioning could be

extended to the control of vessel growth in physiological states and under conditions

of tissue damage. Although the proangiogenic function of HO-1 is already almost a

dogma, the direct role of Nrf2 in the processes of blood vessel formation is just

coming to light.

10.3 HO-1 Functions in Blood Vessel Formation

10.3.1 An Overall Effect of HO-1 Knockout

The high significance of HO-1 has been underlined by studies on HO-1 knockout

animals and was confirmed by single human cases of HO-1 deficiency. In first

experiments HO-1-deficient mice were characterized mostly by splenomegaly, high

CD4+:CD8+ T-cell ratios, increased lipid peroxidation, fibrosis and hepatic injury,

late-onset weight loss, decreased mobility, and premature mortality [20]. Further

studies revealed reduced stress defense in HO-1-deficient cells, including vascular

endothelial and smooth muscle cells [15, 21, 22]. So far only two human cases of

HO-1 deficiency have been recognized and observed to involve endothelial cells

more severely, resulting in hemolysis and disseminated intravascular coagulation

[23, 24]. Noteworthy, it was reported that HO-1 promoter contains a (GT)n

microsatellite DNA and such polymorphism can significantly modulate a

proangiogenic, cytoprotective, and anti-inflammatory function of HO-1 in human

endothelium [25]. Moreover, apart from the difference in the occurrence of asplenia

in the human HO-1-deficient patient and splenomegaly in mice counterpart one can

find many similarities between both species including prenatal death (usually

stillbirth/abortion in humans and 20 % birth rate in mice), developmental failure,

iron deficiency anemia, and chronic systemic inflammatory disorders [26]. Thus,

one can sum up that HO-1 deficiency may have broad spectrum of severe side

effects, which could affect many organs (reviewed in [12]).

Since the first generation of HO-1-deficient mice in 1997 [20] a variety of

studies, as described more closely below, particularly revealed the importance of

HO-1 in vascular development under physiological and pathological conditions,

underlying its influence on proangiogenic capacity of endothelial cells and bone

marrow-derived progenitors.
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10.3.2 HO-1 Is Involved in Angiogenic Signaling Cascades: Link to
VEGF and SDF-1

10.3.2.1 Proangiogenic Function of HO-1
There is a broad spectrum of HO-1 functions in the vascular system comprising its

protective, anti-apoptotic effects towards endothelial cells, attenuation of inflam-

matory response in the vessel wall, and regulation of vascular tone through vessel

relaxation (reviewed in [12, 27]). However, it is particularly famous as one of the

key players in the processes of the formation of blood vessels. As first it was shown

in 1998 by Deramaudt et al. that gene transfer of human HO-1 into rabbit coronary

endothelial cells potentially promotes angiogenesis [28]. Further in vitro studies

revealed that HO-1 is significant also in prolactin-mediated cell proliferation and

angiogenesis in human endothelial cells [29]. Recently our group showed also that

both constitutive and hypoxia-induced HO-1 overexpression increases migratory

properties of HMEC-1 [30]. Strikingly, from 2003, when Suzuki et al. observed

facilitated angiogenesis after intra-arterial delivery of adenoviral vectors encoding

HO-1 in a rat model of hind limb ischemia [31], the growing body of evidence

confirmed stimulatory effects of HO-1 on neovascularization in many in vivo

models, such as myocardial infarction, wound healing, cancer, or hind limb ische-

mia [32–36].

The importance of HO-1 and/or its activity products in the vasculogenesis and

angiogenesis can be attributed to its role in regulation of proangiogenic mediators,

such as VEGF, SDF-1, monocyte chemotactic protein-1 (MCP-1), or transforming

growth factor-β (TGF-β). On the other hand, HO-1 may negatively affect the

production of anti-angiogenic factors such as soluble VEGF receptor-1

(sVEGFR-1), soluble endoglin (sEng), or CXCL-10 chemokine [12, 37].

In addition to the involvement of HO-1 in the regulation of VEGF and SDF-1

expression in different cell types (see below), it seems that HO-1 functions as a

downstream mediator in proliferative and pro-migratory response of endothelial

cells and progenitors to VEGF and SDF-1 may be especially important for the

overall proangiogenic role of HO-1 [38, 39].

10.3.2.2 Interactions with VEGF Signaling
The fact that VEGF is one of the major or even the most crucial mediator of blood

vessel formation was strikingly proved in 1996 by two independent groups [40, 41].

Ferrara et al. reported that loss of even a single VEGF allele is lethal in the mouse

embryo between days 11 and 12 [41]. They demonstrated developmental anomalies

coming from impaired angiogenesis and blood island formation. Moreover, VEGF-

null embryonic stem cells exhibited a dramatically reduced ability to form tumors

in nude mice [41]. Similarly, Carmeliet et al. showed abnormal blood vessel

development and lethality in heterozygous VEGF-deficient embryos [40].

Having in mind those findings one can attribute the particular significance to

HO-1, since it is known as an important collaborator of VEGF, acting both

upstream and downstream of the latter (Fig. 10.1). First link between HO-1 and

VEGF was suggested by Dulak et al. by showing that HO-1 activity modulates
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VEGF synthesis in vascular smooth muscle cells (VSMC) [42]. The inhibition of

HO-1 activity by tin protoporphyrin IX (SnPPIX) abolished hemin- and IL-1β-
induced VEGF production in normoxic conditions and resulted in a profound

reduction of hypoxia-induced VEGF synthesis. Accordingly, VSMC transfection

with HO-1 expression plasmid enhanced VEGF level. Interestingly, the data

indicated that HO-1 by-products may exert divergent effects: biliverdin showed

no influence, iron ions inhibited, and CO (1 %) augmented VEGF production [42].

However, since the stimulatory effect of HO-1 was noticed, one can assume that CO

effect prevails the action of iron.

Further studies revealed also the HO-1-dependent regulation of VEGF expres-

sion in other cell types. In HMEC-1 the stimulatory effect of 15d-PGJ2 as well as

cobalt protoporphyrin (CoPPIX) on VEGF production was reversed by SnPPIX [38,

43, 44]. As a mechanism of HO-1-mediated upregulation of VEGF synthesis in

response to 15d-PGJ2, the phosphorylation of extracellular signal-regulated

kinase (ERK1/2) was proposed [45]. Namely, transient transfection of human

breast cancer (MCF-7) cells with dominant-negative ERK abrogated 15d-PGJ2-

induced VEGF expression, while HO-1 inhibitor, zinc protoporphyrin (ZnPP),

abolished ERK1/2 phosphorylation in response to 15d-PGJ2 [45]. Moreover, an

involvement of HIF-1 or Sp1 transcription factors in VEGF upregulation could be

considered [46].

Moreover, HO-1 was shown to be crucial for H2O2-induced VEGF synthesis in

NIH 3T3 fibroblasts and in HaCaT keratinocytes [47]. In the latter silencing of

HO-1 expression by specific siRNA as well as SnPPIX treatment attenuated

also the hemin-induced effects [48]. Furthermore, studies using other HO-1 inhibi-

tor, stannic mesoporphyrin (SnMP), showed also the involvement of HO-1 in

VEGF production in human macrophages stimulated with prolactin, the pituitary

hormone [49].

Importantly, the genetic evidence confirming the regulation of VEGF expression

by HO-1 was provided by the use of aortic endothelial cells obtained from HO-1

knockout (HO-1�/�) mice. Data indicated that either basal or H2O2�, hemin-,

lysophosphatidylcholine-, and 15d-PGJ2-induced VEGF synthesis can be

attenuated by the lack of HO-1 [47]. On the other hand, retrovirus-mediated

human HO-1 gene transfer into rat lung microvessel endothelial cells resulted in

enhancement of VEGF level [50].

Fig. 10.1 HO-1 functions upstream and downstream of VEGF signaling (description in the text)
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The involvement of HO-1 in VEGF regulation was also demonstrated using

in vivo models. For example, in portal hypertension model, intraperitoneal injection

of SnPPIX for 7 days starting immediately after partial portal vein ligation mark-

edly decreased (by 74 %) VEGF protein expression in the mesentery of rats [51].

On the other hand, systemic induction of HO-1 in mice injected intravenously with

adenovirus-bearing HO-1 gene led to elevated serum levels of VEGF (and SDF-1;

see below) [52]. The significance of HO-1 actions upstream VEGF was underlined

by Lin et al. working on murine model of myocardial infarction [53]. They

demonstrated that HO-1 overexpression obtained by hypoxia-regulated adeno-

associated viral (AAV) vectors promotes neovascularization in ischemic heart by

co-induction of VEGF and SDF-1 (see below) [53]. As a mechanism of increased

expression of VEGF in myocytes, CO-mediated phosphorylation of p38 kinase and

the following induction of Sp1 transcription factor were suggested based on in vitro

studies [54].

The complexity of the interactions between HO-1 and VEGF arises from the fact

that HO-1 may function both upstream and downstream of VEGF. Owing to the

latter HO-1 serves as a mediator of VEGF-dependent proangiogenic, proliferative,

and pro-migratory response of endothelial cells and progenitors. In 2003 our group

for the first time reported that HO-1 is required for proangiogenic action of VEGF

in endothelial cells [38]. We showed that HO-1 inhibition by SnPPIX diminishes

the VEGF-elicited angiogenic activities of human umbilical vein endothelial cells

(HUVEC) by decreasing their proliferation, migration, as well as the formation of

capillary-like structures on Matrigel and in spheroidal culture in collagen gel.

Accordingly, augmentation of capillary sprouting was observed in endothelial

spheroids overexpressing HO-1. Such an effect was mimicked by incubation of

cells with CO-releasing molecules (CO-RM) suggesting crucial importance of CO

in HO-1-dependent angiogenesis [38].

In addition, Fernandez et al. revealed that HO-1 expression may be upregulated

by VEGF in vivo in the chick embryo chorioallantoic membrane by a mechanism

dependent on the increase in cytosolic calcium levels and activation of protein kinase

C [55]. In thismodel, VEGF-stimulated angiogenesis was significantly attenuated by

the HO-1 inhibitor, zinc mesoporphyrin (ZnMP) [55]. VEGF-dependent HO-1

regulation was confirmed by Bussolati et al. in human endothelial cells, both

HMEC-1 and HUVEC [56]. Interestingly they showed that although blockade of

HO-1 inhibits VEGF-induced in vitro angiogenesis, it increases the angiogenic

effect of VEGF in murine Matrigel model in vivo. Such discrepancy may be related

to leukocyte chemoattractant activity of VEGF, which, in the absence of HO-1, may

lead to the induction of inflammatory blood vessel formation. Thus, it seems that

HO-1 may modulate proinflammatory and proangiogenic actions of VEGF and may

be of crucial importance in the treatment of chronic inflammatory diseases [56].

10.3.2.3 Interactions with SDF-1 Signaling
SDF-1, a member of the CXC group of chemokines, seems to be another player

closely related to HO-1 functioning. It has been shown that mice lacking SDF-1 or

its primary physiological receptor, CXC-chemokine receptor type 4 (CXCR4), die

perinatally or in utero, respectively, and are defective in vascular development,
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hematopoiesis, and cardiogenesis [57, 58]. Particularly, SDF-1 is known to play a

role in cell trafficking. SDF-1 expression at the site of injury/ischemia enables

homing of circulating CXCR4-positive and other stem/progenitor cells for organ

regeneration and tissue repair [59, 60]. For example, in the murine hind limb ischemia

model overexpression of SDF-1α (a predominant splicing form of SDF-1)

stimulated endothelial progenitor cells’ (EPC) mobilization and increased blood

flow and capillary density in the ischemic limb [61].

Similarly as in the case of VEGF, the regulation of SDF-1 by HO-1 was reported.

Recently we showed that genetic or pharmacological activation of HO-1 in C2C12

myoblasts augments production of SDF-1 [37]. As an in vivo example, as mentioned

above, in ischemic hearts of mice with permanent coronary artery ligation AAV-

mediated HO-1 overexpression highly induced SDF-1 [53]. Accordingly, treatment

ofWistar rats with CoPPIX to induce HO-1 prior to coronary artery ligation resulted

in increased expression of SDF-1α and promoted myocardial neovascularization

[32]. On the other hand, systemic induction of HO-1 obtained by intravenous

administration of adenoviral vectors led to elevated serum levels of SDF-1, the

effect mimicked by animal exposure to CO [52]. Recently, HO-1 was also reported

to be involved in AMP-activated kinase (AMPK)-mediated upregulation of SDF-1α
production in EPCs [62]. Nonetheless, the mechanism of SDF-1 control by HO-1

needs to be examined.

In contrast, themechanism of HO-1 role in SDF-1-elicited blood vessel formation

waswell understood. In their studies Deshane et al. demonstrated that SDF-1 through

the CXCR-4 receptor transcriptionally activates HO-1 in endothelial cells via the

atypical protein kinase Cζ isoform-dependent and VEGF-independent mechanism

[39]. Further it was proposed that as a result of HO-1 enzyme activity CO is

produced, which phosphorylates vasodilator-stimulated phosphoprotein (VASP), a

cytoskeletal-associated protein involved in cell migration. In vitro, HO-1 was shown

to mediate SDF-1-induced angiogenesis in human aortic endothelial cells (HAECs)

and mouse aortic endothelial cells (MAECs). The blockade of HO-1 by ZnPP or

siRNA strategy resulted in inhibition of SDF-1-induced tube formation in HAECs.

Similar effect was observed in case of MAECs isolated from HO-1�/� mice.

Moreover, SDF-1 stimulated capillary-like sprouting in aortic rings from wild type

(HO-1+/+) mice but not HO-1�/� mice, a defect reversed by CO. Strikingly, the

functional relevance of HO-1 in the SDF-1-elicited proangiogenic actions was

confirmed inMatrigel plug, wound healing, and retinal ischemiamodels in vivo [39].

10.3.3 HO-1 Function in Therapeutic Angiogenesis and Progenitor
Cells

10.3.3.1 HO-1 in Regeneration of Damaged Tissue
Broadly defined cytoprotective, antioxidant, and anti-inflammatory capacity of

HO-1 was shown many times to protect against injuries in different tissues.

For example, cardiac-specific expression of HO-1 protected against ischemia and
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reperfusion injury in transgenic mice, thus improving the recovery of cardiac

function [63]. Accordingly, in a porcine model of myocardial infarction

intracoronary delivery of allogenic HO-1-transduced bone marrow cells led to

faster recovery of left ventricular ejection fraction in comparison to control cells

[64]. On the other hand, the absence of HO-1 significantly increased myocardial

infarct size, while its overexpression protected against myocardial ischemic injury

in diabetic mice [19].

On the other hand, a growing body of evidence points at particular significance

of proangiogenic function of HO-1 in the regenerative neovascularization of ische-

mic/damaged tissues. As mentioned above the first evidence suggesting in vivo role

of HO-1 in therapeutic neovascularization was reported by Suzuki et al. working on

the rat model of hind limb ischemia [31]. After intra-arterial bolus injection of

adenoviral vectors encoding HO-1, an improvement in blood flow and capillary

density was observed in the ischemic muscles, the effect reversed by ZnPP treat-

ment [31]. Accordingly, HO-1 inhibition by SnPPIX in mice subjected to femoral

artery ligation resulted in the attenuation of both neovascularization and functional

recovery of injured tissue [35]. As a complement and extension of those results our

group demonstrated similar effects in HO-1�/� mice [30]. In contrast we observed

that in wild-type mice transient hypoxia/ischemia-induced HO-1 overexpression,

obtained by intramuscular administration of plasmid vector carrying HO-1 gene

driven by hypoxia response elements (HREs), significantly improved the post-

ischemic foot blood flow. In such conditions reduced levels of pro-inflammatory

cytokines (IL-6 and CXCL1) and decreased number of apoptotic cells were

observed. Moreover, overexpression of HO-1 in ischemic skeletal muscles

influenced also the levels of molecules controlling myocyte regeneration such as

myogenin, Pax3, Pax7, as well as small noncoding RNAs (microRNAs): miR-146a

and miR-206 [30]. In addition, other studies provided evidence that HO-1 may

promote also neovascularization after myocardial infarction [32]. Thus it seems that

HO-1 plays crucial therapeutic role in counteracting detrimental effects of tissue

ischemia.

On the other hand, as mentioned above, Deshane et al. observed impaired wound

healing and a diminished angiogenic response after full-thickness excisional skin

wound injury in HO-1�/�mice [39]. The absence of HO-1 decreased the percentage

of reepithelialized surface and the number of CD31-positive vessels in the wounds

and diminished also the neovascularization associated with topical application of

SDF-1 to the wound surface [39]. In accordance with those results SnPPIX-

mediated inhibition of HO-1 in wild-type mice resulted in retardation of wound

closure [33]. Moreover, keratinocyte-specific overexpression of HO-1 was enough

to improve the neovascularization and accelerate wound healing in transgenic mice.

Strikingly, in diabetic mice HO-1 upregulation after skin injury was delayed as

compared to wild-type mice. Since chronic nonhealing wounds are one of the major

consequences of diabetes, HO-1 importance was suggested and indeed confirmed

when HO-1 transgene delivery into the injured tissue was able to improve the

healing process in such animals [33].
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Interestingly, Bhang et al. pointed at beneficial effects of combined delivery of

HO-1 with other proangiogenic molecules, such as fibroblast growth factor-2 (FGF-2)

or HIF-1α for therapeutic angiogenesis [65, 66]. In the murine hind limb ischemia

model FGF-2 (in fibrin gels) could rescue muscle necrosis prior to the exogenous

expression of HO-1 and enhanced HO-1 gene transfection in ischemic limbs. As an

effect angiogenesis was greater in mice treated with both HO-1 and FGF-2 gene

therapy in comparison to HO-1 delivered alone [65]. On the other side, also the

combined gene therapy of HO-1 and HIF-1α turned out to be superior (enhanced

anti-apoptosis and neovascularization) to both single-gene therapies, resulting in

rapid expression of HIF-1α gene (which protein degrades quickly) and long-term

maintenance of expressed HO-1 protein (which gene expression occurs a couple of

days after transfection) [66].

10.3.3.2 HO-1 in Proangiogenic Cells
In 1997 the studies of Asahara et al. revealed that blood vessel formation in

ischemic/injured tissues depends not only on resident endothelial cells but may

be supported by EPCs, which are believed to be mobilized from bone marrow and

contribute to postnatal vascular regeneration by forming a structural component of

capillaries and/or by secreting angiogenic factors [67, 68]. Since among the major

inducers of EPC homing one can find VEGF and SDF-1 [69, 70], it is reasonable to

expect HO-1 involvement in those processes.

The first finding linking HO-1 and functioning of EPCs was described in 2003 by

Kong et al. working on balloon injury model of carotid artery [71]. However, EPCs

isolated from rabbit peripheral blood, expanded in culture, transducedwith retroviral

vectors expressing HO-1, and finally transplanted into the injured vessel showed no

effect over control, green fluorescent protein (GFP)-expressing EPCs. Nonetheless,

re-endothelialization was enhanced and neointimal thickening was reduced in the

EPC-transplanted vessels independently of gene transfer (HO-1 or GFP) [71].

In contrast, further studies revealed a significant effect of HO-1 on EPCmobilization

and recruitment to the damaged tissue. Using murine hind limb ischemia model

Tongers et al. showed that HO-1 inhibition by SnPPIX significantly reduces the number

of circulating progenitor cells (Sca-1+/Kdr+) [35]. Moreover, in transgenic mice

expressing β-galactosidase under the control of the endothelial cell-selective Tie2

promoter, in response to femoral artery ligation fewer β-galactosidase-positive cells

were detected in the ischemic muscle when HO-1 was inhibited. Such observations

could be explained by SnPPIX-dependent disruption of the establishment of SDF-1

gradient between the ischemic limb and bone marrow [35]. Accordingly, in HO-1�/�

mice significant attenuation of EPC mobilization and recruitment as well as re-

endothelialization of denuded vessels in the wire-induced carotid artery injury model

was observed [52].

On the other side, an approach of HO-1 overexpression confirmed its function in

EPC trafficking. Systemic HO-1 induction after intravenous injection of the HO-1-

encoding adenoviral vectors in addition to mentioned elevated serum levels of

VEGF and SDF-1 led to an increase in circulating EPCs (CD34+/Flk-1+) and

facilitated re-endothelialization after vascular injury [52]. The increase in EPC
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mobilization and re-endothelialization of injured vessels was also visible in mice

exposed to CO, which was accompanied by SDF-1 (but not VEGF) enhancement

[52]. In the other studies AAV-mediated HO-1 gene transfer increased the number

of stem cells (c-kit+) recruited to the infarcted area and enhanced vascularization

after coronary artery ligation [53]. As mentioned before VEGF and SDF-1 were

highly induced in HO-1-transduced myocardium and colocalized with mononuclear

cell infiltration. Importantly, neutralizing antibodies against VEGF and SDF-1

attenuated HO-1-mediated angiogenesis and cardiac function recovery. Thus,

HO-1 overexpression was shown to protect ischemic myocardium by promoting

neovascularization through induction of proangiogenic factors and the recruitment

of progenitor/stem cells [53].

A confirmation of HO-1 contribution to vascular repair by increasing circulating

EPCs was reported also by Wu et al. [72]. In a rabbit model of aortic balloon injury,

pharmacological inducer of HO-1, probucol, promoted re-endothelialization and

increased the number of circulating progenitor cells (Sca-1+/Flk1+) as well as Sca-

1+ and Flk1+ cells on the luminal side of injured vessels, the actions reversed by

SnPPIX co-treatment. Similar effects were observed for a derivative of probucol,

succinobucol. In addition, in noninjured wild-type mice succinobucol also

increased bone marrow (CD34+/Flk1+/CD45�) and circulating (CD34+/CD45�/

lin�) EPCs. Moreover, in vitro cultured bone marrow cells from HO-1�/� mice

generated fewer colony-forming unit endothelial cells (CFU-EC or CFU-Hill)

(early outgrowth EPCs) as well as endothelial colony-forming cells (late outgrowth

EPCs) (for review, see [73]). Confirming the role of HO-1 in the formation of

progenitor cells, succinobucol promoted CFU-Hill colony formation in wild-type

mice, but had no effect in HO-1�/� littermates [72].

Finally, very recent reports point at increased utility of HO-1-overexpressing

EPCs, combining gene and cell therapy approach, for neovascularization and

recovery of injured tissues. Since EPCs are suggested to be dysfunctional as a

result of cardiovascular risk factors, their modification by gene transfer of

cytoprotective and proangiogenic HO-1, alone or in combination with other pro-

survival factors, may be a reasonable therapeutic approach to treat vascular

diseases. Indeed, retroviral transduction with both HO-1 and protein kinase B

(Akt) improved survival, adhesion, and migration of late outgrowth EPCs in a

simulated infarct-like environment [74]. Importantly, transplantation of Akt/HO-1-

expressing EPCs after myocardial infarction improved neovascularization and

cardiac recovery in mice [74]. In the other approach, transplantation of VEGF-

and HO-1-modified EPCs into the ischemic limbs of rats significantly increased the

microvessel density, the recovery of blood flow, and the rate of limb salvage

compared with either VEGF- or HO-1-expressing EPCs [75].

In addition, several studies provided evidence of the advantage of combined

gene and cell therapy over either strategy alone also in the case of the use of HO-1-

overexpressing adipose tissue-derived stem cells [76] or particularly mesenchymal

stem cells (MSCs) [77–80]. As an example of the latter, although MSCs provided

a beneficial effect on swine cardiac function after ischemia/reperfusion by

the induction of therapeutic angiogenesis, this effect was amplified by HO-1

overexpression [77].
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10.3.4 HO-1 Function in Tumor Angiogenesis and Growth

It is well known that tumor growth is strictly dependent on angiogenesis and blood

supply [4]. Proangiogenic capacity of HO-1, in addition to its cytoprotective,

antioxidant function conferring survival support and protection against anticancer

therapies, is considered to promote tumor progression by stimulation of blood

vessel formation. Although elevated HO-1 levels have been detected in many

types of tumors, including renal adenocarcinoma, hepatoma, glioblastoma, mela-

noma, prostate cancers, squamous carcinoma, pancreatic cancer, and others [81], its

effect on angiogenesis-based tumor growth seems to be tissue-dependent.

The first report showing a positive correlation between HO-1 expression and

vascular density was shown in 1999 for human gliomas [82]. However, a direct

evidence that HO-1 may indeed accelerate tumor angiogenesis was demonstrated

by Sunamura et al. 4 years later [34]. Marked and rapid development of capillary-

like network in vitro in coculture of human HO-1-transduced pancreatic cancer

cells and endothelial cells was observed. In vivo, using severe combined immune-

deficient mice they showed that HO-1 stimulates angiogenesis of pancreatic

carcinoma affecting tumor vascular density and proliferation rate. Accordingly,

inhibition of HO-1 activity by SnMP was able to transiently delay tumor growth [34].

Similarly, overexpression of HO-1 increased cell proliferation and angiogenic

potential of murine melanoma B16(F10) cells in vitro [83]. In accordance with that,

tumors developing after subcutaneous injection of melanoma cells stably

transfected with HO-1 into the syngenic mice displayed augmented vascularization

and stronger production of VEGF [83]. Further studies suggested also positive

effect of HO-1 on angiogenesis in urothelial carcinoma of the urinary bladder

(T24 cell line) and hepatocellular carcinoma (Hepa129 cell line) [36, 84].

As a possible mechanism of HO-1-elicited effects in tumor angiogenesis, its

interaction with VEGF signaling was proposed. For example, HO-1 involvement in

15d-PGJ2-induced upregulation of VEGF in breast cancer cell line (MCF-7) was

revealed (see above) [45]. Accordingly, nuclear HO-1 activated the transcriptional

activity of VEGF and promoted VEGF secretion in prostate cancer cells [85], while

in urothelial carcinoma inhibition of HO-1 decreased tumor growth and

microvessel density by suppressing VEGF and HIF-1α [36]. On the other side

HO-1 was also suggested to mediate the angiogenic effect of an enzyme thymidine

phosphorylase (TP) in bladder carcinoma cells [86] (see also Chap. 17).

Despite reports advocating proangiogenic function of HO-1 in some tumors

there are also a few suggesting the opposite action of the enzyme in other cancer

types. Indeed, latest findings by Skrzypek et al. revealed anti-angiogenic effect of

HO-1 in human non-small cell lung cancer (NSCLC) [87]. Stable HO-1

overexpression significantly downregulated angiopoietin-1 expression and reduced

proliferation, migration, as well as angiogenic potential of NSCLC NCI-H292 cell

line. Particularly, elevated HO-1 level decreased expression of a group of

microRNAs capable of promoting angiogenesis, so-called angiomirs: miR-17–92,

miR-210, miR-378, whereas increased that of anti-angiomirs, such as miR-424. In

vivo, HO-1-overexpressing tumors were both less vascularized and oxygenated.

Strikingly, overexpression of miR-378 exerted opposite effects [87].
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In some cases controversial data exist showing different effects of HO-1 even in

the same cancer cell line as for prostate cancer. Namely, as mentioned above HO-1

stimulated VEGF in human prostate cancer cell line, PC3 [85]. In contrast, Ferrando

et al. noticed that in response to HO-1 overexpression in the same prostate cancer

PC3 cells, several proangiogenic genes are downregulated, in particular VEGF,

VEGF-C, HIF-1α, and α5β1 integrin [88]. Moreover, intradermal inoculation of

PC3 cells stably transfected with HO-1 generated less vascularized tumors with

decreased microvessel density [88]. Nonetheless, it seems that in majority of cases

the effect of HO-1 on tumor angiogenesis seems to be tissue/cell type-dependent.

10.4 Novel Proangiogenic Function of Nrf2

10.4.1 The Effect of Nrf2 Knockout

In contrast to HO-1�/� mice, homozygous Nrf2 mutant mice (Nrf2�/�) are not

anemic and develop normally. Since they reach adulthood with any abnormality of

major organs and are able to reproduce, it seems that Nrf2 is dispensable for mouse

development [89]. Nonetheless, in the harmful conditions arising from oxidative

stress and chemical injuries Nrf2 turned out to be crucial for switching on cellular

protection mechanisms. For example, Nrf2 ablation rendered mice highly sensitive

to the toxic effects of food preservative butylated hydroxytoluene (BHT) [90]. The

same doses of BHT were tolerated by wild-type mice, which led to the development

of acute respiratory distress syndrome in Nrf2�/� mice, the effect accompanied by

decreased expression of Nrf2-dependent cytoprotective genes, such as HO-1 or

NQO1 [90]. Similarly, Nrf2-deficient mice were more vulnerable to acetaminophen

hepatotoxicity [91] and many other toxicities.

Moreover, the lack of Nrf2 is associated with increased sensitivity to carcino-

genesis. The strong induction of phase 2 enzymes in wild-type mice by a

chemoprotective agent oltipraz was shown to be abrogated in the Nrf2�/� mice.

Accordingly, oltipraz was not able to rescue Nrf2�/� mice from significantly higher

burden of gastric neoplasia after treatment with benzo[a]pyrene [92]. Interestingly,

it was shown also that the aged Nrf2�/� female mice developed lupus-like auto-

immune nephritis [93]. Overall, it seems that Nrf2-deficient mice are more suscep-

tible to disease development [93].

Interestingly, based on the recent data, Nrf2 deficiency has been correlated also

with the processes of blood vessel formation. Therefore, Nrf2�/� mice as well as

cells lacking Nrf2 expression are increasingly being used to study such a new

angiogenic face of this transcription factor, which will be discussed below.
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10.4.2 Nrf2 Place in Angiogenic Signaling Pathways

Very recently several papers have suggested an interplay between Nrf2 and some

angiogenic signaling pathways (summarized in Table 10.1). In 2010 Afonyushkin

et al. first published that VEGF may be regulated downstream of Nrf2 [94]. In

endothelial cells oxidized phospholipid (OxPL)-induced ATF4 transcription factor

and VEGF expression are Nrf2-dependent. Nrf2 was able to bind to ARE in ATF4

gene promoter. Knockdown of Nrf2 inhibited OxPL-stimulated elevation of both

ATF4 and VEGF expression as well as sprouts formation by endothelial cells [94].

Interesting interplay between VEGF and Nrf2 was shown in the human placental

choriocarcinoma cell line, BeWo, by Kweider et al. studying preeclampsia [95].

A positive feedback loop was described in which without oxidative stress stimulus

VEGF activated Nrf2 in an ERK1/2-dependent manner resulting in the upregulation

of HO-1 expression and subsequent CO production, which in turn upregulated

VEGF expression. Thus, VEGF through Nrf2 pathway may protect against oxida-

tive stress and upregulate the expression of itself [95].

In addition, other reports suggested the upregulation of VEGF in response to the

Nrf2-dependent HO-1 induction (compare with Sect. 10.3.2.2) [96–98]. Shibuya

et al. demonstrated that sofalcone, an antiulcer and gastric mucosa protective agent,

increased HO-1 expression in rat gastric epithelial cells (RGM-1) via Nrf2 and in

turn leads to the elevation of VEGF. Treatment of RGM-1 cells with SnPPIX or

transfection with siRNA against HO-1 attenuated sofalcone-induced VEGF pro-

duction [96]. Accordingly, Meng et al. gently suggested the contribution of Nrf2/

HO-1 pathway in arsenic-mediated angiogenesis in vitro and observed that knock-

down of HO-1 expression decreased arsenite-induced VEGF expression, cell

migration, and tube formation [98]. In the other approach, Chao et al. reported

that diesel exhaust particles (DEPs) through induction of ROS in capillary-like

endothelial tube cells can sequentially lead to Nrf2 nuclear translocation, HO-1

upregulation, increased VEGF production, and endothelial permeability [97].

In addition, Nrf2 cross talk with HIF-1, a major hypoxia-induced transcription

factor exerting proangiogenic functions mostly through stimulation of VEGF pro-

duction [99], was also reported by several groups in different experimental settings.

Malec et al. were first to demonstrate that HIF-1 signaling may be augmented by

induction of the Nrf2 pathway [100]. They showed that under conditions of

intermittent hypoxia in lung adenocarcinoma A549 cells high levels of ROS are

generated by NADPH oxidase subunit NOX1. In such conditions the induction of

Nrf2 and its target gene, thioredoxin 1, turned out to enhance HIF-1 signaling.

Noteworthy, continuous hypoxia did not exert the same effects, inducing HIF-1

without an involvement of Nrf2 [100]. Actually, our group reported that hypoxia

mimic, dimethyloxaloylglycine (DMOG), as well as HIF-1α overexpression may

diminish Nrf2 and subsequent IL-8 expression in endothelial cells [101]. Thus one

could hypothesize that in case of HIF-1 inhibition, Nrf2 could exert alternative

proangiogenic effects.

Nevertheless, further studies confirmed and underlined the role of Nrf2 as an

upstream regulator of HIF-1. Recently, Zhang et al. using human epithelial ovarian
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cancer convincingly presented that in response to follicle-stimulating hormone

(FSH), the ROS-dependent activation of Nrf2 occurs, which by upregulating HIF-1

may stimulate VEGF production. Knockdown of Nrf2 inhibited FSH-induced VEGF

expression as well as impaired HIF-1α signaling activation [102].

Accordingly, as an in vivo example, Kim et al. reported that Nrf2 blockade may

inhibit hypoxia-induced activation of HIF-1α in turn suppressing colon tumor

angiogenesis (see below) [103]. Antiangiogenic effects of Nrf2 knockdown in

cancer cells were noticed also in chicken embryo chorioallantoic membrane

(CAM) assay. On the other hand, conditioned media from hypoxia-exposed Nrf2-

deficient cancer cells attenuated the ability of HUVEC to form capillary-like

structures on Matrigel as compared to media collected from control cells cultured

under the same conditions. Specifically, under hypoxic conditions Nrf2-deficient

cancer cells failed to accumulate HIF-1α protein attenuating VEGF expression, the

mechanism associated with reduced mitochondrial O2 consumption in cells lacking

Nrf2 [103].

Importantly, genetic evidence of the hypothesis that Nrf2 may be crucial for

angiogenic capacity of endothelial cells was elegantly shown by Valcarcel-Ares

et al. [104]. In their studies an approach of the silencing of Nrf2 signaling by

siRNA was tested in cultured human coronary arterial endothelial cells (CAECs)

stimulated with VEGF and insulin-like growth factor-1 (IGF-1). It was convincingly

demonstrated that Nrf2-deficient cells exhibited impaired proliferation, migration

(measured by a wound healing assay), and adhesion to vitronectin and collagen and

suppressed ability to form capillary-like structures in vitro. Noteworthy, similar

effects were evoked by overexpression of Keap1, the cytosolic repressor of Nrf2

[104].

As an extension of all those results, our very recent data suggest that in

endothelial cells Nrf2 may function as a mediator linking different proangiogenic

signal transduction pathways (Florczyk et al., in press). Using HMEC-1 we showed

that treatment with growth factors such as VEGF, SDF-1, and IL-8 may result in

the activation of Nrf2 as well as enhanced HO-1 expression. Moreover, activation

of Nrf2 by sulforaphane stimulated capillary-like network formation on Matrigel,

whereas its siRNA-mediated inhibition decreased angiogenic response of HMEC-1,

the latter effect reversed by HO-1 overexpression (Florczyk et al. in press).

10.4.3 Nrf2 in Regenerative Neovascularization of Damaged Tissue

A great spectrum of antioxidant and anti-inflammatory actions of Nrf2 has been

reported using in vivo models of several drug-induced toxicities as well as ische-

mia/reperfusion injury, wire vascular injury, hyperoxia-induced acute lung injury

and inflammation, and many others [10, 105–108]. Nonetheless, in contrast to

HO-1, hitherto there are just a few studies linking Nrf2 and regenerative

neovascularization of ischemic/damaged tissues.

Interestingly, although HO-1 was documented as crucial for wound healing-related

reepithelialization and neovascularization [33, 39], it seems that its upstream regulator,
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Nrf2, could be not required in those processes. Namely, auf dem Keller et al. reported

that full-thickness skin wounds can heal normally in transgenic mice expressing a

dominant-negative mutant of Nrf2 in basal keratinocytes of the epidermis [109]. Thus,

one can assume that Nrf2-mediated gene expression in keratinocytes is dispensable for

wound healing [109]. Nonetheless, still no data are available concerning Nrf2 function

in blood vessel formation in the wounds.

On the other hand, Uno et al. being the first who investigated Nrf2 in normal

murine vascular development pointed at important role of Nrf2 in the secondary

capillary network formation in the retina [110]. The numbers of deep or secondary

capillaries in air-reared Nrf2�/� mice were decreased in comparison to wild-type

mice at postnatal day 9 (P9). However, at P9 the absence of Nrf2 made animals

more vulnerable to hyperoxia-stimulated vaso-obliteration, associated with oxida-

tive stress. Interestingly, at P12 retinal vasculature was able to recover from the

initial hyperoxic insult and normal development of the deep capillary system

approached normal by P12 in Nrf2�/� mice [110].

In contrast to expectations, further experiments revealed that Nrf2 deficiency

in vivo may actually exert positive effect on neovascularization accompanying

damaged/ischemic tissue regeneration. Nijmeh et al. demonstrated that Nrf2�/�

mice subjected to left pulmonary artery ligation (LPAL) show increased blood flow

in response to lung ischemia as compared to wild-type counterparts [111]. As a

mechanism an elevation of ROS production was suggested and the ratio of

antioxidant-reduced glutathione (GSH) and its oxidized form (GSSG) was shown

to be inversely associated with the magnitude of neovascularization [111]. Similar

data were obtained by Ichihara et al. using murine model of hind limb ischemia

[112]. As an explanation of increased ischemia-induced neovascularization in the

absence of Nrf2, impaired antioxidant defense and increased ROS accumulation in

endothelial cells, associated with enhanced inflammatory response, were proposed.

Specifically, Nrf2 target genes, HO-1 and thioredoxin 1, and the concentration of

total glutathione were reduced, whereas the infiltration of inflammatory cells, the

level of adhesion molecules, MCP-1, tumor necrosis factor-α, and finally angio-

genic factors were increased in the ischemic hindlimb of Nrf2�/� mice [112].

Very recently also our group confirmed the advantage of inflammatory neo-

vascularization in Nrf2-deficient ischemic environment (Florczyk et al. in press).

In addition we showed that Nrf2 deficiency may influence the functioning of PACs

(formerly defined as EPCs) attenuating their survival, proliferation, migration, and

angiogenic potential in vitro, while in vivo suppressing PAC mobilization after hind

limb ischemia in mice. Thus, since the revascularization of ischemic limb was shown

to be better in Nrf2�/� mice, one could question the significance of PACs in such

conditions (Florczyk et al. in press). Actually, it is the first report linking Nrf2 and

PACs/EPCs. In addition, there are data proving that Nrf2 may regulate function of

their close relatives, hematopoietic stem progenitor cells, affecting survival, differen-

tiation, migration, and retention in their niche, and engraftment after bone marrow

transplantation [113, 114].
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10.4.4 Nrf2 in Tumor Angiogenesis

Many studies point at preventive function of Nrf2 during tumor initiation. Indeed,

Nrf2�/� mice demonstrated higher susceptibility toward cancer development in a

variety of chemical carcinogenesis models [115]. In contrast, Nrf2 involvement in

tumor progression was also reported [116, 117]. Considering Nrf2 contribution to

tumor growth and taking into account suggested proangiogenic function of Nrf2,

recently its role in tumor angiogenesis is being tested [118].

As mentioned above, elegant data showing an involvement of Nrf2 in the

formation of blood vessels nourishing the tumor were published by Kim et al.

[103]. In nude mouse xenograft model, stable RNAi-mediated knockdown of

Nrf2 in human colon cancer cells was shown to suppress tumor growth with a

concomitant reduction in blood vessel formation and VEGF expression [103].

A proangiogenic effect of Nrf2 in tumors could be also concluded from the

studies of Zhang et al. (see above), who showed Nrf2 involvement in FSH-induced

expression of VEGF in human epithelial ovarian cancer [102]. As such Nrf2 might

act as a mediator of well-defined FSH-induced tumor angiogenesis.

In the other approach glioma cells (U251MG) with stable Nrf2 knockdown were

established [119]. Using such cells in mouse xenograft model, decreased

microvessel density and tumor growth were observed [119].

Conclusions

A wide spectrum of cytoprotective functions, including the induction of HO-1

expression, make Nrf2 a key player guarding the healthy phenotype of vascular

cells when exposed to oxidative/ischemic conditions and maintaining the func-

tional integrity of the vasculature [104]. Recently, a novel function of Nrf2

acting as a mediator of blood vessel formation was suggested, and its cross talk

with known angiogenic signaling pathways, comprising HO-1, HIF-1, and

VEGF, was documented.

A growing body of evidence points at particular significance of proangio-

genic function of HO-1 in the regeneration after ischemia/injury by influencing

progenitor cell mobilization and neovascularization and stimulating functional

recovery of the tissue. Although little is known about such actions of Nrf2,

recent data suggest its involvement in normal vascular development. Strikingly,

verification of Nrf2 proangiogenic function in vivo using common models of

tissue ischemia turned out to be tricky, since Nrf2 knockout may actually exert

positive effect on oxidative stress-related inflammatory neovascularization.

Thus, further studies are definitely needed for a thorough assessment of Nrf2

place in the processes of blood vessel formation.

On the other hand, since tumor growth is tightly dependent on blood supply,

mediators governing angiogenesis are of obvious therapeutic importance. Both

Nrf2 and HO-1 are well known as cancer preventive agents, protecting healthy

tissues against carcinogen-induced insults. In contrast, Nrf2/HO-1 over-

expression reported in many cancer types may benefit tumor survival and

growth. Additionally, taking into account the potential function of Nrf2 in the
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processes of blood vessel formation and well-known proangiogenic function of

HO-1, one can assume their crucial role in cancer progression where efficient

neovascularization would enable the growth of stress-resistant tumors. However,

the tissue-specific HO-1 actions in tumors should be remembered.
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Abstract

Endogenously produced analogues of the amino acid arginine, monomethy-

larginine (L-NMMA), asymmetric dimethylarginine (ADMA) and symmetric

dimethylarginine (SDMA) play an important regulatory role in angiogenesis.
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This chapter provides an overview of the role of methylarginines and the

methylarginine metabolising enzymes dimethylaminohydrolases (DDAH) on

endothelial angiogenic responses in vitro and in vivo, in animal models, and in

human disease. We also discuss molecular and cellular mechanisms involved,

including nitric oxide (NO) pathway, transforming growth factor β (TGF-β) and
Ras and Rho protein signalling.

Keywords

Angiogenesis • Nitric oxide • Methylarginines • DDAH • Endothelial

11.1 Introduction

Angiogenesis requires coordinated changes in endothelial cell–cell adhesion, pro-

liferation, apoptosis, migration and differentiation. Each stage of this complex

process is controlled by a range of growth factors, chemokines, endothelial-specific

receptors, angiogenic enzymes, extracellular matrix proteins and adhesion

molecules.

NO, a short-lived, cell-permeable gas produced by nitric oxide synthases (NOS),

is one of the key regulators of angiogenesis. Apart from having anti-apoptotic,

pro-proliferative and pro-migratory effects on endothelial cells, NO enhances

matrix–endothelial cell interaction and increases degradation of the extracellular

matrix [1–4].

Angiogenic growth factors, such as vascular endothelial growth factor (VEGF)

or basic fibroblast growth factor (bFGF), upregulate NO production or require NO

to mediate their effects on angiogenesis [5, 6]. In a positive-feedback mechanism,

NO can also induce the synthesis and release of VEGF from vascular cells and

regulate VEGF-induced eNOS expression ([7]). Vascular repair and angiogenesis

are attenuated in eNOS-knockout mice, whereas they are enhanced in eNOS-

transgenic mice or in rats undergoing local gene transfer of the human eNOS

gene [8, 9].

Mounting evidence indicates that methylated analogues of arginine, L-NMMA,

ADMA and, to a lesser extent, SDMA play a regulatory role in angiogenesis.

ADMA and L-NMMA are endogenous inhibitors of all three isoforms of NOS-

endothelial NOS (eNOS), inducible NOS (iNOS) and neuronal NOS (nNOS) [10].

11.2 Methylarginines: Definition, Synthesis and Metabolism

Methylarginines are generated via protein methylation by protein arginine

N-methyltransferase enzymes (PRMTs) (Fig. 11.1). Methylation of arginine side

chain guanidino groups is the most prevalent form of post-translational modifica-

tion found in nuclear and cytoplasmic proteins in mammalian cells [11]. Arginines

can be irreversibly methylated by PRMTs in three different ways on their terminal

guanidino nitrogen group (ω-NG). All PRMTs can add a single methyl group to the
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arginine guanidino group forming ω-NG mono-methyl arginine (L-NMMA). Sub-

sequently, a second methyl group is added by type I PRMTs (PRMT 1, 2, 3, 4, 6, 8)

to generate ω-NG,NG asymmetric-di-methyl arginine (ADMA) or by type II

PRMTs (PRMT 5, 7) generating ω-NG,NG symmetric di-methyl arginine

(SDMA). PRMTs use S-adenosyl-methionine (SAM) as a universal methyl donor

which is converted to S-adenosyl homocysteine (SAH). SAH in turn acts as a potent

feedback inhibitor of PRMTs activity [12]. The methylation of arginine residues is

thought to be involved in the regulation of RNA export, control of transcription,

DNA repair, protein localisation, protein–protein interaction, signal transduction

and recycling of receptors [13–15]. Subsequent proteolysis of methylated proteins

releases free methylarginines into the cytosol [10].

Fig. 11.1 Generation and metabolism of methylarginines. Protein methylation is carried out by

arginine N-methyltransferases I and II (PMRTs). PMRTs transfer methyl group from S-adenosyl-

L-methionine (SAM) to the arginine residues in proteins, providing methylated proteins and

S-adenosyl-L-homocysteine (SAH). Methylarginines, ω-NG mono-methyl arginine (NMMA),

symmetric dimethylarginine (SDMA) or asymmetric dimethylarginine (ADMA), are produced

as a result of proteolytic degradation of methylated proteins. ADMA and L-NMMA but not SDMA

act as competitive inhibitors of nitric oxide synthases (NOS). ADMA and L-NMMA are predomi-

nantly metabolised by dimethylaminohydrolases (DDAH), while SDMA is removed by renal

excretion
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ADMA and NMMA but not SDMA directly and competitively inhibit the

binding of L-arginine to the substrate-binding moiety of all (NOS) isoforms [16].

In addition, all methylarginines may inhibit NO by reducing the cellular uptake of

L-arginine via the high-affinity amino acid transporters CAT-1 and/or the low-

affinity cationic amino acid transporter CAA [17]. ADMA, which circulates in

human plasma at a concentration ten times greater than L-NMMA, is considered the

main inhibitor of NO production [18]. Indeed, an increase in ADMA plasma levels

is observed in several pathologies characterised by reduced NO bioavailability,

including hypertension, hypercholesterolaemia, type II diabetes, congestive heart

failure, renal disease and cancer [19]. In physiological conditions ADMA circulates

in plasma in a concentration range of 0.4–1 μmol/l while in pathological conditions

ADMA plasma levels raise to 1.45–4 μmol/l [20].

Methylarginines are eliminated by renal excretion or metabolised by dimethyla-

minohydrolase 1 and 2 (DDAH1 and DDAH2) enzymes [21]. DDAH hydrolyse

90 % of ADMA and L-NMMA but show no activity towards SDMA. Structurally

these two cytosolic proteins display 62 % homology at the amino acid level and

63 % at the nucleotide level. DDAH1 is widely expressed in the lung, liver and

kidney (major sites for methylarginine metabolism) at sites of NOS expression [22].

DDAH2 is abundant in foetal tissues and generally in tissues that have a role in

immune responses (spleen, thymus, peripheral leucocytes, lymph nodes and bone

marrow). The precise localisation of each DDAH isoform is controversial. In the

vascular endothelium some studies report high expression of DDAH1 [23, 24],

while others report predominant expression of DDAH2 [25]. The key role of

endothelial DDAH1 in the regulation of vascular function was confirmed in a

mice model with endothelium-specific deletion of DDAH1. The endo-DDAH1�/

� mice showed no apparent defects in growth or development, but ADMA levels

were significantly elevated and DDAH1 expression was greatly reduced in kidney,

lung, brain and liver, indicating that in these organs DDAH1 is mainly distributed in

vascular endothelial cells. The endo-DDAH1�/� mice also exhibited significantly

attenuated acetylcholine-induced NO production and vessel relaxation in isolated

aortic rings [24]. The effects of genetic manipulation of DDAH expression on

angiogenesis in vitro and in vivo are described below and summarised in

Table 11.1.

11.3 Regulatory Role of Methylarginines in Angiogenesis:
Experimental and Clinical Evidence

11.3.1 Angiogenesis in Cultured Cells and Knockout Animals

Exogenous ADMA inhibits tubulogenesis in cultured human endothelial cells and

endothelial progenitor cells [26]. These effects of ADMA can be prevented by

overexpression of DDAH1 [26, 38] or DDAH2 [36]. DDAH1 heterozygous knock-

out mice, characterised by elevated plasma and tissue ADMA, show significantly
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Table 11.1 The effects of genetic manipulation of DDAH expression on angiogenesis

Organism/cell type DDAH Effect References

Mouse DDAH1

heterozygous

knockout

Reduced angiogenesis in Matrigel

plugs in vivo

[26]

Mouse/pulmonary

microvascular endothelial

cells

DDAH1

heterozygous

knockout

Decrease in endothelial cell migration,

decrease in aortic capillary sprouting

[27]

Mouse Global DDAH1

knockout

Inhibition of capillary sprouting from

aortic rings

Increased ADMA, L-NMMA,

Reduction in DDAH activity, DDAH2

expression unchanged

[28, 29]

Mouse Endothelial

DDAH1

knockout

Attenuated acetylcholine-induced NO

production and vessel relaxation

[24]

Human/human umbilical

vein endothelial cells

(HUVECs)

DDAH1

overexpression

Increased VEGF-induced

tubulogenesis

[26]

Mouse Transgenic

DDAH1

overexpression

Resistance to the inhibitory effects of

ADMA on angioadaptation after

hindlimb ischaemia

Improved endothelial regeneration

after femoral artery injury, reduced

systemic vascular resistance

[30, 31]

Mouse Transgenic

DDAH2

overexpression

Inhibition of ADMA/angiotensin II-

induced medial thickening and fibrosis

in coronary microvessels

[32]

Human/HUVEC cell line

SGHEC-7

DDAH1

overexpression

Increased endothelial cell migration

and VEGF production

[33]

Rat DDAH1

overexpression

Prevention of ADMA-induced loss of

renal peritubular capillaries

[34]

Rat DDAH1

overexpression

Amelioration of tubulointerstitial

ischaemia

[35]

Human/endothelial cell

line ECV304

Mouse/sEnd.1 cell line

DDAH2

overexpression

Increased levels of VEGF mRNA and

tube formation

[36]

Human/HUVEC DDAH1

overexpression

Increased endothelial cell

proliferation, migration and tube

formation

[28]

Human/HUVEC

Bovine/bovine aortic

endothelial cells

DDAH2

overexpression

Increased VEGF production,

endothelial cell proliferation and

migration

[37]

Porcine/human

pulmonary artery

endothelial cells

DDAH1 and

DDAH2

overexpression

Increased endothelial cell migration [27]
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reduced angiogenesis in aortic ring explants and reduced neovascularisation of

subcutaneously implanted Matrigel plugs compared to wild-type littermates [26].

Conversely, transgenic mice overexpressing DDAH1 are more resistant to the

inhibitory effect of ADMA on angioadaptation (angiogenesis and arteriogenesis)

after hindlimb ischaemia, show increased blood vessel formation in the fibrovascu-

lar disc system and show improved endothelial regeneration after femoral artery

injury [30, 31]. These mice exhibit greater tissue DDAH activity, reduced plasma

ADMA levels, increased NOS activity and reduced systemic vascular resistance

[31]. Global deletion of DDAH1 significantly elevates ADMA and L-NMMA levels

and reduces DDAH activity while DDAH2 expression levels remain unchanged

[29]. This further reinforces the view that DDAH1 and not DDAH2 is the main

enzyme responsible for ADMA metabolism.

Currently, there is no published data describing the effects of global or

endothelium-specific deletion of DDAH2 in mice. DDAH2 overexpressing, trans-

genic mice show a reduction in plasma ADMA and an elevation in cardiac NO

levels but no changes in systemic blood pressure (SBP) compared with wild-type

mice. DDAH2 overexpression prevents ADMA/angiotensin II-induced medial

thickening and perivascular fibrosis in coronary microvessels [32], but the effects

on angiogenesis have not been elucidated.

11.3.2 Dysregulation of ADMA Metabolism in Diseases Associated
with Defective Angiogenesis

Ischaemia. Hindlimb ischaemia, induced by surgical ligation of the femoral artery,

leads to decreased DDAH1 expression, increased tissue ADMA level and reduced

NOS expression and activity [39]. Genetic overexpression of DDAH1 enhances

neovascularisation and limb perfusion after surgery, by reducing plasma and tissue

ADMA levels and enhancing tissue NOS activity. Exogenous ADMA or L-nitro-

arginine (L-NAME), a NOS antagonist that cannot be degraded by DDAH, signifi-

cantly inhibits neovascularisation in response to hindlimb ischaemia [31].

Conversely, DDAH1 transgenic animals are resistant to the effects of exogenous

ADMA but not to L-NAME [31, 39].

Hypercholesterolaemia. Elevated plasma levels of ADMA reduce NO synthesis

in hypercholesterolaemic animals [40] and patients [41, 42]. The angiogenic

response to a persistent elevation of ADMA was studied in the hyperlipidaemic

apolipoprotein E-knockout (apoE-KO) mouse. Unlike most mouse strains, which

are highly resistant to atherosclerosis, apoE-KO mice develop atherosclerotic

lesions in a distribution closely resembling human disease [43]. Hypercholes-

terolaemia in apoE-KO mice led to a sustained increase in plasma ADMA levels,

reduced NO biogenesis and reduced vascularisation of implanted polyvinyl alcohol

sponge discs [40]. Further, reduction of DDAH I activity in hypercholesterolaemic

mice inhibited basal and FGF-induced angiogenesis. This effect can be mimicked in

normocholesterolaemic animals by administration of ADMA and reversed by oral

administration of L-arginine [40].
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Cancer. Angiogenesis is a prerequisite for tumour growth and is highly regulated

by growth factors and cytokines, some of which are modulated by NO signalling.

NOS activity correlates with lymph node metastases and tumour vascularisation

[44] and is elevated in tissue specimens from cancer patients. Consistent with this,

increased DDAH activity has been detected in a series of human tumours [33, 45].

Animal studies show that DDAH promotes tumour growth by modulating the

development of tumour vasculature without altering the growth properties of cancer

cells [33, 46]. Increased DDAH expression results in decreased tumour ADMA,

increased NO production, tumour growth and angiogenesis and that these effects

are mediated through changes in the expression of VEGF [33]. Interestingly,

different types of cancer tissue also show increased expression of PRMTs, possibly

reflecting the key role of protein methylation in the control of tumour growth [47].

The same study also identified increased levels of ADMA in serum from cancer

patients [47], in contrast to other reports showing low ADMA levels in cancer

tissues. It is conceivable that ADMAmay promote or inhibit cell growth, depending

on the cell origin, reflecting differential effects of NO on cell proliferation [48, 49].

Renal disease. Deprivation of NO impairs angiogenesis and contributes to

tubulointerstitial fibrosis and renal damage in progressive renal disease [50]. Kid-

ney resection or chronic administration of exogenous ADMA in rats increases

plasma ADMA levels followed by kidney fibrosis and reduction in the number of

renal peritubular capillaries [51, 52]. Adenoviral overexpression of DDAH1

reduces plasma levels of ADMA and prevents the progression of renal dysfunction

[34].

Diabetes mellitus. Endothelial dysfunction contributes to cardiovascular

complications in patients with diabetes mellitus, including increased vascular

resistance and atherogenesis [53]. Endothelial dysfunction in diabetic patients is

believed to be caused by NO deficiency, likely to result from increased oxidative

degradation of NO [54] or increased levels of ADMA [55]. Increase in ADMA is

detectable early in the course of the kidney disease in patients with type 1 diabetes

mellitus, even before the development of vascular complications [56, 57]. In type

2 diabetes mellitus, several common polymorphisms in the DDAH1 and DDAH2

genes associate strongly with elevated serum ADMA levels. SNPs in DDAH1 and

DDAH2 have an additive effect on ADMA levels [58]. Experiments on cultured

vascular smooth muscle and endothelial cells show that high glucose impairs

DDAH activity, increases ADMA levels and inhibits NO signalling. This mecha-

nism is likely to contribute to the endothelial dysfunction characteristic of diabetic

nephropathy [59].

Progressive diabetic nephropathy is one of the major complications in diabetic

patients. While neo-angiogenesis of the glomerular capillaries may be seen at an

early stage of diabetes, loss of capillaries in the glomerulus and in the interstitium

are key events in advanced disease. Loss of microvessels leads to tissue hypoxia

which induces glomerulosclerosis and tubulointerstitial fibrosis, both of which

feature in advanced diabetic kidney disease [60]. High plasma ADMA levels

predict the progression of nephropathy in adult type 2 diabetic patients [61]. The

rs805304 DDAH2-1151 polymorphism, which significantly increases ADMA
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levels in diabetic patients, is strongly associated with diabetic renal impairment

[62]. The mechanism of how DDAH gene variations influence ADMA levels and

what role this plays in pathogenesis of the disease have yet to be elucidated.

Additional evidence of the role of ADMA/DDAH in vascular dysfunction in

diabetes is provided by animal models of the disease. Rats with streptozotocin

(STZ)-induced type 2 diabetes mellitus exhibit reduced DDAH activity associated

with markedly elevated plasma ADMA levels compared to wild-type animals [59].

Overexpression of DDAH1 in these rats ameliorates tubulointerstitial ischaemia

[35].

11.3.3 The Effects of ADMA/DDAH on Endothelial Progenitor Cell
Function

Endothelial progenitor cells (EPCs) play an important role in angiogenesis and

vasculogenesis [63]. EPCs, which can be cultured in vitro from mononuclear cells

found in peripheral blood or bone marrow, express both hematopoietic stem cell

and endothelial cell markers on their surface. Their ability to differentiate into

endothelial cells and to secrete protective cytokines and growth factors indicates

that they participate in endothelial repair and postnatal angiogenesis. Mounting

evidence suggests that circulating EPCs are reduced and dysfunctional in various

diseases associated with increased ADMA levels, including hypertension, diabetes,

coronary heart disease and ischaemic stroke. ADMA is thought to inhibit

mobilisation, differentiation and function of endothelial progenitor cells [38],

thus impairing endogenous regeneration of diseased blood vessels and contributing

to the progressive development of vascular lesions. In humans, plasma ADMA

levels correlate with the severity of coronary artery disease and inversely correlate

with the number of circulating CD34+/CD133+ progenitor cells and colony-

forming units [38]. Accordingly, a reduction in ADMA levels might accelerate

endothelial regeneration by promoting mobilisation of bone-marrow-derived endo-

thelial cells [64]. Exercise significantly reduces systemic ADMA levels and

increases numbers of EPCs in patients with advanced atherosclerosis, suggesting

enhanced angiogenesis and improved endothelial function [65].

11.4 The ADMA/DDAH Pathway in Angiogenesis

ADMA interferes with basic biological processes required for effective angiogene-

sis to occur, such as cell proliferation, cell migration, intercellular adhesion and

cell-to-cell communication. In the following section we discuss the regulatory role

of ADMA in angiogenesis and identify potential signalling mediators involved in

this process. A summary of the associated pathways is presented in Fig. 11.2.
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11.4.1 ADMA Metabolism Regulates Angiogenic Responses in
Endothelial Cells

Proliferation and apoptosis. Conflicting evidence exists regarding the role of

ADMA in proliferation and apoptosis. Whereas one study claims that ADMA has

pro-apoptotic and anti-proliferative effects in certain endothelial cell types [66],

other reports show no such correlation [23, 36]. ADMA was shown to induce

apoptosis in cultured human umbilical vein endothelial cells (HUVECs) via an

elevation of intracellular ROS and signalling through the p38 MAPK/caspase-

3-dependent pathway [66]. The phosphodiesterase 3/4 inhibitor tolafentrine

significantly decreased ADMA-induced apoptosis in HUVECs via adenosine

30,50-monophosphate (cAMP)/protein kinase A (PKA)-dependent pathway by

induction of DDAH2 [67]. Chronic nebulisation of tolafentrine in rats with

monocrotaline-induced pulmonary hypertension suppressed apoptosis in endothe-

lial cells and increased lung vascularisation [67]. Using the same experimental

approach employing the tetrazolium compound, 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS), ADMA was

found to significantly inhibit cell proliferation in bovine retinal capillary endothe-

lial cells [68], but had no effect on cell proliferation or apoptosis in HUVECs [26].

It is worth noting that the pro-apoptotic effects of ADMA were particularly

prominent in cells cultured in media deprived of growth factors and with substan-

tially reduced serum levels [67], which is likely to account for the increased

sensitivity to ADMA treatment. Lack of a unified experimental approach may

Fig. 11.2 The effects of ADMA on angiogenic responses in endothelial cells
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also be responsible for conflicting data regarding the role of DDAH in the regula-

tion of endothelial cell proliferation. DDAH1 has consistently been found to play a

pro-proliferative role in endothelial cells. In contrast, DDAH2 appears to either

promote or inhibit proliferation, depending on the choice of cell type and experi-

mental conditions [28, 36, 37].

Cell migration. ADMA inhibits endothelial cell migration as a result of reduced

NO bioavailability as well as Rho GTPase-dependent remodelling of the actin

cytoskeleton and increase in cell–substratum adhesions [27]. ADMA also abrogates

polarity of endothelial cell movement and prevents proper alignment of endothelial

cells, which is important in the endothelial responses to chemotactic signals during

formation of new blood vessels [26]. In contrast to its inhibitory effects in endothe-

lial cells, ADMA stimulates VSMC migration, likely to reflect the opposing effects

of NO signalling on cell migration in these two cell types [69].

Cell–cell adhesion. Capillary formation requires dynamic remodelling of endo-

thelial intercellular junctions. Exogenous and endogenous ADMA disrupts inter-

cellular adhesions in cultured pulmonary artery endothelial cells, contributing to the

breakdown of endothelial barrier function in vitro and in vivo [23]. Consistent with

these findings, dysfunction of the NO–NOS–ADMA pathway was also shown to

contribute to retinal [68] and blood–brain barrier disruption [70].

Gap junctional communication. In addition to its inhibitory effect on the endo-

thelial junctional integrity, ADMA inhibits gap junctional communication in endo-

thelial cells [71]. Gap junctions connect the cytoplasm of adjacent cells and allow

exchange of small signalling molecules such as cyclic nucleotides, Ca2+, ATP and

inositol 1,4,5-trisphosphate between cells. Knockdown of endothelial gap junc-

tional proteins connexins abrogates angiogenesis in vitro and induces several

cardiovascular abnormalities in vivo [72–74]. ADMA was shown to decrease

connexin 43 (Cx43) expression and inhibit gap junctional communication in

human umbilical vein endothelial cells [71]. Cx43 augments several processes

important in angiogenesis such as cell–cell adhesion, cell migration and expression

of genes in VEGF and TGF-β signalling pathways [75, 76]. The interaction of Cx43
with submembrane actin cytoskeleton helps coordinate formation of protein

scaffolds containing proteins such as ZO-1, cadherins and integrins and therefore

is important for the formation and maintenance of cell–substratum and cell–cell

adhesions. Consistent with the postulated role of Cx43, the carboxyl tail of Cx43

was shown to augment Hela cell migration in a gap junction-independent manner

[77].

11.4.2 Signalling Mediators Involved in the Regulation of
Angiogenesis by Methylarginines

The most intuitive explanation of the effects of ADMA is reduction in NO bio-

availability. Downstreammediators of NO, including cAMP- and cGMP-dependent

protein kinases, PKA and PKG (protein kinase G), Rho GTPases and ROS, have

been implicated in the anti-angiogenic effects of ADMA. ADMA may reduce
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signalling of pro-angiogenic growth factors such as VEGF, TGF-β and FGF and

inhibit gene expression of factors that promote angiogenesis, such as αvβ3 integrin

[78]. Consistent with the role of NO in the ADMA/DDAH pathway, DDAH I gene

deletion in mice leads to inhibition of angiogenic responses, similar to that seen in

eNOS-knockout mice [26]. In contrast to DDAH1, DDAH2 appears to have a

limited effect on NO levels and signal through a NO-independent pathway [37].

While both DDAH1 and 2 are capable of affecting NO signalling in an

overexpression system [28, 79], their roles in vivo may differ depending on their

interactions with regulatory proteins and cellular localisation. Here we provide a

brief account of the role NO-dependent and NO-independent signalling in ADMA/

DDAH pathway.

11.4.3 Regulation of Actin Dynamics by ADMA: Rho GTPases and
Cell Adhesion and Migration

Changes in NO levels affect the activity of Rho (Ras homologous) GTPases, key

regulators of actin dynamics [80, 81]. Rho GTPases play a major role in the control

of endothelial permeability, motility, angiogenesis, proliferation, differentiation

and apoptosis [82]. Coordinated activation of Rho GTPases Rac1, RhoA and

Cdc42 is required for cell motility [83]. Rac1 and Cdc42 mediate focal contact/

complex formation and polymerisation of the actin cytoskeleton at the leading edge

of the cell, whereas RhoA controls stability of focal adhesions, stress fibre forma-

tion in the main body of the cell and retraction at the rear. Rho GTPase activity

regulates remodelling of inter-endothelial junctions: Rac1 and Cdc42 enhance

intercellular tethering forces whereas RhoA primarily acts antagonistically to

impair intercellular adhesions.

ADMA activates RhoA and inhibits Rac1 and Cdc42 in pulmonary endothelial

cells, leading to inhibition of spontaneous endothelial cell motility and vessel

sprouting from aortic rings [27]. These effects are mediated by NO and its down-

stream effector, PKG. PKG-mediated phosphorylation of RhoA at Ser188 prevents

RhoA activation at the cell membrane [84]. Consistent with this model, ADMAwas

shown to decrease Ser188 phosphorylation of RhoA in cultured human pulmonary

endothelial cells and cells from DDAH I HT-knockout mice, resulting in activation

of RhoA, an increase in cell–substratum adhesion and inhibition of spontaneous

endothelial cell motility in vitro [27].

We have shown that ADMA also inhibits VEGF-induced endothelial chemotaxis

and angiogenesis in vitro and in vivo [26]. This effect is predominantly associated

with the inhibition of Rac1 as a result of decreased phosphorylation of a scaffolding

protein VASP (vasodilator-stimulated phosphoprotein). VASP links adherens junc-

tion proteins and integrins to the actin cytoskeleton and regulates polymerisation of

cortical actin cytoskeleton [26]. Rac1 activation requires NO/PKG-induced phos-

phorylation of VASP, but the mechanisms are not fully understood. It is likely that

the interactions of VASP with p120Ras GAP (GTPase-activating protein), GTP

exchange factors for Rac1 or the tight junction component ZO-1 (zonula occludens 1)
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protein play a role in the regulation of Rac1 activity [85, 86]. Rac1-induced

lamellipodia formation is crucial for establishing directional endothelial cell motility,

matrix invasion and alignment into capillary networks [87]. Consistent with the role

of ADMA in the regulation of Rac1 activity, endothelial-specific Rac1

haploinsufficient mice (EC-Rac1+/�) show mild hypertension, impaired angiogene-

sis and decreased NO signalling [88], reminiscent of the phenotype of the DDAH I

HT- and eNOS-knockout mice [27, 89–91]. Dysregulation of Rho GTPases activity

by ADMA may also affect other processes important in angiogenesis. ADMA

destabilises endothelial junctions as a result of Rac1 inhibition and RhoA activation

in vitro and in vivo [23]. Destabilisation of endothelial adherens and tight junctions

precedes endothelial cell migration from pre-existing blood vessels, whereas reas-

sembly is required during capillary formation. In addition, activation of RhoA and

inhibition of Rac1 by ADMA may further exacerbate endothelial dysfunction by

reducing NO production in cells. RhoA and Rho kinase reduce eNOS activity and

expression, whereas Rac1 has a stimulatory effect [88, 92, 93].

Interestingly, DDAH1 has been shown to associate with Ras, a protein related to

Rho GTPases [28]. The interaction of DDAH1 with Ras is necessary for the

subsequent activation of PI3 kinase and its downstream effector, kinase Akt and

stimulation of endothelial cell proliferation, migration and angiogenesis in vitro.

While the effects of DDAH1 on PI3 kinase/Akt activity are independent of NO

signalling, DDAH1 overexpression increased NO production in cells. This increase

was caused in part by degradation of ADMA and in part by Akt-mediated phos-

phorylation of eNOS on Ser1177 [28]. DDAH-1 was also shown to bind directly to

the C-terminal domain and to the cysteine/serine-rich domain of the Ras pathway

regulator, neurofibromin 1 (NF-1) [94]. Binding of DDAH-1 to NF-1 increases NF-

1 phosphorylation by PKA. While the physiological significance of this phosphor-

ylation is not clear, it may have a regulatory effect on angiogenesis, as NF-1

haploinsufficiency augments angiogenesis [95].

Future experiments will have to determine the role of NO signalling and

delineate specific functions for Ras and Rho GTPases in ADMA/DDAH-induced

effects. Ras and Rac have overlapping functions and regulate cell behaviour

through a common set of regulatory proteins [96]. A summary of ADMA/DDAH-

induced effects on Rho and Ras-regulated actin dynamics is shown in Fig. 11.3.

11.4.3.1 Modulation of Gene Expression by Methylarginines
ADMA affects the expression of several genes involved in the regulation of

endothelial cell metabolism, growth, transcription and organisation of the cell

cytoskeleton [97], but the relevance of these changes in the anti-angiogenic effects

of ADMA remains to be established. One of the genes affected, bone morphoge-

netic protein 2-inducible kinase (BMP2K), is a signalling mediator in the bone

morphogenetic protein (BMP) pathway. Expression of BMP2K increases by 2.3-

fold and 2.7-fold in response to 2 μM and 100 μM ADMA, respectively, and is

increased in several organs of DDAH1 heterozygous knockout mice [97]. Bone

morphogenetic proteins are members of TGF-β superfamily, involved in control of

cell proliferation, differentiation and angiogenesis [98, 99]. Recombinant BMP2
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induces endothelial cell migration, invasion and tube formation in vitro [100].

Interestingly, defective BMP signalling is involved in the pathogenesis of pulmo-

nary hypertension, characterised by endothelial dysfunction and deregulated angio-

genesis [101].

While DDAH1 appears to act on angiogenesis predominantly by increasing NO

bioavailability, DDAH2 can promote angiogenesis by enhancing the VEGF mRNA

expression in endothelial cells. Overexpression of DDAH2, but not DDAH1,

stimulates VEGF expression and secretion in a range of endothelial cells, and this

effect is associated with enhanced cell proliferation and migration [36, 37]. These

effects are accomplished in the absence of a change in NO generation. DDAH2

binds to PKA, leading to the phosphorylation of the transcription factor specificity

protein 1 (Sp1), which translocates to the nucleus and binds to the promoter region

of the VEGF gene, leading to its transcription [37]. DDAH2 localises in the nucleus

of vascular endothelial and smooth muscle cells, but the significance of this finding

in the regulation of gene expression will require further studies [25].

11.4.3.2 Oxidative Stress and Inflammation
Inflammation and angiogenesis are coupled together in many chronic inflammatory

disorders including psoriasis, rheumatoid arthritis, Crohn’s disease, diabetes and

Fig. 11.3 Proposed

mechanisms involved in the

regulation of actin dynamics

by ADMA/DDAH
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cancer [102]. Inflammation-associated activation of transcription factors such as

signal transducer and activator of transcription (STAT), nuclear factor-κB (NF-κB),
activator protein-1 (AP-1) and hypoxia-inducible factor-1α (HIF-1α) has been

implicated in the regulation of angiogenesis [103–105]. ADMA levels correlate

with markers of inflammation in asthma, rheumatoid arthritis, atherosclerosis and

systemic inflammation [106–109].

In support of the postulated anti-inflammatory role of DDAH1/NO signalling,

DDAH I transgenic mice show reduced inflammatory response and enhanced

vascular repair and increased NOS activity following femoral artery injury [64].

Consistent with this, DDAH I transgenic mice undergoing cardiac transplantation

show reduced myocardial oxidative stress, inflammation and tissue damage, as

compared to wild-type mice [110]. Conversely, ADMA was shown to induce pro-

inflammatory responses in HUVECs by increasing expression of ICAM-1, a ligand

for the leucocyte adhesion protein LFA-1, in a NF-kB-dependent manner [111].

Pro-inflammatory effects of ADMA may result from inhibition of NO bioavailabil-

ity or an increase in superoxide production as a result of eNOS uncoupling [112].

Interestingly, SDMA, a dimethylarginine considered to be inert, can activate

NF-κB and increase intracellular expression of pro-inflammatory cytokines TNF-α
and IL-6 in monocytes and is associated with inflammatory markers in chronic

kidney disease [113]. SDMA can reduce NO synthesis and enhance ROS produc-

tion in endothelial cells, as a result from competitive inhibition of L-arginine

transport [114, 115]). While SDMA does not affect motility or barrier function in

cultured endothelial cells [23], it is conceivable that it may contribute to the

regulation of angiogenesis indirectly via modulation of inflammatory responses

in vivo.

Conclusions

Clinical and experimental evidence shows that ADMA impairs endothelial

repair and angiogenesis in vitro and in vivo. Modulation of dimethyl-arginine

dimethylaminohydrolases, the key enzymes metabolising ADMA, may offer a

potential therapeutic strategy for the prevention and treatment of angiogenic

disorders. Potential ways of targeting DDAH, reviewed by Cooke [116], involve

activation of DDAH promoters by farnesoid X receptor agonists or treatment

with statins. The cellular localisation of DDAH, the role of its different isoforms

and the role of NO as a mediator of ADMA/DDAH signalling remain unclear.

Efforts should be made to adopt a unified experimental approach to address the

controversies and inconsistencies present in the current literature.
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Abstract

A number of endogenous regulators of angiogenesis have been found in the

body. We isolated vasohibin-1 (VASH1) as a negative feedback regulator of

angiogenesis produced by endothelial cells, and then VASH2 as a homologue of

VASH1. We further explored that VASH1 is expressed in endothelial cells to

terminate angiogenesis, whereas VASH2 is expressed in non-endothelial cells in

the sprouting front to promote angiogenesis. This chapter will focus on this

vasohibin family members, novel regulators of angiogenesis.
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12.1 Introduction

The balance between angiogenesis stimulators and inhibitors determines angiogen-

esis, and the body contains a number of endogenous angiogenesis stimulators and

inhibitors. Most of angiogenesis stimulators are growth factors and cytokines,

whereas angiogenesis inhibitors are variable, including hormones, chemokines,

proteins accumulated in the extracellular matrix, proteolytic fragments of various

proteins, and so forth. Those angiogenesis inhibitors are mainly extrinsic to the

vasculature; some are constitutively expressed and act as barriers to prevent the

invasion of neo-vessels, while the others are generated in response to stimuli and

prevent this process. In addition, vascular cells may produce certain angiogenesis

inhibitors during the course of angiogenesis [1].

12.2 Vasohibin-1

12.2.1 Isolation of VASH1

We performed microarray analysis to characterize genes whose expressions in

endothelial cells (ECs) were modulated by the vascular endothelial growth factor

(VEGF) stimulation [2]. Ninety-seven genes were induced more than twofold in

ECs after 24 h incubation with VEGF. Among those VEGF-inducible 92 genes, we

focused our attention on nine genes whose functions were uncharacterized. We

applied functional assays for angiogenesis, isolated one gene having anti-

angiogenic activity, and designated it as vasohibin-1 (VASH1) [3].

The gene for human VASH1 gene is located on chromosome 14q24.3 and

consists of seven exons. There are two isoforms of human VASH1: full length

VASH1A and the spliced variant VASH1B (Fig. 12.1). Human VASH1A protein is

composed of 365 amino acid residues, while human VASH1B protein is composed

of 204 amino acid residues.

The VEGF-induced expression of VASH1 in ECs is mediated via VEGF recep-

tor 2 and its downstream protein kinase C delta (PKCδ) [4]. VASH1 can also be

induced by fibroblast growth factor 2 (FGF-2), another potent angiogenic factor [3,

4], and this induction is again mediated by PKCδ [4]. Accordingly, the principal

signaling pathways for the induction of VASH1 by these two representative angio-

genic growth factors considerably overlap. Importantly, this induction of VASH1 in

ECs is absent under a hypoxic condition or in the presence of inflammatory

cytokines, tumor necrosis factor α (TNFα), and interleukin 1 (IL-1) [4].

12.2.2 VASH1 in Pathophysiological Conditions

Immunohistochemical analysis has revealed that VASH1 protein is present in ECs

in the developing human or mouse embryo but is reduced in expression in the post-

neonate [5]. Nimmagadda et al. independently showed by in situ hybridization that
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VASH1 mRNA is expressed in a wide range of tissues and organs in the chicken

embryo and suggested that the expression of VASH1 might not be limited to ECs

[6]. Nevertheless, our immunohistochemical analysis preferentially detects VASH1

protein in ECs at the site of angiogenesis [3, 5].

We further investigated the expression of VASH1 under various conditions

accompanied by pathological angiogenesis and a related condition. The presence

of VASH1 in ECs is evident in various cancers, atherosclerotic lesions, age-

dependent macular degeneration (AMD), diabetic retinopathy, rheumatoid arthritis,

and arterial re-endothelialization after denudation [7–19], and thus the expression

of VASH1 in ECs can be a biomarker of angiogenesis. Alternatively, with regard to

its function, increased tumor growth and tumor angiogenesis were evident when

Lewis lung carcinoma (LCC) cells were inoculated into VASH1(�/�) mice [12].

Indeed, decreased expression of VASH1 correlated with poor prognosis of certain

human cancers [19, 20]. These observations suggest that endogenous VASH1

negatively regulates the course of pathological conditions associated with angio-

genesis (Fig. 12.2).

Fig. 12.1 VASH1 and VASH2 genes and their transcripts. Human VASH1 gene is encoded in

14q24.3, while human VASH2 gene is encoded in 1q32.3. There are multiple transcripts in both

human VASH1 and VASH2. Black squares encode proteins
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12.2.3 Role of VASH1 in Survival or Death of ECs

In general, angiogenesis stimulators promote EC survival, while angiogenesis

inhibitors induce EC death [21]. As VASH1 is produced by ECs, it may act as a

suicidal molecule for ECs. We examined the role of VASH1 in EC survival/death

[22]. Interestingly, the knockdown of VASH1 induced premature senescence of

ECs, and those ECs were easily killed by various cellular stresses. Alternatively,

over-expression of VASH1 made ECs resistant to premature senescence and cell

death caused by cellular stresses. Thus, as an angiogenesis inhibitor, VASH1

exhibits unique characteristics that increase stress tolerance and enhance survival

of ECs. We then defined its underlying mechanism. What we have noticed is that

VASH1 increases the expression of superoxide dismutase 2 (SOD2), an enzyme

known to quench reactive oxygen species (ROS). Simultaneously, VASH1

augments the synthesis of sirtuin 1 (SIRT1), which improved stress tolerance of

ECs [22]. This close relationship among VASH1, SOD2, and SIRT1 may suggest

the protective role of VASH1 in the vascular system.

12.3 Vasohibin-2

12.3.1 Isolation of VASH2

By searching in the database, we found one gene homologous to VASH1, and

designated it as vasohibin-2 (VASH2) [5]. The gene for human VASH2 is located on
chromosome 1q32.3. So far, nine exons for the VASH2 gene have been shown in the

Fig. 12.2 Opposing roles of VASH1 and VASH2 in tumor angiogenesis. VASH1 is expressed in

ECs and inhibits tumor angiogenesis in an autocrine manner. In contrast, VASH2 is expressed in

cancer cells and promotes tumor angiogenesis in a paracrine manner
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database to form multiple transcripts owing to alternative splicing (Fig. 12.1). The

overall homology between full length human VASH1 and VASH2 is 52.5 % at the

amino acid level.

The recent database search reveals that sea squirt posses one common ancestry

vasohibin gene whereas vertebrates have VASH1 and VASH2, and homology

between this common ancestry gene and human VASH1 or human VASH2 is

about 40 %, respectively. Moreover, amino acid sequences of vertebrate VASH1

and VASH2 are well conserved between species. Thus, we estimate that a common

ancestry gene is divided into VASH1 and VASH2 during the evolution [23].

12.3.2 Opposing Role of VASH2 in Angiogenesis

To disclose the expression and function of VASH2, we examined its spatiotemporal

expression and function during angiogenesis [24]. Our analysis using the mouse

subcutaneous angiogenesis model revealed that while VASH1 is expressed not in

ECs at the sprouting front but in newly formed blood vessels behind the sprouting

front where angiogenesis terminates, VASH2 is expressed preferentially in mono-

nuclear cells (MNCs) that are mobilized from the bone marrow and infiltrate the

sprouting front. Furthermore, while VASH1 KO mice contain numerous immature

microvessels in the area where angiogenesis should be terminated, VASH2 KOmice

contain less neo-vessels in the sprouting front of angiogenesis [24]. These results

indicate that while VASH1 is expressed in ECs in the termination zone of angio-

genesis to terminate angiogenesis, VASH2 is mainly expressed in MNCs in the

sprouting front and promotes angiogenesis (Fig. 12.2).

12.3.3 VASH2 in Pathophysiological Conditions

Our initial analysis revealed that VASH2 protein was also present in ECs in the

developing human or mouse embryo and faded in the post-neonate [5]. However,

when the expression of VASH2 was examined in postnatal angiogenesis, it was

shown not in ECs but in infiltrating MNCs [24]. We extended our analysis to

cancers thereafter, and showed the expression of VASH2 in cancer cells of ovarian

serous adenocarcinoma [25] and hepatocellular carcinoma (HCC) [26]. This

increased expression of VASH2 in cancer cells can be mediated by the decrease

of mir-200b [25] or modulating the methylation of its promoter region [26].

Importantly, the knockdown of VASH2 expression in cancer cells prominently

inhibited both tumor growth and tumor angiogenesis [25–27]. These results indicate

that VASH2 is expressed in cancer cells and stimulates tumor angiogenesis in a

paracrine manner (Fig. 12.2).
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Concluding Remarks

This chapter has focused on the role of newly discovered VASH family

members, VASH1 and VASH2, in angiogenesis. VASH1 and VASH2 are highly

conserved in vertebrates, but their roles in the regulation of angiogenesis are

distinct and may be contradictory. It seems that VASH1 is to terminate angio-

genesis whereas VASH2 is to promote angiogenesis. Further studies are required

to disclose the entire function of these unique family proteins in terms of their

receptors and downstream signaling pathways.
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Abstract

Deregulated angiogenesis is a major underlying cause of many severe diseases

including cancer, retinopathy, diabetes, myocardial infarction, and stroke. In

these diseases, tissue hypoxia is the main cause of the pathological vascular

phenotypes. While the mechanisms behind hypoxia-induced changes in cellular

signaling have been extensively studied in vitro, much less is known regarding

the effects of hypoxia in physiological or pathological settings in vivo. The

highly hypoxia-tolerant zebrafish and glass catfish provide excellent systems for

studying the effects of hypoxia on angiogenesis and vascular pathology in

vertebrate disease models. Here we present and discuss the benefits and

drawbacks in using zebrafish to study basic mechanisms of hypoxia in disease,

with special emphasis on the role of angiogenesis and vascular function. Specif-

ically, we will in detail discuss zebrafish models of hypoxia-induced
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angiogenesis in the retina and tumor, as well as acute hypoxia models using glass

catfish, and discuss the usefulness of these models to elucidate key mechanisms

behind pathological vascular disruption in retinopathy and cancer. At the end of

the chapter we contextualize the hypoxia-induced angiogenesis-mediated

zebrafish disease models and discuss the perspectives in using zebrafish for

medical research on hypoxia and angiogenesis.

Keywords

Angiogenesis • Zebrafish • Hypoxia • Vasculature • Cancer • Retinopathy

13.1 Introduction

Common and detrimental human diseases such as cardiovascular diseases—

including arteriosclerosis, myocardial infarction and stroke, retinopathies—

including retinopathy of prematurity, diabetic retinopathy (DR), and age-related

macular degeneration (AMD), metabolic disorders—including obesity and diabe-

tes, and malignancies—including solid and soft tissue tumor growth and metastasis

are all highly dependent on pathological changes in blood vessels [1–3]. As such,

angiogenesis, characterized as the growth of new blood vessels from an existing

vasculature, is a key process for the progression of these diseases from an early,

presymptomatic stage into clinical disease.

In cancer, for example, the now late Dr. Judah Folkman more than 40 years ago

discovered that tumor growth is dependent on the ability of the tumor cells to switch

on angiogenesis in order to ensure sufficient supply of oxygen and nutrients and

thereby to sustain growth [4]. He suggested in a seminal paper in the New England

Journal of Medicine that if tumor angiogenesis could be blocked therapeutically,

tumors would remain dormant as small nodules and would not lead to disease [4].

Today 40 years later, this concept is now appreciated as a major strategy for

development of the next generation of anticancer drugs and has spurred rigorous

research in the science, now known as tumor angiogenesis.

Similarly, in retinopathies such as DR and AMD, angiogenesis marks a switch in

the disease progression in patients. Diabetic or elderly patients with DR or AMD,

respectively, do not suffer great vision impairments at so-called pre-proliferative,

dry, or non-angiogenic states of the disease. However, once angiogenesis in the

retina is switched on, the disease quickly progresses and the vision rapidly

deteriorates. Again, it has been shown that blocking angiogenesis in these diseases

is a highly effective course of treatment [5, 6]—at least in a transient setting, as the

drugs used today may cause side effects or resistance during prolonged use.

In these and other angiogenesis-dependent diseases, tissue hypoxia such as in the

tumor and the eye is the main inducer of pathological angiogenesis. Hypoxia arise

either from an expansion of the tissue such as in tumor growth or obesity which

render the existing vasculature insufficient for providing enough oxygen and

nutrients. In other diseases such as in retinopathy or cardiovascular diseases, the
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impairment of blood flow in one or several blood vessels lead to reduced perfusion

of oxygen and nutrients to a part of the tissue, which renders it hypoxic. Hypoxia

does not only cause angiogenesis but also lead to a destabilization and inhibit

maturation of the vasculature. This means that hypoxia-induced angiogenesis

leads to formation of low quality blood vessels which have a fragile and under-

developed vascular wall, are highly leaky and prone to rupture and thus often cause

hemorrhages, and are not efficient in supporting circulation.

In recognition of the importance of tissue hypoxia—in combination with lack of

blood flow also known as ischemia—in the induction of pathological angiogenesis,

it has become an important task to identify hypoxia-induced factors which lead to

angiogenesis and a pathological phenotype of the blood vessels. One such angio-

genic factor, which is highly up-regulated by hypoxia, is vascular endothelial

growth factor or VEGF [6, 7]. VEGF is directly and potently induced by the

oxygen-sensitive transcription factor hypoxia-inducible factor (HIF)-1. HIF-1

consists of two subunits, -alfa and -beta, and especially the -alfa subunit is rapidly

removed from cells under sufficient oxygenation. In response to hypoxia, however,

the -alfa subunit is stabilized and HIF-1 is activated leading to a rapid increase in

the production of VEGF [8]. This pathway has been a major focus for targeting

hypoxia-induced angiogenesis in cancer and retinopathy in the past and still to this

day. Currently, there are several FDA approved drugs available which neutralize

VEGF, in clinical use to prevent progression of retinopathy and cancer [9]. How-

ever, these drugs are associated with severe problems and drawbacks. While anti-

VEGF drugs are quite effective against retinopathy, they have to be administrated

via invasive intravitreal injections on a regular basis. These injections are

associated with severe administration-related side effects such as cataracts [10].

Also these drugs are so expensive that only a minority of patients with these

diseases is able to afford long-term treatment. Systemic treatment with anti-

VEGF drugs in cancer patients are associated with severe side effects including

bone-marrow suppression, hypertension, and hypothyroidism [11, 12]. Due to these

drawbacks, treatment is usually given in intervals, with a resting period of no

treatment between periods of treatment. However, during these resting periods,

tumor vessels rapidly regrow, and the effect of anti-VEGF treatment is therefore

short-lasting. Many retinopathy and cancer patients furthermore develop resistance

to anti-VEGF treatment, or are from the very beginning intrinsically resistant,

which furthermore limit the use of these drugs [13].

Today it is of great importance to identify other, important pathways of hypoxia-

induced angiogenesis which may be targeted for disease treatment/prevention.

Common disease models that are used to generate knowledge of such pathways

are however difficult to manipulate in the sense of regulating the level, location, and

duration of hypoxia in the tissue, and it is therefore difficult to determine causal

effects of hypoxia-induced pathways in disease. For example, in the classical tumor

models, in which tumors are implanted under the skin in mice, alternatively in an

organ, or develop spontaneously, hypoxia within the tumor cannot be regulated.

Researchers are only able to correlate the existence of hypoxia with that of certain

factors, but it is not possible to determine whether the particular factor is related to
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hypoxia or regulated by an independent pathway. These problems have meant that

sophisticated studies, which are needed to delineate mechanistic consequences of

hypoxia on the vasculature, have been very difficult to do in rodents—and other

methods are therefore required.

Zebrafish have emerged as a highly versatile model organism for human diseases

including diseases of the vasculature. The zebrafish embryos are transparent,

develop very rapidly, are produced in large numbers, develop outside the mother

in regular tap water or defined media, and are highly amenable to both genetic and

pharmacologic manipulation of protein functions [14]. These characteristics have

prompted the substantial interest in this animal as a system to study developmental

aspects of blood vessel growth and to delineate mechanisms of vascular disease in

molecular detail, although in a living organism [15]. Recently, its use has been

further extended as several highly relevant disease models have been generated

which progress in a highly similar way as what is observed in the clinic. In

particular, zebrafish are highly tolerant to hypoxia, and they do well in water with

as little as only 10 % of the oxygen levels found in air-equilibrated water [3, 6]. This

tolerability enables studies on how tissues respond to hypoxia in vivo. For example,

water oxygen levels can quickly and accurately be modified, and as the oxygen

levels in the water determine the oxygen level in the tissue within the zebrafish,

tissue hypoxia can be quickly and accurately manipulated in this model. Tissue

hypoxia in this respect occurs while blood flow is uninterrupted, leading to no

changes in the mechanical stimulation of the endothelium. This is potentially

important as it is known that the lack of flow itself lead to pronounced changes in

the factors being generated by the endothelium, leading to its destabilization and

eventual degeneration—which may not be hypoxia-dependent processes per se

[16]. Thus, this model can be used to answer questions regarding what happens at

intermediate and severe hypoxia in the tissue, respectively, as well as the dynamic

aspects of the vascular and tissue changes in response to hypoxia and reperfusion.

As the transparency of the zebrafish embryos enables researchers to study

changes within the living embryo in real time as they happen, it is of great value

to also have a model system which remains transparent as adults. Such transparent

adult fish would potentially be very important for studying cell movements and

functions in diseases which are known to develop later in life including immuno-

logical disorders, metabolic disorders, cardiovascular disorders, and cancer.

Zebrafish unfortunately lose transparency as adults, and although non-pigmented

zebrafish strains exist, where the tissue is more light permeable than in wild-type

zebrafish, even these strains are not truly transparent and cannot be used for high-

resolution imaging of single-cell behavior in the adult fish. However, there are a

different fish species, Kryptopterus bicirrhis or the glass catfish, which remain

completely transparent throughout their lifetime—at least in the majority of the

tissues. These fish are therefore very well suited for studying dynamic aspects of

hypoxia in an adult setting.

There are, however, also several drawbacks associated with zebrafish and glass

catfish models of angiogenesis that researchers have to keep in mind when design-

ing experiments or evaluating results based on this system. First, due to a genome
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duplication, which took place after the segregation of the teleost-lineage from the

mammalian lineage, zebrafish often have duplicate genes for each gene found in

mammals. As such, zebrafish, for example, have two genes for VEGF-A, two genes

for VEGFR-2, and two genes for HIF1α, just to mention a few relevant examples.

Sometimes only one of these genes is associated with the effects we can observe

from the mammalian gene product, but sometimes the genes exhibit redundant

functions and both have to be silenced in order to achieve a similar phenotype as in

a knockout mouse, for example. Second some genetic and molecular tools are less

developed for zebrafish compared to mice, including (1) specific antibodies for

staining or neutralization of various proteins and (2) genetic recombination with

engineered DNA fragments to produce, for example, LoxP-flanked genes used to

achieve inducible or cell-type-specific knockout animals. However, the lack of

antibodies, which may be used for staining or neutralization of zebrafish proteins

involved in angiogenesis, has to a significant extent been overcome by the genera-

tion of transgenic lines which express fluorescent proteins under promoters of

vascular-specific genes including fli1a or vegfr2. Also the problem of generating

inducible or tissue-specific knockout strains in zebrafish has recently been solved

with the development of the CRISPR-Cas technology. This technology is, however,

new and it still remains to be seen if it will live up to the high expectations of the

zebrafish community in the future.

In this chapter we will discuss the use of zebrafish and glass catfish in the study

of hypoxia on angiogenesis and vascular biology by highlighting three conceptual

examples of how such studies can be done. In the first part of the chapter, we will

discuss how hypoxia influence the zebrafish embryo and in particular how hypoxia

modulates tumor angiogenesis and metastatic dissemination in a recently developed

embryonic zebrafish tumor xenograft model. In the second part we will show how

hypoxia induces angiogenesis in the retina of adult zebrafish and discuss

applications of this technique in the study of retinopathy. In the third part of the

chapter we will discuss acute hypoxia models in adult zebrafish and glass catfish

and how such models may give valuable insights into early effects of hypoxia on the

blood vessels which may be important for early pathological progression in, for

example, ischemic diseases. We will conclude the chapter with an outlook on how

we envision zebrafish and glass catfish models could be used to continue to generate

novel and highly clinically relevant data which may lead to an increased under-

standing of how hypoxia modulate disease processes in humans.

13.2 Role of Hypoxia in Tumor Progression and Metastasis

Tumor progression from benign to metastatic disease is a multistep process that

consists of tumor growth and recruitment of tumor blood vessels, local tissue

invasion, intravasation into peri- and intra-tumoral blood vessels, survival in

circulation, extravasation, and regrowth at the metastatic site. Growth of the solid

tumor at the primary site or at the metastatic sites to a macroscopic size leads to

reduction of available oxygen for the highly metabolically active tumor cells inside,
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and also those surrounding, the tumor [17]. Consumption of oxygen through

accelerated and irregular cell proliferation in the tumor causes hypoxia that leads

to activation of hypoxia-inducible transcription factors (HIFs) and mTOR and UPR

pathways [18]. Reduction of oxygen levels in the cellular environment in combina-

tion with genetic or other environmental factors drives tumor cells to adopt aerobic

fermentation, to express a multitude of angiogenic factors, and to elevated produc-

tion of intracellular reactive oxygen species. These hypoxia-induced changes

within the tumor cells lead to further accelerated growth and destabilization of

tumor blood vessels, a more mutagenic environment inside the tumor cells and to

switch on a more motile and less differentiated phenotype known as the epithelial-

to-mesenchymal transition (EMT), which is prerequisite for the invasive and

metastatic behavior of the cells [19].

Tumor cells in general, even in presence of oxygen, prefer aerobic glycolysis as

a means of energy production. Many tumor types exhibit such sustained glycolysis,

presumably due to the loss of tumor suppressor genes and activation of oncogenes

which lead to such a pathologic metabolic profile in the tumor cells [20]. This

phenomenon is also known as the Warburg effect after Otto Warburg who was one

of the first to describe this phenomenon more than half a century ago [21]. As the

Warburg effect render tumor cell metabolism highly inefficient, tumor cells require

much higher levels of sugar for their survival. Also, this leads to production of large

amounts of toxic metabolic bi-products including reactive oxygen species (ROS)

and acidosis. Moderate increase in level of ROS is beneficial for cells and induces

cell proliferation and differentiation, but excessive ROS can damage membranes,

lipids, proteins, DNA, and also can be mutagenic. It is believed that cancer cells

handle the oxidative stress in a different way than normal cells and therefore ROS

will be accumulated in the cancer cell environment. ROS also stabilizes HIF-1,

which mean that the Warburg effect leads to a pseudo-hypoxic environment in the

tumor, where HIF-1, even in normoxia, activates a plethora of genes that are

involved in anaerobic metabolism, survival, angiogenesis, and invasion [19].

Intratumoral endothelial cells also react strongly to hypoxia. Hypoxia-induced

HIF-1 leads to increased levels of VEGF which destabilize blood vessels by peeling

off vascular mural cells (pericytes), inducing fenestrations (holes) in the endothe-

lium, activates the endothelial cells to assume a migratory phenotype, and induces

degradation of the basement membrane. These pathological vascular characteristics

aid tumor invasion and dissemination of tumor cells and is crucial for successful

metastatic colonization in distal organs. This hypoxia-induced angiogenesis is

mounted by the body as a defense against hypoxia, but in tumors, the induction

of angiogenesis is excessive and uncontrolled, leading to formation of a very high

density of irregular and nonfunctional blood vessels of poor structural integrity,

which give rise to tumor edema and hemorrhages, high intratumoral fluid pressure,

and reduced perfusion. Thus, as it is also the case in ischemic disorders and in

retinopathies, the hypoxia-induced tumor angiogenesis paradoxically lead to fur-

ther elevated tumor hypoxia, thereby locking the tumors in a futile circle, which

drives disease progression.
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13.3 Embryo Zebrafish Metastasis and Tumor Model

Tumor cell dissemination, intravasation, extravasation, formation of metastatic

niches, and regrowth to clinically detectable metastatic lesions are different steps

of the metastatic cascade. Tumor cell invasion into their neighboring tissues and

into circulation is considered the most critical step in the metastatic cascade, as this

is the foundation for systemic spread in the organism. By inhibiting this process, it

would be possible to block metastasis all together. Most studies on tumor metasta-

sis, however, has been and are still done in mice, in which either metastatic seeds

from a primary tumor mass or tumor cells injected intravenously colonize the liver

or the lung and are evaluated only after they have grown to a relatively large size

that can be detected visually, i.e., several million cells in one mass. Small

micrometastatic nodules cannot be investigated in these models, as available

imaging techniques for rodents are not sufficiently sensitive to detect small amount

of cells [1, 2, 7]. Therefore these models are not useful to study what happens

during early metastatic progression or how to possibly interfere with these pro-

cesses. Zebrafish, however, represent a good candidate organism to study initial

tumor cell dissemination and invasion [1, 2, 7]. Transparency of the embryos during

early days of development allows us to look through the body and trace any

fluorescently labeled implanted tumor cells through a fluorescent or confocal

microscope in living embryos in a noninvasive manner (Fig. 13.1). Zebrafish

embryos lack an adaptive immune system and therefore cells from any origin can

be implanted without risk of rejection [7]. In early days of development, embryos

absorb oxygen by penetration through their skin and also in a similar way, they will

take up water-soluble drugs and compounds, e.g., Sunitinib [1]. Actually, because

cutaneous oxygen absorption is thought to be the most important means of tissue

Fig. 13.1 Mammalian tumor cells expressing different angiogenic factors are labeled in vitro

with DiI (red color) and transplanted into the perivitelline space of 2-day-old fli1:EGFP transgenic

zebrafish embryos in which the blood vessels are labeled with EGFP (green color). Three days

after implantation, it is clear that the tumor-produced angiogenic factors induce different

morphologies of the tumor vessels, depending on the factor that is over-expressed by the tumor

cells. TC tumor cells, EC endothelial cells
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oxygenation in zebrafish embryos, regulation of tissue hypoxia in this model is as

simple as regulating the oxygen level of the water. Also the passive uptake of drugs

over the skin or gills facilitate equal delivery of drugs to all the zebrafish embryos

independent of size, intake, or blood flow simply by adding such drugs to the water

[1, 2]. Thus, zebrafish embryos are highly amenable to studies on hypoxia as well as

pharmacological intervention. As the embryos are small, and develop without

problems inside a 96-well plate, this system has previously been used for medium

throughput screens of compound libraries which has led to the identification of new

drugs that potentially correct a pathological phenotype such as congenital vascular

malformations [22]. Such screens could also be performed in the future to identify

novel compounds that inhibit tumor angiogenesis and -metastasis. This is a unique

benefit of zebrafish embryos, which undoubtedly will be further developed and

exploited in the future.

The zebrafish embryo model allows us to study tumor cell dissemination and

invasion in a completely noninvasive fashion. Fluorescently labeled tumor cells are

implanted into the perivitelline space of 48-h-old zebrafish embryos (Fig. 13.2).

Once cells are implanted in this cavity, they form a primary tumor and subsequently

start to invade the nearby tissues and metastasize to more distal parts of the fish

body, e.g., trunk, head, and tail. Invading tumor cells intravasate into the blood

vessels which lie in the vicinity of the primary tumor and move away from the site

and stay in circulation until they find a new location to extravasate and form a

metastatic lesion [2, 7].

The existing vasculature of the host as well as the tumor-induced angiogenesis

can be affected by different growth factors and cytokines expressed and secreted by

tumor cells (Fig. 13.1). Leaky and tortuous vessels are convenient routes for

intravasation, since tumor cells can easily cross the endothelium of such vessels

to gain access to the circulation.

In order to study the effects of different genes on invasiveness and metastatic

abilities of cells, different kinds of tumor cell manipulation, e.g., knock down or

knock in of the specific gene can be done using different tools, e.g., siRNA, shRNA,

mRNA, or expression vectors. These manipulated cells can be then implanted into

the embryo, and the effect of the gene on the dissemination and invasion pattern of

Fig. 13.2 Tumor cells

labeled with the red

fluorescent dye DiI in vitro

are carefully injected into the

perivitteline space of 2-day-

old zebrafish embryos.

Usually 100–1,000 tumor

cells are injected in 1–5 nL of

medium per zebrafish embryo
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the cells can be easily studied. On the other hand, blocking gene expression in the

host can be easily done using “morpholinos” which are oligomers used to block

base pairing regions of RNA and subsequently impairing protein expression. Also,

gene expression in the zebrafish can be driven by injection of mRNA or expression

vectors [15], which therefore allow both positive and negative regulation of any

factor in either the tumor cells or the host. This makes molecular studies on

tumor–host interactions much more feasible in this model.

In our attempt to study the angiogenic effects of various cell lines and also to

trace disseminating single cells and foci, we use the Tg(fli1:EGFP) zebrafish line, in

which the zebrafish blood vessels are labeled with green fluorescent protein.

Transparency of zebrafish embryos allows us to easily detect tumor cells

disseminating through the vasculature with the help of a fluorescent microscope.

To visualize tumor cells, they should therefore also transmit a fluorescent signal.

Cells can be either labeled permanently to express a fluorescent protein or they can

be labeled with fluorescent dye, such as DiI, which emit red light, shortly prior to

implantation (Fig. 13.1).

It is preferred that tumors are implanted into a non-vascularized region in the

perivitelline space. In this way tumor-induced angiogenesis and the morphology of

tumor blood vessels in different types of tumor models can be studied (Fig. 13.1).

Since tumor cells need blood vessels to metastasize to distal parts of body, the

hematologous dissemination of tumor cells can be evaluated by counting the

number of cells in, for example, the posterior, ventral venous plexus.

Zebrafish embryos will be dechorionated shortly before implantation. They will

be anesthetized and transferred onto a modified gel to simplify the implantation

process. Tumor cells will be implanted into embryos with a micromanipulator

which is connected to a microinjector that supplies pressure for injections

(Fig. 13.2). Embryos may subsequently be treated differently according to the

purpose of the study. In case of drug treatment under hypoxic and/or normoxic

conditions, water-soluble drugs will be added to the house-keeping water to which

the tumor-bearing embryos will be exposed during the experiment.

If acute effects of hypoxia on migratory properties of a specific cell line are the

particular purpose of the study, then transplanted embryos will be transferred into

hypoxic water right after postimplantation screening (Fig. 13.3). Oxygen levels in

the hypoxic chamber/aquarium are tightly regulated with a sensor located inside the

chamber at the bottom. The sensor is connected to a nitrogen capsule which blows

in nitrogen according to the appropriate oxygen level (Fig. 13.3). But if tumor cell

dissemination and invasion of is going to be studied under normoxic conditions,

embryos implanted with tumor cells will be transferred into the aquarium/chamber

perfused with air instead of nitrogen. In all conditions above fish embryos will be

kept at 28 �C and will be investigated according to the experimental design.

In order to investigate each embryo thoroughly and individually, they should be

kept in a separate well of a multi-well plate throughout the experiment. Labeling

cells with fluorescent dye allow us to follow and investigate each single tumor cell

in vivo in a completely noninvasive fashion using a fluorescent microscope. Green

fluorescent color endothelial cells in the fli1:EGFP transgenic strain allow us to see
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the effect of various growth factors expressed from tumor cells on the native

vasculature and also investigate the consequence of various treatments on the

vasculature (Fig. 13.1).

In order to get more detailed, three dimensional information on the structure of

the tumor vasculature and the tumor cell-endothelial cell interactions during

intravasation and extravasation, confocal imaging can be performed either during

the experiment or on euthanized embryos mounted in so called viewing chambers,

which allow imaging with high-power magnification (Fig. 13.1). By the use of two

photon confocal microscopy on tumor baring embryos which develop in a soft

agarose gel with anesthetic so they are sleeping and cannot move away during the

investigations, it is possible to take time-lapse videos of how tumor cells crawl over

the endothelium and into circulation, and how this process is modulated by tissue

hypoxia and/or certain drugs added to the medium. This method thus enables the

capture of highly dynamic images or movies in single-cell resolution, which is

impossible in most other metastasis models. Such studies may potentially provide a

much more detailed investigation of the crucial early metastatic process using this

zebrafish model compared to the mouse models; the latter, however, may be more

suitable for studying late phases of the metastatic process such as regrowth into

clinical detectable metastatic lesions.

13.4 Hypoxia-Induced Angiogenic Retinopathy Model in Adult
Zebrafish

Retinopathies including retinopathy of pre-maturity (ROP), diabetic retinopathy

(DR) and age-related macular degeneration (AMD) are the leading causes of vision

loss in infants, long-term diabetics and the elderly respectively [10, 23]. The sudden

loss of vision is a major debilitating factor which greatly impacts on quality of life

in the patients as well as on socio-economic stress in the community. Collectively

there are millions of people world-wide affected by these diseases, and they are

therefore considered to be a severe public health issue [10, 23]. Furthermore, due to

Fig. 13.3 Representation of

the hypoxia setup used with

both embryonic and adult

zebrafish, but shown for

zebrafish embryos. (1) Net,

(2) Oxygen controller, (3)

Hypoxia aquarium, (4) Valve,

(5) Oxygen electrode, (6) Air-

diffuser, (7) Magnetic stirrer,

(8) Nitrogen capsule.

Figure adapted from [2]
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the change in lifestyle in the western countries over the last 50–100 years, as well as

the ongoing change in life-style coupled to improved economic status in many

Asian countries, the incidence of diabetic people are expected to increase, and as a

consequence also the incidence of patients with DR are expected to go up. Also, due

to recent and projected advances in medicine, the average lifetime and the amount

of people reaching old age is expected to increase in the future, and thereby also the

incidence of people with AMD. Thus, from a public health perspective, there is an

urgent need to understand the development of and find better treatment options for

these diseases.

The disease-progression in ROP, DR and AMD employs a presymptomatic

phase in which the disease slowly progresses in silence without causing any

major discomfort to the patient [10, 23]. Therefore, it is rare that patients are

admitted to ophthalmology clinics at presymptomatic stages. In the case of ROP,

very premature infants are sometimes put in hyperoxia in order to aid the oxygen

uptake of the infant, which otherwise would be limited due to an underdeveloped

heart and lungs. This is important to secure proper development. However, it may

also lead to a regression of infant hyaloid vessels and inhibited growth of the retinal

vasculature [24]. Upon transfer to a normoxic environment, the under-developed

retinal vessels are not sufficient to supply the retina with the oxygen needed, and

retinal hypoxia ensues which induce a rapid and VEGF-dependent angiogenic

response leading to the formation of a high density immature retinal vasculature

that is highly leaky and prone to rupture [24]. In later stages, multiple

microhemorrhages, pronounced retinal edema and scar formation lead to impaired

vision, blood–retinal barrier breakdown, neuronal loss, retinal detachment from the

retinal pigment epithelium and ultimately blindness [24].

In diabetic retinopathy, prolonged high blood glucose levels lead to irritation of

the retinal microvessels which become obstructed and/or perforated and leaky

which give rise to retinal exudates, hemorrhages and edema. As retinal edema

presses back onto the blood vessels, and as obstructed flow and hemorrhages disrupt

the vasculature, this lead to poor perfusion of blood in the retina and retinal

hypoxia. Eventually the disease goes through the same steps as described above

for ROP, with the end result that patients completely lose vision unless measures

are taken to alleviate the symptoms of the disease before it goes that far [23].

In age-related macular degeneration, fat and macromolecular debris accumulate

as small depots between the retina and Brucks membrane, structures known as

drusen. Drusen are present in practically everyone above the age of 60, but if the

number and size is high, it will cause obstruction of choroidal circulation and create

hypoxic areas in the back of the retina. Again, hypoxia will lead to angiogenesis as

the disease progress from a “dry” to a “wet” stage with the formation of poorly

organized and low-quality blood vessels, which are highly leaky and causing

damage to the retina. Ensuing edema, microhemorrhages etc. will eventually lead

to a disease progression similar to that described for DR and ROP, and ultimately to

blindness if the disease remain untreated [10].

Thus, in all three cases of retinopathy described above, the main switch from a

presymptomatic to a rapidly progressing disease is the event of retinal hypoxia and
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hypoxia-induced angiogenesis. Hypoxia is a complicated physiological phenome-

non and therefore most researchers studying retinal hypoxia employ models in

which blood vessels are ligated or burned by chemicals or lasers. This creates an

environment of severe inflammation in combination with hypoxia, lack of blood

perfusion, acidosis, neuronal cell death, and multiple other physiological phenom-

ena which in their own right give rise to complex signaling mechanisms. Therefore,

the commonly used mammalian models are not able to uncouple the effects of

hypoxia in the retina from the spectrum of other responses that are also induced by

burning or blocking retinal blood flow. In order to create a model in which the

effects of retinal hypoxia can be isolated and studied in detail, we have taken

advantage of the hypoxia-tolerant adult zebrafish, which can be exposed to as little

as 10 % of their normal oxygen level in the water for extended periods of time [6].

We constructed a hypoxia setup, which highly resembles the setup for exposing

zebrafish embryos to hypoxia (Fig. 13.3), in which nitrogen gas was perfused into

the fish aquarium under regulation of a hypoxia-controller. When the water oxygen

levels dropped below a preset value, the nitrogen gas flow was shut off, and the

oxygen levels would very slowly increase as an effect of atmospheric air leaking

into the aquarium. As the water oxygen levels increased above a slightly higher

preset value, the nitrogen gas flow would be re-enabled and thus the oxygen level in

the water would be kept between the two preset levels, in our experiments between

9.5 and 10 % relative air saturation (Fig. 13.3) [6]. The fish would stay under these

conditions for 6–14 days which was well tolerated by the fish.

Upon first examination, we were amazed to find that the retinal vasculature of

adult zebrafish is exceptionally simple in structure (Fig. 13.4) and therefore very

Fig. 13.4 Retinal

vasculature in flat-mounted

retinas of adult fli1:EGFP

transgenic fish shown in

white. The position of the

central optic artery, retinal

capillaries, retinal fold, and

circumferential vein has been

indicated by white arrows.
Image adapted from [6]
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well suited for studies on angiogenesis. The retinal vasculature exhibits a very clear

organization in which a central optic artery, emerging from the back of the eye

where it is running alongside the optic nerve, branches out at the center of the optic

disc. These arterial branches run from the center towards the periphery of the retina,

branching a few times along the way to create a tree-shaped retinal vasculature that

is highly organized, with smooth vessels without sprouts, only few branches, and

increasing density as the vasculature approaches the circumferential vein

(Fig. 13.4). Approximately 250 μm from the vein, the vessels become thinner,

more sensitive to hypoxia-stimulation, and more leaky than in other parts of the

retina. We have therefore characterized these vessels as retinal capillaries, as they

respond in very much the same way as human and mouse retinal capillaries to

vascular stressors including hypoxia. These capillaries empty into the circumferen-

tial vein, which is the only vein in the retinal vasculature and which carries the

blood away from the retina and back into circulation (Fig. 13.4). Thus, blood flow in

the adult zebrafish retina is unidirectional coming from the center and running to the

periphery, and the mere location of the vessels is sufficient to predict whether they

are arterial, capillary, or venous in nature—a level of organization that is not shared

in mammals, in which arteries, capillaries, and veins are intermingled to a much

higher extent.

The highly organized nature of these blood vessels makes it very simple to

identify changes in retinal vascular parameters such as sprouting, branching,

leakage, and regression. We found that upon exposure to hypoxia, the retinal

vasculature responds by sprouting specifically in the capillary region but not in

the venous or arterial regions (Fig. 13.5). Sprouting and other capillary phenome-

non occur early—already after 3 days in hypoxia. However, if the fish are

maintained in hypoxic water for prolonged periods, we found that these sprouts

progresses to form branches, which support blood flow and greatly increase the

vascular density in the retina over the course of 7–14 days, after which time the

angiogenic response plateaus [3, 6]. These findings are highly interesting as it is the

first time hypoxia-induced retinal angiogenesis has been studied as an isolated

event, uncoupled from inflammation, tissue damage, or lack of blood flow.

We further characterized the level of hypoxia, which was required to induce

retinal angiogenesis in this model. As fish are exceptionally tolerant to hypoxia, it

was no surprise that the water oxygen level had to be decreased greatly—to only

10 % of that in fully oxygenated water—in order to induce branching in the retina.

This level of hypoxia is however well tolerated in healthy and well-fed zebrafish

and poses no threat to the well-being of the fish. However, if also a drastic drop in

tissue oxygenation is required for retinal angiogenesis in mammals or whether it

would also occur in the moderately hypoxic retina is not known. Inferring from

knowledge about the disease progression of retinopathies, it is likely, however, that

highly hypoxic areas are needed for inducing angiogenesis. In AMD, for example, a

significant amount of patients progress to clinical disease states in absence of

angiogenesis [10]. This type of AMD is classified as dry AMD, and the disease is

mainly characterized by many, large drusen in the macula, which induce wide-

spread ischemia (global ischemia) but for some reason fail to induce angiogenesis.
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Thus, it is likely that even though blood perfusion in these dry-AMD cases are

severely disrupted by the drusen, and this lead to hypoxia-induced apoptosis in

retinal neurons and therefore vision loss, the level of hypoxia may not be sufficient

to induce angiogenesis. In most AMD and DR patients, however, the disease

progresses from an ischemic state to an angiogenic/proliferative/wet state in

which the very low levels of oxygen in the retina evoke a massive angiogenic

response—similar to what is found in zebrafish after approximately 1–2 weeks of

hypoxia-treatment.

We have found that blockade of the Notch signaling pathway achieved by

adding the chemical inhibitor of gamma-secretase, DAPT, to the hypoxic water

during incubation of the fish led to extensive sprouting of arterial vessels. This

finding is interesting as neither hypoxia nor DAPT treatment under normoxia was

sufficient to induce sprouting in this vascular bed by itself [6]. Hypoxia signaling

therefore exhibits a cross talk with the Notch pathway to induce destabilization of

the arterial vessels in the retina which then become sensitive to react to hypoxia and

start sprouting. As previously described in other models, DAPT treatment under

normoxia also induce marked sprouting, but only in the capillary bed, in which the

vessels are presumably more sensitive to stimulation [6]. This inherent stimulant in

the retina is, however, not sufficient to induce angiogenesis in the arteries when the

fish are not also exposed to hypoxia. These findings extend into considerations on

Fig. 13.5 Retinal vessels

observed in flat-mounted

retinas of adult fli:EGFP

zebrafish after exposure to

fully air-saturated water

(upper panel) or water with
10 % relative air saturation

(lower panel) for 6 days.

Vessels are shown in white. It
is clear that dramatic

angiogenic expansion is

observed in the hypoxia-

exposed fish in the capillary

region specifically. Image

adapted from [6]
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how to take advantage of such signaling pathways to promote arteriogenesis—the

specific growth of arteries in tissues—to treat ischemic diseases of the heart and

brain, such as myocardial infarction and stroke. In these diseases the tissue is

rendered severely hypoxic by a block in arterial blood perfusion. This hypoxic

tissue does not, however, induce potent arteriogenesis by itself to alleviate the tissue

hypoxia, and the tissue starts dying. Many attempts have been made to try and speed

up or induce the arteriogenic process in these diseases, but without much luck. Most

examinations have focused on evaluating the use of factors that are already induced

by hypoxia—the most studied of which being VEGF. However, and perhaps not

surprisingly, such interventions do not help, at least not in the clinical setting. We

envision that perhaps an initial destabilization of the surrounding (also known as

collateral) arterial network around the ischemic infarct would render arteries in

particular more sensitive to respond to the hypoxia-induced VEGF and other factors

and start growing into the tissue to alleviate the hypoxia. This somewhat provoca-

tive notion needs further preclinical testing before it can be tried in human patients.

In conclusion, the retinal-angiogenesis model in zebrafish has proved highly

valuable to elucidate specific mechanisms involved in hypoxia-induced angiogene-

sis in the retina, which are important for progression of DR, AMD, and ROP to

clinical stages. We believe that also in the future, this model is going to have great

potential for delineating novel pathways involved in this pathologic response, as

well as a tool for discovering general principles governing vessel growth, regres-

sion, and function, which may be used in other diseases in which hypoxia and

angiogenesis (or the lack thereof) play a major role.

13.5 Acute Hypoxia Models in Zebrafish and Glass Catfish

The species K. bicirrhis (Glass or Ghost catfish), which is endemic to south East

Asia, has a naturally transparent body in which all tissues can be readily observed

(Fig. 13.6). This fish species has therefore been used previously in studies on

peripheral nerve activity, on the dynamics of neuromuscular junctions, and on

how hypoxia affects blood and lymphatic vessels, areas of research in which the

transparency of the peripheral tissues has been crucial. Whereas embryos and early

stage larvae from zebrafish and other fish species are highly exploited due to their

transparent nature; these fish start losing transparency already at 2–3 days of age

unless pigmentation is inhibited with chemicals, which themselves may affect the

development of the fish. On the other hand, the glass catfish remain transparent

throughout their lifespan, in a nongenetically manipulated setting, which is a unique

quality of this species (Fig. 13.6). Furthermore, the fish has adopted a play dead

mechanism of defense which means that when taken from its natural environment

and into for example a petri dish for observation under the microscope, the fish will

lie completely still on its side for hours, without the need for using anesthesia. As

many drugs used for anesthesia—which often in other fish species as well as in

rodents are only used to keep the animal still during investigations—also affect

neuronal activity and vascular tone, it is expected that non-anesthetized animals

13 Hypoxia-Induced Pathological Angiogenesis in Zebrafish 285



would provide a more clean system in which the experimental conditions are not

confounded by possible side effects of the anesthetics.

Acute hypoxia is a major pathologic factor in vascular diseases including

myocardial infarction and stroke. As a main initial response to hypoxia, the

organism tries to increase blood flow and oxygen carrying ability to the tissue in

several ways. While most studies on hypoxia in disease has investigated the long-

term effects of hypoxia such as how it affects angiogenesis and red blood cell

formation, the main pathological consequence in cardiovascular diseases are much

more acute and arise from the immediate effects of hypoxia on the vasculature as

well as other cells in the affected tissues (i.e., cardiomyocytes in myocardial

infarction and neurons in stroke). Due to technical difficulties in current state-of-

the-art imaging techniques to visualize deep tissues at high resolution in rodents, it

is practically impossible to study the very early effects of hypoxia in the currently

used mouse and rat models of arterial-ligation-induced hypoxia in the heart and

brain. Also, as previously mentioned these methods are not clean and result in

induction of signaling pathways related to blocked blood flow, which may not arise

as a consequence of hypoxia per se. Just as it was the case for zebrafish, glass catfish

are also highly tolerant to low levels of oxygen in the water, which mean that this

fish would provide a magnificent model system for studying immediate effects of

hypoxia on the peripheral vasculature [25].

A major pathologic hypoxia-induced vascular event is increased vascular per-

meability in the hypoxic tissue. This lead to extravasation of plasma and thereby

edema, which in many cases have detrimental effect for example in retinopathy,

stroke, myocardial infarction and cancer. As edema is physiologically eliminated

by lymphatic vessels, it would be of great importance to understand how lymphatic

function is impaired or affected by hypoxia. However, to date very little is known

regarding the effects of hypoxia on lymphatic vessels. It was recently rediscovered

that fish, including zebrafish and glass catfish, have lymphatic or at least lymphatic-

like vessels [25–27]. These vessels share critical anatomical, physiological, devel-

opmental, and functional traits with their mammalian counterparts as they are

Fig. 13.6 A photograph of a glass catfish (Kryptopterus bicirrhis) located in front of a green
plastic “plant.” Observe that the “leaves” can be visualized just as clearly through the fish as next

to the fish. Black dots have been placed around the otherwise nearly invisible anal and caudal fins

of the fish in order to denote their location. The position of the internal organs within the silvery
pouch just posterior to the head has been marked with a black arrow. Image adapted from [25]
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lacking a basement membrane and mural cells coverage, are important for draining

extracellular fluids and develop from venous endothelial cells in response to VEGF-

C—VEGFR3 signaling [25–27]. Furthermore, they are located in the same

anatomical position in the fish as in mice and humans, and genes implicated in

lymphatic disorders in humans have similar functions in the zebrafish. These

findings have spurred the interest in using zebrafish to study lymphatic pathologies.

However, there are also key differences in fish lymphatics that researchers need to

take into account when using these models. First of all, fish lack some secondary

lymphatic structures such as lymph nodes, peyers patches, and tonsils, and the key

lymphatic organ is the head kidney and not the spleen. Also the lymph vessels

themselves seem to have retained to some extent the direct connections with blood

vessels, such that they do not solely arise from blind-ended lymphatic sacs in the

periphery [25, 28]. This means that fish lymphatic vessels are not exclusively

afferent in nature, they may also carry lymph-fluid efferently from the heart or

arteries to the tissues. The connections to the blood vessels have led some

researchers to classify these vessels as a secondary circulation [28], rather than as

a true lymphatic vasculature, as the definition of lymphatic vessels have been

thought of strictly as vessels that exclusively start in blind ended sacks in the

periphery. However, evidence is emerging that in the rat mesentery, there are also

direct connections between lymph and blood vessels [29], the importance of which,

however, has not been defined. In fish, the connections between the lymphatic and

blood vasculatures have been suggested to act as a filtration barrier and allow

specifically white blood cells to enter into the lymphatics, thereby creating an

immunologic function of these vessels [28]. This makes sense as the fish lymphatics

are primarily present in tissues exposed to an exogenous milieu such as the intestine

and the skin and would therefore be important for mobilizing an adaptive immune

defense upon injury and exposure to pathogens. Also these vessels are highly plastic

and can change diameter up to fivefold thus leading to a capacity to hold and carry

tremendous amounts of liquid [25]. This is possibly a main reason why fish that

have been genetically manipulated to lack these lymphatic vessels present with

massive edema already at relatively early stages of development [30]. However, as

transarterial blood pressure in fish is very low, there is hardly any leakage across the

arterial wall, which means that lymphatics are not required to pick up and drain

away extracellular liquid in fish. It seems that these vessels are more involved in

buffering the amount of liquid in the fish when the capacity of the blood vasculature

has been reached.

We have recently taken advantage of the transparency and hypoxia tolerance of

the glass catfish to study immediate hypoxia-induced changes in the blood and

lymphatic vasculatures in these fish as well as in zebrafish. We found that, as

expected, the fins of these fish contain predominantly lymphatic vessels and not

many blood vessels [25]. Due to the ability of fish to absorb oxygen over the skin

directly from the water, and because the fins are so thin that all cells in this tissue

may receive sufficient amounts of oxygen by this passive diffusion, it makes sense

that there is no physiological reason for having blood vessels in these parts of the

fish. However, as the fins are usually quite exposed in fish, and often sites of injury,
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it is potentially important to have vessels which would transport immune cells to

fight off invading pathogens. In agreement with this hypothesis, we saw that there

are vessels in the fin, but that these do not contain cells (or only very few) under

resting conditions. Furthermore, these vessels expressed markers of lymphatic

vessels in mammals including LYVE1 and PROX1, but did not express blood

vessel markers such as VEGFR2, and we therefore characterized them as

lymphatics [25]. In the glass catfish we found that these lymphatic vessels

connected directly with segmental arteries [25], just as it has been described

previously also for other fish species [28]. However, we saw that the lymphatic

vasculature in the fins of both glass catfish and zebrafish became heavily perfused

with blood when the fish were exposed to hypoxia [25]. Mechanistically, the

connections between the lymphatic vasculature and segmental arteries, termed

arteriolymphatic conduits (ALCs) were, in resting fish, highly tangled and

constricted, and thus did not allow transport of cells through to the lymphatics.

However, these ALCs opened up and straightened out in response to hypoxia to

allow blood flow into the lymphatic vessels and thus immediately and efficiently

increase perfusion to the tissues [25]. Furthermore, as these connections are located

in the smooth muscle enriched arterial wall, this hypoxia-induced opening of the

fish lymphatics was shown to be dependent on nitric oxide, produced by endothelial

cell nitric oxide synthase and acting on smooth muscle cell guanylyl cyclase [25],

which has been shown also in the mouse and humans to be an important pathway for

smooth muscle relaxation and arterial dilation. Interestingly, while there were no

smooth muscle cells surrounding the fish lymphatics, these vessels were able to

increase their diameter several fold in response to the increased amount of liquid

and cells travelling through these vessels in hypoxia-stimulated fish [25]. These

studies have established zebrafish and glass catfish as excellent models for studying

immediate responses to hypoxia, and how lymphatic vessel plasticity may be

involved in such responses. These finding could further extend to the notion that

such arterio-lymphatic conduits, if present also in peritumoral tissues, could be

important for lymphatic dissemination of tumor cells. It has previously been a

mystery how tumors, which do not have detectable amounts of intratumoral lym-

phatic vessels, could primarily disseminate to lymph nodes. The finding that

peritumoral hypoxia may establish a route whereby tumor cells could spread via

blood vessels to the lymphatic circulation could provide an explanation for this

puzzling phenomenon.

Conclusions and Perspectives

Tissue hypoxia is perhaps the most important pathological driving force of

angiogenesis and progression of diseases such as retinopathies, stroke,

myocardial infarction, and cancer. Sophisticated studies on mechanisms behind

hypoxia-induced pathways that may be important for disease progression have,

however, been hampered by a lack of suitable animal models which would allow

precise and dynamic alterations in tissue oxygenation. Zebrafish and glass

catfish have recently entered the arena of hypoxia research due to the high

hypoxia tolerance and transparency of these animals. Models based on adult
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glass catfish or zebrafish, as well as zebrafish embryos, hold great promise as a

mirror to the mechanisms involved in hypoxia-induced pathological angiogene-

sis in living, intact animals and thus could potentially be used to discover

important pathways involved in disease progression. For example, tumor cell

dissemination and metastasis has been described to be induced by hypoxia, but

the mechanism behind such regulation in vivo has been lacking, until it was

shown that hypoxia-induced VEGF, expressed by the tumor cells, could lead to

VEGFR2-dependent tumor angiogenesis and formation of a chaotic tumor

vasculature which enable systemic dissemination of tumor cells via blood

vessels to the entire organism [7]. Similarly, hypoxia is known to be a driving

force of retinopathy, via induction of VEGF, but it has not been possible to

precisely study retinal hypoxia in the mice without concomitantly inducing

severe inflammation and lack of blood flow. The adult zebrafish hypoxia-

induced retinal angiogenesis model [6] not only allow for the study of angiogen-

esis in the adult retina but also offer a means to uncouple hypoxia from other

pathways induced in the highly invasive rodent models. Finally, acute hypoxia is

important for ischemic disorders such as stroke and myocardial infarction, but as

the rodent models are suffering from problems in visualizing the hypoxic tissue

while it is hypoxic and the animal is still alive, it is very difficult to examine the

immediate effects of hypoxia, and how this may lead to changes in blood flow

through different vascular beds. Zebrafish and glass catfish offer a way to not

only study what happens immediately following a hypoxic insult but also what

level of hypoxia is required to elicit a certain response and how tissues may

respond differently and dynamically to changes in oxygen availability.

We envision that the zebrafish and glass catfish hypoxia models described in

this chapter would be a highly valuable tool in the future. As genetically

modified zebrafish strains become more and more abundant, and as imaging

technologies become more and more sophisticated, these hypoxia models will

give researchers the opportunity to study the effects of hypoxia on cells, tissues,

and even signaling pathways in real time and thus generate information on

exactly how different cells respond to varying oxygen levels over time, and

how such responses can be modulated pharmacologically. In essence, this would

allow the generation of specific drugs, which target hypoxia-induced pathologi-

cal pathways such as hypoxia-induced angiogenesis or pathological changes in

blood vessels, which would be a novel strategy for treating multiple diseases

with the same drug. These models described here could therefore be used to

develop therapeutic regimens which potentially could help millions of people

world wide suffering from cardiovascular, malignant, or other types of ischemic

diseases.
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The process of de novo vessel formation, called angiogenesis, is essential

for tumor progression and metastasis. The identification and targeting of the

molecular pathways involved in this process are becoming critical issues for
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anti-angiogenic cancer therapies. To pursue these molecular and pharmacologi-

cal approaches, researchers need to develop better preclinical models to study

tumor angiogenesis and then test anti-angiogenic therapies. As a vertebrate, the

zebrafish model system is equipped with easy and powerful transgenesis and

imaging tools to investigate not only angiogenesis but also tumor development

and its progression. In this chapter we will illustrate how a small tropical fish can

help to better understand the tumor angiogenesis process and identify new

pharmacological therapies for tumor angiogenesis. Lastly, we describe in what

way this model can act as a preclinical model for screening new chemical

compounds which are able to selectively block tumors but not the normal

healthy angiogenesis in vivo.

Keywords

Tumor angiogenesis • Zebrafish • Xenograft • Drug screening

14.1 Tumor Angiogenesis

14.1.1 Understanding Tumor Angiogenesis

De novo formation of blood vessels is essential for supplying growing tissues with

nutrients and in the removal of cellular waste. Impairment in this functional

vascular network causes tissue to collapse and die [1]. Tumors initially are avascu-

lar masses of a few transformed cells. Later, when they increase in size, new blood

vessels are required to sustain the proliferating mass. This induction of vessels

around the tumor mass is a critical step for tumor survival [2]. Such a process has

also been reported as a rate-limiting step in progression of solid cancers [3]. For

several decades until now, tumor angiogenesis has been considered as one of the

factors that influence tumor outcome in humans. In fact, it has been established that

the recruitment of blood vessels is essential for tumor invasion and metastasization

[4]. The phase of tumor progression, when the tumor mass recruits blood vessels, is

called the “angiogenic switch.” This phase defines the transition of tumors from an

avascular, quiescent mass to a vascularized, growing mass that often shows a more

aggressive phenotype [5].

Anti-angiogenic studies are important for establishing new therapeutic strategies

to cure cancer. Initially, the anti-angiogenic therapy was established with the

purpose of “starving” a tumor mass by impairing blood vessel recruitment.

According to this strategy, anti-angiogenic drugs were designed to block vessel

formation by targeting angiogenic molecules such as the Vascular Endothelial

Growth Factor (VEGF). Different clinical trials have shown that better results are

obtained when the anti-angiogenic therapy is combined with chemotherapic drugs

[6, 7].
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Modulation of tumor vessel architecture is another important aspect in the study

of tumor angiogenesis. Tumor vessels show abnormal vascular architecture irregu-

larity compared to that of normal vessels [8]. Because of this, tumor vessels are less

functional than normal vessels in delivering nutrients and oxygen. As a conse-

quence, tumor mass perfusion is heterogeneous and blood flow is also discontinu-

ous. It has been reported that such abnormal vascular patterns favor tumor cell

metastasis and constitute an obstacle for the efficient delivery of drugs to cancer

cells. Thus, targeting tumor vascular abnormalities and restoring protection from

excessive pro-angiogenic stimuli represent a promising new strategy in blocking

cancer progression and metastasis [9, 10].

In summary, the combination of these innovative strategies will provide a higher

chance in blocking tumor vascularization and progression in the near future.

14.1.2 Overview of Angiogenic Mechanisms Associated to Tumor
Angiogenesis in Endothelial Cells

In healthy adult tissues endothelial cells are quiescent and do not normally respond

to pro-angiogenic factors. Thus, the tumor angiogenesis process requires that a

normal quiescent endothelial cell reactivates itself and spreads over the newly

formed cancer mass. Specific signaling events occur at this stage.

To sustain angiogenesis the tumor environment also releases angiogenic factors.

VEGFs (VEGF-A, VEGF-B, and VEGF-C), VEGF receptors (VEGFR-1, VEGFR-

2, VEGFR-3), and co-receptors neuropilins (NRP1, NRP2) have been established as

a critical players for the developing vasculature [11]. During tumor angiogenesis,

the gradient of VEGF released by stromal and myeloid cells increases vessel

branching and guides vessel sprouting. VEGF factors directly assist and sustain

tip cells guiding vessel sprouting. Analogous to VEGF, FGFs family (Fibroblast

Growth Factor) plays a critical role in normal and tumor angiogenesis [12]. FGFs

are frequently upregulated in tumors that escape anti-VEGF treatments. The sig-

naling pathway represented by angiopoietin 1 (ANG-1), angiopoietin 2 (ANG-2),

and TIE-2 receptor has great relevance in tumor angiogenesis. ANG-1 is expressed

by mural and tumor cells and promotes vessels stability. ANG-2 is released by

sprouting endothelial cells and enhances vessel dynamics by limiting mural cell

adhesion. ANG-1 and ANG-2 mediate antagonistic signaling, and the overall effect

is regulated by the tumor context.

The regulation of angiogenesis by hypoxia is an important component of

homeostatic mechanisms that links vascular oxygen supply to metabolic demand.

Low-oxygen levels present in the tumor mass promote angiogenesis by HIF1α
activation. New insights into this process were the identification of hypoxia-induc-

ible factor (HIF) as a key regulator of pro-angiogenic molecules such as VEGF and

HIF regulation by the family of HIF hydroxylase in accordance with oxygen

availability [13].

Besides growth factor receptor signaling, chemokines may also promote tumor

angiogenesis. Chemokines are a large group of low molecular weight cytokines that
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are known to selectively attract and activate different cell types. It is well

recognized that the primary function of chemokines is leukocyte attractants.

Nevertheless recent evidences indicate that they also play a role in a number of

tumor-related processes such as growth, angiogenesis, and metastasis [14].

Chemokines activate their seventh trans-membrane, G-protein-coupled receptors

(GPCR) on the cell surfaces of target cells. The role played by chemokines and their

receptors in tumor pathophysiology is complex, as some chemokines favor tumor

growth and metastasis, while others may enhance antitumor immunity. Among the

most known chemokines there is SDF-1α that is upregulated during hypoxia. The

SDF-1α promotes vascularization by binding to CXCR4 receptor on endothelial tip

cells. Another known chemokine factor is S1P (sphingosine-1-phosphate) that

modulates vessel stability by binding to its G-protein-coupled receptors (S1PRs)

in the tumor environment [6]. These diverse functions of chemokines establish

themselves as key mediators between the tumor cells and their microenvironment,

and play a critical role in tumor progression and metastasis.

In addition to gene products, there are novel ways of research that are oriented

towards regulatory mechanisms of gene expression in tumor angiogenesis. The

posttranscriptional regulation orchestrated by microRNAs has been investigated

with significant in/to tumor angiogenesis. MicroRNAs (miRNAs) are noncoding

single stranded RNAs that regulate the level of genes expression by targeting

mRNAs and repressing their translation (see also Sect. 14.2.2). MiRNAs play a

critical role in the regulation of physiological vasculogenesis and angiogenesis

[15, 16]. Pro-angiogenic miRNAs promote angiogenesis by targeting negative

regulators of angiogenesis, while anti-angiogenic miRNAs target positive

regulators of angiogenesis. Different reports demonstrate that miRNAs expressions

are modulated by tumor environment and pro-angiogenic factors released by

cancer-associated cells [17]. Analogously, also hypoxia, a condition associated to

tumor formation and progression, modulates expression of miRNAs [18]. In endo-

thelial cells, miR-210 regulates the cellular response to hypoxia, and it has been

reported as differentially modulated by cancer [19]. Recent data identify a miR-503

that targets both FGF2 and VEGFA in cancers, demonstrating the anti-angiogenic

role of miR-503 in tumorigenesis [20]. Also, miR-145 reveals an inhibitory role in

tumor angiogenesis acting by the posttranscriptional regulation of known onco-

genic targets such as N-RAS and VEGF-A [21].

14.2 The Zebrafish Model

14.2.1 Danio rerio as a Powerful Tool to Study Vessel Formation
and Homeostasis

Danio rerio, commonly known as zebrafish, has emerged as an optimal vertebrate

model system to study vascular development and homeostasis. The zebrafish

embryo and adult models have a relatively simple vascular system, and the molec-

ular mechanisms underlying its vessel formation and morphogenesis are very
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similar to those of higher vertebrate. In comparison to the blood vessels of zebrafish

with other vertebrates, there is a remarkable degree of anatomical and functional

conservation [22]. These observations indicate that vascular development is genet-

ically determined through evolutionarily conserved regulatory mechanisms. In

vertebrates, the vascular system arises in a process called vasculogenesis, during

which free angioblast progenitors aggregate and generate a primary vascular

plexus. These vessels later acquire arterial and venous identities [23]. Therefore,

new vessels sprout from arteries and veins through a process called angiogenesis [3,

24]. Consequently, the vascular plexus progressively expands and remodels into a

highly organized and stereotyped network. A complete development and matura-

tion of the vascular system requires smooth muscle or mural cell recruitment that

also ultimately stabilize the vessels and regulate the blood flow [25, 26]. Angiogen-

esis contributes to organ growth during development but, during adulthood, most

endothelial cells within blood vessels remain quiescent until they receive

instructions to start proliferation and migration.

There are many model systems to study vasculogenesis and angiogenesis.

However, most of them lack some of the features that have led to become the

established model for studying vascular biology [27]. Zebrafish embryos develop

externally, making them easily accessible to experimental manipulation and

imaging. After fertilizations, the optically clear embryos rapidly develop and

acquire functional cardiovascular system, already at 24 hpf (hour post fertilization).

The availability of vascular-specific transgenic lines and advanced microscopy

techniques (i.e., SPIM and confocal microangiography) also allow a high-

resolution time-lapse imaging of blood vessels in developing embryo [22, 28–30].

Such dynamic imaging can also allow the dissection of mechanisms underlying

vessel patterning, branching, and the regulation of vascular tip cell specification

[31, 32].

Zebrafish are also suitable for forward and reverse genetic analysis thus

providing an opportunity to identify novel genes involved in vascular development

and homeostasis [33, 34]. Zebrafish embryos can develop and survive for several

days without a functional cardiovascular system, since tissues are oxygenated by

passive diffusion. Thus, the effects of genetic mutations affecting the cardio-

vascular system can be easily studied in zebrafish, especially when compared to

mammalian systems where an abnormal heart or vascular development is fatal at

early developmental stage. Recent studies have also established zebrafish as a

useful model to study developmental lymphangiogenesis and lymphatic network

formation [35].

14.2.2 Zebrafish and microRNA

MicroRNAs (miRNAs) are small noncoding RNAs that fine-tune gene expression

acting at a posttranscriptional level. They are then synthesized as longer precursors

called pri-miRNAs; they are cleaved by Drosha into 60–100-nucleotides hairpins

named pre-miRNAs. In the cytoplasm, Dicer then processes pre-miRNAs into a
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duplex containing the mature miRNAs sequence. This duplex is recognized by the

protein complex Argonaute to form the RNA-induced silencing complex (RISC).

Thus, the “seed” region of mature miRNA (nucleotides 2–8) guides RISC on those

mRNAs that contain the miRNA binding site(s) in their 30UTR. This association
leads to a block of protein synthesis through degradation of the target mRNAs and

translation repression. Since miRNAs have numerous high and low affinity targets,

and the mRNAs contain binding site for multiple miRNAs, it is possible to generate

a complex network of gene regulation that fine-tune biological processes [36, 37].

Since their discovery miRNAs have been shown to play a role in a wide range of

physio-pathologic processes, including development, differentiation, and cell pro-

liferation [38, 39]. The complete loss of Dicer function leads to severe develop-

mental defects in both zebrafish and mouse. Zebrafish maternal-zygotic Dicer

mutants (that lack both maternal and zygotic Dicer) show morphogenetic defects

during gastrulation, abnormal brain formation, somitogenesis, and heart develop-

ment. However, early gastrulation defects could be partially rescued through the

injection of miRNA-430, making it possible to analyze the loss of miRNAs in

tissues that otherwise would not develop [40, 41]. The fundamental role of miRNAs

in the regulation of cardiovascular development and function has been

demonstrated by analyzing mutants of Dicer. In mouse, endothelial-specific dele-

tion of Dicer demonstrated the importance of miRNAs in postnatal angiogenic

responses to a variety of stimuli, including VEGF, tumors, limb ischemia, and

wound healing [17]. MiRNAs are also indispensable for the proper development

and functionality of vascular smooth muscle cells since Dicer silencing in this

cell type lead to a dilated, thin-walled blood vessels that also exhibit impaired

contraction [42]. Recent studies on zebrafish Dicer mutant embryos demonstrated

excessive endocardial cell formation, suggesting a role for miRNAs in cardiac

development [43].

Zebrafish have also proven to be a helpful system in studying miRNA functions

during developmental processes [44]. Identification and characterization of

miRNAs in zebrafish have provided important information regarding the conserva-

tion of miRNA genes in vertebrates. So far more than 400 different miRNAs has

been isolated in zebrafish through prediction algorithms and large-scale sequencing

of small-RNA cDNA libraries [45–47]. It is likely that this number will increase in

the near future once the complete annotation of the zebrafish genome is known.

Several techniques could be used to study miRNAs function in zebrafish. Modula-

tion of miRNAs expression could be achieved in several ways. Morpholino injec-

tion at one single cell stage is widely used to analyze the effect of the

downregulation of a specific miRNA during development. Transient

overexpression of a miRNAs can be obtained through the injection of miRNA

mimics. The role of a miRNA in larvae and adult animals can be investigated by

using Cre-loxP or TALEN technologies that allow stable and conditional miRNA

down or overexpression in a tissue-specific manner [48]. Several vascular specific

miRNAs have been identified and studied in zebrafish inter alia miR-24, miR-92,

miR-126, and miR-221 [44, 48]. Some of them act as anti-angiogenic factors. A

representative example of such anti-angiogenic activity is given by the miR-24.
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MiR-24 overexpression in zebrafish embryos impaired intersegmental vessel for-

mation due to the downregulation of two different targets, gata2 and pak4 [49]. A

similar effect is obtained through the overexpression of miR-92, a miRNA part of

the cancer-associated miRNA cluster 17–92 [50]. A very interesting endothelial-

specific miRNA is miR-126. It has been reported by several studies that miR-126 is

a master regulator of angiogenic signaling and vascular integrity in vitro and

in vivo. In zebrafish, the downregulation of miR-126 induces collapsed blood

vessels and cranial hemorrhages, as a consequence of SPREAD1 (Sprouty-Related

EVH1 domain-containing protein 1) and PIK3R2 (a regulatory subunit of PI3K)

deregulation [51, 52]. Another vascular miRNA identified in zebrafish is miR-221.

MiR-221 regulates endothelial tip cell behavior during vascular development in

zebrafish. Tip cells are present at the leading edge of intersomitic vascular sprouts

and guide new vessels in their final destination. MiR-221 regulates the proliferation

and migration of these cells through the modulation of cdkn1b (cyclin-dependent

kinase inhibitor 1b) and pik3r1 (phosphoinositide-3-kinase regulatory subunit 1)

levels [53].

Although it is known that several miRNAs are involved in angiogenesis (pro-

and anti- angiogenesis) it mostly remain undetermined their vascular cell autono-

mous target [48]. Identification of miRNAs signature of different pathological

vascular disorders such as tumor-induced angiogenesis could help to develop

innovative anti-angiogenic cancer therapies. Zebrafish represent a very useful

model to identify and characterize the function of novel miRNAs involved in

vascular development and homeostasis.

14.2.3 Genetic Engineering in Zebrafish

Remarkable repertoires of genetic tools are available to modify the zebrafish

genome. The whole genome of zebrafish has now been sequenced by the Sanger

Center, and extensive genome annotation is available through the trans-National

Institutes of Health Zebrafish Genome Initiative (Sanger, zfin.org, ENSEMBL).

The zebrafish genome can be functionally accessed using both forward and reverse

genetics-based approaches. Forward genetic screens (from phenotype to genotype)

have generated thousands of mutations that affect organogenesis, physiology, and

behavior. Many of these mutations have already been mapped, mainly through a

laborious and time-consuming polymorphism analysis. Recently deep sequencing

technology has greatly facilitated the identification of the mutated genes [54].

Mutant generation and characterization have provided a strategy to study the

relationship between gene and their function in normal and diseased conditions.

A complementary approach consists in reverse genetics analysis (from genotype to

phenotype). In zebrafish reverse genetics can be achieved in a fast and cost-

effective way using the morpholino (MO) knockdown technology [55]. MOs are

chemically modified oligonucleotides that are injected in eggs at one cell stage to

inhibit the expression of the target gene. MOs exert their effect throughout embryo-

genesis. Morpholino technology is then a rapid and cost-effective method to address
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gene function during development [55]. Another reverse genetic tool is represented

by the TILLING (Targeting Induced Local Lesions in Genomes) technology. This

method combines a standard and efficient technique of mutagenesis with a chemical

mutagen such as Ethyl methanesulfonate (EMS) with a sensitive DNA screening

technique that identifies single base mutations (also called point mutations) in a

target gene. TILLING is a different reverse genetic tool that allows directed identi-

fication of mutations in a specific gene and in a chemically mutagenized population

[56]. Finally, gene-specific knock out models can be obtained using the Zinc Finger

Nuclease (ZFN) or TALEN or CRISPR technology [57–59].

Beside the “loss of function” tools (MOs, ZFN), other techniques can be used in

zebrafish to analyze “gain of function” effects. The consequences of a transient

gene overexpression can be assessed easily during development through the injec-

tion of messenger RNA. On the other hand, stable and conditional overexpression

systems can be obtained by using transgenesis. Transgenic technology is one of the

most powerful tools in zebrafish. Usually, a tissue-specific promoter is used to drive

expression of a fluorescent reporter protein. However, more sophisticated genetic

techniques based on the CreERT2/loxP system are now available for zebrafish [60,

61]. These techniques can be further engineered to allow temporal and tissue-

specific gene expression in the zebrafish model system [62].

14.3 Zebrafish as a Model to Study Tumor Angiogenesis

14.3.1 Zebrafish as a Model System for Modeling Cancer in Lower
Vertebrates

Due to its peculiar features the zebrafish can be used as a model for human disease,

especially to study cancer [63]. In fact, the conventional tools for genome

manipulations offer the opportunity to use forward and reverse genetic approaches

to generate cancer mutants or to directly manipulate endogenous gene expression.

In forward genetic zebrafish embryos are exposed to mutagenic agents to introduce

random mutations in their genome. Then, mutations associated to a specific pheno-

type are selected, mapped, and characterized [64]. Using this procedure, zebrafish

mutant lines have been selected for susceptibility to tumor development. Several

zebrafish mutant lines were generated with this genetic approach and most of them

showed increased incidence of different types of tumors including lymphomas,

sarcomas, pancreatic, and gut cancers [65]. In addition, reverse genetics offer the

possibility to manipulate a gene of interest such as an oncogene and to facilitate the

characterization of its function [66]. Such an approach has been used to create

zebrafish cancer models for some of the most widespread human carcinomas. The

zebrafish line that expresses the inactivating mutation M214K in the p53 gene

represents one example of zebrafish cancer model. The p53 gene is a known

tumor suppressor gene and has been widely reported to be frequently mutated in

several human tumors. As for mammals, loss of wild-type p53 in zebrafish is

associated with the lack of cell cycle control. This zebrafish mutant line not only
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offered a new opportunity to model cancer in vivo but also suggested that molecular

pathways associated to cancer are maintained in zebrafish as well as in higher

vertebrates [67].

In alternative to genetic approaches, zebrafish cancer models can be obtained by

treating animals with mutagenic chemicals [68]. As a matter of fact, different

studies have shown that a large number of tumors could be modeled in zebrafish

by chemical treatments [69, 70]. For example, the exposure of zebrafish to

nitrocompounds (i.e., nitrosomorpholine, diethylnitrosamine, diethylnitrosamine)

causes the formation of hepatocellular carcinoma and liver tumors. Chemically

induced tumors are comparable to genetically caused tumors and resemble human

cancer features. Analysis of micro array gene profiles demonstrated that most of the

genes deregulated in zebrafish liver tumors induced by chemical treatment are

comparable to those deregulated in human cancers [71].

Altogether chemical and genetic approaches allow the modeling of several kinds

of human cancer in the zebrafish. Moreover, modeling tumorigenesis in zebrafish

has been improved by application of technologies for controlling the expression of

specific oncogenes in defined spaces and times. Promising strategies are

represented by adapting zebrafish strategies that are well established for the

overexpression of oncogenes in mice. An experimental example of such approach

is the creation of zebrafish Cre/Lox and hsp70 inducible systems that can be put

under control of temperature.

To fit cancer research in the zebrafish system much work still needs to be done.

Increasing experimental evidences have indicated that zebrafish model is as inno-

vative system to study cancer and to investigate related biological processes such as

the tumor angiogenesis. Even though genetic models for tumor angiogenesis are not

yet well established, a good opportunity to characterize the cross talk between

tumor cells and blood vessels dynamic is represented by zebrafish xenotransplant

models.

14.3.2 Xenotransplants Models in Zebrafish for Anti-angiogenic
Therapies

The significance of the zebrafish model has been implemented by setting up

xenotransplants of human cancer cells. As for mice, xenotransplants conjugates

high genetic complexity of human cancer with the chance to manipulate in vivo

cancer cells. In the beginning there were only a few melanoma cells transplanted in

zebrafish [71]. Since then many human tumor cell lines have been used in this

assay, including breast adenocarcinoma [72] and melanoma cells [73]. More

recently, cells dissociated from human solid tumors such as colon, pancreas, and

stomach carcinoma [74] or for primary leukemia cells derived from bone marrow of

patients have also been used for xenotranplants in zebrafish [75, 76].

Performing xenotransplants in zebrafish allows tumor cells to interact with an

especially hospitable and handling system. Zebrafish embryos do not develop a

competent immune system until 48 hpf, and cells can be introduced in the host at
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earlier embryonic stages without any immune suppression. Otherwise, cells can be

transplanted in adult fish immunosuppressed by irradiation or dexamethasone

treatments. Tumor cells are usually transplanted at an early embryonic stage in

the yolk, close to the Cuvier duct. Once tumor engraftments are performed the

readout is available within a few days (Fig. 14.1).

Even though it is possible to transfer xenotransplant assays from mice to fish,

there are some limitations that need to be considered. Zebrafish are tropical fish that

normally live between 28 �C and 31 �C, while human cells are usually cultured at

37 �C; thus it is necessary to maintain host zebrafish at higher temperatures

(34–35 �C) to avoid human cell death. Another problem that may arise is the

dimensions of cells, given that human cells are larger than zebrafish cells. However,

experimental evidence has shown that human cells can adapt to the anatomical

structure of the zebrafish and invade tissues. As in mice, during xenotransplant

experiments in zebrafish, it is required to support tumor cells with missing human

growth factors such us specific cytokines [77].

Another advantage of using the zebrafish for tumor angiogenesis studies is the

possibility to use vascular-specific fluorescent trangenic lines coupled to advanced

imaging tools like light-sheet and dual-photon confocal microscopy. For example,

performing a xenotransplant in transgenic lines with fluorescent vasculature may

highlight new mechanisms of blood vessels recruitment and metastasis initiation

[78]. Before transplantation, tumor cells can be modified for the expression of

specific endothelial targets in order to validate their different ability in vessels

recruitment. Correct modification of tumor cells before their introduction into hosts

for expression of active growth factors, like FGF and VEGF, will regulate new

blood vessel recruitment [79, 80].

As for now, xenotransplants in zebrafish are actively exploited for the investiga-

tion of anti-angiogenic pathways. Among the most applied techniques in combina-

tion with xenotransplants, there have been genetic and chemical approaches. In the

Fig. 14.1 Performing

zebrafish tumor xenograft

experiments. Tumor cells

(red) are microinjected in the

yolk sac of 2 or 3 dpf

zebrafish embryo. 24 h after

injection new vessels (green)
sprouted from the

subintestinal plexus (SIV) and

vascularize the tumor mass.

DA dorsal aorta, PCV
posterior cardinal vein, Se
intersegmental vessel, SIV
subintestinal veins
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first case molecular pathways sustaining blood vessel sprouting can be down

regulated by morpholinos for endothelial genes and the effect can be followed

over the time using confocal or light sheet microscopy. Also, treatment of

xenotransplanted zebrafish with new generation drugs may make evident the

innovative molecules for anti-angiogenic therapies. Joining genetic modified

zebrafish lines with xenotransplant approach, important molecular pathways such

as endothelial cell migration and drug resistance in tumor angiogenesis could be

uncovered.

14.4 Antitumor Angiogenic Drug Screening in Zebrafish

14.4.1 Drugs Targeting Tumor Angiogenesis In Vivo

Inhibition of angiogenesis is a promising strategy, not only for the treatment of

cancer, but also for limiting pathological conditions associated to vascular

disorders. In spite of several efforts made so far, further understanding of vascular

angiogenesis and identification of specific blockers of this process must be

comprehended. Many different in vitro and in vivo angiogenesis assays are cur-

rently available for drug screening. Due to their straightforwardness in vitro models

are extensively performed. These assays are mainly established on endothelial cell

cultures and are mainly used to measure endothelial cell migration, proliferation,

apoptosis, and tube formation. To copy the complexity of an in vivo system more

complex assays are needed. Different in vivo assays have been developed in

vertebrate animal models such as rodents, xenopus, and chick. These assays include

the chick chorioallantoic membrane assay (CAM), corneal neovascularization

assay, and matrigel plug assay. However, they are expensive and require specific

experimental setups [27]. An alternative model is represented by the zebrafish that

provides an optimal system for drug screening since it combines the biologic

complexity of an in vivo system with the possibility to carry out high-throughput

screening. Additionally, studies have demonstrated that anti-angiogenic

compounds used clinically also inhibit the growth of blood vessels in zebrafish,

suggesting that this small fish could help to discover new potential therapies [81].

Various studies have shown that different small-molecule inhibitors of VEGF

signaling, known for anti-angiogenetic activity in cell culture or mouse model,

have the same effect in zebrafish embryos [82].

The anti-angiogenic activity of molecules is commonly validated in zebrafish by

the analysis of developing vasculature. In zebrafish embryos the primarily sprouting

vessels, via angiogenesis, are the intersegmental vessels (ISVs) of the trunk that

originate at 20 hpf from the dorsal aorta (DA) the main axial artery of the zebrafish.

Live embryo microangiography and transgenic lines with fluorescent vasculature

can allow a very simple and direct observation of normal and defective develop-

ment of ISVs. For this reason, in different studies the specific development of ISVs

is considered a parameter to analyze the anti-angiogenic potential of assayed

compounds [83]. Otherwise, the development of the subintestinal plexus (SIV)
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that occurs later, at 48 hpf is currently used as a readout [81]. A further improve-

ment in the anti-angiogenic drugs screening was obtained through the automated

quantitative screening assay. This method takes advantage of transgenic lines

that express fluorescence in endothelial cells and of an algorithm to quantify the

growth of angiogenic vessels in zebrafish embryos. In this way, Tran and colleagues

screened the LOPAC1280 compound library for anti-angiogenic activity and

identified three hit compounds, one of which is the indirubin-30-monoxime (IRO),

not previously reported for anti-angiogenic activity [84]. Demonstrating that IRO

also inhibits human endothelial cell tube formation and proliferation, these authors

were the first researchers to discover a new anti-angiogenetic compound using

the zebrafish model system [84]. Recently, another group identified new anti-

angiogentic compounds developing a similar automated system for zebrafish

screening and opening innovative methods in this field [85].

14.4.2 Performing a Drug Screening in Zebrafish

In several studies the zebrafish system has been successfully used to identify new

drugs affecting different biological processes [86]. In those experiments a library of

chemical compounds is screened for their effects, simply by adding them to fish

water. After mating embryos are placed in 96- or 384-well plates. Small molecules

of a synthesized or acquired library are added to the fish water (single or in

combination) and at the end of the treatment phenotypic effects are analyzed

visually or through an automated read-out [87]. Zebrafish embryos are small in

size (less than 1 mm in diameter) allowing several embryos to fit in a single 384-

well plate and using small quantities of drugs.

Zebrafish embryos permit a short assay time due to their rapid development.

Furthermore, the dissection of the phenotype of interest and at the same time the

evaluation of possible side effects and toxicity can be done simply. All these

features offer the zebrafish as a system suitable for high-throughput screening

(Fig. 14.2).

Peterson and colleagues published one of the first chemical screenings that was

performed in zebrafish [88]. In this work, more than one thousand compounds were

tested for their effects on the development of the central nervous system, cardio-

vascular system, pigmentation, and the ear. Different chemicals affecting those

structures were identified by a visual examination of embryos. Interestingly, an

automated high-throughput platform for in vivo chemical screenings on zebrafish

embryos has been developed aiming for the highest possible throughput and

minimization of human error. It includes automated methods for embryo collection

and preparation, compound delivery, incubation, imaging, and analysis of the

results. This method was applied to develop two different bioassays to evaluate a

wide range of molecules for cardio-toxicity and angiogenesis properties.

In this way, 15 compounds were selected as inhibitors of known regulators of

angiogenesis [85].
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Identifying and validating novel drug targets remains a problem in drug discov-

ery. Several strategies have been developed for target identification in zebrafish and

a detailed analysis of them is discussed below.

Fig. 14.2 Schematic representation of a typical small-scale drug screening in zebrafish embryos.

Developing zebrafish embryos are prepared and maintained in multiwell plates (96 or 384 wells)

and treated with drugs from earliest stages. Chemical compounds can be easily dissolved in water

or delivered inside by diffusion or specific carriers such as liposomes. Specific anti-angiogenic

drugs can be easily screened by analysis of developing vasculature inside tumor mass (arrows
head) at stereomicroscope. Small molecules libraries can be in vivo selected for their effects on

developmental angiogiogenesis or tumor angiogenesis in xenograft model assays
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14.4.3 Toxicity Assay in Zebrafish

One of the major concerns in drug development research is the toxicity that slows

down clinical applications. The current approach for the identification of new drugs

foresees two phases: the first one is the identification of disease targets; the second

is the design of compounds active on those targets. Only once a strong biological

effect is obtained (often after multiple rounds of chemistry and biological evalua-

tion to improve drug potency), the candidate drug is tested for its toxicity in animals

and the therapeutic index (a measure of both the beneficial effect and the relative

safety of a new drug) is evaluated. The failure rate for drug candidates is high,

usually because of an inadequate therapeutic index. This process is quite inefficient,

and it suffers from the separation between the drug discovery process and toxicol-

ogy tests [89, 90]. To save time and resources, safety and efficacy would ideally be

determined simultaneously. In vitro, toxicity assays could help in prioritizing leads

but results are frequently not predictive of the in vivo outcome. They also lack a

relevant physiological setting in which complex pharmacokinetic and pharmaco-

dynamic processes strongly influence the therapeutic index. As a matter of fact,

animal models are essential to test toxicity in the early phase of drug development

and the zebrafish is emerging as a complement to existing in vitro technologies [91].

In zebrafish the possibility to rapidly and efficiently evaluate the toxicity of a large

number of compounds allows a prescreening of chemical libraries. Then, after this

screening, all potentially unsafe compounds could be excluded from libraries

before functional high-throughput screening. Despite the significant differences in

physiology and anatomy between fish and humans, different studies have shown

that many toxic responses are well conserved between species [87, 92].

In the past few years, several researchers have taken advantage of the zebrafish

model to analyze organ-specific toxicities, highlighting the value of performing

toxicity studies in zebrafish. Consequently, zebrafish have also been proposed as a

model for studying teratogenicity, drug-induced tumorigenesis, toxicogenetics, and

pharmacogenetics [91].

14.4.4 Drug Target Validation

Target validation is still a challenging phase of drug discovery. The tagging of the

compounds may facilitate identification of their molecular targets, although tagging

may negatively affect the potential of the compound. In vivo target validation using

gene knockouts is a powerful method of predicting drug action. As previously

explained, the zebrafish is easily accessible to genetic technologies that can be

applied to assess the identification and validation of novel drug targets. Different

approaches are based on phenotype-based screen and their strength derives from the

availability of several zebrafish mutant lines and model disease. Functional

correlations could be hypothesized when a mutated gene and a drug treatment

cause a similar phenotype. At the same time off-target effects could be easily

identified through the comparison of a mutant/morphant phenotype with the effects
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of a specific drug treatment. In this way, for example, Davidson and colleagues

deduct that pifithrin-α (PFT-α), a pharmacological inhibitor of p53, was also active

on p73. Infact PTF-α treated embryos showed developmental abnormalities

strongly similar to those caused by p73 knockdown and not related to p53

downregulation [93]. Off-target evaluation is not secondary in the process of drug

discovery in view of treatments for human health.

Moreover, drug screening could be performed in order to rescue a diseased

phenotype and facilitate the identification of the drug target (if the mutated gene is

known) or of the mutated gene (if the drug target is known).

Table 14.1 Advantages and limitations of the zebrafish model in modeling human diseases

Advantages Limitations

Zebrafish husbandry Experimental limits

• It is relatively inexpensive to obtain and

maintain large number of adult and embryo

zebrafish

• Few antibodies against zebrafish proteins are

available so far. For this reason it is difficult to

perform immunofluorescence analyses in

zebrafish samples

Genetic manipulation Embryo manipulation

• Generation of larvae with deletion or

overexpression of specific genes can be easily

accomplished using available tools (e.g.

morpholinos, RNA, mimics)

• Considerable availability of genetically

manipulated zebrafish strains that are defective

or have acquired functions for specific gene

products (e.g. zinc-fingers, ENU, tilling). And

also Transgenic zebrafish lines that express

reporter genes in particular cell types are also

available in the scientific community

• Due relative small size of zebrafish larvae, you

need skillful and careful trainees to perform

experiments

• As most mammalian tumors grow at 37 �C, it
is difficult to study the process of xenograft

tumor growth at the optimal temperature

Chemical screening Technical skills

• Addition of active chemical stimulators or

inhibitors to the water enables analysis of

intervention of these compounds on

physiological and pathological processes

• Microinjection of tumor cells into the

perivitelline space of a large number of

zebrafish embryos is a tedious procedure and

requires highly skillful micro-operations

Timing:

• Turnover time for experiments is relatively

short

Anatomy of the zebrafish

• Optical clarity of zebrafish embryos allows

visualization of vascular and hematopoietic

cells as well as tumor cell dissemination in

living animals

• Zebrafish embryos allows implantation of

mammalian tumor cells, including human and

mouse tumor cells, due to the absence of a

functional immune system at this stage
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14.5 Perspectives and Conclusions

Zebrafish have entered the stage of becoming a promising new model system to

study human cancer. This has been largely due to the development of transgenic and

xenograft models of cancer and their amenability to genetic and pharmacological

testing. Cancer progression in these animals recapitulates many aspects of human

disease and opens the door for further studies into identifying genetic and chemical

modifiers of cancer. There are general advantages and limitations of using zebrafish

as an in vivo model to study tumor angiogenesis (see Table 14.1).

14.5.1 Zebrafish in Pharmaceutical Companies

These models are already being utilized by academia and industry to search for

genetic and chemical modifiers of cancer with success. The attention has been

further stimulated by the amenability of zebrafish to pharmacological testing and

the superior imaging properties of fish tissues that allow visualization of cancer

progression and angiogenesis in live animals.

14.5.2 Can We Use the Zebrafish Cancer Models to Identify New
Therapies in Clinics?

In the past several years, the zebrafish shown great promise as a powerful animal

model to study cancer progression, making way for several laboratories to perform

research using this model system. However, despite a significant progress, more

work is required to fully explore how closely the processes in zebrafish may parallel

mammalian cancer mechanisms and how well they might be translated to human

diseases. These improvements will require more specific comparative studies

among transgenic and xenograft zebrafish and mouse/mammalian models of can-

cer/tumor angiogenesis and their relevance to the disease. When all these studies

and analyses will be performed, the zebrafish model will have the full potential to

be used and embraced by the cancer research community. In particular, the

zebrafish model represents an emerging vertebrate system in studying the angio-

genic process and to better understand the modification of tumor microenvironment

by anti-angiogenesis therapies.
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Abstract

The vascular complications of diabetes mellitus are accountable for significant

morbidity and mortality of the disease worldwide. A striking feature of diabetes

is the heterogeneity in the dysregulation of angiogenesis. Excessive and dis-

ordered angiogenesis predominate in microvessels, leading to retinopathy and

nephropathy. Insufficient neovascularization features heavily in the diabetic

wound. This is aggravated by neuropathy and poor nutritive blood flow due to
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peripheral vascular disease. These complications can converge leading to ampu-

tation. Failure of neovascularization or collateralization in atheroocclusive dis-

eased macrovessels can precipitate myocardial infarction and stroke. In this

chapter, the features and mechanisms underlying the various vascular

complications associated with diabetes will be reviewed.

Keywords

Diabetes mellitus • Angiogenesis • Neovascularization • Diabetic vasculopathies

Abbreviations

AGE Advanced glycation end products

CAD Coronary artery disease

DAG Diacylglycerol

eNOS Endothelial nitric oxide synthase

EPC Endothelial progenitor cell

MAPK Mitogen activated protein kinase

PAD Peripheral artery disease

PKC Protein kinase C

RAGE Receptor for advanced glycation end products

T1DM Type 1 diabetes mellitus

T2DM Type 2 diabetes mellitus

VEGF Vascular endothelial growth factor

15.1 Introduction

The vascular complications of diabetes mellitus are responsible for much of the

morbidity and mortality associated with this disease worldwide. In 2011, The

World Health Organization reported that 347 million people suffered from diabetes

worldwide and predicted that the number of deaths from diabetes will double

between 2005 and 2030 [1]. While diabetes has been associated with the Western

lifestyle, 80 % of those afflicted with the disease reside in low- and middle-income

countries [1]. As the population will continue to grow and age, and developing

countries become increasingly industrialized and affluent, diabetes and its ensuing

vascular complications are expected to continue to rise. Currently, there is no silver

bullet for the vascular complication of diabetes. The primary treatment approach is

normalization of blood sugar levels combined with rigorous management of car-

diovascular risk factors. Strict blood glucose control mitigates microvascular

complications whereas it does not prevent macrovascular disease associated with

diabetes. Aside glucose control, angiotensin converting enzyme inhibitors and

fenofibrates also reduce diabetic microvascular complications. Thus, other factors
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such as disordered lipid metabolism (dyslipidemia) and chronic inflammation also

must be considered in the context of vascular disease in the setting of diabetes.

15.1.1 Diabetes Mellitus

Diabetes mellitus is a group of metabolic diseases defined by high blood sugar

concentration (hyperglycemia), which leads to symptoms of excessive thirst (poly-

dipsia), excessive hunger (polyphagia), and excessive urination (polyuria). The

three types of diabetes mellitus are (1) type 1 diabetes mellitus (T1DM), (2) type

2 diabetes mellitus (T2DM), and (3) gestational diabetes mellitus. T1DM (previ-

ously known as insulin-dependent diabetes mellitus) accounts for approximately

10 % of diabetes cases and usually presents early in life as ketoacidosis and rapid

weight loss [1]. T1DM is caused by the autoimmune destruction of the insulin

secreting pancreatic beta cells. Both genetics and environmental factors contribute

to initiating the autoimmune destruction. T1DM patients have no endogenous

insulin production and cannot regulate their blood glucose levels without a strict

regime of administered insulin. T2DM accounts for the remaining 90 % of diabetes

cases worldwide [1]. T2DM typically develops later in life and has strong

associations with obesity, dyslipidemia, and lifestyle. T2DM is characterized by

insulin resistance of tissues and an initial increase in production of insulin by the

beta cells to compensate for the resistance. In the long term, insulin production may

ultimately decrease as beta cells are exhausted, and thereby T2DMmay also lead to

a requirement for exogenous insulin. Treatment for T2DM includes weight loss,

oral hypoglycemic drugs and, in some instances, insulin therapy. Gestational

diabetes mellitus occurs during pregnancy in women who have no previous history

of diabetes and affects up to 10 % of pregnancies [1]. Gestational diabetes is

characterized by a failure of the insulin receptor to function properly, which leads

to elevations in blood glucose concentration. Women who experience gestational

diabetes have a higher risk of developing T2DM later in life.

The hyperglycemia of diabetes is a major contributor to vascular complications

associated with the disease. High blood glucose levels can lead to glycation

(nonenzymatic addition of sugars) of plasma proteins, such as hemoglobin.

Glycated hemoglobin (also known as HbA1c) has been correlated with vascular

complications in the major vessels, including the coronary, peripheral, and cerebral

circuits, and also the vascular beds servicing the eye, neurons, and dermis [2–8].

HbA1c concentration per se is an indicator of prolonged, elevated glucose

concentrations rather than a cause of diabetic vascular complications. High glucose

concentrations can lead to glycation of plasma and tissue proteins, resulting in

carbonyl and oxidative stress that may contribute to the pathophysiology underly-

ing diabetic vascular complications.

The single-cell layer lining the lumen of blood vessels (endothelium), being the

interface between the blood and tissues, is particularly sensitive to hyperglycemia.

Dysfunction of the endothelium is therefore considered a hallmark of diabetic

vascular complications and is highly prognostic of vascular events [9, 10].
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Endothelial dysfunction is typically defined as a decrease in the ability of vessels to

relax (vasodilation), with an overall decrease in nitric oxide availability. Endothelial

dyfunction is commonly associated with increases in oxidative and/or carbonyl

stress, the propensity to coagulation, and the expression of adhesion molecules,

facilitating the development of atherosclerosis and vessel stiffening [11]. Other

functions of the endothelium include volume and electrolyte control, and also the

growth of new blood vessels (angiogenesis). Angiogenesis in response to athero-

sclerotic disease and tissue ischemia is particularly deregulated in diabetes.

15.2 Pathways Underpinning Diabetic Vascular Complications

In diabetes, high blood glucose levels contribute to defective angiogenesis in some

tissues and disordered neovascularization in others. High blood glucose levels can

exert their deleterious effects on the vasculature via four major yet highly interre-

lated pathways [12]. These include (1) the polyol pathway, (2) hexosamine flux, (3)

the diacylglycerol/protein kinase C (DAG/PKC) pathway, and (4) advanced

glycation end products (AGE), as indicated in Fig. 15.1. Imbalances in these

pathways can lead to carbonyl and oxidative stress.

Carbonyl stress occurs when there is an increase in reactive carbonyl species

resulting from elevated glucose concentrations. Carbonyl species may be formed by

nonenzymatic and enzymatic reactions and are precursors to AGE. AGE can be

formed nonenzymatically, e.g., excessive glucose can lead to Maillard, Schiff base,

and Amadori reactions of carbohydrates with the amino acids on proteins. The

products of these reactions may then degrade to carbonyl compounds such as

methlyglyoxal, glyoxal, and deoxyglucosone [13]. It should be noted that AGE

may also be formed by “autoxidative glycosylation” and “glycoxidation” [14].

AGE can exert their deleterious effects via receptor-independent or -dependent

mechanisms. Receptor-independent mechanisms include, but are not limited to,

the cross-linking of collagen that increases vascular stiffness and damage, and

expansion of basement membrane and matrices [15]. Receptors of AGE (RAGE)

are expressed on a number of cell types including endothelial cells, endothelial

progenitor cells (EPC), vascular smooth muscle cells, mononuclear cell, neurons,

and fibroblasts, making these cells vulnerable to damage mediated by high

concentrations of glucose. AGE may bind to receptors (RAGE) to activate intra-

cellular signaling pathways [16]. These include increases in NADPH oxidase

mediated formation of reactive oxygen species and activation of mitogen activated

protein kinases (MAPK) to increase the activity of the transcription factor, nuclear

factor-κB. In turn, nuclear factor-κB initiates transcription of pro-inflammatory and

growth factor genes. AGE binding to RAGE can also decrease endothelial nitric

oxide synthase (eNOS) activity and nitric oxide bioavailability, further increasing

vascular stiffness [17]. In addition, glycosylation of low-density lipoprotein has been
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suggested to increase low-density lipoprotein uptake in macrophages, increasing

lipid deposition in atherosclerotic lesions [18].

Oxidative stress has long been associated with diabetic vascular complications

and variously attributed as a key driver [12]. Indeed, oxidative stress can accelerate

AGE formation. However, the Baynes and Thorpe model elegantly proposes that

carbonyl stress is a causal driver in the development of complications, while

oxidative stress is a consequence of tissue damage and carbonyl stress that may

exacerbate disease progression [13]. Indeed, hydrogen peroxide, commonly derived

from superoxide, is critical for cellular signaling under normal physiological

conditions, and antioxidant enzymes, e.g., superoxide dismutase [19] and glutathi-

one reductase [20], themselves may become inactivated as a result of glycosylation.

Also, a recent study comparing the antioxidant content and extent of lipid oxidation

in carotid lesions of subjects with T2DM and age-matched controls did not find

significant differences in support of the notion that diabetes increases oxidative

damage in arterial lesions [21]. Moreover, to date, antioxidant therapies have not

been shown to conclusively protect or treat diabetic vascular complications whereas

substrate reduction, i.e., glucose lowering, has had demonstrable effects [2–8].

Nevertheless, once present at supra-physiological levels, reactive oxygen species

can cause tissue damage by a number of mechanisms including induction of

Fig. 15.1 Pathways leading

to diabetic vascular

complications. Four

convergent pathways

considered responsible for the

toxic effects of glucose that

lead to diabetic vascular

complications. These include

(1) the polyol pathway, (2) the

hexosamine pathway, (3) the

diacylglycerol/protein kinase

C pathway, and (4) advanced

glycation end products, which

result in carbonyl and

oxidative stress
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apoptosis, inflammation, and modification of carbohydrates, lipids, and proteins.

Excessive production of superoxide further increases polyol pathway flux,

hexosamine flux, PKC activation, and AGE, and decreases eNOS activity,

exacerbating the cycle of inflammation and tissue damage [12].

In healthy individuals, the endothelium retains a remarkable ability to adapt to

tissue damage. This is most evident in the growth of new blood vessels from

preexisting vessels, a process globally termed angiogenesis. This process involves

a coordinated program of events, signaled by vascular endothelial growth factor

(VEGF), that stimulates endothelial cell proliferation, migration, and vascular

network formation by capillary sprouting and budding [22]. New capillaries may

mature and become stabilized through the recruitment of pericytes and other mural

cells, and may emerge as arterioles and arteries over time. Alternatively, new

capillaries may remodel or apoptose. Arteriogenesis and collateralization are pro-

cesses that refer to the widening of the lumen diameter and growth of preexisting

arteries to increase blood flow to inadequately served vascular beds. Blood vessels

may also form de novo, a process known as vasculogenesis, which involves the

recruitment of EPC [22, 23]. Often, the process of new blood vessel growth in

response to ischemia and tissue damage is referred to as neovascularization.

In subjects with diabetes, angiogenic processes are markedly disordered or

impaired as disturbances in the polyol, hexosamine, DAG/PKC, and AGE pathways

converge. Moreover, EPC are markedly reduced and exhibit impaired angiogenic

function, in part due to defects in high glucose-induced VEGF and nitric oxide

signaling [24, 25], and impairment in EPC recruitment to sites of neovascularization

via disruption of the stromal cell-derived factor-1 signaling [26, 27]. Diabetic

vascular complications may be grouped according to the vessels that they affect,

e.g., the microvessels (microangiopathy) and macrovessels (macroangiopathy).

15.3 Microangiopathy in Diabetes Mellitus

The microvessels comprise arterioles, capillaries, and venules. Capillaries may be

further subdivided into continuous, fenestrated, e.g., glomeruli in the kidney, or

discontinuous, e.g., liver sinusoids. Continuous capillaries only allow small

molecules to diffuse. Fenestrated capillaries have pores that allow some proteins

to diffuse. Discontinuous capillaries have openings in the endothelium that allow

transit of blood cells and plasma proteins. To enable efficient transfer of nutrients

and waste, capillaries are only one cell thick. However, pericytes are embedded in

the basement membrane around capillaries and venules, providing stability and

assisting in the maintenance of capillary constriction and dilation. Nevertheless,

this thinness makes capillaries, and their associated arterioles and venules, highly

susceptible to damage. In diabetics, the predominantly affected microvascular beds

include the eye (retinopathy), kidney (nephropathy), nerves (neuropathy), and skin

(dermis; wound healing), all of which are nonresponsive to insulin-mediated

glucose uptake.
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15.3.1 Retinopathy

Diabetic retinopathy is attributed to ~5 % of blindness or severe visual impairment

cases worldwide [1]. However, in developed countries (where other eye diseases

such as cataracts are preventable or easily treated), diabetic retinopathymay account

for ~15–20 % of blindness or visual impairment [28]. The prevalence of diabetic

retinopathy increases with disease duration. After two decades of disease, ~100% of

T1DM patients and 50 % of T2DM patients have diabetic retinopathy; 10 % of all

diabetics will have severe visual impairment and 2 % will become blind [1]. The

severity of diabetic retinopathy is a continuum, ranging from nonproliferative to

proliferative. Nonproliferative diabetic retinopathy may be mild to severe, and

proliferative retinopathy is when abnormal neovascularization occurs. Disease

development, progression, and severity are correlated strongly with poor glycemic

control [2, 29]. Treatment of hypertension demonstrates the utility in mitigating

diabetic retinopathy [30, 31]. Similarly, the lipid-lowering drug fenofibrate appears

to have beneficial effects on diabetic retinopathy, albeit independent of its lipid

lowering action [32].

The earliest feature of diabetic retinopathy is the loss of pericytes around the

capillaries due to apoptosis and migration [33, 34]. The loss of pericytes impairs

capillary tone, i.e., the ability of capillaries to dilate and constrict. This observation is

associated with endothelial cell injury and basement membrane thickening. The latter

paradoxically increases vascular permeability due to changes in the matrix that lead to

increases in pore size between endothelial cells and also to changes in electrical

charge at these pores [35]. The net effect is the transport across the endothelium of

large molecules such as albumin that are usually excluded from passaging. Basement

membrane thickening also decreases the diffusion of oxygen across the endothelium

to the underlying cells and tissues. Furthermore, loss of pericytes and a cycle of tissue

damage, basement membrane thickening, ischemia, and disordered neovascularization

create an environment susceptible to the deposition of fibrous connective tissue.

Concurrent increases in ocular pressure due to edema aggravate disease progression.

Clinically, the earliest signs of nonproliferative diabetic retinopathy are micro-

aneurysms and hemorrhages in the retina. As the disease progresses, damaged

nerve fibers (resulting in swelling, referred to as cotton wool spots), venous

hemorrhaging, and capillary proliferation are observed. Proliferative retinopathy is

evident with the expansive growth of neovessels, vitreous hemorrhage, and fibrosis,

which can compound in retinal detachment, leading to partial or total vision loss.

Central vision loss may occur from retinal vasculature leakage and resultant edema.

The mechanisms underpinning diabetic retinopathy are driven, in a major part, by

hyperglycemia. High glucose increases the substrate pool for the polyol, hexosamine,

AGE, and DAG/PKC pathways (Fig. 15.2). In the polyol pathway, glucose is reduced

by aldose reductase to sorbitol, which may accumulate in cells and possibly lead to

osmotic stress and increased permeability [36, 37]. Metabolism of sorbitol to fructose

and subsequent phosphorylation of fructose produces the glycosylating agents, fructose-

3-phosphate, and 3-deoxyglucosone, which are precursors of AGE. The metabolism of
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glucose to fructose also consumes NADPH and NAD+ resulting in a decrease in

reducing equivalents for glutathione reductase to maintain cellular glutathione, and an

increased ratio of NADH/NAD+, respectively. An increase in the NADH/NAD+ ratio

can lead to pseudo-hypoxia and a switch to glycolytic metabolism [38], which may

assist in sustaining cell proliferation. Binding of AGE to RAGE increases oxidant

production, decreases eNOS expression, and upregulates VEGF to drive neovascular-

ization [39]. Increased inflammation and oxidative stress leads to apoptosis [40, 41].

Both VEGF and tumor necrosis factor-α increase the expression of adhesionmolecules,

such as intracellular adhesion molecule-1, that attracts white blood cells and can lead to

leukostasis and contribute in part to retinal ischemia [42–44]. Furthermore, high

Fig. 15.2 Excessive neovascularization in diabetic retinopathy. High glucose concentrations

increase the polyol pathway, and diacylglycerol and protein kinase C activation, and hexosamine

pathway. Increased sorbitol may lead to osmotic stress resulting in expansion and degradation of

the basement membrane and extracellular matrix, with increased vascular permeability. Degrada-

tion of the extracellular matrix is a vicious cycle that results in destruction of pericytes and

ultimately leads to thickening of the basement membrane and chronic hypoxia. Low oxygen

tension induces the production of vascular endothelial growth factor and other growth factors

leading to neovascularization. However, neovessels are malformed, lacking pericytes and intact

basement membranes, and vascular endothelial growth factor increases vascular leakage leading to

hemorrhage and intensification of the cycle. Glucose also increases carbonyl stress, advanced

glycation end products and their receptors, and oxidative stress to exacerbate the damage. Diabetic

retinopathy may be categorized as nonproliferative, in which vessels rupture and leak, or

proliferative, in which excessive abnormal neovascularization occurs
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glucose- and hypoxia-induced VEGF gene transcription is dependent upon PKC

activation, while VEGF binding to its receptor, in turn, increases DAG to activate

PKC [45].

15.3.2 Nephropathy

TheWorld Health Organization estimates between 10 and 20 % of diabetes subjects

die of renal failure [1]. Following the appearance of overt nephropathy ~75 % of

T1DM and ~20 % of T2DM subjects will have progressed to end stage renal disease

after 20 years [1]. Diabetic nephropathy progresses through four stages. High blood

glucose concentrations initially cause the kidney to filter larger quantities of blood,

a process called hyperfiltration. Microalbuminuria is the next stage when small

amounts of protein leak into the urine. The presence of microalbuminuria is

recognized clinically as overt nephropathy. Over time, larger amounts of protein

may leak, a process termed macroalbuminuria that precedes end stage renal disease,

where the kidneys have lost their ability to filter toxins leading to a buildup of waste

in the blood. At the end stage dialysis or kidney transplantation is the only option. A

common consequence of diabetic nephropathy is hypertension, and management of

hypertension may prove useful in delaying the progression of nephropathy [31].

The risk of development and progression of diabetic nephropathy can also be

significantly reduced by intensive blood glucose control [2, 5]. Blockade of the

renin–angiotensin system with angiotensin converting enzyme inhibitors or angio-

tensin II receptor blockers can decrease efferent arteriolar pressure thereby reduc-

ing intra-glomerular pressure and helping to protect the glomerulus from further

damage [30, 31]. More recently, fenofibrate has also been reported to slow progres-

sion of diabetic nephropathy [46].

The glomeruli are the functional units of the kidney. The glomerulus is a highly

specialized network of capillaries that are the primary filter of blood. In both T1DM

and T2DM there are abnormal and excessive blood vessels in the glomeruli. The

abnormal vessels may be dilated with adjacent basement membrane thinning

apparent. Extra abnormal vessels are also found with swollen endothelial cells

and a thickening of the vascular wall. The thickening of the vascular wall and

associated changes to the matrix can increase the pore size between endothelial

cells, leading to vascular permeability and the passage of larger molecules across

the endothelium. This neovascularization is associated with glomerular hyper-

trophy and hyperfiltration, as the kidneys work harder due to elevated glucose. A

consequence of this hypertrophy is Kimmelstiel–Wilson nodules characterized by

the thickening of the basement membrane, mesangial matrix expansion, tubuloin-

terstitial fibrosis, and consequently albuminuria.

Pathways leading to diabetic nephropathy are outlined in Fig. 15.3. AGE play a

key role in diabetic nephropathy, as the kidney is responsible for eliminating AGE

from the circulation [47]. Studies in human and rodents are somewhat conflicting in

regard to renal VEGF, although this could be due to the duration of experimental

models and the lack of assessment of VEGF in the early stages of diabetic
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nephropathy in humans. Nevertheless, in animals AGE can increase VEGF in

podocytes leading to basement membrane derangements [48]. AGE also increase

the expression of collagen IV and transforming growth factor-β in podocytes and

tubular cells to cause expansion of the mesangial matrix and tubulointerstitial

fibrosis [49, 50]. The binding of AGE to RAGE leads to elevated reactive oxygen

species, activation of nuclear factor-κB, and MAPK signaling, which increases

intracellular adhesion molecules, inflammation, angiotensin II, transforming

growth factor-β, connective tissue growth factor, and PKC signaling [51]. PKC

signaling, in turn, amplifies this response. The inability of the kidney to filter and

Fig. 15.3 Excessive neovascularization in diabetic nephropathy. High glucose increases

hexosamine pathway flux, diacylglycerol, the polyol pathway, and protein kinase C activation

resulting in carbonyl and oxidative stress, and increases in advanced glycation end products and

transforming growth factor-β (TGF-β). Elevated TGF-β leads to increased production of collagen

and fibronectin, resulting in mesangial expansion and extracellular matrix synthesis/degradation,

which contributes to glomerulosclerosis and tubulointerstitial fibrosis. Increased TGF-β and

vascular endothelial growth factor (VEGF) lead to aberrant angiogenesis. Increased vasculariza-

tion around the glomeruli in turn leads to membrane permeability and hyperfiltration resulting in

albuminuria
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remove AGE increases their circulating levels, which can aggravate other diabetic

vascular complications. It is likely that the polyol pathway also contributes to

diabetic nephropathy in some degree [52].

15.3.3 Neuropathy

Neuropathy is observed in ~50 % of diabetes subjects 10–20 years after diagnosis

[1]. The possible effects of diabetic neuropathy are myriad and dependent upon the

tissues and organs affected. Autonomic neuropathy can affect the cardiovascular

system, lungs, gastrointestinal tract, sweat glands, and eyes, and it can lead to

“silent” symptoms such as myocardial infarction and hypoglycemia unawareness.

Peripheral neuropathy affects the upper limbs, lower limbs, and extremities, leading

to pain and/or loss of sensation/pain. The loss of sensation and pain in the lower

extremities, coupled with impairment in wound healing (Sect. 3.4) and reduced

blood flow due to peripheral artery disease (PAD; Sect. 4.2), may lead to the

development of ulcers. Between 10 and 25 % of diabetics suffer a foot ulcer in

their lifetime and ~85 % of all nontraumatic lower extremity amputations in

diabetics are preceded by foot ulceration [53, 54]. People with a history of diabetic

foot ulcers have ~40 % increased mortality after 10 years than diabetics without

foot ulcers [55]. Moreover, ~50 % of those that undergo one amputation will have

their other limb amputated after 5 years [56]. However, these outcomes may be

avoided if neuropathy is detected early and blood glucose is controlled tightly.

In diabetic neuropathy, the blood vessels and nerves are inextricably linked

(Fig. 15.4)—normal nerve function depends upon sufficient blood supply while

blood vessel function is dependent upon normal nerve function. The microvessels

that supply blood to the nerves are known as vasa nervorum and the first changes

observed in diabetes include vasoconstriction, endothelial hyperplasia due to

pericyte destruction, basement membrane thickening, and initial axonal thickening.

These changes reduce the blood supply to the nerve resulting in hypoxia and

neuronal ischemia. As the blood supply diminishes, demyelination can occur

leading to impaired nerve conduction [57]. Neuronal ischemia may eventually

lead to atrophy and axonal loss. High glucose concentrations elicit these changes

in the vasa nervorum via mechanisms similar to those seen in retinopathy and

nephropathy. Polyol pathway and hexosamine flux, and PKC activation increases

AGE and oxidative stress to disrupt the endothelium, causing vascular leakage and

disordered neovascularization. Thickening of the basement membrane surrounding

capillaries can lead to a decrease in blood flow and hence nutrient and oxygen

supply to the neuron, and this may result in neuronal ischemia. These localized

changes in the endothelial cells are mirrored in the neighboring neuron, creating a

milieu of tissue damage that can lead to impaired nerve conduction velocity (via

polyol pathway decreases in the Na+/K+ ATPase required for conduction), demye-

lination, and neuronal loss [58].
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15.3.4 Wound Healing

Foot and lower extremity ulceration typify impairedwound healing in diabetes. Lower

extremity wounds in diabetics are associated with neuropathy, lack of nutritive blood

supply due to PAD, and increased infection due to reduced immune function, which

may ultimately culminate in amputation [11]. Wound healing is a continuum of

processes, inwhich there is significant overlapping [59]. Immediately following injury

hemostatic and inflammatory processes are initiated. Inflammatory cells release a

range of factors to encourage cell proliferation, migration, neovascularization, and

re-epithelialization. Following re-epithelialization and new tissue formation, there is a

phase of remodeling that involves apoptosis and the reorganization of matrix proteins

such as collagen. In diabetes, defective recruitment of immune cell types and impaired

signaling, e.g., VEGF, eNOS, and stromal cell-derived factor-1 between inflammatory

cells, endothelial cells, EPC, fibroblasts, and keratinocytes, results in decreased

neovascularization and wound healing [53] (Fig. 15.5). Of note, the expression of

the cytroprotective enzyme heme oxygenase-1 was induced in normoglycemic mice

Fig. 15.4 Decreased blood supply in diabetic neuropathy. Chronic high glucose increases the

polyol pathway and sorbitol levels that decrease the sodium-potassium adenosine triphosphatase

(Na+/K+ ATPase), leading to sodium retention and subsequent edema. Edema at the myelin and

axonal junctions results in neurodegeneration. The blood supply to the diseased nerve reduces

leading to atrophy and cell death. Poor circulation, insufficient neovascularization, and the

typically distal location of the wound can lead to infection and amputation
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followingwounding, while in db/db diabeticmice induction of heme oxygenase-1was

delayed [60]. Also, overexpression of heme oxygenase-1 in keratinocytes accelerated

wound healing in db/db mice and was associated with increased neovascularization.

Moreover, heme oxygenase-1-deficient mice have impaired wound healing due to a

decrease in EPC numbers and capillary growth [61]. These observations are consistent

with the known role of heme oxygenase-1 in modulating VEGF and stromal cell-

derived factor-1 [62].

The high glucose-induced mechanisms underpinning impaired wound healing in

diabetes include excessive superoxide from the polyol pathway, and also PKCactivation

Fig. 15.5 Impaired neovascularization in diabetic wound healing. In mammals, wound healing

comprises a number of over-lapping phases including, hemostasis, inflammation, re-

epithelialization and remodeling that are compromised in diabetes patients. Neovascularization,

including the recruitment of endothelial progenitor cells (EPC), underpins these processes and is

impaired in diabetes patients due to high glucose. The secretion of vascular endothelial growth

factor (VEGF) by keratinocytes, fibroblasts, endothelial cells (EC), and macrophages (Mø) is

decreased. Similarly, a decrease in endothelial nitric oxide synthase (eNOS) and stromal cell-

derived factor-1 (SDF-1) leads to a failure of the signaling axis that recruits EPC. The reduced

blood supply to the wound leads to a deficit of oxygen and nutrients, further delaying the processes

of cell proliferation, migration and neovascularization. Ultimately, the diabetic wound may

ulcerate, leading to gangrene and amputation (not shown). Should sufficient wound healing

occur in a diabetes patient, the remodeling of vessels and re-organization of matrix proteins

such as collagen may be delayed and wound tensile strength become decreased
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that reduces nitric oxide levels via eNOS uncoupling [11]. AGE accumulation in

diabetic skin increases apoptosis [63], and fibroblasts from diabetic skin have a reduced

ability tomigrate via reductions in nitric oxide andVEGF production [64, 65]. Levels of

matrix metalloproteinase-9 are increased while collagen production is decreased [65,

66]. AGE have similar effects on nitric oxide in endothelial cells and their progenitors

[67, 68].Moreover, the glycation of collagen and othermatrix proteins in thewound bed

impairs the necessary scaffolding required for neovascularization [69, 70] and wound

remodeling.

15.4 Macroangiopathy in Diabetes Mellitus

The macrovessels consist of the arteries and veins. In contrast to the microvasculature

the macrovessels have three discrete anatomical layers, called the tunica intima,

tunica media, and tunica adventitia. The tunica intima consists of the endothelium

lining the lumen of vessels. The tunica media is composed of smoothmuscle cells and

elastic tissue and is critical for the maintenance of vascular tone. Arteries have

increased medial tissue with internal and external elastic membranes. In contrast,

veins have a smaller tunica media, are lacking in internal and external elastic

membranes, and have valves in the tunica intima to prevent backflow of deoxygenated

blood. The tunica adventitia is composed of areolar connective tissue including

collagen and elastin fibers. The macrovessels, in turn, have their tissues supplied

with blood via the vasa vasorum, a network of microvessels around the adventitia.

Cardiovascular disease is associated with a wide spectrum of clinical

presentations, including asymptomatic disease, angina pectoris, heart failure, and

cardiac arrhythmias, and remains a leading cause of death worldwide. While the

mortality from cardiovascular disease has declined significantly in the USA since its

peak in 1968, it is expected that this declinewill be offset by an increasing prevalence

of obesity and diabetes [1]. Indeed, approximately 50 % of diabetes subjects will die

of heart disease and stroke [1]. Cardiovascular disease affects the macrovessels of

the coronary, peripheral, and cerebral circulations; in each of these circuits the

hyperglycemia of diabetes exerts common effects, which are hallmarked by endo-

thelial dysfunction and impaired collateralization in response to tissue ischemia.

However, while hyperglycemia contributes, in part, to the development of cardio-

vascular disease in diabetes by driving endothelial dysfunction, the deposition of

oxidized lipids within arterial walls due to dyslipidemia, the resultant inflammatory

milieu, and subsequent atheroocclusive and/or thrombotic disease are also consi-

dered to be key features. Indeed, while intensive blood glucose control has been

shown to improvemicrovascular disease in diabetes, these beneficial effects have not

fully extended to macrovascular disease [2, 5, 71]. Cardiovascular disease also has a

microvessel component, e.g., in diabetes subjects, neovessels may permeate the

vessel walls of the atherosclerotic plaque facilitating macrophage entry and also

hemorrhage and plaque rupture. Key examples of neovascularization in cardio-

vascular disease are shown in Fig. 15.6.

326 L.L. Dunn et al.



Fig. 15.6 Neovascularization in cardiovascular disease. Cardiovascular disease in diabetes

subjects affects macro- and micro-vascular components. In ischemic heart disease the coronary

arteries that supply oxygen and nutrients become blocked, e.g., with a thrombus, which can lead to

heart attack. (a, b) Diabetes patients have more aggressive and diffuse atherosclerotic disease with

marked impairment of coronary collateralization in contrast to non-diabetes subjects. (c, d)

Neovessels (stained in blue) may be increased in plaques of diabetes patients compared with

non-diabetes subjects, which can enhance macrophage infiltration (stained in red), accumulation

of lipids, plaque rupture, hemorrhaging and thrombosis (not shown). (e, f) In a murine model of

hind limb ischemia, neovessels (stained in red) and arterioles (stained in green) are dramatically

decreased in diabetic mice compared with nondiabetic mice. Photomicrographs in c and d:

Reprinted from Cardiovascular Pharmacology, 22, Purushothaman et al. Expression of

angiotensin-converting enzyme 2 and its end product angiotensin 1–7 is increased in diabetic

atheroma: implications for inflammation and neovascularization, Page No. 42–44, Copyright

(2013) with Permission from Elsevier
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15.4.1 Coronary Artery Disease

Coronary artery disease (CAD) affects the vessels providing the heart with nutritive

blood supply. The hallmark of diabetic CAD is diffuse macrovascular disease and

also a microvascular component [72]. Diabetic subjects suffer an accelerated and

more severe form of CAD. Moreover, diabetic vascular disease is associated with a

state of hypercoagulability that leads to thrombosis [73]. In large epidemiological

studies, the incidence of CAD and myocardial infarction among diabetic

individuals is two to four times compared with nondiabetic individuals, indepen-

dent of other classical cardiovascular risk factors [74]. Unlike the

microangiopathies, intensive blood glucose control has limited impact on the

progression of CAD. Diabetes subjects with CAD have a much more severe and

diffuse atherosclerotic disease, reducing the applicability and success of current

revascularization strategies. Moreover, concurrent neuropathy can lead to silent

ischemia.

There are multiples reasons by which chronic hyperglycemia leads to an increased

risk of CAD, including endothelial dysfunction, pro-inflammatory state, hyper-

coagulability, and platelet dysfunction, leading to accelerated atherosclerosis, plaque

rupture, and thrombosis. These processes may be grouped across three broad

categories that constitute Virchow’s triad of endothelial dysfunction, hemodynamic

changes, and hypercoagulability. High glucose levels increase superoxide, e.g., by

increasing substrate for the polyol pathway, which results in reduced nitric oxide

bioavailability, culminating in endothelial dysfunction. Basement membrane

thickening, arteriole wall thickening, and fibrosis lead to decreased vascular reactivity

and arterial stiffness. Decreases in eNOS activity and methylglyoxal modification of

hypoxia inducible factor-1α [75] can inhibit hypoxia-induced signaling pathways,

leading to impaired angiogenesis and neovascularization. AGE can also glycosylate

superoxide dismutase [76], which can lead to increased levels of superoxide and a

reduction in the subsequent nitric oxide bioavailability and coronary dilation. AGE

also increase cross-linking of collagen further contributing to vascular stiffness [77].

In a significant proportion of nondiabetic CAD subjects, the coronary vasculature

adapts to atheroocclusive disease and tissue ischemia via collateralization and

neovascularization. However, this adaptive and reparative capacity is markedly

reduced in the coronary vessels of diabetes subjects [78], in part, via the disturbances

in growth factor levels and impairment of signaling cascades (Fig. 15.6). Collateral-

ization and arteriogenesis require the recruitment of monocytes and monocytes

isolated from diabetics have reduced capacity to migrate towards a VEGF stimulus

[25]. In myocardial biopsies of T2DM subjects, VEGF mRNA and protein were

increased compared to nondiabetic controls [79]. However, while VEGF receptor-1

and VEGF receptor-2 mRNA were also increased in diabetes, protein levels of

both receptors were decreased, as was VEGF receptor-2 protein phosphorylation.

This, in turn, led to reduced phosphorylation of Akt and eNOS,which could underpin

impaired neovascularization in the diabetic myocardium. These findingsmay extend

to the collateral vessels.

328 L.L. Dunn et al.



15.4.2 Peripheral Arterial Disease

PAD is a condition characterized by atherosclerotic occlusive disease of blood

vessels supplying the lower extremities. Although commonly presenting as inter-

mittent claudication, severe PAD with critical limb ischemia results in gangrene

and eventual lower limb amputation. In diabetics PAD is confounded by a signifi-

cant microvascular component evidenced by neuropathy and impaired wound

healing. While PAD is a major risk factor for lower extremity amputation, it is

also accompanied by a high likelihood for symptomatic cardiovascular and cere-

brovascular disease. The presence of diabetes is associated with an eightfold

increased risk of PAD and amputation events [80]. Despite modern therapy, PAD

remains a major burden on the healthcare system, with at least one amputation due

to diabetes occurring every 30 s worldwide [81]. Relatively, little is known about

the biology of PAD in individuals with diabetes. However, it is thought that changes

observed with other manifestations of atherosclerotic disease, such as metabolic

disturbances and impaired molecular signaling discussed for CAD (Sect. 3.1), also

apply to patients with both PAD and diabetes. Attention to classic vascular risk

factors such as hypertension and hypercholesterolemia and intensive blood glucose

control has failed to substantially reduce the risk of amputation [2, 31, 82], thus

highlighting the need to further delineate and understand the pathophysiology of

PAD and to help to identify new therapeutic targets for its treatment.

15.4.3 Cerebral Ischemia

Stroke results in significant morbidity and disability and is the second leading cause

of death in Western society [1]. Many epidemiological studies have shown con-

vincingly that diabetes is one of the leading risk factors for ischemic stroke with

approximately a two- to fivefold increase in risk compared with nondiabetic

individuals [83]. The biology and impact of diabetes on the cerebrovascular circu-

lation is similar to that in CAD, with atherosclerosis of large vessels as well as

microvascular disease. However, diabetes is associated with a hypercoagulative

state and an increased risk of atrial fibrillation, resulting in an increased risk of

embolic stroke [84]. Diabetic retinopathy and nephropathy are also associated with

an increased risk for stroke [85] that may result from tissue ischemia (ischemic

stroke) due to thrombosis or embolism, or from hemorrhage (hemorrhagic stroke).

In thrombotic stroke, a thrombus can form over an atherosclerotic lesion within the

cerebral circulation leading to occlusion of the vessel. Should the thrombus break

off from a cerebral or other atherosclerotic plaque, it becomes an embolus and may

block an artery to cause an embolic stroke. Hemorrhagic stroke following rupture of

cerebral vessels is more closely associated with hypertension and other

angiopathies [86]. However, following an ischemic stroke, hemorrhagic transfor-

mation may occur. In a European cohort (>18,000 subjects), diabetes was found to

be a strong risk factor for ischemic stroke but not hemorrhagic stroke [87].

Consistent with findings for CAD and PAD, aggressive blood glucose control has
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not reduced the risk of stroke in diabetes mellitus [2, 5, 71]. Further understanding

of the pathogenesis of stroke in diabetes mellitus is necessary to facilitate develop-

ment of new therapies that may ultimately reduce this risk.

Given the difficulties in assessing the vascular, metabolic, and neuronal changes

following stroke in humans, a number of insights have necessarily been obtained

from rodent models. Following ischemia, VEGF and matrix metalloproteinases

have been found to be elevated [88–90]. This adaptive response could lead to

neovascularization and adaptive arteriogenesis, characterized by increases in col-

lateral vessels and lumen diameter, as well as vessel tortuosity leading to vessel

leakage and rupture (hemorrhagic transformation). Chronic and acute hyperglyce-

mia following injury and reperfusion worsens hemorrhagic transformation and

tissue damage [91]. Edema and increased endothelial swelling lead to basement

membrane thickening. High glucose further induces degenerative changes in the

smooth muscle and pericytes leading to impaired vascular tone and abnormal

vascular structures. These changes are driven, in part, by the generation of reactive

oxygen species via the polyol pathway. Similar processes affect the neurons as they

increase their anaerobic metabolism to adapt to the tissue ischemia, leading to

intracellular acidosis that can result in neuron and glial damage. This acidosis can

increase reactive oxygen species, contributing to the inflammatory milieu and tissue

damage of adjacent vessels. High glucose concentrations can also increase excitory

amino acids such as glutamate, which may lead to neuronal death [92]. PKC

pathway modulation improves vascular tone [93] and increase thrombolysis [94],

implicating PKC in the pathogenesis of cerebral vascular complications.

15.5 Future Directions

Unfortunately, once initiated, the vascular complications of diabetes are progres-

sive due to a vicious feedback loop of tissue damage and maladaptive endothelial

changes (Fig. 15.7). T1DM onset and progression cannot be prevented in a majority

of subjects, necessitating the use of insulin to normalize blood glucose levels. While

strict blood glucose control can reduce the development and progression of micro-

vascular complications such as retinopathy, nephropathy, and neuropathy, these

effects do not extend to the macrovessels. Moreover, intensive management of

glucose with other comorbidities such as hypertension and dyslipidemia is not

sufficient either in the prevention of disease progression in macrovessels. There-

fore, an understanding of the interplay between nonglucose and glucose-related

mechanisms in the macrovessels is imperative. While the majority of T2DM cases

could be easily prevented through lifestyle choices and education, we must face the

reality that the burden of this disease will continue to increase in the foreseeable

future, necessitating the development of treatments to prevent the vascular

complications of both T1DM and T2DM.
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Lipid-lowering drugs such as fenofibrate have shown some success in

attenuating diabetic vascular complications [32, 95, 96]. Similarly, anti-

hypertensives including angiotensin converting enzyme inhibitors and

angiotensin-II receptor blockers can reduce diabetic microvascular disease [30,

31, 97]. However, to date, only a small number of other drugs have been trialed

for the prevention and treatment of diabetic vascular complications. The PKC

inhibitor ruboxistaurin has been shown to limit vision loss in diabetic retinopathy

by reducing edema [98]. The anti-VEGF antibodies, bevacizumab, ranibizumab,

and pegaptanib, have been administered intra-ocularly to delay the progression of

diabetic retinopathy by a number of mechanisms, including decreased retinal

neovascularization [99]. Alternative approaches to small molecules include gene

and cell based therapies. While some results in initial studies show promise, the

benefits may not extend to larger cohorts. The inconsistent data obtained from gene

therapy trials of angiogenic factors have been variously attributed to the limitations

of preclinical animal models, dosage and delivery and duration of therapy, endpoint

selection, and the use of “no option” patients in the advanced stages of disease

[100]. While these attributes should not be understated, the possibility remains that

the problem may lie with the downstream signaling rather than the production of the

angiogenic factors itself, e.g., increased VEGF levels in macrovascular disease may

Fig. 15.7 Diabetic vascular

complications feedback loop.

High glucose leads to

carbonyl and oxidative stress

that contribute to endothelial

dysfunction and impaired

angiogenesis. The resulting

tissue damage exacerbates

disease by creating a positive

feedback loop
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be irrelevant if VEGF-receptor signaling is impaired or eNOS activity is reduced.

Autologous bone marrow, EPC, mesenchymal and inducible pluripotent stem cell

therapies while promising, to date, face similar limitations in clinical trials with the

added problem of ex vivo expansion [101]. The limitations create an impetus to

development new preventions and treatments for diabetic vascular complications.

Glossary

Angiogenesis A global term used to define the growth of new blood vessels from

pre-existing ones

Arteriogenesis An adaptive process referring to the growth and widening of

existing blood vessels to increase blood flow to inadequately served vascular

beds

Carbonyl stress An increase in reactive carbonyl species

Endothelial dysfunction The inability of blood vessels to appropriately dilate as a

result of decreased bioavailability of nitric oxide

Hypoxia Inadequate oxygen supply

Ischemia Insufficient blood supply to an organ

Neovascularization The process of new blood vessel growth in response to stress,

injury or disease such as ischemia, tissue damage and cancer

Nephropathy Disease of the nephrons within the kidney

Neuropathy Diseases of the nerves

Oxidative stress A net increased in reactive oxygen species

Retinopathy Disease of the retina within the eye

Type 1 diabetes mellitus A disease characterized by high blood glucose levels

due to the destruction of insulin secreting pancreatic beta cells that is responsible

for ~10 % diabetes cases

Type 2 diabetes mellitus A disease characterized by high blood glucose levels,

elevated insulin levels, and tissue resistance to insulin, which is responsible for

~90 % of diabetes cases

Vascular tone The ability of blood vessels to dilate and constrict

Vasculogenesis De novo production of new endothelial cells and blood vessels, a

process in which EPC are involved.
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Abstract

Rheumatoid arthritis (RA) is a chronic inflammatory disease, associated with

inflammation of the synovial tissue lining joints and tendons, which leads to

degradation of underlying cartilage and bone. Extra-articular manifestations of

RA, including depression and anaemia, combine with inflammation and joint

destruction to impact significantly on patients’ quality of life. RA is also

associated with co-morbidities such as increased cardiovascular disease. Suc-

cessful development of therapies to treat RA requires an understanding of the

cellular and molecular events underlying the disease. Angiogenesis is now
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understood to play an important role. Inadequate oxygenation (hypoxia) is

believed to drive the increase in synovial angiogenesis which occurs in RA,

through expression of hypoxia-inducible molecules, including vascular endothe-

lial growth factor (VEGF). This allows further infiltration of inflammatory cells

and production of inflammatory mediators, perpetuating synovitis. In parallel,

inflammatory molecules and cells, particularly activated macrophages, are

observed in synovial tissue and can also directly affect angiogenesis.

The current chapter describes the importance of angiogenesis in RA and

discusses whether angiogenesis may be a potential therapeutic target in RA.

Furthermore, we will review how angiogenesis and inflammation may interact to

promote, maintain and resolve synovitis in RA, with a particular focus on the

functional responses of macrophages in the context of RA. Successful treatment

of RA is associated with reduced levels of pro-angiogenic factors such as VEGF,

supporting the concept that modulation of blockade could be of therapeutic

benefit in RA.
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Hypoxia • Inflammation • VEGF • TNFα • Anti-angiogenic therapy

Abbreviations

ACPA Antibodies to citrullinated protein antigens
Ang Angiopoietin

ANGPTL4 Angiopoietin-like 4

CCP Cyclic citrullinated peptides

CIA Collagen-induced arthritis

CXCL CXC chemokine ligand

DMARD Disease modifying anti-rheumatic drug

DMOG Dimethyloxaloylglycine

EFNA3 Ephrin A3

FGF Fibroblast growth factor

FIH-1 Factor inhibiting HIF-1

FLS Fibroblast-like synoviocytes

HGF Hepatocyte growth factor

HIF Hypoxia-inducible factor

HLA Human leukocyte antigen

HRE Hypoxia-response elements

IKK IκB kinases

IL Interleukin

iNOS Inducible nitric oxide synthase

IκB Inhibitor of NF-κB
LPS Lipopolysaccharide
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MHC Major histocompatibility complex

MMP Matrix metalloproteinases

MTX Methotrexate

NFκB Nuclear factor κ B

NRP-1 Neuropilin-1

OA Osteoarthritis

PDGF Platelet-derived growth factor

PHD Prolyl hydroxylase domain-containing enzyme

PI3K Phosphoinositide 3-kinase

RA Rheumatoid arthritis

SE Shared epitope

TAM Tumour associated macrophages

TH T helper cell-type

Tie Tyrosine kinase with immunoglobulin-like and epidermal growth

factor-like domains

TNFα Tumour necrosis factor α
VEGF Vascular endothelial growth factor

VEGFR VEGF receptor

16.1 Introduction

Rheumatoid arthritis (RA) is a chronic systemic inflammatory disease, which

affects approximately 1 % of the population worldwide, and is primarily

characterised by inflammation of the synovial membrane which lines the joint

spaces, leading to the localised invasion and destruction of underlying cartilage

and bone. RA may begin at any time from the first few weeks of life until the ninth

decade, although the peak time of presentation is 35–45 years of age. Early

diagnosis of RA is challenging, due the heterogeneity of its clinical presentation

and lack of sufficiently specific and sensitive laboratory tests. Patients present with

painful, stiff and swollen joints, predominantly the small joints of the hands and

wrists, as well as the metatarsophalangeal joints, ankles, knees and cervical spine.

In most patients, symptoms appear over weeks to months, and peri-articular

structures such as tendon sheaths may be inflamed. RA is associated with a range

of other symptoms such as fatigue, anaemia, weight loss and vasculitis. Depressive

symptoms occur in many patients, and there is some evidence that depression may

exacerbate pain and disease activity [1, 2]. Indeed more recent clinical trials of new

therapeutics in RA include at least one generic patient-reported outcome (PRO)

instrument, usually the Health Assessment Questionnaire-Disability Index, to

assess function, and/or the so-called ‘SF-36 survey’, to assess Health Related

Quality of Life (HRQoL). These instruments have shown validity and sensitivity

for assessment of changes in clinical trials of disease modifying anti-rheumatic

drugs (DMARD) and biological therapies. Further instruments have been designed
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to address problems specific to the RA population. The Arthritis Impact Measure-

ment Scale (AIMS) was one of the first PRO measures developed to evaluate

HRQoL in RA [3]. In particular, RA Impact of Disease (RAID) is a new PRO

instrument recently developed by EULAR (European League Against Rheuma-

tism) for use in clinical trials, as a measure of the impact of RA on HRQoL, and

takes into account pain, functional capacity, fatigue and physical and emotional

well-being, together with outcomes such as quality of sleep [4].

Up to 30 % of people with RA become permanently work-disabled within 3

years of diagnosis if they do not have medical treatment [5]. For example, it has

been documented in a recent study that at the time of first symptoms of RA, 86 % of

men and 64 % of women below 65 years of age were working. More than a third

(37 %) of these patients reported subsequent work disability, and the probabilities

of continuing to work were 80 % and 68 % at 2 and 5 years, respectively [6].

Furthermore, the standardised mortality ratio for patients with RA is more than

1.5–2.5-fold higher than the ratio for the general population [7]. Although RA

patients are at increased risk of dying of urogenital, gastrointestinal, respiratory

infections and cancer [8, 9], the major cause of mortality (more than 40 % of deaths)

is cardiovascular disease, including ischemic heart disease and heart failure [10].

The odds ratio for RA patients for the risk of all-category stroke was 1.64, with an

odds ratio of 2.66 for ischemic stroke [11]. Another study in the USA found that

subjects with RA had higher odds ratio for congestive heart failure (3.59) [12]. In a

prospective cohort study, which comprised more than 100,000 women free of RA

and cardiovascular disease at baseline, the adjusted relative risks of myocardial

infarction and stroke in women subsequently diagnosed with RA were 2.00 and

1.48, respectively, when compared to women without RA [13]. A high 10-year risk

of cardiovascular disease in newly diagnosed RA patients has been reported, with

the absolute cardiovascular risk in RA patients similar to that in non-RA subjects

who were 5–10 years older [14]. RA patients also have an increased risk of fatality

following myocardial infarction (assessed as the 30-day mortality rates following a

first acute cardiovascular event) [15]. A recent study of cardiovascular autopsy

findings found that RA patients had more frequent myocardial abnormalities (21 %)

than those without RA (12 %) [16].

In terms of disease pathogenesis, interplay between environmental and genetic

factors, sex hormones and perhaps an infectious agent or other immune-activating

factor is thought to initiate an autoimmune response that culminates in a disease

with inflammatory and destructive features [17]. The most common genetic risk

factors associated with RA comprise the shared epitope (SE) alleles of the human

leukocyte antigen (HLA) gene and a polymorphism of protein tyrosine phosphatase

N22 (PTPN22) [18, 19]. Over 80 % of Caucasian RA patients have SE conserved

across the HLA-DR1 and HLA-DR4 haplotypes (0101, 0401, 0404 and 1402) [20].

This genetic predisposition has been additionally linked to environmental factors

such as smoking [21] and certain autoantibodies. Smoking history, when combined

with the presence of HLA-DR SE, increases the risk of RA 21-fold compared with

non-smokers carrying no SE genes [20]. Epidemiological and genetic studies of RA

have also demonstrated significant differences in subsets of patients with and
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without the presence of antibodies to citrullinated protein antigens (ACPA). ACPA

are found in approximately 60 % of RA patients but only in 2 % of the normal

population, making them highly specific for RA [22–24]. An association between

smoking, HLA-DRB1 SE and antibodies to cyclic citrullinated peptides (CCP) has

been demonstrated [20]. Furthermore, in anti-CCP-positive individuals, antibodies

to the immunodominant citrullinated α-enolase-1 epitope were detected in approx-

imately 40–60 % of RA patients, and this was linked to HLA-DRB1*04, suggesting

that citrullinated α-enolase may be an autoantigen linking smoking to genetic risk

factors in the development of RA [25, 26].

At the tissue and cellular level, RA is characterised by inflammation, hyperplasia

of the synovial lining layer and marked infiltration by blood-derived cells, particu-

larly lymphocytes and macrophages (Fig. 16.1). The normal synovium is generally

one to three cell layers thick and is composed of loosely associated macrophage-

and fibroblast-like cells, as well as vascular endothelial cells. In RA, the synovium

is altered to a thickened tissue several cell layers thick, which covers and erodes the

adjacent cartilage, bone and tendon. Histologically, the inflamed synovium shows

pronounced angiogenesis, cellular hyperplasia and influx of cells, in particular

T-cells, macrophages and dendritic cells. The invasive and destructive synovium

is responsible for the erosions observed in RA, in that differentiation of monocyte/

macrophage cells leads to formation of osteoclasts, which resorb bone matrix.

Progressive destruction of the cartilage and bone produces the deformities charac-

teristic of long-standing RA and results in functional deterioration and disability.

Fig. 16.1 Mechanisms of RA pathogenesis. The normal synovium is generally one to three cell

layers thick but in RA becomes thickened (due to fibroblast proliferation) and infiltrated by blood-

derived cells, especially lymphocytes and macrophages. Neutrophils accumulate in the synovial

fluid within the joint space. This inflamed synovial tissue invades underlying bone and cartilage,

particularly as a result of osteoclast activation, leading to joint destruction
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In the past, treatment of RA used a pyramidal approach starting with non-

steroidal anti-inflammatory drugs at the base of the pyramid and progressing to

DMARD such as gold and methotrexate (MTX). However, in spite of such phar-

macological interventions, up to 90 % of patients with aggressive synovitis

exhibited radiological evidence of bone erosion within 2 years of diagnosis.

Major advances in the understanding of the pathogenesis of RA, based on bench-

bedside studies of human tissue and animal models of disease, have led to the

identification of a number of new biological targets for intervention, the first of

which was tumour necrosis factor α (TNFα), which mediates many inflammatory

and immunoregulatory activities relevant to RA. Other biologicals used in RA

include rituximab (which targets B-cells), abatacept (cytotoxic T-lymphocyte anti-

gen 4 fusion protein which prevents T-cell activation) and anti-interleukin (IL)-6

receptor antibody tocilizumab.

16.2 Role of Angiogenesis in RA

RA synovium is a site of active angiogenesis, due to the expression of numerous

angiogenic factors, leading to the formation of new blood vessels. Blood vessels

fulfil an important role in RA, fuelling synovial expansion and infiltration by cells

from the blood, by supplying oxygen and nutrients necessary for cell metabolism

and division, as well as by bringing in leukocytes and signalling mediators such as

cytokines and growth factors [27–33]. As the synovium expands, more blood

vessels are needed to supply poorly perfused and hypoxic areas distant from the

pre-existing blood vessels with oxygen and nutrients (Fig. 16.2). The number of

synovial blood vessels has been found to correlate with synovial cell hyperplasia

and indices of joint tenderness [34]. When affected joints of RA patients were

examined using power Doppler ultrasonography, increased synovial blood flow was

observed in 81 % of RA patients, but only in less than 10 % of healthy controls, with

a correlation between intra-articular microvascular power Doppler flow and clinical

synovitis in RA [35]. A number of subsequent studies have confirmed these findings

and have further shown that ultrasonographic measures correlate with disease

severity in RA and may be useful as a marker of response to therapy [36–39].

Endothelial cells lining blood vessels within RA synovium have been shown to

express cell cycle-associated antigens [40], and endothelial proliferation was shown

to be increased in synovium from patients with RA [41]. This results in altered

synovial blood vessel density [42, 43], with blood vessels of different sizes

observed both in areas of diffuse synovitis and in regions of large leukocytic

infiltrates with germinal centre-like structures [42, 44]. Despite the formation of

blood vessels, their morphology appears similar to that seen in post-capillary

venules of lymphoid tissue, and it is thought that there may be a failure to form

functional mature vessels. RA synovium contains a significant fraction of

neoangiogenic, immature and leaky blood vessels which may be observed from

early stages of RA. Comparison of the staining patterns for CD31 and the pericyte

marker α-smooth muscle cell actin revealed a significant fraction of CD31-positive
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but α-smooth muscle cell actin-negative cells in RA tissue when compared to

osteoarthritis (OA) or control tissue [45, 46]. The presence or density of immature

vessels is increased in patients with longer disease duration, higher activity and

greater cell infiltration [45].

16.2.1 Angiogenic Factors Expressed In RA: A Key Role for VEGF

A range of different factors can promote angiogenesis, directly or indirectly, and

many of these factors have been reported to be expressed in RA [47, 48]. Over 30

years ago it was reported that synovial fluids from patients with RA, as well as from

those with OA, contained a low molecular weight angiogenesis factor, now termed

ESAF (endothelial cell stimulating angiogenesis factor) [49]. In 1994, the groups of

Koch and Fava almost simultaneously reported vascular endothelial growth factor

(VEGF) expression in RA synovial fluids and tissue [50, 51]. VEGF expression is

localised to synovial macrophages, neutrophils and fibroblasts [52, 53], and stimuli

Fig. 16.2 Central role of angiogenesis in RA. Angiogenesis plays a key role in perpetuating

disease in RA, by fuelling synovial hyperplasia. As cells such as FLS proliferate and become

increasingly distant from pre-existing blood vessels, the synovium becomes hypoxic. Reduced

oxygen tension and activation of HIF signalling drives expression of angiogenic factors such as

VEGF, ANGPTL4, leptin and EFNA3, further promoting angiogenesis. Hypoxia also promotes

expression of inflammatory cytokines, chemokines, molecules involved in metabolism (such as the

glucose transporter GLUT-1) and MMPs and thus maintains inflammation and synovial destruc-

tion. Potential interactions between HIF and NFκB signalling, in part mediated by inhibition of

PHD/FIH-1 leading to downstream NFκB activation, also contributes to the destructive and

inflammatory synovial milieu
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for VEGF release include pro-inflammatory cytokines expressed in RA such as IL-1

[54], TNFα [55] and transforming growth factor β [56], as well as hypoxia, which

will be discussed in more detail later. VEGF isoforms VEGF-165 and VEGF-121

appear to be the predominant forms expressed [57]. VEGF receptors (VEGFR)

VEGFR1 and VEGFR2 are expressed by RA synovial microvascular endothelial

cells [51], and conditioned medium from synovial tissue explants was shown to be

mitogenic for endothelial cells, an activity reduced by anti-VEGF antibody [50].

Another study utilised an antibody that selectively recognises VEGFR2 when

complexed with VEGF and found that vessel density as assessed using this antibody

expression was elevated in RA synovium compared to OA and normal synovium

[58]. In addition to synovial expression of VEGF, circulating (serum) levels of

VEGF are increased and correlate with inflammatory response markers [54, 59–62].

VEGF levels are increased even in RA patients with a disease duration of less than

2 years [63, 64] and are higher in patients with extra-articular manifestations of RA

[65]. Treatment of RA with TNFα inhibitors (alone or with MTX) or anti-IL-6

receptor antibody significantly reduced serum VEGF concentrations [54, 66–70].

Single nucleotide polymorphisms in the VEGF may alter circulating VEGF levels

and have been suggested to correlate in RA with both disease activity [71, 72] and

onset age [73], although contradictory effects of VEGF polymorphisms on the risk

of cardiovascular disease in RA have been reported [74, 75]. In addition to

members of the VEGF family, expression of angiopoietin (Ang)-1 and Ang-

2 [76, 77] and angiopoietin receptors Tie (Tyrosine kinase with immunoglobulin-

like and epidermal growth factor-like domains)-1 and Tie-2 [78–80] in RA has been

described. Additionally, fibroblast growth factor (FGF)-1 and FGF-2 have been

detected in RA synovial tissue [81, 82], together with platelet-derived growth factor

(PDGF) [83, 84] and hepatocyte growth factor (HGF) [85].

While VEGF is traditionally considered for its role in angiogenesis, there may be

another important function for this growth factor in terms of blood vessel develop-

ment in RA. In RA, CD133/CD34/VEGFR2-positive endothelial progenitor cells

were found close to RA synovial blood vessels [86]. These cells were generated at a

higher rate from bone marrow samples taken from RA patients, compared to normal

subjects. Furthermore, the capacity of bone marrow-derived cells from RA patients

to progress into endothelial cells correlated with synovial microvessel density [87].

Circulating endothelial progenitor cells in patients with active RA have been

reported to be lower than in individuals with inactive disease or in healthy controls

[88]. Interestingly, a recent study assessed late-outgrowth endothelial progenitor

cells and actually found these to be enhanced in RA and suggested that these cells

contribute to synovitis perpetuation by promoting blood vessel formation through

vasculogenesis [89]. It therefore seems likely that increased synovial vessel density

in RA is not just due to angiogenesis but also results from post-natal

vasculogenesis, due to increased mobilisation of endothelial progenitors from the

bone marrow driven by VEGF and increased endothelial progenitor cell homing to

the synovium.

Finally, there is evidence that angiogenesis may be a feature of other joint

diseases. In OA, expression of VEGF has been reported, together with chemokines,
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HGF and members of the Ang-Tie family [90–93]. Expression of Ang-2 and VEGF

is higher in synovium of patients with psoriatic arthritis, relative to RA, whereas

Ang-1 levels were more comparable. Psoriatic arthritis and RA exhibited different

features in terms of vascular morphology, in that blood vessels in psoriatic

synovium were highly tortuous in appearance, compared to the straight and

branching vessels seen in RA, suggesting that the balance between Ang and

VEGF may affect vessel growth and maturation in arthritic synovium [44].

In summary, a strong pro-angiogenic drive appears to exist in RA. However,

increased blood-vessel formation might not necessarily result in improved perfu-

sion and oxygenation, due to the formation of immature vessels with abnormal

morphology, and might explain the apparent paradox that although synovial blood

vessel density is increased, hypoxia is nevertheless a feature of RA. VEGF is a key

pro-angiogenic factor expressed in RA, although its function as a vascular perme-

ability factor may contribute to the enhanced vessel leakiness which is a feature of

RA. VEGF may also contribute to synovial vasculogenesis in RA, which may

impact detrimentally on vasculogenesis in other organs and could be linked to the

increased cardiovascular disease seen in RA patients.

16.2.2 Regulation of Angiogenesis by Hypoxia in RA

Oxygen is a key molecular ingredient in life, and hence hypoxia—disruption in O2

homeostasis caused when oxygen demand exceeds oxygen supply—leads to a

number of adaptive changes in cellular responses. The alterations in gene expres-

sion induced by hypoxia underlie various physiological processes, including nor-

mal embryonic development [94–97] and adaptation to exercise and/or high

altitudes [98]. Hypoxia is a feature of certain diseases, in particular solid tumours,

but also, with relevance to this chapter, hypoxia plays a key role in RA [33]. The

objective of this section is to describe the role of hypoxia in the setting of RA,

particularly in terms of angiogenesis, and the potential crosstalk between hypoxia-

mediated pathways and inflammatory signalling cascades. As macrophages repre-

sent important cellular players in RA, their specific responses to the hypoxic

synovial microenvironment will also be considered.

The molecular basis for cellular sensing and adaptation to oxygen-depleted

conditions has been extensively described, revealing key roles for members of the

family of transcription factors termed hypoxia-inducible factors (HIFs), frequently

termed the ‘master regulators’ of the response to alterations in oxygen tension [99].

HIF is a heterodimeric transcription factor composed of two subunits, namely HIF-

α (regulated by oxygen levels and post-translational modifications that are sensitive

to oxygen levels) and HIF-β (expressed constitutively in the nucleus) [99–101].

HIF-α accumulates in the cytoplasm, followed by translocation into the nucleus,

where it dimerises with HIF-β and binds HIF co-activators, before binding hypoxia-

response elements (HRE) in target genes to initiate transcription. The main

regulators of HIF-α post-translational modifications are dioxygenases requiring

O2, 2-oxoglutarate, ferrous iron and ascorbic acid, named HIF prolyl hydroxylase
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domain-containing enzymes (PHDs) and factor inhibiting HIF-1 (FIH-1). The PHD

enzymes hydroxylate proline residues within HIF-α, thus making HIF-α
recognisable by the von Hippel Lindau tumour suppressor, which leads to

polyubiquitination and proteasomal degradation [102]. In contrast, hydroxylation

of asparagine residues by FIH-1 prevents recruitment of co-activators p300/CBP

(CREB-binding protein) [103]. Under conditions of oxygen deprivation, PHD and

FIH-1 are inactive, allowing HIF nuclear translocation and induction of transcrip-

tion of HRE-containing genes.

As mentioned above, hypoxia is a feature of some diseases, particularly when

tissue expansion and cellular metabolism result in oxygen demand exceeding

supply, as is the case in RA synovium. Both HIF-α isoforms (HIF-1α, HIF-2α)
are reported to be expressed in the setting of human RA synovium. In particular,

HIF-1α was expressed abundantly by macrophages in most rheumatoid synovia,

predominantly close to the intimal layer but also in sub-intimal zone. Of note there

was markedly lower expression of HIF-1α in OA synovia, and HIF-1α was absent

from healthy synovium [104, 105]. In a subsequent study, using a microelectrode

technique in patients having elective hand surgery for RA tendon disease, synovial

hypoxia and expression of HIF-2α were shown in inflammatory infiltrates [106].

Synovial hypoxia is probably the main driving force behind angiogenesis in RA.

HIF-α expression in human RA synovium correlates with angiogenesis onset [105]

and has been proved to control the expression of a wide range of genes with various

roles. VEGF is one of the best characterised HIF-regulated genes, and increased

levels of VEGF and VEGFR in RA have been reported in many studies, as

mentioned earlier [50, 51, 54, 107]. Importantly, hypoxia increased the angiogenic

potential of RA synovium-derived cells, as demonstrated by enhanced blood vessel

formation using in vitro angiogenesis assay, together with enhanced synovial cell

invasiveness [108]. Hypoxia also drives the expression of other pro-angiogenic

players including the chemokines IL-8 (also known as CXC chemokine ligand 8 or

CXCL8) [109], CC chemokine ligand 20 [110] and SDF-1 (stromal cell-derived

factor 1, CXCL12) [111–113]. We and others have also reported that hypoxia

increases expression of angiogenic genes other than VEGF, including

angiopoietin-like 4 (ANGPTL4), ephrin A3 (EFNA3) and leptin [114, 115].

Increased levels of pro-inflammatory cytokines such as IL-6 and matrix metallopro-

teinases (MMP) MMP-1 and MMP-3 [109] have also been reported in response to

hypoxia. Synovial hypoxia is, therefore, likely to contribute to RA by promoting

inflammation, angiogenesis, cellular infiltration and cartilage degradation.

16.2.3 Interplay Between Hypoxia, Angiogenesis and Inflammation

As previously mentioned, low oxygen levels are associated with accumulation of

inflammatory cells, enhanced expression of HIF and hypoxia-responsive genes and

increased levels of pro-inflammatory cytokines, formally establishing a link

between hypoxia and inflammation in the context of many diseases including RA

(Fig. 16.2) [116]. Indications that HIF-α could have an important role in
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inflammation came from seminal studies utilising mice bearing myeloid-specific

deletion of the Hif-α gene showing that HIF-1α allows myeloid cells to generate

ATP in oxygen-deprived inflamed tissues, thereby operating energy-requiring

processes including aggregation, motility, invasiveness and bactericidal activity

[117, 118]. Indeed, the fact that hypoxia and the HIF pathway influence many

inflammatory and immune responses relevant to synovitis, including monocyte–-

macrophage responses, is now well recognised. Pro- and anti-inflammatory

cytokines are capable of directly affecting the HIF pathway, thus highlighting the

convergence between inflammatory and oxygen-dependent signalling pathways.

For instance, studies on gingival fibroblasts and RA fibroblast-like synoviocytes

(FLS) have demonstrated that IL-1β and TNFα are capable of activating HIF in

normoxia, an effect requiring both mitogen-activated protein kinase and phosphoi-

nositide 3-kinase (PI3K) pathways [119, 120]. In contrast to HIF-α protein

stabilisation that occurs under hypoxic conditions due to inhibition of PHDs and

FIH-1, cytokines have been reported to stimulate HIF-α gene transcription in

macrophages and RA FLS [120, 121]. Importantly, it has been demonstrated that

T helper cell-type (TH) 1 cytokines can synergise with hypoxia to induce HIF-1 in

various cells, including RA FLS [120, 122, 123]. We have also shown that TH1

cytokines in combination with hypoxia are not sufficient to induce angiogenic

activity by RA FLS despite inducing HIF-1 and VEGF. In contrast, TH2 cytokines

induce pro-angiogenic activity in normoxia and hypoxia, despite their inability to

activate HIF-1 in FLS, highlighting the complex relationships between hypoxia,

angiogenesis and inflammation in RA [114]. These observations might go some

way to explain the apparent paradox of the concurrent presence of hypoxia and

angiogenesis in RA synovium, since TH1 cytokines and hypoxia may not lead to

formation of fully functional blood vessels, which have been shown to be present in

RA [45, 46].

As well as FLS, monocytes and/or macrophages are considered key players

within the context of RA, and thus hypoxia inevitably influences critical aspects of

their behaviour, namely the transcriptional programme, polarisation status and

metabolism, which might determine the perpetuation or resolution of the inflam-

matory disease. HIF-1 and HIF-2 were shown to be transcriptional effectors

regulating macrophage responses to hypoxia [121, 124–126], and hypoxia

upregulates a number of HRE-containing genes, including VEGF and ANGPTL4

[125, 127]. With regard to polarisation status, Mantovani and colleagues [128]

presented a classification system for macrophage activation in which macrophages

are divided into two groups: M1-type macrophages, characterised by enhanced

ability of killing intracellular microorganisms and exhibiting pro-inflammatory

properties, and M2-type macrophages, which exert anti-inflammatory effects

[128]. So-called ‘classically activated’ M1 macrophages stimulate delayed-type

hypersensitivity responses and increase surface levels of major histocompatibility

complex (MHC) class II molecules, expression of markers such as inducible nitric

oxide synthase (iNOS) and secretion of pro-inflammatory cytokines (IL-1β, TNFα,
IL-6, IL-12, IL-15). M2 (‘alternatively activated’) macrophages are activated in

response to IL-4 or IL-13, synthesise anti-inflammatory cytokines (such as IL-10)
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and facilitate TH2 responses. The relevance of HIF factors to macrophage

polarisation ability comes from studies involving a specific macrophage subset,

primarily expressed in tumour regions, called tumour associated macrophages

(TAMs) and exhibiting a M1/M2 mixed phenotype with M2 being slightly more

prominent. Werno et al., utilising a tumour-spheroid model, showed that HIF-1α-
deficient macrophages developed a more prominent TAM marker profile (M2-

skewed) together with reduced cytotoxicity and also displayed reduced angiogenic

potential [129]. The precise role of HIF-2α during macrophage-mediated inflam-

matory responses has also been investigated. It was shown that mice lacking HIF-

2α in myeloid cells are resistant to lipopolysaccharide (LPS)-induced endotoxemia

and display an inability to mount inflammatory responses to cutaneous and perito-

neal irritants. This phenotype was also associated with reduced TAM infiltration in

murine hepatocellular and colitis-associated colon carcinoma models, and reduced

tumour cell proliferation and progression, probably due to reduced expression of

the macrophage-colony stimulating factor receptor and the CXC chemokine recep-

tor 4 [126]. Chemical stabilisation of HIF following treatment with the HIF

hydroxylase inhibitor dimethyloxaloylglycine (DMOG) has also been described

to promote LPS-induced tolerance via expansion of the M2 macrophage population

and activation of nuclear factor κ B (NFκB) signalling [130]. Hypoxia-mediated

angiogenesis via enhanced blood vessel formation facilitates tissue oxygen deliv-

ery, thus contributing to repair of injured tissues, which is a characteristic function

of M2 macrophages. On the other hand, hypoxia/HIF induces the expression of pro-

angiogenic molecules such as VEGF. A recently published study investigated

the differential roles of macrophage-released HIF-1α and HIF-2α with regard to

angiogenesis progression. In this setting, it was shown that HIF-1α exhibits pro-

angiogenic behaviour via its effects on VEGF, but that HIF-2α displays anti-

angiogenic behaviour through production of the angiogenesis inhibitor soluble

VEGFR1 [131]. HIF hydroxylases have also been ascribed different roles in

macrophage polarisation. PHD-2 haplodeficient (Phd-2+/�) mice displayed

preformed collateral arteries that preserved limb perfusion and prevented tissue

necrosis in ischemia. Improved arteriogenesis in Phd-2+/� mice was due to

expansion of tissue-resident, M2-like macrophages, with higher expression of

M2-type genes. Conversely, several pro-inflammatory or anti-angiogenic (M1-

type) molecules were downregulated, including IL-6, iNOS and IL-12 [132]. On

the other hand, PHD-3 was found to be preferentially expressed by M1

macrophages [133]. Modulation of the HIF-PHD-NFκB axis might thus represent

a novel approach for targeting inflammatory diseases where a macrophage

polarisation switch may be a contributory factor.

The presence of hypoxia and HIF expression against a background of inflamma-

tion has prompted the question of whether hypoxia can activate signalling pathways

other than the HIF cascade. Of particular relevance in inflammation is the dynamic

interplay between the HIF and NFκB pathways. The NFκB pathway is activated in

many different cells, including macrophages, dendritic cells, fibroblasts and endo-

thelial cells, important cellular components in the establishment and progression of

RA. Activation of this key transcription factor can be induced by a large number of
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stimuli, including bacterial products, viral molecules and pro-inflammatory

cytokines. Hypoxia has been shown to drive NFκB activation and thereby regulate

the release of critical pro-inflammatory mediators [134, 135]. The very first indica-

tion that HIF induces NFκB activation came from Walmsley et al. providing data

showing that hypoxia promotes human neutrophil survival, an effect requiring

HIFα-dependent regulation of inhibitor of NF-κB (IκB) α and NFκB [136]. Fur-

thermore, the participation of PHD HIF hydroxylases in NFκB activation has been

proposed [103, 137–140]. In the canonical pathway of NFκB activation, activity is

controlled by IκB kinases (IKK), which mediate serine phosphorylation and degra-

dation of IκBα and allow nuclear accumulation of NFκB. IKK-2 contains an

evolutionarily conserved amino acid consensus motif which can potentially be

hydroxylated by PHD. Mimicking hypoxia by using small interfering RNA against

PHD-1 or PHD-2 resulted in NFκB activation in HeLa cells [137]. Similar studies

in other cells also suggest that PHD may negatively regulate IKK via prolyl

hydroxylation [138, 139]. Potential candidates for NFκB activation in the setting

of RA include pro-inflammatory cytokines, which are likely to cause a vicious cycle

of signals that result in chronic inflammation [141]. Activation of NFκB and HIF by

converging hypoxic and inflammatory signalling pathways thus probably leads to

pathological changes associated with RA, such as inflammation, angiogenesis and

bone or cartilage destruction.

16.3 Angiogenesis Inhibition as a Therapeutic Option in RA

The principle underlying angiogenesis blockade for treatment of cancer is to

‘starve’ the tumour of nutrients and oxygen. There is now increasing appreciation

that RA can also be classified as an angiogenesis-dependent disease, due to the

many parallels with solid tumours, such as hypoxia, inflammation and altered

vascularity. We and others have extensively described potential therapeutic

applications aiming at inhibiting angiogenesis in RA [27, 29, 31–33, 142]. There-

fore in this chapter we will focus on VEGF as a target in RA and review more

extensively new potential angiogenesis inhibitors for treatment of RA (Table 16.1).

Over the last decade anti-VEGF biologicals have been approved for the treat-

ment of angiogenesis-related diseases. The best examples are anti-VEGF antibody

bevacizumab, used in different forms of cancer including metastatic colon cancer,

and ranibizumab and pegaptanib sodium (anti-VEGF antibody and VEGF aptamer

respectively) for age-related macular degeneration. The promising clinical

outcomes of the use of such biologicals suggested that such treatments may also

be an option to treat other angiogenic disorders in which VEGF is over-expressed

including RA. Murine collagen-induced arthritis (CIA) is a model widely used for

the testing of potential therapeutics for RA and was utilised to develop TNFα
inhibitors as a therapeutic modality for RA. In CIA, expression of VEGF and

VEGFR has been demonstrated [143–146]. Anti-VEGF antibody in this model

delayed disease onset but appeared less effective when administered during the

chronic phase of disease [144]. In another study, anti-VEGF inhibited synovitis in
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CIA, as indicated by a reduction in clinical score and paw swelling relative to

untreated mice [147]. A soluble form of VEGFR1 has also been shown to signifi-

cantly suppress established arthritis [148, 149]. A different strategy to limit angio-

genesis via the VEGF pathway was to directly target VEGFR. In a spontaneous

model of arthritis, De Bandt et al. observed that treatment with anti-VEGFR1

antibody abrogated bone and cartilage destruction. The antibody delayed the

onset of arthritis and attenuated the severity of disease [150]. The group of

Carmeliet also demonstrated that treatment with antibody against VEGFR1 reduced

the incidence of joint disease, whereas antibody specific for VEGFR2 appeared

ineffective [151]. More recently, Kong et al. reported that inhibition of VEGF via

neuropilin-1 (NRP-1), an alternative VEGFR, significantly inhibited the survival,

adhesion and migration of FLS. The anti-NRP-1 peptide also inhibited the prolifer-

ation, capillary tube formation and migration of endothelial cells in vitro, and

neovascularisation in vivo, and suppressed experimentally induced arthritis in

mice by inhibiting hyperplasia and angiogenesis in the arthritic joints, suggesting

that anti-NRP-1 may offer a new approach for the treatment of RA [152]. To

provide a more profound understanding of arthritis-associated angiogenesis, we

recently evaluated the expression of angiogenesis modulating genes in CIA. One of

the important findings of our study was that NRP-1 was a key player in the

pathogenesis of CIA. Treatment with anti-NRP-1 antibody significantly reduced

disease severity and joint destruction in CIA [145]. Kong et al. further developed a

previously investigated hexapeptide which prevents VEGF binding to VEGFR1 by

generating a stereochemical D-form of the peptide which was conjugated to PEG to

prolong its half-life and found that the new peptide was much more beneficial in the

Table 16.1 Angiogenesis inhibition in models of RA

Target Inhibitor Effect References

VEGF Anti-VEGF antibody Delayed onset and reduced disease

in mouse model(s)

[144, 147]

Soluble VEGFR1 Delayed onset and reduced disease

in mouse model(s)

[148, 149]

Anti-VEGFR1 antibody Delayed onset and reduced disease

in mouse model(s)

[150–152]

Anti-NRP-1 antibody Reduced disease in mouse model(s) [145, 152]

IL-17 Anti-CXCL5 antibody Reduced disease in mouse model(s) [155]

Anti-IL-17 antibody Reduced disease in mouse model(s) [154]

Ang Soluble Tie-2 Reduced disease in mouse model(s) [159]

Tie-1 splice variant Reduced disease in mouse model(s) [160, 161]

Endothelial

proliferation

Inhibitors of methionine

aminopeptidase 2

Reduced disease in mouse model(s) [162–164]

6ODS-LHbD Reduced disease in mouse model(s) [165]

Human plasminogen-related

protein B

Reduced disease in mouse model(s) [168]

Unknown ICM0301B Reduced disease in mouse model(s) [167]

Table summarises angiogenesis inhibitors that have been investigated in in vivo models of RA
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treatment of angiogenesis in RA than the unmodified peptide. The effect was due to

increased stability and delivery, suggesting that further development of current

strategies could be applied to treat angiogenesis and RA in humans [153].

In addition to VEGF, pro-inflammatory cytokines have been demonstrated to be

important in promoting angiogenesis. In 2010 Pickens et al. documented a novel

role for IL-17A (also known as IL-17) in mediating angiogenesis, showing that IL-

17 concentrations similar to those found in RA joints were capable of inducing

endothelial cell migration and tube formation through the PI3K/AKT pathway.

Furthermore, local expression of IL-17 in mouse ankles was able to induce joint

inflammation and vascularity and demonstrated that IL-17 was angiogenic and

promoted blood vessel formation in mice [154]. In continuation of their previous

work the same group has further demonstrated that antibody blockade of CXCL5

ameliorates the angiogenic effect of IL-17 [155]. The ability of IL-17 to stimulate

endothelial tube formation and invasiveness was also demonstrated by another

recent study, highlighting the potential of targeting IL-17 in treatment of RA

[156]. In an endothelial and synovial cell co-culture system, it was shown that IL-

6 can also induce angiogenesis [157]. A follow-up study reported that IL-6 stimu-

lation induced endothelial cell growth, by decreasing Ang-1 and increasing VEGF

and Ang-2, and destabilised angiogenesis in RA, suggesting that targeting IL-6

signalling in RA (e.g. using tocilizumab) could inhibit angiogenesis [158]. Other

approaches have targeted the Ang-Tie pathway [159–161] and the methionine

aminopeptidase enzyme involved in endothelial proliferation [162–164].

Chemically modified heparins have also been developed as possible candidates

for inhibiting angiogenesis; however, heparin therapy is limited by poor oral

bioavailability. A newly synthesised low molecular weight heparin and

deoxycholic acid conjugate (6ODS-LHbD) has been described to possess high

oral bioavailability in rats. In a murine anti-collagen antibody-induced arthritis

model this compound inhibited joint neovascularisation and disease development,

suggesting that 6ODS-LHbD may be a promising candidate as an orally active

angiogenesis inhibitor for treatment of RA [165]. In another recent study Kumagai

and colleagues examined the anti-arthritic effect of ICM0301B, an angiogenesis

inhibitor first described in 2004 [166]. They found that in the mouse CIA model

ICM0301B inhibited disease development with an efficacy comparable to that of a

non-steroidal anti-inflammatory drug, indomethacin, and suggested that the

observed anti-arthritic effect of ICM0301B might be partially attributed to its

anti-angiogenic activity [167]. Another novel inhibitor of angiogenesis in RA was

described by Tanaka in 2011, who tested the effect of human plasminogen-related

protein B in mouse CIA and found a significant reduction of disease development,

VEGF expression and new blood vessel formation [168]. Chang and colleagues

examined the role of macrophage CCAAT/enhancer binding protein delta

(CEBPD) in CIA using Cebpd�/� mice. In the absence of CEBPD, disease devel-

opment was significantly inhibited, with a decrease in the number of affected paws

and reduced angiogenesis. Activation of CEBPD in macrophages was involved in

promoting tube formation by endothelial cells and the migration and proliferation

of rat synoviocytes [169]. Finally, another study aimed to examine whether
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angiogenesis induced by inflammatory agents is mediated via monocyte chemotac-

tic protein-induced protein (MCPIP). Inflammatory agents, including TNFα, IL-1β
and IL-8, were found to induce endothelial tube formation via MCPIP, and more-

over MCPIP was shown to stimulate angiogenesis [170].

Conclusions

Many new therapies have been developed for treatment of RA, directed at

biological responses which play a role in disease pathogenesis, such as B-cell

and T-cell responses, or cascades driven by inflammatory cytokines, including

IL-6, IL-1 and, notably, TNFα. These important advances offered a targeted

strategy, unlike conventional but non-specific traditional treatments such as

DMARD. However, in addition to side effects such as injection/infusion site

reactions, the most significant side-effect of these therapies is an increase in the

risk of all types of infections, including tuberculosis. Indeed, there is a signifi-

cantly increased risk of reactivation of latent tuberculosis when using TNF

inhibitors, and while pre-treatment screening has allowed identification of at-

risk individuals; nonetheless, there is a drive to seek alternative treatment

approaches. In this regard, angiogenesis represents an attractive option. VEGF

is expressed in RA and VEGF inhibitors are already in clinical use for oncology

applications. However, up to now VEGF blockade has been intensively used

only in animal models of arthritis and no clinical trials of VEGF inhibition have

been undertaken for RA. In addition adverse effects of VEGF-targeted

biologicals, such as hypertension and gastro-intestinal perforation, coupled

with the high cost of such therapies, are major concerns. Nevertheless, there is

a valid hypothesis that such therapies can be beneficial in treating angiogenesis

in RA and some groups are considering other approaches established in cancer

for treatment of RA [171]. Moreover, the presence of immature blood vessels in

RA synovium suggests that simply inhibiting VEGF may not be the best option.

Interestingly, treatment of RA patients with TNF inhibitors selectively depleted

immature vessels, without affecting the mature vasculature [45].

Haplodeficiency of PHD-2, using an in vivo tumour model in Phd-2+/� mice,

actually resulted in vessel maturation, leading to improved tumour perfusion and

oxygenation, and reduced tumour cell invasion, intravasation and metastasis

[172]. In a model of colitis, inhibition of HIF hydroxylases in vivo using

DMOG reduced disease severity. The possible underlying mechanism may be

due to expansion of macrophages [130, 173]. These findings suggest that the best

tactic to modulate angiogenesis in RA is at present unclear, and further in vitro

and in vivo studies are still needed.
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Abstract

Growing tumor needs to be supplied with oxygen and nutrients; hence, the

mechanisms responsible for development of new blood vessels are crucial for

tumor progression. Enhanced expression of proangiogenic factors enables devel-

opment of tumor vasculature and subsequent invasion of tumor cells. The key step

in these events is decreased oxygen tension within the growing tumor due to

limited oxygen diffusionwithin the tissue. Apart from canonical hypoxic signaling,
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there are numerous molecular pathways that may modulate angiogenic secretome

of cancer cells, such as the action of angiogenic enzymes and microRNAs. Besides

tumor cells, also other cellular components of tumor microenvironment play an

important role in stimulation of endothelium, out of which the key players are

different populations of bone marrow-derived cells of myeloid origin.

Overstimulation of endothelial cells leads to development of abnormal vas-

culature that may be further disorganized by adaptation of alternative

mechanisms of vascularization such as vessel co-option, intussusceptive micro-

vascular growth or glomeruloid angiogenesis. Several tumor types are also

capable of forming functional vessel-like structures lined with cancer cells by

means of vasculogenic mimicry.

The understanding of the complexity and the diversity of the factors leading

to tumor development as well as the unique structural adaptation of tumor

microvessels to form functional vasculature may be helpful for the establishing

potent antitumor therapies.

Keywords

Neovascularization • Hypoxia • Tumor-associated macrophages • Chemokines •

microRNA • miR-378

17.1 Angiogenic Signaling in Tumor Cells

Although tumor cells generally evade regulation by normal growth-controlling

mechanisms, cancer development and progression is critically depending on supply

of nutrients, oxygen, and other host-derived factors through blood, as pointed out

for the first time by Judah Folkman in 1971 [1]. Hence, induction of tumor

angiogenesis, the so-called “angiogenic switch” through the involvement of great

range of angiogenic mediators and their downstream effectors (Fig. 17.1), has been

established as one of the hallmarks of cancer [2]. Accordingly, several activated

oncogenes were demonstrated to influence production of vascular endothelial

growth factor (VEGF), the main stimulator of blood vessel formation [3, 4]. Mutant

K-ras was linked with increased production of this angiogenic factor in colorectal

carcinoma cells [5], and Myc overexpression led to a tenfold induction of VEGF in

a B-cell line [6]. Interestingly, recent studies in non-small cell lung carcinoma

(NSCLC) models demonstrated a direct significant upregulation of IL-8 by activa-

tion of epidermal growth factor receptor (EGFR) oncogenic signaling [7]. Never-

theless, the major molecular mechanisms contributing to tumor blood vessel

development are driven by responses to hypoxia.

Decreased oxygen tension within the growing tumor due to limited oxygen diffusion

in the tissue leads to activation of canonical hypoxia-responsive transcription factors:

hypoxia-inducible factors (HIF-1 and HIF-2), which are considered as key players in

tumorigenicity and tumor angiogenesis. HIF-1α/HIF-1β heterodimers bind to the
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hypoxia response elements (HRE) and thereby initiate expression of a broad array of

targets including numerous pro-angiogenic genes [8], out of which VEGF has been

most extensively studied. VEGF binding to VEGFR-2 on endothelium triggers down-

stream signaling cascades including PI3K/Akt, p38/MAPK, and PLCγ/MAPK to

mediate canonical cellular effects of VEGF in angiogenesis by induction of endothelial

cells (ECs) survival, proliferation, migration, and secretion of proteases and increased

microvascular permeability [9]. Upon angiogenic switch, cancer cells usually produce

high amounts of VEGF and thereby both plasma levels of VEGF as well as its

expression within the tumor were found to correlate with shortened progression-free

and overall survival of patients with different types of tumors [10, 11]. Another

canonical target of HIF-1 is angiopoietin-2. Angiopoietins (Ang-1, Ang-2) were

identified as ligands for Tie-2 tyrosine kinase receptor on ECs. Ang-1 promotes ECs

survival through PI3K/Akt activation, reduces vascular permeability by tightening cell

junctions, thus counteracting the action of VEGF and inflammatory cytokines, and

promotes vessel maturation by increasing endothelial cell–pericyte interaction [12].

Ang-1 overexpression modulates vascular endothelium, facilitating tumor cell dissemi-

nation and metastasis [13]. Oppositely, Ang-2 antagonizes the action of Ang-1 by

competitive binding to Tie-2. Autocrine Ang-2-Tie-2 axis promotes angiogenesis in

activated endothelium by destabilizing the vessels and sensitizing ECs to mitogenic

signals mediated by other proangiogenic factors such as VEGF [14]. In the absence of

VEGF, however, increased Ang-2 production leads to pericyte detachment, ECs apo-

ptosis, and even vessel regression [15]. Host-derived Ang-2 plays an important role in

early stages of tumor development and vessel maturation, but it may be dispensable for

later stages of tumor growth [16].

Other families of growth factors, which may induce angiogenesis independently

of VEGF pathway, are fibroblast growth factors (FGFs) and chemokines [17]. Out

of the family comprising 18 ligands binding to FGF receptors (FGFRs), FGF-1

(acidic FGF, aFGF) and FGF-2 (basic FGF, bFGF) are best characterized for the

potent angiogenic activity [18, 19]. bFGF is upregulated in multiple tumor types

and has mitogenic and migratory effects on many cell types, including endothelial

cells [20, 21].

Fig. 17.1 The major groups

of angiogenic mediators and

their representatives

important for tumor

angiogenesis
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Chemokines were originally described for their role in immune responses,

directing leukocyte proliferation and migration, and only later have been identified

as potent promoters of neovascularization. Structurally, four families of

chemokines are distinguished based on the position of conserved cysteine residues.

The most numerous subgroups are the CXC and CC families, characterized by the

presence of nonconserved amino acid between the N-terminal cysteines or lack of

thereof, respectively [22]. Chemokines signal through chemokine receptors which

belong to the G-protein coupled receptors family, leading to activation of down-

stream pathways such as MAP kinase, Ras and Rho GTPases, and PI3 kinase

cascades, which directly modulate cell proliferation and migration [23]. Endothelial

cells were found to express CXCR-1 and -2 as well as CCR-1 and -2 receptors

which mediate direct angiogenic response to chemokines CXCL-1, -2, -3, -5, -6, -7,

-8 and CCL-2 (MCP-1), -11, and -16 [24–26].

Interestingly, latest research on the molecular mechanisms underlying hypoxic

HIF-1 activation shows that, paradoxically, it involves reactive oxygen species

(ROS) produced by mitochondria under limited oxygenation [27]. The proposed

action of ROS in HIF-1 regulation relies on the inhibition of activity of prolyl

hydroxylases through oxidation of ferrous to ferric iron and/or depletion of ascor-

bate [27, 28]. Consequently, proteins involved in antioxidant response are being

recognized as important players in regulation of HIF-1 signaling and tumor angio-

genesis. Nrf2 [nuclear factor (erythroid-derived 2)-like 2, NFE2L2] transcription

factor is a master regulator of cellular response to oxidative and electrophilic stress

driving the expression of a broad array of cytoprotective genes [29]. Kim et al.

found Nrf2 downregulation led to attenuation of tumor angiogenesis through

suppression of hypoxia-induced HIF-1α stabilization and VEGF expression in

colon carcinoma [30].

Nrf2 may be also involved in promotion of HIF-1 independent angiogenesis (see

also Chap. 10). Our and others’ work shows that its direct transcriptional target is

proangiogenic chemokine interleukin-8 (IL-8, CXCL8) [31–33]. In human micro-

vascular endothelial cells, IL-8 acts through both CXCR-1 and -2, inducing cell

proliferation, migration, and capillary-like structure formation [34]. Importantly,

IL-8 was demonstrated to preserve angiogenic response of HIF-1-deficient cancer

cells [35].

Another target gene of Nrf2 is proangiogenic enzyme heme oxygenase-1 (HO-1),

converting heme into equimolar amounts of three biologically active products:

carbon monoxide (CO), ferrous iron ions (Fe2+), and biliverdin [36]. HO-1 may

act upstream and downstream of other important angiogenic factors such as VEGF

or stromal cell-derived factor-1 (SDF-1), thus playing also a substantial role in the

processes of neovascularization. The molecular mechanisms responsible for

proangiogenic activities of HO-1 are well described (see also Chap. 10). Moreover,

an increasing number of papers show the importance of HO-1 action in

tumorigenesis. For instance, in human melanoma, HO-1 level in tumor infiltrating

macrophages is accompanied by enhanced vascular density inside tumor [37] and in

human glioma HO-1 expression correlates with vascular density [38]. Oppositely,
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HO-1 overexpression diminished angiogenesis and distal metastasis of NSCLC

subcutaneously implanted to immunodeficient mice [39].

Another interesting proangiogenic enzyme is thymidine phosphorylase (TP). TP

catalyzes the reversible phosphorolysis of thymidine and 20-deoxyuridine into their
respective bases and 20-α-D-deoxyribose-1-phosphate (dRP), which can be further

dephosphorylated into 20-α-D-deoxyribose (dR) by ubiquitous phosphatases [40].

In fact, TP was alternatively discovered as “platelet-derived endothelial cell growth

factor” [41]. TP induced neovascularization in a chicken embryo chorioallantoic

membrane (CAM) assay [42], in gelatin sponges implanted subcutaneously in mice

[43], as well as in rat corneal and mouse dorsal air sack models in vivo [44]. In vitro,

TP enhanced tube formation and migration of endothelial cells [45, 46]. The major

mediators of proangiogenic action of TP are the products of its enzymatic activity,

dRP and dR. The sugar products were demonstrated to induce endothelial cell

migration in vitro and neovascularization in different in vivo models [47, 48].

The proangiogenic actions of TP, however, are not restricted to the direct effects

on endothelium. In many tumor types, including breast, bladder, gastric, colorectal,

cervical, esophageal, and lung carcinomas, expression of TP is elevated in compar-

ison to healthy tissues [49]. In most cases it is also associated with higher

microvessel density [49]. Indeed, studies have shown that cancer cells modified

to overexpress the enzyme form better vascularized and larger tumors in experi-

mental animals [50]. This effect may result not only from the formation of

chemoattractant gradient of dRP/dR but also from the modulation of production

of “canonical” angiogenic factors such as VEGF, bFGF, or IL-8. Accordingly,

human bladder carcinoma cells RT112TP overexpressing TP secreted higher

amounts of VEGF and IL-8 in the presence of excess of TP substrate [51].

Moreover, these cells displayed enhanced activation of HIF-1α under hypoxia

and consequently produced more VEGF also under reduced oxygen pressure [52].

Importantly, significant correlation of expression of TP and VEGF was observed in

clinical samples from cancer patients [49], including NSCLC specimens [53]. In

colon cancer cells, on the other hand, TP overexpression leads to upregulation of

bFGF, while VEGF level was unchanged [54]. In human cervical cancer cell line

Yumoto and KB epidermoid carcinoma cells TP overexpression caused significant

induction of IL-8, which was attributed to enhanced ROS production in cells with

high TP levels [55].

Recently, the growing number of evidence links the alterations in the level of

small noncoding RNAs—microRNA (miRNAs) and tumor development. The first

evidence for it was reported in 2002 in B cell chronic lymphocytic leukemia [56]

and then in 2003 in colorectal cancers [57]. It soon turned out that miRNAs can be

differentially expressed in various tumor types, either benign or malignant [58], and

their effect on tumor progression might be connected with the modulation of

development of new blood vessels, both via promoting angiogenesis (angiomirs)

or through its inhibition (anti-angiomirs) [59]. Anti-angiomirs, including miR-15a,

miR-16, miR-125b, miR-199a, or miR-200b target proangiogenic VEGF and their

expression could be decreased in different tumor types including lymphomas,

multiple myelomas, lung, colorectal, hepatocellular, ovarian, oral, and breast
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cancer [60–62]. VEGF may be not only inhibited by miRNAs, but it can also be

activated by them. miR-378 can indirectly promote expression of proangiogenic

VEGF, because it competes with miR-125a for the same seed region in the VEGF

30-UTR [63]. However, proangiogenic actions of miR-378 may be also explained

by direct regulation of Fus-1 and Sufu [64], which functions as a negative regulator

of Shh signaling. Shh induces expression of VEGF and angiopoietins (Ang-1, Ang-2)

[65] and thereby it enhances formation of large-diameter vessels. Nude mice

injected with miR-378 overexpressing glioblastoma cells formed tumors with larger

blood vessels compared to control cells [64]. Similarly, lung adenocarcinoma cells

overexpressing miR-378 implanted to nude mice were better vascularized [66]. Our

study showed that media harvested from NSCLC overexpressing miR-378

enhanced formation of tubule-like structures from endothelial cells on Matrigel,

and consequently NSCLC xenografts overexpressing miR-378 in immunodeficient

mice were better vascularized and oxygenated and displayed enhanced distal

metastasis [39]. There are many more other possible miRNAs and their targets

involved in regulation of tumor angiogenesis, including HIF pathway or matrix

metalloproteinases (MMPs), the subject described in detail in the Chap. 9.

Activity of tumor cell-derived factors in modulation of cancer neovascularization

is not by any chance limited to direct stimulation of endothelium. VEGF, IL-8, and

other cytokines and chemokines attract various circulating and surrounding cells to

tumor site, which in turn may provide further proangiogenic stimuli for ECs.

17.2 Stromal Cells in Tumor Angiogenesis

Tumor vascularization is a result of an intricate interplay between the constituents

of tumor microenvironment, which may differ according to tumor type and stage of

progression. Solid tumors have to be considered as complex organs comprising

heterogenous cellular components that shape the extracellular milieu. Besides

cancer cells and endothelium, various stromal and circulating host cells recruited

to the tumor contribute to the regulation of blood vessel formation in neoplastic

tissues (Fig. 17.2).

The major players in inducing and sustaining the proangiogenic stimuli in tumor

microenvironment are cells of myeloid origin that exhibit multifaceted functional

phenotypes [67, 68]. Tumor-associated macrophages (TAMs) differentiate from

tumor infiltrating monocytes primarily because of the presence of macrophage-

colony stimulating factor (M-CSF) produced by cancer cells (Fig. 17.3). They adopt

the phenotype biased towards an M2 [69] according to the established concept of

macrophage polarization which distinguishes two extreme phenotypes. M2 (alter-

native activation pathway) differentiate in milieu, are rich in Th2 cytokines (IL-4,

IL-13), have high scavenging capacities, and produce growth factors promoting

tissue repair and suppressing adaptive immunity. M1 (classical activation) are

stimulated by bacterial products and Th1 cytokines (e.g., IFNγ). These cells are

characterized by high levels of MHCII expression, IL-12 and TNFα secretion, and

production of ROS and nitrogen species [70]. TAMs produce an array of trophic

372 M. Tertil et al.

http://dx.doi.org/10.1007/978-3-7091-1428-5_9


and activating factors for both tumor and endothelial cells, including platelet-

derived growth factor (PDGF), transforming growth factorβ (TGFβ). VEGF, FGF
and EGF. Their crucial role in angiogenesis was illustrated by an elegant study

showing that in mice devoid of M-CSF, mammary tumorigenesis was inhibited due

to attenuated tumor vascularization [71]. As major producers of inflammatory

mediators, TAMs are also key promoters of tumor-associated inflammation,

which is considered another hallmark of cancer [2]. Several studies have shown

that activation of transcription factor NFκB plays a central role in tumor promotion

by TAM [72]. In response to factors released by necrotic tissues, cytokines pro-

duced by tumor and/or stromal cells or signaling triggered through HIF-1α by

hypoxia, activation of NFκB leads to production of cytokines (TNFα, IL-6) and
chemokines amplifying the inflammatory cascade. TNFα has been associated with

increased production of chemokines such as CCL2, IL-8, and CXCL12 [73]. IL-6

activates STAT3 (signal transducer and activator of transcription 3) transcription

factor which promotes cell cycle progression and resistance to apoptosis [74].

Apart from the TAMs, a distinct population of Tie-2-expressing monocytes

(TEMs) contributes significantly to paracrine stimulation of angiogenesis in cancer

[75]. TEMs exhibit a proangiogenic gene expression signature already in circulation,

but it could be further enhanced by stimulation with Ang-2 upon recruitment to the

tumor [76]. Besides releasing factors that directly stimulate ECs (e.g., VEGF and

bFGF), TEMs are also important sources of factors modulating the neovascularization

and metastasis in an indirect fashion, namely the proteolytic enzymes such as

cathepsins and MMPs [76, 77]. Recently, it has been recognized that also CD11b

Fig. 17.2 Stromal cells in tumor angiogenesis. EC endothelial cells, PC pericytes, TAM tumor-

associated macrophages, TEM Tie-2-expressing monocytes, MDSC myeloid-derived suppressor

cells, CAC circulating angiogenic cells, N neutrophils, CAF cancer-associated fibroblasts, ECM
extracellular matrix
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+Gr1+ bone marrow-derived precursor cells known as myeloid-derived suppressor

cells (MDSCs) which may constitute up to 5 % of tumor population play important

role in cancer neovascularization [67]. MDSCs coinjected with cancer cells lead to

formation of tumors with increased vascular density and better vessel maturation,

which is abolished by deletion of MMP-9 [78], a protease crucial for increasing the

bioavailability of VEGF and FGF-2 in tumor microenvironment [79]. Interestingly,

there is another potent leukocytic source of proangiogenic MMP-9 within tumor

stroma—cancer-infiltrating neutrophils that produce the proenzyme which is devoid

of tissue inhibitor of metalloproteinases (TIMP). In contrast to other cells, including

various tumor cells which secrete proMMP-9 in a complex with inhibitory TIMP-1,

neutrophil TIMP-free proMMP-9 can be efficiently activated and then it acts as an

angiogenic inducer [80, 81]. Cells of MDSC phenotype were also reported to

incorporate directly into tumor vessels acquiring endothelial properties in tumor

microenvironment [78].

The notion of contribution of bone marrow-derived vascular progenitors, so-

called endothelial progenitor cells (EPC), to tumor neovascularization through

vasculogenesis has been strongly argued over the years. A term EPC was

introduced by Asahara et al., who described a population of naı̈ve circulating

blood cells expressing VEGFR2 and enriched with stem/endothelial marker

CD34 [82]. Since then numerous experimental models indicated that the cells of

the EPC phenotype may directly incorporate into tumor vasculature [83, 84] while

others denied it [85]. Today it is generally accepted that these cells rather do not

Fig. 17.3 Polarization of macrophage function. M2 cells, differentiated tumor-associated

macrophages (TAMs), play a pivotal role in tumor growth. TAMs regulate tumor angiogenesis,

inflammation, tumor cell invasion, and metastasis as well as immunosuppression. On the other

hand, M1 macrophages display cytotoxic activity against microorganisms and neoplastic cells and

may activate the immune response
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present endothelial precursors but are in fact of myeloid origin [86]. Nevertheless,

they constitute a truly proangiogenic pool, now widely termed circulating angio-

genic cells (CAC) which act mostly via paracrine stimulation of endothelium [87].

Indeed, blocking EPC mobilization was clearly associated with inhibition of tumor

angiogenesis and metastasis [88]. In the clinic, CAC counts are elevated in the

blood of cancer patients and may be a negative prognostic factor [89]. One of the

major axis for mobilization of the bone marrow-derived pro-angiogenic cells is

SDF1/CXCL12 chemokine inducible by hypoxia and VEGF acting through

CXCR4 receptor [90]. It is involved in the recruitment of Tie-2-expressing

monocytes, which have been already mentioned as key effectors in triggering the

angiogenic switch [79], as well as in homing and engraftment of mesenchymal

stromal cells to tumors [91].

Mesenchymal cells form another constituent of angiogenesis-modulating tumor

microenvironment. Mesenchymal progenitors have been described to differentiate

to pericytes and secrete VEGF in a model of pancreatic carcinoma [92]. Hetero-

genous population comprising bone marrow-derived mesenchymal cells together

with local stromal fibroblasts and/or tumor cells which underwent epithelial–me-

senchymal transition is considered as cancer-associated fibroblasts (CAFs) [93].

CAFs are one of the major sources of MMPs within the tumor. For example, it is

MMP-2 expression in stromal fibroblasts and not in tumor cells that is a negative

prognostic factor in NSCLC [94]. CAFs may secrete high amounts of SDF-1 [95]

which apart from its key role in attracting CAC, may act on tumor cells to enhance

their migration and adhesion to stromal cells, which in turn provide them with

further signals for growth and metastasis [96–98]. Finally, fibroblasts are key

producers of another factor crucial for tumor progression—hepatocyte growth

factor (HGF) [99] that acts as a potent inducer of neovascularization [100]. Signal-

ing through its tyrosine kinase receptor MET, HGF enhances endothelial cell

growth in formation of new blood vessels as well as lymphatic vessels [101,

102]. MET and VEGFR-2 cooperate in promotion of angiogenesis by synergistic

activation of downstream signaling pathways involving Erk-MAPK, AKT and FAK

kinases [103]. Activation of HGF-MET axis can also lead to induction of VEGF

and suppression of expression of antiangiogenic thrombospondin-1 [104]. Accord-

ingly, treatment of experimental tumors with MET inhibitors results in attenuation

of angiogenesis and tumor growth [105].

Cells within tumor microenvironment may communicate to modulate blood

vessel formation not only by secretion of proteins and small-molecule mediators

or direct cell–cell interactions but also by exchanging information through

microvesicles. Alternative names help to distinguish the origin of microvesicles:

those released from activated platelets are called microparticles, neutrophil-derived

microvesicles are called ectosomes, whereas exosomes are microvesicles secreted

by tumors [106]. However, in nomenclature the term exosomes describes also

vesicles originating from endocytosis. Their size ranges from 50 nm to 1 μm, and

they are secreted by healthy and damaged cells in response to external stimuli.

Their role involves mediation of communication between cells, as they contain

miRNAs and mRNA inside, which is called exosomal shuttle RNA (esRNA).
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Vesicles released from human and murine mast cell lines contain over 1,200

mRNAs and approximately 121 miRNAs molecules [107]. For example, it has

been demonstrated that genetic information can be transmitted from tumor cells

through miRNAs transfer by exosomes and in that way reprogram endothelial cells

to a proangiogenic phenotype [108]. During tumor growth and spreading micro-

vesicles are actively released and they can play a role as vehicles for information

transfer. For example, microvesicles derived from tumors can transfer mRNA to

monocytes to activate these cells in tumor microenvironment, increasing produc-

tion of cytokines to fasten tumor growth and diminish the immune response [109].

It has been also demonstrated that microvesicles released from human renal cancer

stem cells stimulate angiogenesis and formation of lung pre-metastatic niche [110].

Exosomes circulating in blood can be derived also from platelets, and they can play

a role in hemostatic processes induced during clotting. Moreover, they may exert a

role in vascularization and metastasis of many tumors including lung cancer [111].

There are several examples of miRNAs, which can be transferred from cancer cells

to endothelial cells, such as miR-210. It can be released by metastatic cancer cells

and transported to endothelial cells, where it inhibits expression of proangiogenic

target genes [112]. Similarly, miR-9 can be transferred from tumor cells to endo-

thelial cells by microvesicles. Then miR-9 reduces suppressor of cytokine signaling

5 (SOCS5) level and thereby activates JAK-STAT pathway, enhancing tumor

angiogenesis [113].

17.3 Heterogeneity of Tumor Vasculature

17.3.1 Tumor Vasculature Is Unique

Tumor microenvironment is characterized by uncontrolled, continuous over-

production of angiogenic factors. Paradoxically, such extreme stimulation of endo-

thelium leads to development of immature, functionally, and structurally abnormal

neovasculature (Fig. 17.4) [114]. The architecture of tumor blood vessel network is

irregular, disorganized, and tortuous [115]. As a result, areas of increased vascular-

ization and pockets of reduced vascular density are formed [116]. Endothelial cell

layer is highly dysfunctional—loose connections, wider junctions, and impaired

coverage with mural cells cause substantial leakiness of the vessels [117] and some

studies even report cytogenetic anomalies within tumor ECs [118]. Intercellular

gaps and transendothelial holes favor the escape of cancer cells to the bloodstream.

Moreover, hyperpermeability of the vasculature leading to elevation of interstitial

fluid pressure combined with heterogeneity of vessel distribution cause spatial and

temporal variations in blood flow [119]. Such impaired perfusion not only hampers

delivery of therapeutic drugs to the tumor but most importantly creates areas of

hypoxic and acidic microenvironment [120].

Hypoxia drives secretion of angiogenic factors and recruitment of bone marrow-

derived proangiogenic cells, thus fueling the vicious cycle of nonproductive

neovascularization. What is more, it leads to pro-malignant reprogramming of
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tumor gene expression and selection of genotypes which favor resistance to

hypoxia-reoxygenation injury, such as TP53 tumor suppressor mutations [121].

Low oxygen concentration downregulates DNA repair mechanisms, thus

potentiating the genomic instability in cancer cells [122]. Gene expression changes

evoked by hypoxia promote switch to anaerobic metabolism [123], enhanced

autophagy [124], inhibition of apoptosis [121], and increased invasiveness [125]

and metastasis [126]. Hypoxia also alters receptor tyrosine kinase-mediated signal-

ing [127] and epithelial-to-mesenchymal transition (EMT) in cancer cells [128].

Finally, oxygen deprivation may lead to suppression of antitumor immune

responses and contributes to the failure of radiotherapy [129]. Not surprisingly,

recent research has unraveled yet one more face of pro-tumoral action of hypoxia—

its role in the maintenance of a small population of cancer stem-like cells, which are

believed to drive tumorigenesis and disease recurrence [130].

Hence, hypoxia emerges as a major therapeutic target for angiogenesis-related

anticancer treatment (see Chap. 18). Surprisingly, however, recent data suggest also

that activation of HIFs due to the inhibition of prolyl hydroxylase-2 (PHD-2), an

enzyme responsible for HIFs protein degradation in physiological conditions, can

paradoxically improve the effectiveness of cancer therapy due to tumor vessel

normalization, increasing the delivery of chemotherapeutics [131]. Thus, the initial

view that anti-angiogenic therapies should destroy the extensive tumor blood

network, depriving the tumor of oxygen and nutrients, is replaced by understanding

that disregulated, chaotic vascular network has to be normalized to increase the

effectiveness of chemotherapy.

Fig. 17.4 The major differences between normal and tumor vasculature
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17.3.2 Alternative Mechanisms of Neovascularization

Besides canonical sprouting angiogenesis and controversial postnatal vasculo-

genesis, tumor neovascularization may involve also alternative mechanisms such

as vessel co-option, intussusceptive microvascular growth (IMG), glomeruloid

angiogenesis, and tumor cell vasculogenic mimicry (Fig. 17.5) that have been

associated with the most aggressive tumor types [132].

Vessel co-option refers to the avascular growth of primary or metastatic lesions

along preexisting vessels that occurs usually in well-vascularized tissues such as

lung or brain [133, 134]. This phenomenon was described to occur rather at initial

stages of tumor development. In a model of glioma Holash et al. found that the

coopted vessels underwent regression after 4 weeks of tumor growth which could

be interpreted as a host defense mechanism [135]. The best candidate for a major

molecular regulator of this process is Ang-2. Its expression raises in coopted vessels

leading to destabilization of capillary walls and vessel regression at early tumor

growth stages when high amounts of VEGF are not yet present [135]. Upon

subsequent “angiogenic switch”, Ang-2 and VEGF cooperate to promote sprouting

neovascularization. Besides glioma and lung carcinoma, vessel co-option has now

been described in several other types of tumors, including also human melanoma

and Kaposi sarcoma [136].

Expansion of capillary network by intussusceptive microvascular growth (IMG)

involves partitioning of preexisting vessel lumen by insertion of connective tissue

columns called tissue pillars and their subsequent growth [132]. Such phenomenon

can occur within hours or even minutes and requires little energy as it does not

depend on ECs proliferation and extracellular matrix remodeling. Instead, endo-

thelial cells increase their volume and become thinner. Although molecular

mechanisms driving IMG are not yet fully understood, it has been noted that the

process could be stimulated by alterations of blood flow dynamics [137], and the

Fig. 17.5 Mechanisms of tumor neovascularization
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best candidates for its regulation are proteins involved in mediating interaction

between ECs and endothelium and mural cells, namely the PDGF-BB, angio-

poietins, TGF-β, monocyte chemoattractant protein-1 (MCP-1), and ephrins

together with Eph-B receptors [138]. IMG was observed in melanoma, colorectal,

and mammary tumors [132].

Glomeruloid bodies (GBs) formation, another phenomenon associated with

cancer vascularization, is best characterized for glial tumors. Glioblastoma

multiforme models showed that tumor cells may pull microvesicular plexus into

the tumor cell nest leading to appearance of coiled vascular structures which further

evolve into chaotic and tortuous vascular aggregates [139]. In other cancers,

including breast, endometrial, and prostate carcinoma, focal proliferative buddings

of endothelial cells resembling a renal glomerulus were observed [140].

Glomeruloid microvascular proliferations are associated with poor prognosis in

human malignancies [141], and VEGF was shown to play essential role in their

induction and maintenance in experimental tumor models [142, 143].

Finally, the most aggressive tumors present ability to form perfusable, matrix-

rich vasculogenic-like networks de novo from tumor cells, a phenomenon termed

vasculogenic or vascular mimicry (VM) [144, 145]. VM structures can be in close

connection with endothelial-lined capillaries and/or form chimeric vasculature

providing functional perfusion pathway for growing tumor independent from

angiogenic factors [146, 147]. Blood circulation in VM tubes was confirmed in

humans using laser scanning confocal angiography in patients with choroidal

melanoma [148]. VM is a remarkable example of tumor cell plasticity indicative

of a genetic reversion of aggressive cells to an embryonic stem cell-like multipotent

phenotype [149]. Extensive research on the mechanisms of VM revealed numerous

genes of vascular-, stem cell-, and hypoxia-related signaling pathways to be

involved in the process (reviewed in [150]). As in the case of glomeruloid micro-

vascular proliferation, vasculogenic mimicry is a strong negative prognostic factor

in the clinic [145].

Conclusions

Although research over several decades has clearly shown marked abnormalities

in the tumor vasculature, further understanding of the molecular pathways

responsible for tumor development as well as structural heterogeneity in tumor

vessels is required. Similarly, great progress in understanding the molecular

aspects of tumor angiogenesis has been made and new cross talks between

signaling pathways have been revealed. Still, however, the detailed molecular

events responsible for neovascularization need to be explained.
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Abstract

This chapter describes a short historical overview of the progress in endothelium

research and point the importance of organ-selective characteristics according to

the present knowledge about endothelium biology. Uncovering the advantages

that the endothelial cell properties and characteristics provide for the develop-

ment of future targeted therapies, the review describes why mature endothelial

cells due to their organ-specificity can be useful to target diseased organs.

In the same line, endothelium properties will be exploited to make the

endothelial cells a disease marker, e.g., in diabetes, stroke, cancer, inflammation,

or ischemia and to provide a potential diagnostic indicator for the estimation of

metastatic progression. New perspectives are thus opened by endothelial cells

that can be considered both as a reporter and a target. These features can be
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combined with new cell-mediated and cell-targeted therapeutics designed to

correct angiogenesis. Examples of such possible applications are detailed in

the repair of tumor angiogenesis with help of endothelial cell precursors through

their ability to target the pathologic angiogenesis and participate to normaliza-

tion of the pathologic vasculature. The hypothesis that normalized angiogenesis

may provide an efficient treatment, working as adjuvant to classical therapies, is

being developed. The objective is to reach a mechanical stabilization that should

result in an advantageous change of the tumor microenvironment.

Keywords

Tumor • Chemokines • Down syndrome • VEGF • Glycosaminoglycans •

Circulating endothelial cells • Endothelial progenitor cells

18.1 Introduction

In 2007 a review of endothelium research history by Hwa and Aird [1] indicated

that the concept of site-specific phenotype of endothelium got to be accepted quite

recently in the scientific literature. Since the idea that endothelium can serve as a

marker and a reporter for pathologies is now being exploited, one can measure the

gap that have to be closed to progress in the knowledge of the biology of this long

ignored tissue for its unique properties and consequently, in recognizing the

endothelial cells as its representative entities.

The distinction among endothelial cells shows up first at the level of the type of

vessel that the endothelium is lining. From arteries to veins, capillaries, post-

capillary venules, and lymphatics, the diversity appears as early as at the embryonic

state to produce cells that are phenotypically and functionally different. Clearly

distinct from one vessel type to another, endothelial cells are deeply involved in

regulating the metabolism of the organ they belong to, as well as the activities of the

surrounding cells they interact with, both in the vessel lumen and in the underlying

tissue. As such, the endothelium fulfills fundamental activities:

• Blood to tissue transport of nutrients and cells, functional relationships between

blood and lymph

• Selection and recruitment of cells and molecules from blood and lymph to tissue,

and reciprocally

Endothelial cells imprint their specificity. This property is fundamental to

achieve not only intercellular interactions that govern immune and inflammatory

responses but also pathologic autoimmune reactions, allergic response and, in

cancer, tumor cell spreading and establishment of metastases. Vascular bed-specific

gene expression can also arise in genetic diseases like the Down syndrome, where

changes in endothelial cell activation might explain immune response defects.

Moreover, the species specificity adds to the organ-specificity and contributes to

explain variation in the molecular mechanisms of infectious processes [2].

Proving the distinct characteristics of the endothelial cells, the presently avail-

able methods for gene expression analysis have also allowed demonstrating that
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endothelial reactivity is highly sensitive to the microenvironmental conditions. This

represents a rationale for the diagnostic potential and further therapeutic

developments, based on endothelial cells serving as tools for cell and gene

therapies.

Among the main characteristics of endothelial cells is their ability to make

vessels through angiogenesis. Often occurring for repair purposes, angiogenesis

may also promote pathologic processes during inflammation or tumor stroma

development, in response to the common microenvironmental factor, such as

hypoxia.

This review will focus on the possibilities offered by the organ-specificity of

endothelial cells and take advantage of their particular features to understand

specific mechanisms such as aberrant leukocyte homing or selection leading to

inadequate immune response. This knowledge will ultimately serve to design new

therapeutic strategies directed against pathologies such as solid tumors, whose

development depends on the hypoxia-induced angiogenesis.

18.2 Endothelium Organ-Specificity: Contribution to New
Insights in the Microenvironment-Based Therapies

Progress in research on endothelial cells, especially on their organ-specificity and

disease-specific changes, raises the following questions (1) can endothelium be

considered as a disease reporter like it has been evoked for diabetes, stroke, cancer,

inflammation, and ischemia? And, if yes, (2) can the organ-specific endothelium be

used for diagnostic purposes? On the other hand, endothelial cells play an important

role in mediating the neoplasm metastasis and other invasive diseases. Mature

organ-specific endothelial cells could be used for the design of strategies to target

the diseased organs. This is a promising perspective that permits to plan new

therapeutics by formatting the endothelial precursors to reach pathological sites

and participate in the pathological angiogenesis and/or the endothelial repair

mechanisms.

18.2.1 Organ-Specificity: Why Should Endothelium Be Considered
as Organ Specific?

18.2.1.1 Endothelium Implies Site Selectivity in Physiological and
Pathological Conditions

The first description that endothelium may be something else than an inert cover

layer of similar cells, brought a breakthrough into research although it should have

appeared earlier as a logically admitted concept. This had not been the case partly

because most in vitro experiments were conducted solely with the human umbilical

vein endothelial cells (HUVEC).

The elaborated level of organ-specificity displayed by endothelial cells can be

convincingly illustrated by quite different endothelial functions: maintaining the
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blood brain barrier on the one hand and, on the other, the activity and selectivity of

post-capillary venules in the lymph nodes. As a consequence, the organ-specificity

is a parameter that should be taken into account to understand the endothelium

biology and subsequently its reactions and mechanisms of action [3–5].

As described by Butcher et al. [6], the organ-specific migration of lymphocytes

during their homing illustrates the selective role of endothelial cells and, more

precisely, of the adhesion molecules they express. This suggested the need for a

clear-cut description of the endothelial signature in terms of cell surface molecules.

We had shown the presence of membrane lectins in lymphocytes [7], and their

significant influence on cell recognition and adhesion [8–11]. It was further

demonstrated that organ specificity of lymphocyte migration is determined by the

selective interaction of lymphocytes with specialized endothelial cells as described

by the famous work of Stamper and Woodruff [12]. Then, Butcher and coworkers

showed that the organ-restricted endothelial cell determinants mediate the antigen-

independent organ specificity of lymphocyte migration [6]. This model strongly

suggested the existence of defined pairs of complementary receptors/ligands on the

lymphocytes and endothelial cells, which can separately mediate lymphocyte-high

endothelial venule adherence in Peyer’s patches and in lymph nodes [6].

We contributed to bring a clearer demonstration of this selectivity by a simple

approach based on the isolation of murine endothelial cells from different organs

and analyzing their distinct biochemical and biological behavior in terms of lym-

phocyte adhesion and cell selection [13, 14]. Moreover, we could evidence the

micro-environmental modulation of the endothelial addressins’ composition and

their posttranslational modification [15]. This allowed further extensive studies on

selectins and their ligands, as well as permitted to decipher the exquisite definition

of lymphocyte homing according to immunologically defined populations.

Indeed, intercellular interactions are also modulated by endothelial cell-

expressed selectins and leukocyte-expressed ligands. Such a double sugar-protein

recognition, first described in the case of cross talk between tumor and endothelial

cells [9], can be generalized. Indeed, selectins (which are lectins) and their

addressin ligands dictate the first level of interactions that govern the rolling and

arrest of leukocytes on the endothelium of a given organ [16]. Further elucidation of

this mechanism could provide the means to control the extravasation processes.

Promoting or inhibiting the leukocyte recruitment requires the knowledge on fine-

tuning of molecular signal transduction cascades which underlie the cell

interactions, including the role of chemokines.

18.2.1.2 Chemokines Are Acting as Regionally Expressed Chemo-
attracting Molecules

Chemokines are adding a degree to the molecular mechanisms that explain the

spatiotemporal characteristics of leukocyte homing. Their expression is highly

inducible as well as the molecules that allow their cell surface presentation.

Namely, the glycosaminoglycans (GAGs) are differently expressed both quantita-

tively and qualitatively on the endothelial cell surface according to the site and to

the biological context [17]. This confers a higher degree of organ-specificity to the
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endothelium. Moreover, GAGs and chemokines expression or presentation

indicates how endothelial cell phenotype may reflect the biological state of a tissue.

As reviewed by Ribatti et al. [5], endothelial cells constitute a heterogeneous

population. The endothelium which is covering the entire inner surface of blood

vessels shows various properties depending on the state of the tissue and the

function the endothelial cells must achieve. Although the clearest morphological

and functional differences are visible between large and small vessels, organ-

specificity appears also between cells derived from various microvascular endothe-

lial beds. The second degree of distinction results from the microenvironment and

from the role of the extracellular matrix, influencing the endothelial phenotype and

affecting the distinct response to growth factors. Consequently, the concept of

organ-specificity implies a sum of posttranslational modifications but combined

with the expression of unique genes that are controlled by organ-characteristic

regulatory elements. Finally, pathological conditions like tumor growth are

accompanied by the development of a pathologic tumor vasculature and tumor

stroma, regulated by the endothelial cells and their interaction with tumor cells.

Nevertheless, for the time being the organ-specificity of endothelium remained to

be directly proven.

18.2.1.3 Endothelial Cell Lines as Tools to Demonstrate Organ-
Specificity

To analyze in details the putative organ-specificity of endothelium, we isolated and

established a set of lines originating from human endothelial cells [4]. Their

immortalization, once being standardized, allowed comparing the gene expression

profiles. These analyses have proven that microvascular endothelial cells differ

significantly in terms of phenotype and gene expression [18] according to their

organ of origin. Functional significance of these differences was illustrated in

human cells during the specific chemokine-directed homing [17] and during the

recruitment of lymphocytes in allergic pathologies as asthma [19].

The endothelial organ-specificity, together with species-specificity, is evident in

some infectious diseases and their organ-specific propagation. Our work on cat

scratch disease revealed the intrinsic differences between human and feline endo-

thelial cell susceptibility to Bartonella henselae infection. While no effect was

observed on the feline cells upon bacteria exposure, the human cells displayed

accelerated angiogenesis and wound healing. Noticeable differences were

demonstrated between human microvasculature- and macrovasculature-derived

endothelial cells. B. henselae could stimulate the activation of vascular endothelial

growth factor (VEGF) receptor-2 (VEGFR-2) and trigger VEGF production by

human skin microvascular endothelial cells only, but not HUVEC or any feline

endothelial cells tested. These results may explain the decreased pathogenic poten-

tial of B. henselae infection for cats as compared to humans and suggest that

secretion of VEGF by human skin endothelial cells might induce their growth

and ultimately lead to bacillary angiomatosis formation [2].

Endothelial phenotype can reflect pathology and can influence the immune cell

selection, as illustrated by experiments performed in murine model of Down
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syndrome. In the trisomic mice, obtained by the yeast artificial chromosome

method and expressing double and triple copies of the GIRK2 gene (G protein-

activated inward rectifier potassium channel 2, critical in the Down syndrome

region of chromosome 16 [20]), it was possible to isolate endothelial cells and

establish cell lines that represent their organ-specific features. In such endothelial

cells we showed different expression pattern of adhesion molecules, when com-

pared to their non-trisomic counterparts (Fig. 18.1). Moreover, we demonstrated

that this differential expression strongly influences the mobilization and thymic

export of lymphocytes (M. Tomczynska, doctoral thesis, Orleans, 2006),

confirming the functional significance of the endothelial cell phenotype. The

differential expression of adhesion molecules can explain the differences in the

selection of circulating lymphocytes both on their release from the thymus and their

homing into lymph nodes. Hence, E-selectin which is an efficient early adhesion

molecule for lymphocyte rolling and adhesion, is downregulated in the thymic

endothelial cells from trisomic mice. It is also decreased in the peripheral lymph

node-derived endothelial cells of YAC 67 (one GIRK2 extra copy) mice, while it is

over-expressed in YAC 84 (two GIRK2 extra copies). Similarly, the trisomic cells

over express ICAM-2; this can explain the strong differences in lymphocyte

adhesion (not shown).

Fig. 18.1 Differential expression of characteristic cell surface adhesion molecules and endothe-

lial markers in thymus and peripheral lymph nodes derived endothelial cells from trisomic Down

syndrome mouse models as compared to normal mice. Yac67 and Yac84 mice bear two and three

extracopies of the GIRK2 gene, respectively (see text)
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Generally, organ-specificity of endothelium is more pronounced when cells react

to the microenvironment changes, especially when cells were transferred from

normoxic conditions to physiologic oxygen tension (physioxia) or to pathologic

hypoxia [21].

18.2.2 Endothelial Cells as Diagnostic Markers and Disease
Reporters

Circulating endothelial cells were searched for their possible detachment from

damaged sites and, as such, for their ability to carry the characteristics of the tissue

they come from and the conditions of the milieu they were in. The work by Dignat-

George et al. [22, 23] has brought valuable information but still the major

difficulties remain in the yield and viability of the recovered cells [24]. This

makes it difficult for circulating endothelial cells to serve as a diagnostic marker.

An easier approach is the detection of endothelial cell-associated factors that can be

considered as markers of diseases. Among them the VEGFs and the soluble forms

of VEGF receptors are considered as markers of ischemia-related disorders. Later

on, the circulating endothelial precursors were checked as potential markers of

diseases. Their presence in the peripheral blood is most likely a consequence

of their mobilization from the bone marrow in response to signals from damaged

or hypoxic tissues [25].

Repair mechanisms are among the main possibilities offered by the normally

functioning endothelial cells. As such, the circulating mature endothelial cells are

specifically recruited to the injured sites. Thus, their increased number could be

suggested as potential marker of diseases. Importantly, it has been shown that

endothelial cells, when extracted from a given organ, are able to return preferen-

tially into the same organ. As indicated by the data presented (Fig. 18.2) on the

localization of the endothelial cells from bone marrow and peripheral lymph nodes

derived cell lines, 96 h after intravenous injection and recirculation from the

primary “filters” like spleen and lungs, their relative localization appears to be

preferential into the bone marrow and into the peripheral lymph nodes, respec-

tively. Moreover, we have observed that conditioning of nonspecialized endothelial

cells like precursor cells, with a proper organ-representative medium [15] allowed

to increase the efficacy of the specific tissue targeting by the conditioned endothe-

lial cells. This was estimated by detection and quantification of the preferential

homing upon intravenous injection, recirculation, and settling of the cells. Conse-

quently, these results indicate that circulating endothelial cells could be considered

as diagnostic markers on the one hand but, on the other hand, could be potentially

used to target given organs.

During the intravasation process, after the initial contact, the tightened adhesion

and further extravasation of the adhered cell into a tissue is facilitated by a whole set

of chemo-attracting molecules, i.e., chemokines and their receptors. In this process

one should take into account the glycobiological mechanisms of cell recognitions.

Extensive studies performed on endogenous lectins have confirmed that the
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selectivity comes from adhesins, and a higher degree of sophistication is brought by

glycoconjugates that decorate the adhesion molecules and their ligand counterpart.

Consequently, the endothelial organ selectivity is most probably provided by the

interplay of lectins and receptors together with interactions of chemokines and

receptors that are differently activated and expressed depending on the site where

the posttranscriptional modifications of the glycanic parts play a decisive part. As

such, glycans and lectins are highly modified according to the physiological state of

the tissue. This can be detected on the endothelium [4, 15, 26].

Glycans and mainly glycosaminoglycans contribute to this selectivity by their

role in chemokine binding and presentation. Indeed, chemokines are not only

expressed differently in the selected organs, but they insure the cell recruitment

by being presented at the endothelial surface by glycanic structures, that are also

representative of the endothelium site [16, 27]. This is namely the case for the

6CKine (CCL21)-CCR7 axis that rules the lymphocyte homing into lymph nodes

upon 6Ckine presentation on the endothelial cell surface through specific GAGs

[17]. Similar mechanisms are fundamental for specific localization of tumor cells

during the establishment of metastases. Indeed, the same chemokine-mediated

pathway is valid for tumor cell dissemination and site-specific homing on the one

hand, and for the tumor-mediated recruitment of bone marrow-derived cells into the

tumor site, on the other hand [25]. Both effects are crucial for tumor growth and

invasion.

18.2.2.1 Tumor Cell Dissemination and Endothelial Chemokine
Specificity Presentation

Tumor cell dissemination is quite selective for the secondary organ where cells

localize to make metastases. This depends, among other molecular mechanisms, on

the chemokine/chemokine receptor interactions. The pre-metastatic niche is an
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Fig. 18.2 Quantification by flow cytometry of endothelial cells preferential homing and distribu-

tion upon intravenous injection and settling for 96 h in vivo. Fluorescently labeled bone marrow

(BM)- and peripheral lymph nodes (PLN)-derived endothelial cell from established lines (106 in

50 μL) were injected into mice and their distribution quantified by flow cytometry (M2 markers

indicates the numbers of positive cells) according to the example shown on the left panel. The right
panel reports the relative distribution of labeled endothelial cells injected intravenously and

detected 96 h later. Data are percent of injected cells relatively to 1 as the amount of labeled

endothelial cells found par 109 lung cells. % � SD ¼ 20 %
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example of a selective interplay of the primary tumor signaling towards distant

organs to induce a, so-called, pre-metastatic state in these secondary sites. The local

secondary micro-environmental state is prepared by factors synthesized upon

hypoxic conditions at the local primary tumor site that act in a paracrine manner

to precondition the secondary metastatic site to host the escaped circulating tumor

cells [28].

18.2.2.2 Bone Marrow-Derived Cell Homing into the Tumor and
Endothelial Chemokine-Mediated Recruitment

Endothelial cells within the tumor vasculature may play a role in homing of the

bone marrow-derived cells. First, they are conditioned by the hypoxic stromal

microenvironment, which may result, for example, in an enhanced production of

stromal cell-derived growth factor-1 (SDF-1, CXCL12). The recruitment of bone

marrow-derived cells is highly dependent on this SDF1/CXCR4 axis. Then the

recruited cells, including circulating endothelial precursors, can participate in

formation of tumor stroma, which promotes the tumor development. Because the

recruitment is a tumor chemokine-dependent process, the number of CXCR4+

circulating cells can be a criterion of tumor evolution [25, 29]. Consequently, the

interplay between the whole organism and the tumor is characterized by the

primary influence of hypoxia to set the tumor stromal composition and then to

affect the external response of the organism. This response is largely dependent on

the signals given from the tumor site.

From this point of view, the recruited cell populations can be considered a

selective response to the pathology. In search for the possibility of characterizing

disease by analysis of circulating endothelial cells, a large body of data has led to

the indication that this population may reflect the response of an organism to the

tumor growth [30] and response of the tumor to therapy. Additionally, recruitment

of endothelial precursors may participate in neovascularization of metastases [31].

This population can also be an indicator in other diseases as cardiac failure [32],

hemophilia [33, 34], diabetes [35, 36], and more generally, ischemia-linked pro-

cesses [37]. The phenotype definition of the circulating endothelial cells versus

endothelial precursors is still a matter of vigorous debate, although the use of

endothelial progenitors is currently considered as a promising approach for cardio-

vascular diseases [38]. The doubts come also from the low number of endothelial

precursors found in the diseased sites, despite the active and selective homing.

We have isolated and immortalized the human cord blood endothelial precursors

[39] and established a comparative model of endothelial progenitors in mice. These

cell lines allowed for studies of interactions between tumor and endothelial cells

and for building of in vitro 3D models that permit the quantitative assessment of

cell recruitment kinetics as a function of tumor stromal composition. We have

shown that these cell lines represent early precursors, which can get matured

in vitro upon a proper treatment with chemokines. Moreover, these cells should

reach tumor sites when intravenously injected, according to their ability to respond

to VEGF-A chemo-attracting properties.
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18.3 Endothelium in Pathologies and Pathologic Endothelium

Endothelium may reflect pathologies because it very often participates in the

disease pathogenesis. In cancer it is well documented that progression depends on

the angiogenic switch. The latter results, in turn, from the response of endothelial

cells to hypoxia, which is the common character of the tumor milieu. The patho-

logic endothelium can be described in terms of common but abnormal features and

the differences they make as compared to normal endothelium. Such distinctions

will be taken into account for therapeutic designs.

Hypoxia, both in normal processes, like the embryonic development, as well as

during abnormal ones, is the main signal to which endothelial cells react. It potently

influences the activity of endothelial cells into pathologic vessels. Rendering the

tumor angiogenesis abnormal, hypoxia affects the tumor progression. It is remark-

able that, because of their ability to respond to hypoxia, endothelial cells make new

vessels in various ways to reestablish the oxygen delivery inside the tumor.

The actively formed abnormal new vessels are a hallmark of cancer [40]. Their

malfunction results mainly from the activation of signaling cascades regulated by

the hypoxia inducible factor-1 (HIF-1). In the absence of oxygen and inhibition of

the prolyl hydroxylases (PHD)-mediated oxygenation, HIF-1α is stabilized and no

longer removed by the von Hippel-Lindau (VHL)-dependent ubiquitinylation into

the proteasome. Transcriptional activity of the HIF-1α/β heterodimers, after bind-

ing to the hypoxia responsive element (HRE) in the target genes, leads to produc-

tion of proangiogenic factors, mainly VEGFs. VEGF is a major mitogen and

survival factor for endothelial cells. Usually, within hypoxic tumors it is

overproduced and its activity is not effectively balanced by other molecules that

regulate angiogenesis in physiological conditions.

In addition to VEGFs, hypoxia upregulates expression of angiopoietin-2 (Ang2)

or interleukin-8 (IL-8); these cooperate to render the tumor angiogenesis strongly

abnormal. Their action can be, to some extent, hindered by so-called “normalizing”

factors. Among them is angiopoietin-1 (Ang1) that competes with Ang2 for their

common receptor Tie-2. Similarly, the platelet-derived growth factor-β (PDGF-β)
would compete with VEGFs for PDGF-β receptor, as they inhibit PDGF-β signal-

ing. These molecules are well known to be differentially expressed in endothelial

cells located in a pathologic site as compared to endothelial cells situated in the

corresponding normal tissues [40, 41].

18.3.1 Targeting the Pathologic Endothelial Cells

Based on differences between endothelial cells in healthy and diseased tissues we

have designed an approach to target the endothelium inside the tumor. The rationale

lays in the possibility to reduce the abnormalities in endothelial cell functions. The

demonstration that natural killer (NK) cells can actively kill activated endothelial

cells in tumor-like milieu [42] was validated in vivo [43] and the mechanism of
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endothelial cell-mediated antigen presentation could be demonstrated [44] opening

a way to kill selectively the abnormal endothelial cells inside a tumor.

Interestingly, when NK cells were recruited in vivo and could penetrate the

tumor to kill the tumor cells, increased NO production derived from inducible nitric

oxide synthase (iNOS) was detected at the level of endothelium [43]. It was further

shown in vitro that the endothelial reaction to NO can downregulate the CD31

expression at the junction of vicinal endothelial cells and, consequently, influence

the cohesion of the endothelial barrier [45].

The concept of a positive effect of endothelial cell-based treatments on the

antitumor reaction is supported by the results brought by the angiogenesis-targeted

strategies. As numerous works corroborate the fact that inhibition of angiogenesis

should no longer be considered the main objective, the molecular mechanisms of

those strategies had to be deciphered. Because the efficient anti-angiogenic

treatments lead to total destruction of the vessels, the anoxia is reached, but the

expected eradication of the tumor is not. On the contrary, such a strategy often leads

to the selection of tumor-initiating cells [46], which are the most resistant and able

to reproduce the whole tumor diversity. In fact, their eradication is the actual

challenge in tumor therapy. From this point of view, it is necessary to modulate

the anti-angiogenic strategies and make them evolve towards controlled and long

lasting normalization of tumor blood vessels.

Since Folkman had indeed described the tumor angiogenesis as pathologic [47]

and according to Jain’s hypothesis that pathologic vessels should be normalized

[48] instead of being destroyed, all angiogenesis targeted therapies were analyzed

for their ability to normalize the vasculature [49]. Remarkably, all anti-angiogenic

treatments were shown to undergo a step of vessel normalization accompanied by

the concomitant and transient raise in the local partial oxygen pressure (pO2) inside

the tumor.

Increase in pO2 is an adjuvant to radiotherapy or chemotherapy and is expected

to counteract the effects of hypoxia. It is hypothesized that an increase in the

oxygen tension inside the tumor stroma would deeply change the microenviron-

ment both in terms of cellular as well as molecular balance [50, 51]. Namely, it

should locally downregulate the expression of hypoxia-induced genes. Conse-

quently, the normalization process is expected, resulting in modifications of the

molecular and cellular composition of the milieu, and bringing a deep change in the

types and mechanisms of cell recruitment into the tumor.

The main downregulated proteins by treatments that compensate hypoxia are:

HIF-1α, PHDs, and VHL [29]. Table 18.1 lists some of the genes affected by oxygen

tension normalization. These genes that regulate the production of VEGFs are indeed

strongly modulated. This directly affects the vessel permeability and thus the endo-

thelial cell reorganization with a strong impact on intra-tumoral vessel structure

(CD31 increase), pericytes recruitment, and cytokine balance. Noticeably,

osteopontin, the molecule that has a deep effect on tumor cell escape, is strongly

downregulated.
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18.3.2 Why Normalization Could Bring New Means for Tumor
Therapy?

Shortcuts to the normalization strategy often come from the difficult identification

of the therapeutic windows. Decision concerning the proper time course for the

therapy is a great challenge. Visualization techniques may be helpful but their

applications to human treatment still needs improvements in the definition and the

speed of the response. Normalization window should put in accordance the

parameters of efficacy in modulation of size and structure of the vessels, leading

to proper pruning together with avoiding toxicity towards normal tissue as well as

precluding excessive pruning. The normalization appears to be an adjuvant strategy

that permits to increase the efficacy of the treatments.

The biochemical markers that usually serve as decision parameters correspond to

the proteins expressed under the influence of hypoxia, mainly HIF-1α, which is

closely related to tumor progression [52]. Among them is the glucose transporter 1

(GLUT-1), which is overexpressed in response to hypoxia and low pH, when cells

switch on the anaerobic glycolysis [53], and the carbonic anhydrase IX that

contributes to maintaining the pH and which is elevated in hypoxia [54]. A very

interesting marker appears to be the osteopontin as the key mediator of cell move-

ment which is considerably increased in hypoxia; it is a key molecule for tumor cell

escape and metastases [55]. Similarly, the lysyl oxydase (LOX) is highly dependent

on pO2 and controls cell motility through its action on collagen fibers [56].

The main methods to measure pO2 as directly as possible, inside a tumor, are

based on the application of oxygen electrodes that are, unfortunately, limited in

their use by the invasiveness of measurements [57]. Reduced invasiveness of the

probes makes them extremely useful for experimental purposes, especially when it

comes to the phosphorescence quenching-based ones [58]. Methods based on

electron paramagnetic resonance [59] and magnetic resonance spectroscopy are

still at the prefeasibility stage [60].

The applied techniques are aimed at developing the better sensitivity and

resolution in imaging. The ultrasounds are contrast-enhanced to image small

vessels [61], where the degree of oxygenation is given by the near infrared

spectroscopy that provides the Hb/HbO2 ratio. Most of the methods require,

however, the magnetic resonance imaging from dynamic contrast enhancement

with gadolinium derivatives as contrast agents. In this line the blood oxygen level

dependent (BOLD) magnetic resonance imaging (MRI) is very sensitive to measure

the time related changes in blood oxygenation [62].

Table 18.1 Effect of

hypoxia compensation on

tumor metabolism and

phenotype, qRT-PCR

analysis of hypoxia/oxygen

sensing genes

Hypoxia compensation in tumor: effect on gene expression

Downregulated genes Upregulated genes

Osteopontin CD31

VHL, HIF-1, HIF-2, HO-1 CD34, VEGF-R1, R2

PHD-1, PHD-2, PHD-3
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Specific sites of hypoxia are currently chemically detected by the pimonidazole

derivatives (PIMO) that make adducts with reduced proteins. These adducts can be

visualized either histochemically or monitored by dynamic imaging [63] like

positron emission tomography (PET) for 18F-fluoromisonidazole (18F-MISO) [64]

or 18F-fluoroazomycinarabinofuranoside (18F-FAZA) and derivatives [65].

Together with those derivatives, 18F-fluorodeoxyglucose (18F-FDG) is used for

PET assessment of hypoxia but appears to detect also sites of high metabolic

activity in cells which, indeed, may also be related to a boost of O2. This explains

the lack of correlation with copper-diacetyl-bis-N4-methylthiosemicarbazone

(60Cu-ATSM) labeling [66]. Detection of accumulations of reduced forms of such

compounds by the PET-based imaging is the method of choice for noninvasive

assessment of hypoxia in a tumor. In the necrotic parts the non-metabolically active

cells are not labeled, which is an additional advantage. The main limitations come

from the use of short-lived radioactive elements as 18F.

All these methods have proven to be very valuable in clinical applications of

chemotherapeutics and in radiotherapy. For example, the intensity-modulated radi-

ation strategy improved the efficacy of radiotherapy protocols allowing for the

hypoxia imaging to monitor the doses required [67]. Such a progress shows the

need for an increased or safer assessment of the therapeutic windows on the basis of

the vasculature normalization to allow better treatment. The ultimate aim is to

elaborate better carriers of chemotherapeutic drugs, allowing an efficient penetra-

tion inside the tumor mass, and more effective inducers of a higher blood flow,

promoting the vessels to be less permeable for the spreading tumor cells, thus

exploiting the main effect of vasculature normalization, i.e., limitation/prevention

of metastases.

As described by Jain [68], normalization of endothelial cells in the tumor

vasculature has direct effect on the tumor treatment outcome. Because pO2 modu-

lation also directly affects the chemokine composition of the microenvironment, it

plays a direct role in the chemoattraction of the circulating cells and their mobili-

zation from the bone marrow. As we have shown, when the tumor pO2 is increased

by hypoxia compensation, the numbers of the bone marrow-derived CXCR4+ cells

recruited inside the tumor [29] are considerably lowered. This can be meaningful

for the selection of immune cell populations and their antitumor reactivity.

Illustrated in Fig. 18.3 the relative recruitment of immune cells as NKs and Tregs

is considerably modified upon hypoxia compensation in the tumor site. This reflects

a change in the chemokines production balance as NKs express the CCR7 for

CCL21 while the reduced Tregs express CCR10+, the receptor for CCL28 [69].

Considering such impact of the endothelial cells on the tumor microenviron-

ment, they can be regarded as a potential tool to reach a long-term normalization of

the vessels. It has been shown that signaling through tumor vasculature [70] can

bring a deep improvement to treatment, a process quite independent of the tumor

type but dependent on the endothelial reaction. This opens potentially new types of

adjuvant treatments which would increase antitumor efficacy, provided the normal-

ization is stabilized [71]. Indeed, long-lasting normalization could be reached if

endothelial cell activation is controlled. The PI3K/AKT/mTOR pathway is very

intensely investigated, as it can downregulate the response to an excessive amount
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of VEGF-A produced by the tumor cells. By making the treatment independent of

the tumor cells themselves, but addressed to endothelial cells only, this adjuvant

strategy is an example of microenvironment-targeted approach. While oxygen

tension restoration is a switch able to start the reversal of the tumor-type angiogen-

esis (response to VEGFs, NO, and Ang2), the stabilization of a close-to-normal

phenotype needs the long-term activity of molecules able to control the endothelial

cells. As we have shown, this can be achieved through the activation of the

phosphatase and tensin homologue (PTEN), which controls the cell proliferation

and survival growth pathways at the level of PI2P production from PI3P, thus

balancing the AKT activation.

To recapitulate the general approaches we proposed to reach tumor endothelial

cell normalization and stabilization. Such strategies have been already validated in

melanoma and mammary carcinoma models [29].

Conclusion

Endothelium has gained a full appreciation of its significance after evidencing its

roles in pathologies. This review has been focusing on the function of the

endothelial cells within tumors, because of the critical role of angiogenesis in

tumor progression. This phenomenon, which is necessary not only for tumor

development but also for tumor cells dissemination, illustrates particularly how

important it is to know the properties of endothelial cells for their ability to

control the tumor microenvironment.

We underlined the multiple biological effects dependent on endothelial cells

in diseases and the proposed ways to control them, introducing also the concept

Fig. 18.3 Tumor microenvironment-dependent cell recruitment and escape regulation by

chemokines and pO2. Numbers of CXCR4+CD34+CD45� bone marrow-derived cells among

tumor cells appear to be reduced upon vessel normalization treatment; CD4+CD25+FOXP3

+CCR10+ Tregs cells are strongly reduced and CD56+CCR7+ NK cells are increased. Data report

one typical experiment from N > 10 animals
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of endothelium organ-specificity. It helps understanding the infectious disease

mechanisms, especially their propagation and species-specificity, combined

with organ-specificity. Endothelial cells may insure selection of lymphocytes

and their homing to lymphoid organs or inflamed tissues. Moreover, endothelial

gene expression profile is deeply perturbed in some genetic diseases as Down

syndrome. In such cases, patients display unbalanced circulating lymphocyte

populations and a resulting disconcerted immune response possibly leading to a

higher susceptibility to leukemia as opposed to resistance to solid tumors.

The strong impact of angiogenesis on ischemia-related diseases, as

documented by pathologic vessel formation within tumors, brings a rationale

for targeting endothelial cells to modulate the tumor microenvironment and

modify, in a controlled way, the tumor stroma. Endothelial cells inside the

tumor, influenced by the tumor milieu, might be a direct therapeutic target or

serve as markers of tumor progression, providing a new diagnostic tool. Newest

data on endothelial cells interactions with other cell types suggest an important

part played by exosomes-carried regulatory molecules, such as microRNAs [50,

72], thus opening to new strategies and tools to achieve cell-targeted therapies.
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